
CHAPTER IV

RESULTS AND DISCUSSION

Determination of chitosan effects on protein profiles of rice seedlings after 
chitosan application

1.1 Proteome profiling of chitosan-responsive proteins in ‘ LTP123’ rice

O lig o m e r ic  c h ito s a n  u s e d  in s tu d y  p re v io u s  s h o w e d  t h e  p la n t  g ro w th  

in d u c t io n  a b i l i t y  in  ‘ L P T 1 2 3 ’ r ic e  b o th  n o rm a l c o n d it io n  (d a ta  n o t  s h o w e d )  a n d  

d ro u g h t  s t re s s  c o n d it io n  (P o n g p ra y o o n  et a l,  2013). T o  e lu c id a t e  th e  p r o te o m e  

re s p o n s e ,  t o t a l  p ro te in  o f  r ic e  s e e d lin g s  t r e a te d  w ith  c h ito s a n  0 8 0  a t 4 0  m g /L  w e re  

e x t r a c t e d  a n d  f r a c t io n a te d  o n  12.5%  p o ly a c r y la m id e  g e ls  o n e - d im e n s io n a l 

e le c t r o p h o r e s is  (1 -DE) (se e  in  Fig. B2, A p p e n d ix  B). B a se  o n  1-DE c o u p le d  w ith  LC - 

M S /M S  a n a ly s is , t o t a l  3 3 7 3  M A S C O T -p re d ic te d  p ro te in s  w e re  fo u n d  in  r ic e  le a f  

t is s u e s . A f te r  c u t - o f f  t h e  m iss in g  d a ta , t o t a l  3 5 2  le a f  p ro te in s  (s e e  p r o te in  lis t  in 

A p p e n d ix  B) w e re  c o l le c t e d  a n d  s u b je c t e d  t o  M E V  s o f tw a re  t o  a n a ly z e  th e  

d if f e r e n t ia l  e x p re s s io n  in  c o m p a r is o n  b e tw e e n  c h ito s a n  a n d  c o n t r o l  t r e a tm e n t .

H ie ra r c h ic a l c lu s te r in g  w a s  a c c o m p l is h e d  fo r  p ro te in  e x p re s s io n  p ro f ile s .  O f  

t h e  t o t a l  p ro te in s ,  105 s ig n if ic a n t ly  d if f e r e n t ly  e x p re s s e d  p ro te in s  w e re  c la s s if ie d  

in to  12 g ro u p s  a c c o rd in g  to  th e ir  g e n e  o n t o lo g y  (GO ) p r o v id e d  in  r ic e  g e n o m e  

a n n o t a t io n  p ro je c t . T h e  p ro te in  c a te g o r ie s  c o n s is t e d  o f  m e t a b o l ic  p ro c e s s  (25%), 

s ig n a l t r a n s d u c t io n  (18% ), t ra n s c r ip t io n  (18% ), t r a n s p o r t  (6 %), p h o to s y n th e s is  (5%), 

t r a n s la t io n  (4%), d e fe n s e  r e s p o n s e  (2%), d e v e lo p m e n t a l  p ro c e s s  (2%), A T P a s e  (1%), 

D N A  re p a ir  (1%), RO S s ca v e n g in g  s y s te m  (1%), a n d  u n k n o w n  (18% ) as s h o w n  in  Fig.

4.1.

A l l  o f  s ig n if ic a n t ly  d if f e r e n t ia l ly  e x p re s s e d  p ro te in s  w e re  u p - re g u la te d  as 

s h o w n  in T a b le  4.1 a n d  b y  t h e  h e a t  m a p  in  Fig. 4.2. T h e  h e a t  m a p  c o lo r  in d ic a te s  

t h e  le v e l  o f  p ro te in  e x p re s s io n  in e a c h  b io lo g ic a l r e p l ic a t e  ran g in g  f r o m  g re e n  ( lo w  

e x p re s s io n )  t o  re d  (h igh  e x p re s s io n ) . E a ch  c o lu m n  re fe r re d  t o  t h r e e  in d e p e n d e n t  

b io lo g ic a l r e p lic a te s .  M a jo r  g ro u p s  o f  k n o w n  p r o te in s  w e r e  m e ta b o l ic  p ro c e s s  

( in c lu d in g  c a rb o h y d ra te ,  l ip id ,  a n d  p r o te in  m e ta b o l is m  as w e l l  a s  p ro te in  

m o d if ic a t io n ) ,  s ig n a l t r a n s d u c t io n  a n d  t ra n s c r ip t io n  p ro c e s s .
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F ig u re  4.1 F u n c t io n a l c a te g o r ie s  o f  s ig n if ic a n t ly  d if f e r e n t ly  e x p re s s e d  p ro te in s  in 

‘ L P T 1 2 3 ’ r ic e  le a v e s  r e s p o n s ib le  fo r  c h ito s a n  0 8 0  a t 4 0  m g /L . T h e  g iven  

fu n c t io n s  w e re  re t r ie v e d  f ro m  G O  p ro v id e d  in  r ic e  g e n o m e  a n n o ta t io n  

p ro je c t .
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T ab le  4.1 List o f significantly d iffe ren tia lly  expressed prote ins in ‘ LPT123 ’ rice leaves

respons ib le  for ch itosan 0 8 0  at 40 m§/L. The data w ere ana lyzed  by MEV

software (p<0.05)

LOC Description3 Function11 Peptidec ID Scored

LOC_Osllg47970 AAA-type ATPase family protein ATPase VPLILGIWGGK 53.86
LOC_Os01g61880 Respiratory burst oxidase defense response TTSSLAR 16.02
LOC_OslOg25487 NBS-LRR disease resistance protein defense response LPSSIIK 11.82
LOCOs 10g09990 Cytokinin-O-glucosyltransferase 3 developmental

process
HVGAQ 2.50

L0c_0s05g09620 SCC3 developmental
process

ASGSNS 8.21

LOC_Os01g49270 XPA-binding protein 2 DNA repair AHAEAR 12.56
L0c_0s01g74000 Glycerol-3-phosphate dehydrogenase metabolic process AAIMR 7.31
LOC_Os04gl6680 Fructose-l,6-bisphosphatase metabolic process GIFTNVTSPTAK 32.14
L0c_0s04g38600 Glyceraldehyde-3-phosphate

dehydrogenase
metabolic process VIAWYDNEWGYSQR 87.70

LOC_Os07g47120 Beta-amylase metabolic process CGAVR 12.94
LOC_Os02gl5230 GDSL-like lipase/acylhydrolase metabolic process MGAVR 13,15
L0c_0s04g55060 3-oxoacyl-synthase III, chloroplast 

precursor
metabolic process GGGIR 12.13

LOC OsOlgl 1300 Cytochrome P450 metabolic process AEPIR 6.70
LOC_Os01g66180 Cytochrome C metabolic process AAGHK 11.44
LOC_Os03g 14450 Enolase metabolic process VNQIGSVTESIEAVK 93.79
LOC_Os03g 18640 Laccase precursor protein metabolic process ATFGLEK 14.30
LOC_Os04gl6740 ATP synthase subunit alpha metabolic process IAQIPVSEAYLGR 33.60
L0c_0s04g20260 UDP-glucoronosyl and UDP-glucosyl 

transferase
metabolic process DGAMSHQLR 9.65

L0c_0s05g41640 Phosphoglycerate kinase protein metabolic process FLKPSVAGFLLQK 23.43
LOC Os07g44840 Bacterial transferase hexapeptide 

domain containing protein
metabolic process GTGQAMDRLGSTI

QGGLR
5.45

L0c_0s08g01150 DTA2 metabolic process MRGSSNNHK 15.34
LOC Os08g39694 Cytochrome P450 metabolic process GGPAHR 23.52
L0c_0sl0g08550 Enolase metabolic process LAMQEFMILPTGAA

SFK
44.03

L 0 c_ 0 s l0 g lll4 0 Phosphoglucomutase metabolic process DKPTVIT 19.89
LOC_OslOg31780 Oxidoreductase, short chain 

dehydrogenase/reductase family 
domain containing protein

metabolic process IPAGAGGR 11.90

a p r o t e in  d e s c r ip t io n s  r e t r ie v e d  f r o m  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

b p r o t e in  f u n c t io n  r e t r ie v e d  f r o m  G O  p r o v id e d  in  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

c p r e d ic t e d  p e p t id e s  a n a ly z e d  b y  L C - M S / M S  a n a ly s is  

d ID s c o r e  o b t a in e d  f r o m  M A S C O T
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Tab le  4.1 (cont.) List o f significantly d iffe ren tia lly  expressed prote ins in ‘ LPT123 ’ rice

leaves responsib le  for ch itosan 0 8 0  at 40 nng/L. The data were ana lyzed

by MEV software (p<0.05)

LOC Description3 Function6 Peptidec ID Score6
LOC Osllg26850 Erythronate-4-phosphate

dehydrogenase
metabolic process IVLTIIR 43.24

LOC_Os02gl7360 PPR repeat domain containing protein metabolic process AAEGAGAK 13.09
L0c~0s03g52070 OsSCP20 - Putative Serine 

Carboxypeptidase homologue
metabolic process LQGYIVGNPITGSK 13.32

LOC_Os03g58204 Ribosomal protein L4 metabolic process NLPGVDVANVER 44.86
L0c_0s04g56400 Glutamine synthetase, catalytic domain 

containing protein
metabolic process GCSIR 10.06

LOC_Os04g35680 U-box domain containing protein metabolic process APGGTR 14.17
LOC_Os08g32970 Annexin metabolic process CAESPAK 16.31
LOC_Os01g31690 Oxygen-evolving enhancer protein 1, 

chtoroptast precursor
photosynthesis VPFLFTIK 39.04

L0c_0s03g03720 Glyceraldehyde-3-phosphate
dehydrogenase

photosynthesis AVALVLPQLK 41.91

LOC_Os09g 17740 Chlorophyll A-B binding protein photosynthesis FGEAVWFK 49.36
LOC_Osl2g 17600 Ribulose bisphosphate carboxylase 

small chain, chloroplast precursor
photosynthesis XQVWPIEGIK 28.13

LOC_Osl2gl9381 Ribulose bisphosphate carboxylase 
small chain, chloroplast precursor

photosynthesis LPMFGCTDATQVL
K

62.22

LOC_Osl2g08730 Thioredoxin ROS scavenging 
system

SIPTVLMFK 24.69

LOC_Os02g21700 STE_MEKK_stell_MAP3K.8 signal transduction GTPMFLAPEAAR 19.86
LOC_Os02g39970 Regulatory subunit signal transduction GAVCSR 3.85
LOC_Os03g 15770 Tyrosine protein kinase domain 

containing protein
signal transduction VAGTM 4.60

LOC_Os03g49510 Phosphatidytinositol-4-phosphate 5- 
kinase

signal transduction DSVYER 12.62

L0c_0s03g53100 Response regulator receiver domain 
containing protein

signal transduction TTWSR 21.69

LOC Os04g52840 Tyrosine protein kinase domain 
containing protein

signal transduction SSNMR 7.28

LOC Os06g47680 OsFBX205 - F-box domain containing 
protein

signal transduction TTWSR 21.69

LOC 0s06g47740 Phytosulfokine receptor precursor signal transduction VFSAGR 4.40

a p r o t e in  d e s c r ip t io n s  r e t r ie v e d  f r o m  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

b p r o t e in  f u n c t io n  r e t r ie v e d  f r o m  G O  p r o v id e d  in  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

c p r e d ic t e d  p e p t id e s  a n a ly z e d  b y  L C - M S / M S  a n a ly s is  

d ID s c o r e  o b t a in e d  f r o m  M A S C O T
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Tab le  4.1 (cont.) List o f sign ificantly d iffe ren tia lly  expressed prote ins in ‘ LPT123 ’ rice

leaves responsib le  for ch itosan 0 8 0  at 40 mg/L. The data w ere ana lyzed

by MEV software (p<0.05)

LOC Description3 Function6 Peptide' ID Score6
LOC_Os08§25380 Serine/threonine-protein kinase BRI1- 

like 1 precursor
signal transduction HGSPR 12.12

L0c_0s08g31060 Phospholipase D alpha 1 signal transduction DGRMGAAR 11.45
LOC_Os08g39550 Polygalacturonase inhibitor 2 precursor signal transduction LTGEIPR 20.11
LOC_Os09g02729 Phospholipase c signal transduction GAAGSGR 16.56
LOC_Os09g 13820 Pollen signalling protein with adenylyl 

cyclase activity
signal transduction CNNSVS 2.96

LOC_Os09g36520 K!1 protein signal transduction ARVDGAA 10.12
L0c_0sl0g02720 OsWAK99 - OsWAK receptor-like protein 

kinase
signal transduction VIVGK 17.96

L0c_0sl0g25010 OsCML8 - Calmodulin-related calcium 
sensor protein

signal transduction MSTVK 8.80

LOC_Osllg 10340 OsFBX417 - F-box domain containing 
protein

signal transduction LDADKER 27.67

LOC_Osl2g31610 Lectin-like protein kinase signal transduction SGLRGCDAR 10.24
LOC_Osl2g39120 Protein phosphatase 2C signal transduction AALTEAAR 28.21
L0c_0s01g04800 B3 DNA binding domain containing 

protein
transcription MTVSDIGK 6.50

LOC_Os01gl 1120 CID11 transcription AAVAGGSR 14.64
LOC_Os01g38710 Nucleic acid binding protein transcription TAADDK 4.73
LOC 0s01g50040 DNA binding protein transcription PAAKR 10.41
LOC_Os01g63160 MYB family transcription factor transcription GIPGR 10.98
LOC_Os02g52960 PHD-finger domain containing protein transcription ARAEGLPEGAAPGV

GVDLYAQAR
10.80

L0c_0s03g02240 AT-GTL1 transcription RGGGGIGGGGGGGK 6.86
L0c_0s03g27030 RNA recognition motif containing 

protein
transcription TVDGR 15.09

LOC_Os03g45450 WRKY60 transcription GAGGGR 17.35
L0c_0s03g60130 Transcription elongation factor protein transcription GGAPK 6.78
L0c_0s07g44030 MYB/SANT domain protein transcription QPNHSGK 25.16
L0c_0s08g05510 MYB family transcription factor transcription ADPPAEK 8.05
LOC_Os08g28214 Tesmin/TSOTtike cxc domain 

containing protein
transcription NPAAFMPK 5.46

LOC_Os08g44910 DNA binding protein transcription STTFR 7.37

a p r o t e in  d e s c r ip t io n s  r e t r ie v e d  f r o m  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

b p r o t e in  f u n c t io n  r e t r ie v e d  f r o m  G O  p r o v id e d  in  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

c p r e d ic t e d  p e p t id e s  a n a ly z e d  b y  L C - M S / M S  a n a ly s is  

d เอ  s c o r e  o b t a in e d  f r o m  M A S C O T
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Tab le  4.1 (cont.) List o f significantly d iffe ren tia lly  expressed prote ins in ‘ LPT123 ’ rice

leaves responsib le  for ch itosan 0 8 0  at 40 mg/L. The data w ere ana lyzed

by MEV software (p<0.05)

LOC Description3 Function6 Peptidec ID Score6
LOCJDs09§32010 Ternary complex factor MIP1 transcription YWHR 13.99
LOCOs 1 Og30054 ENT domain containing protein transcription AMVPDK 17.55
LOC Osl0§30719 MYB family transcription factor transcription GKAQK 10.86
LOCOs 11 §48000 ZOS11-11 - C2H2 zinc finger protein transcription AWHA 11.39
LOC_Osl2g31430 Helix-loop-helix DNA-binding domain 

containing protein
transcription ATIPAR 11.31

LOC_Os04g28180 Ribosomat protein translation GKGAAA 10.22
LOC Os05g47630 Peptidyl-tRNA hydrolase, mitochondrial 

precursor protein
translation SMVGK 15.60

LOC_Os06g43760 tRNA synthetase class 1 translation GRHVSR 5.82
L0c_0s09g34070 RNA recognition motif containing 

protein
translation GYGVR 4.08

LOCOsOlg 12680 C4-dicarboxylate transporter/malic acid 
transport protein

transport DGAPR 9.78

L0c_0s03§08070 Copper-transporting ATPase PAA1 transport SHTGFML 14.13
LOC_0ร04§41320 Nucleotide-sugar transporter family 

protein
transport KPLLPI 23.47

LOC Os07g01920 Nucleolar GTP-binding protein 1 transport SSIGK 16.46
LOC_Os09g03750 Ankyrin transport TASTR 17.70
LOC_Os09§15330 Transporter family protein transport LIAASPR 11.27
L0c_0s01§27030 Hypothetical protein unknown VAAHK 11.27
LOC_Os01§56530 Lateral organ boundaries domain 

protein 18-like
unknown GAAEFAAVHR 21.39

LOC_Os02§28580 Unknown protein unknown NIVDGPK 9.67
LOC_Os03§23970 Diphthine synthase unknown IVAGPMK 8.69
LOC_Os03g29420 Hypothetical protein unknown EGRPW 14.28
LOC_Os03§38740 CAF protein-like unknown DLIAGHK 15.21
L0c_0s04§34600 Abscisic stress-ripening unknown KHHLFG 18.60
LOC_Os04§52950 Nitrate-induced NOI protein unknown MTTMDK 9.89
L0c_0s06g07470 Unknown protein unknown DAGIFR 24.09
LOC_Os08§17820 Putative diaphanous 1 unknown LPGMRGR 5.84
LOC_Os09§15560 OsFBX314 - F-box domain containing 

protein
unknown GGLLLLSKK 15.55

a p r o t e in  d e s c r ip t io n s  r e t r ie v e d  f r o m  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

b p r o t e in  f u n c t io n  r e t r ie v e d  f r o m  G O  p r o v id e d  in  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

c p r e d ic t e d  p e p t id e s  a n a ly z e d  b y  L C - M S / M S  a n a ly s is  

d ID s c o r e  o b t a in e d  f r o m  M A S C O T
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Tab le  4.1 (cont.) List o f significantly d iffe ren tia lly  expressed pro te ins in ‘ LPT123 ’ rice

leaves respons ib le  for ch itosan 0 8 0  at 40 mg/L. The data w ere ana lyzed

by MEV software (p<0.05)

LOC Description3 Function11 Peptidec ID Scored
LOC_Os09§37510 DUF292 domain containin§ protein unknown MMATAGSK 11.78
LOC_Os 11 §05550 Unknown protein unknown MAADGGALK 12.59
LOC_Os 11 §06720 Abscisic stress-ripening unknown KHHLFG 19.21
LOCOsl lg l 1730 Unknown protein unknown DAIAAVQECK 10.49
LOC Osl lg l8070 HGWP repeat containing protein-like unknown DIIIFR 29.39
LOC Os 11 §42100 Leucine rich repeat family protein unknown ACLNAGR 16.72
LOCOsl 1§42940 Integral membrane protein unknown MDGAAR 9.99
LOCOs 12§02050 Unknown protein unknown MENTSSGK 12.76

a p r o t e in  d e s c r ip t io n s  r e t r ie v e d  f r o m  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

b p r o t e in  f u n c t io n  r e t r ie v e d  f r o m  G O  p r o v id e d  in  r ic e  g e n o m e  a n n o t a t io n  p r o je c t  

c p r e d ic t e d  p e p t id e s  a n a l y z e d  b y  L C - M S / M S  a n a ly s is  

d เอ  s c o r e  o b t a in e d  f r o m  M A S C O T

F ig u re  4 .2  (n e x t p age ) H ie ra r c h ic a l c lu s te r in g  o f  s ig n if ic a n t ly  d if f e r e n t ly  e x p re s s e d  

p ro te in s  in  ‘ L P T 1 2 3 ’ r ic e  le a v e s  r e s p o n s ib le  fo r  c h ito s a n  0 8 0  a t  40  m g /L . 

E a ch  c o lu m n  in d ic a te d  in d e p e n d e n t  b io lo g ic a l r e p l ic a t io n .  T h e  c o lo r  

rang ing  f r o m  g re e n -b la c k - re d  in d ic a te d  th e  le v e l  o f  p ro te in  e x p re s s io n  

(g reen: lo w , b la ck :  m id d le ,  a n d  red : high).
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1.2 Gene co-expression network analysis

เท o rd e r  t o  ge t t h e  b e t t e r  v ie w  o f  m a jo r  c h ito s a n  re s p o n s e , s ig n if ic a n t  

e x p re s s e d  p ro te in s  w e re  e x a m in e d  fo r  t h e  g e n e  c o - e x p re s s io n  n e tw o rk  w ith  R ice  

O l ig o n u c le o t id e  A r ra y  D a ta b a se . T h e  lo c u s  n u m b e r s  o f  t h o s e  w e re  u s e d  a s  s u b je c ts  

t o  c o n s t r u c t  t h e  n e tw o rk  w ith  0 .8  c u t - o f f  v a lu e .  T h e  re s u lt  r e v e a le d  th a t  t h e re  a re  

2 5 3  n o d e s  a n d  6 5 0  e d g e s  in  t h e  c o -e x p re s s io n  n e tw o rk  (Fig. 4.3). T h e  m a in  n e tw o rk  

s h o w e d  th a t  9 lo c i,  w h ic h  w e re  L O C _ O s0 1 g 3 1 6 9 0 , L O C _ O s0 3 g 0 3 7 2 0 ,

L O C _ O s0 4 g  16680 , L O C _ O s0 4 g 3 8 6 0 0 , L O C _ O s0 5 g 4 1 6 4 0 , L O C _ O s l lg 4 7 9 7 0 ,

L O C ~ O s l2 g 0 8 7 3 0 , L O C _ O s l2 g l7 6 0 0 ,  a n d  L O C _ O s l2 g l9 3 8 1 ,  h a d  t h e  m o s t  p o s it iv e  

in te r a c t io n  w ith  o th e r  g e ne s . T h e  g e n e  d e s c r ip t io n  o f  9 lo c i  w a s  s h o w n  in  T a b le  4.2. 

B e s id e s , L O C _ O s0 4 g 2 8 1 8 0  th a t  e n c o d e d  r ib o s o m a l p ro te in  a ls o  s h o w e d  th e  

in te ra c t io n  w ith  s e v e ra l g ene s , b u t  n o t  c o n n e c t e d  t o  t h e  m a in  n e tw o rk .

T a b le  4 .2  L is t  o f  m a jo r  in te ra c t in g  p ro te in s  in  c h ito s a n  re s p o n s e

L O C

L O C _ O s 0 1 g 3 1 6 9 0  

L 0 c ~ 0 s 0 3 g 0 3 7 2 0  

L O C ~ O s 0 4 g  1 6 6 8 0  

L 0 c ~ 0 s 0 4 g 3 8 6 0 0  

L O C _ O s 0 5 g 4 1 6 4 0  

L O C ~ O s l lg 4 7 9 7 0  

L O C ~ O s l2 g 0 8 7 3 0  

L O C ~ O s l2 g  1 7 6 0 0  

L O c f o s l 2 g l 9 3 8 1

D e s c r i p t i o n

O x y g e n - e v o lv in g  e n h a n c e r  p r o t e in  1, c h lo r o p la s t  p r e c u r s o r  

G l y c e r a ld e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e  

F r u c t o s e - 1 ,  6 - b is p h o s p h a t a s e  

G l y c e r a ld e h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e  

P h o s p h o g ly c e r a t e  k in a s e  p r o t e in  

A A A - t y p e  A T P a s e  f a m i ly  p r o t e in  

T h io r e d o x in

R ib u lo s e  b is p h o s p h a t e  c a r b o x y la s e  s m a l l  c h a in ,  c h lo r o p la s t  p r e c u r s o r  

R ib u lo s e  b is p h o s p h a t e  c a r b o x y la s e  s m a l l  c h a in ,  c h lo r o p la s t  p r e c u r s o r
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C h ito s a n  is s u c c e s s fu l t o  e l ic i t  p la n t  r e s p o n s e  a t t h e  p r o te in  le v e l.  P r o te o m ic  

a n a ly s is  o f  ‘ L P T 1 2 3 ’ r ic e  s e e d lin g s  t r e a te d  w ith  c h ito s a n  r e v e a le d  t h e  n u m e ro u s  

p ro te in  c h a n g e s  m a in ly  in v o lv e d  in m e ta b o l ic  p ro c e s s , s ig n a l t ra n s d u c t io n ,  

t r a n s c r ip t io n  a n d  p h o to s y n th e s is .

C h ito s a n  has b e e n  re p o r te d  t o  a c t iv a te  d e fe n s e  r e s p o n s e  v ia  p h o s p h o l ip a s e  D- 

a n d  p h o s p h o l ip a s e  C -m e d ia te d  s ig n a lin g  p a th w a y  (R ah o  et ai., 2011 ) as w e l l  a s  t h e  u p - 

r e g u la t io n  o f  re s p ira to ry  b u rs t  o x id a s e  t o  r a p id ly  g e n e ra te  re a c t iv e  o x y g e n  s p e c ie s  

(ROS). RO S is a k e y  s ig n a l t r a n s d u c t io n  in  t h e  r e g u la t io n  o f  p la n t  g ro w th  a n d  

d e v e lo p m e n t  as w e l l  as e n v ir o n m e n ta l s t im u l i  r e s p o n s e s  (S u zu k i et a i,  2011). เท 

c o n t ra s t ,  e x c e s s  RO S is to x ic  t o  c e l lu la r  m a c r o m o le c u le s  s u c h  as lip id s , p ro te in ,  a n d  

D N A . H 20 2 p r o d u c t io n  w a s  su g g e s te d  t o  b e  re q u ir e d  fo r  c h ito s a n  in d u c e d  d ro u g h t  

t o le r a n c e  in r ic e  (P o n g p ra y o o n  et a i,  2013). A n  o x id a t iv e  b u rs t  o r  ra p id  H 20 2 s y n th e s is  

is a c o m m o n  r e s p o n s e  o f  p la n t  t o  p a th o g e n s , e l ic ito r s ,  a n d  e n v ir o n m e n t a l  s tre sse s . 

H 20 2 a c ts  as a m e s s e n g e r  t o  in d u c e  th e  p la n t  im m u n it y  g e n e  t ra n s c r ip t io n  ( L e v in e  et 

a i,  1994). It is a ls o  c o n t in u a l ly  g e n e ra te d  d u r in g  n o rm a l m e ta b o l is m  a n d  b y  s p e c if ic  

e n z y m e s  s u ch  as N A D P H  o x id a se . เท th is  s tu d y , r e s p ira to ry  b u rs t  o x id a s e , a s u b u n it  o f  

N A D P H  o x id a s e  w a s  u p - re g u la te d . T h is  p r o te in  is p r o p o s e d  t o  g e n e ra te  RO S d u r in g  

p a th o g e n  in fe c t io n , r e s p o n s e  t o  e l ic ito r ,  a b io t ic  e n v ir o n m e n t ,  a n d  d e v e lo p m e n t a l  

p ro c e s s e s  (T o rre s  a n d  D ang l, 2005).

RO S h o m e o s ta s is  is c ru c ia l fo r  a t te n u a t in g  t h e  RO S t o x ic i t y  a n d  s t re n g th e n in g  in  

R O S  s ig n a lin g . T h io re d o x in s  a re  s m a ll  c o n s e r v e d  p ro te in s  t h a t  c o n t r o l  c e l l  r e d o x  

h o m e o s ta s is .  T h e y  a re  k e y  RO S  re d u c e rs  a n d  a ls o  a c t  as re g u la to rs  o f  RO S  s c a v e n g in g  

m e c h a n is m s  in  o x id a t iv e  s tre s s  r e s p o n s e  b y  p ro v id in g  e le c t r o n s  t o  p e ro x id o x in s  t o  

r e m o v e  e x c e s s  RO S  (V ie ira  D os S a n to s  a n d  R ey, 2006). T h io r e d o x in s  p e r fo rm  a 

fu n d a m e n ta l  r o le  d u r in g  v a r io u s  s te p s  e n t ir e  p la n t  life  in c lu d in g  p h o to s y n th e s is ,  

p h o to re s p ir a t io n ,  l ip id  m e ta b o lis m ,  e le c t r o n  t ra n s p o r t , A T P  s y n th e s is , a n d  s tre ss  

p e rc e p t io n .  T h e re fo re ,  t h e  in c re a s e  o f  t h io r e d o x in  c o u ld  b e  o n e  c o m p o n e n t  t o  p r o te c t  

p la n t  c e l l  f r o m  o x id a t iv e  d a m a g e  th a t  c o u ld  o c c u r  b y  H 20 2 b o o s t  a f te r  c h ito s a n  

a p p lic a t io n .

B a se d  o n  th e  c o -e x p re s s io n  n e tw o rk  a n a ly s is , t h io r e d o x in  w a s  c o -e x p re s s e d  

w ith  o th e r  g e n e s  in v o lv in g  in c e l l  r e d o x  h o m e o s ta s is  s u ch  as c a ta la s e ,  t h y la k o id - b o u n d  

a s c o rb a te  p e ro x id a s e  a n d  p e ro x is o m a l b io g e n e s is  fa c to r  11 (d a ta  n o t  sh o w e d ) . T o  

b a la n c e  th e  ra te  o f  H 20 2 p ro d u c t io n ,  p la n t s  d e v e lo p  n u m e ro u s  a n t io x id a n t  a g e n ts  a n d  

e n z y m e s  su ch  as a s c o rb ic  a c id , g lu ta th io n e ,  t o c o p h e r o ls ,  p e ro x id a s e  a n d  c a ta la s e  (G ill
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a n d  T u te ja , 2010). C h ito s a n  has b e e n  r e p o r te d  to  in c re a s e  p e ro x id a s e  a n d  c a ta la s e  

a c t iv it ie s  (A b d e lb a s s e t  et a i,  2010). เท th e  p r o te o m ic  d a ta , t h e  s ig n if ic a n t ly  in c re a s e  

o f  p e ro x id a s e  a n d  c a ta la s e  w a s  n o t  fo u n d  b e tw e e n  c h ito s a n  a n d  c o n t r o l  t r e a tm e n t .  

H o w e v e r ,  it w a s  fo u n d  th e  in c re a s e  o f  th io r e d o x in  t h a t  has n o t  b e e n  r e p o r te d  to  

c h ito s a n  r e s p o n s e  in  r ice . C h ito s a n - ra is e d  re s p ira to ry  b u rs t  o x id a s e  a n d  th io r e d o x in  

m ig h t  in d ic a te  t h e  a c t iv a t io n  o f  RO S s ig n a lin g  ra th e r  th a n  t o x ic i t y  in c h it o s a n - e l ic it e d  

s ig n a l t r a n s d u c t io n  in  p la n t .

A T P a se s  a s s o c ia te d  w ith  v a r io u s  c e l lu la r  a c t iv it ie s  (A A A ) f a m ily  p ro te in  w a s  up - 

r e g u la te d  u p o n  c h ito s a n  a c t iv a t io n . A A A  p ro te in s  a c t  a s a  c h a p e ro n e  th a t  im p l ic a t e d  

in  p r o te in  d e g ra d a t io n . T h e  m a in  re a c t io n  a re  u n fo ld in g  m a c r o m o le c u la r  s u b s t ra te s  

a n d  d e liv e r in g  t h e m  t o  c h a m b e re d  p ro te a s e  fo r  p r o te o ly s is  a n d  p ro te in  c o m p le x  

a s s e m b ly  (H a n so n  a n d  W h ite h e a r t ,  2005). A l l  s u b s t ra te s  a re  d e g ra d e d  in  A T P -  

d e p e n d e n t  m a n n e r .  A T P  h y d ro ly s is  p ro v id e s  t h e  e n e rg y  fo r  u n fo ld in g  a n d

t r a n s lo c a t io n  o f  p o ly p e p t id e  fo r  d e g ra d a t io n . A A A  p ro te in s  a re  o n e  o f  t h e  m a jo r  

c o m p o n e n t s  o f  p ro te a s e s  a n d  c h a p e ro n e s  t h a t  p r e v e n t  t h e  a c c u m u la t io n  o f  o x id a t iv e -  

d a m a g e d  p ro te in .  It a ls o  p ro te c ts  t h e  p h o to s y n th e t ic  a p p a ra tu s  f ro m  o x id a t iv e  

d a m a g e  o c c u r r in g  in  t h e  v e g e ta t iv e  g ro w th  (Ja n ska  et al., 2010 ).

P la n t  g ro w th  e n h a n c e m e n t  c o u ld  re q u ire  m o re  e n e rg y  s u p p lie s .  G ly c o ly s is  is 

a c ru c ia l  p r o m in e n t  p a th w a y  th a t  p ro v id e s  fu e ls  t o  p la n t  re s p ira t io n . It is a b a n k  o f  

n u m e ro u s  c o m p o u n d s  t o  s u p p o r t  m a c r o m o le c u le  b io s y n th e s is  in t h e  c e l l .  

G ly c e r a ld e h y d e - 3 - p h o s p h a te  d e h y d ro g e n a s e  (G APD H ) is a n  e n z y m e  th a t  c o n v e r t s  

g ly c e ra ld e h y d e s -3 -p h o s p h a te  t o  1 ,3 -b is p h o s p h o g ly c e ra te  as w e l l  as g e n e ra t in g  N A D H  

in t h e  s ix th  s t e p  o f  g ly c o ly s is .  It a ls o  c o u p le s  w ith  p h o s p h o g ly c e r a te  k in a se  (PG K) to  

c o n v e r t  t o  3 -p h o s p h o g ly c e ra te  as w e l l  as g e n e ra t in g  A T P  ( P la x to n , 1996). T a k e n  

to g e th e r ,  t h e  in c re a s e  o f  e n o la s e  a n d  p h o s p h o g lu c o m u ta s e  m ig h t  in d ic a te  m o re  

e n e rg y  p r o d u c t io n  s u p p o r t in g  t h e  n u m e ro u s  m o le c u le  b io s y n th e s is  fo r  p la n t  g ro w th  

e n h a n c e m e n t .  F ru c to s e -1 ,6 -b is p h o s p h a ta s e  (FBP) c a ta ly z e s  a n  im p o r ta n t  r e a c t io n  t o  

t h e  re g e n e ra t io n  o f  r ib u lo s e - l ,5 - b is p h o s p h a te  (RuBP) in  t h e  C a lv in  c y c le  (G h o sh  et a i,  

2001). T h e  e n h a n c e m e n t  o f  t h e s e  e n z y m e s  su g g e s te d  t h a t  c h ito s a n  t r e a tm e n t  

s t im u la te s  p la n t  g ro w th  e n h a n c e m e n t  v ia  t h e  re g u la t io n  o f  c a r b o n  m e ta b o l is m .
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P h o to s y n th e s is  is a p ro c e s s  t o  c o n v e r t  l ig h t e n e rg y  t o  c h e m ic a l  e n e rg y  fo r  p la n t  

g ro w th  (T a iz  a n d  Z e ig e r , 2006). C h ito s a n  t r e a tm e n t  in c re a s e d  p h o to s y s t h e t ic - r e la te d  

p ro te in s  s u c h  as t h e  o x y g e n -e v o lv in g  e n h a n c e r  p ro te in  1 (O EE1) a n d  c h lo r o p h y l l  a /b  

b in d in g  p ro te in .  T h e s e  p ro te in s  fu n c t io n  in  lig h t  r e a c t io n  in  c h lo r o p la s t .  T h e  

c h lo r o p h y l l  a / b  b in d in g  p ro te in  p la y s  a n  im p o r ta n t  r o le  in l ig h t  r e a c t io n  o f  

p h o to s y n th e s is .  R ega rd ing  t o  s ig n a lin g  b e tw e e n  p la s t id s  a n d  n u c le u s ,  t h e  c o n t r o l  o f  

l ig h t h a rv e s t in g  c o m p le x  c h lo r o p h y l l  a / b  b in d in g  p r o te in  e x p re s s io n  is o n e  o f  th e  

m e c h a n is m s  c o n t r o l l in g  th e  c h lo r o p la s t  fu n c t io n  (N o tt  et a i,  2006). O EE1  is a n o th e r  

p ro te in  fu n c t io n in g  in  p h o to s y s t e m  II (PSII) c o m p le x .  It is a n  e s s e n t ia l fo r  o x y g e n  

e v o lv in g  a c t iv it y  a n d  a ls o  c o n s id e re d  t o  b e  th e  r a te - lim it in g  s t e p  in  PSII a s s e m b ly  a n d  

s ta b i l i t y  (S u g ih a ra  et a i,  2000).

N o t  o n ly  t h e  p ro te in s  in v o lv in g  in  lig h t r e a c t io n  w e re  t r ig g e re d  b y  c h ito s a n ,  b u t  

a ls o  r ib u lo s e  1 ,5 -b is p h o s p h a te  c a rb o x y la s e /o x y g e n a s e  (R uB isC o ), t h e  k e y  e n z y m e  in 

c a rb o n  f ix a t io n  w a s  s h o w n  t o  b e  u p - re g u la te d . R ib u lo s e  b is p h o s p h a te  c a rb o x y la s e  

s m a l l  c h a in  (rb cS ) w h ic h  is t h e  s u b u n it  o f  R u B isC o , t h e  k e y  e n z y m e  in  p h o to s y n th e s is  

th a t  p la y  a r o le  in t h e  firs t s te p  o f  c a rb o n  f ix a t io n . เท p la n ts ,  R u B isC o  is c o m p o s e d  o f  

e ig h t  s m a l l  s u b u n it s  (ssu) a n d  e ig h t  la rg e  s u b u n it s  (LSU), w h ic h  a re  e n c o d e d  b y  th e  

n u c le a r  rbcS g e n e  a n d  th e  c h r o lo p la s t ic  rbc i g e n e , r e s p e c t iv e ly  (E llis , 1981). T h e  

o v e re x p r e s s io n  o f  rbcS g e n e  s l ig h t ly  u p - re g u la te s  t h e  g e n e  e x p re s s io n  o f  rbcL a t  t h e  

t ra n s c r ip t  le v e l  a n d  e n h a n c e s  t h e  a m o u n t  o f  R u B isC o  h o lo e n z y m e  (S u zu k i a n d  M a k in o ,

2012). T h is  m ig h t  b e  e x p e c te d  t o  im p ro v e  th e  p h o to s y n th e t ic  e f f ic ie n c y  o f  c h ito s a n -  

t r e a te d  r ic e  le a d in g  t o  t h e  p la n t  g ro w th  e n h a n c e m e n t .

A s  t h e  p r o te o m ic s  a n a ly s is  s h o w e d  t h e  in c re a s e  o f  s e v e ra l p ro te in s  fu n c t io n -  in 

c h lo r o p la s t s  t o g e th e r  w ith  t h e  c o -e x p re s s io n  a n a ly s is  d a ta  s u p p o r t e d  o th e r  c h lo r o p la s t  

lo c a l iz e d  g e n e  e x p re s s io n , it ra is e d  th e  id e a  th a t  c h lo r o p la s t  is o n e  o f  t h e  ta rg e t  

o r g a n e lle s  fo r  c h ito s a n  a c t io n s  in  p la n ts .  T h e  p h o to s y n th e t ic  p ig m e n t  c o n te n t s  w e re  

p r e v io u s ly  d e te rm in e d  in ‘ L P T 1 2 3 ’ r ic e  s e e d lin g s  t r e a te d  w ith  c h ito s a n  (d a ta  n o t  

s h o w e d ) . C h lo r o p h y l l  a, c h lo r o p h y l l  b  a n d  c a ro te n o id  c o n te n t  in  t h e  c h ito s a n  t r e a te d  

p la n t s  w e re  s ig n if ic a n t ly  h ig h e r t h a n  in  t h e  c o n t r o l  p la n ts .  B e s id e s , c h lo r o p h y l l  b /a  

ra t io  w a s  s l ig h t ly  in c re a s e d  b y  c h ito s a n .  T h is  s u p p o r t e d  t h e  m o d e  o f  c h ito s a n  a c t io n  

in  c h lo r o p la s t s  a n d  im p l ie d  t h e  im p r o v e m e n t  o f  p h o to s y n th e s is  c a p a c ity  t h a t  le a d in g  

t o  g ro w th  e n h a n c e m e n t .
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1.3 The expression of chitosan-responsive genes involving in plant growth 
and development

A s a n  e l ic i t o r  p ro p e r t y  o f  c h ito s a n  a n d  t h e  in te re s t  in  p la n t  g ro w th  a n d  

d e v e lo p m e n t ,  p ro te in s  f r o m  p a rt  1 .1  w e re  s e le c t e d  t o  in v e s t ig a te  t h e  e x p re s s io n  a t 

t r a n s c r ip t io n  le v e l.  T h e re  w e re  tw o  p ro te in  a n n o t a te d  t o  b e  in v o lv e d  in  s ig n a lin g  

a n d  a ls o  p la y  a r o le  in  p la n t  g ro w th  a n d  d e v e lo p m e n t ,  L O C _ O s0 8 g 2 5 3 8 0  

s e r in e / th r e o n in e -p ro te in  k in a se  BRI 1 - lik e  1 p re c u r s o r  {OsBRLl) a n d  L O C _ O s 0 6 g 4 7 7 4 0  

p h y t o s u lf o k in e  r e c e p to r  p re c u r s o r  {OsPSKR).

A t  t h e  p ro te in  le v e l,  t h e s e  tw o  p ro te in s  w e r e  u p - re g u la te d  as s h o w n  in  h e a t  

m a p  (Fig. 4.2); h o w e v e r ,  it s h o w e d  th e  d if fe r e n t  a c t iv it ie s  a t  t h e  t ra n s c r ip t io n  le v e l.  

OsBRLl g e n e  e x p re s s io n  w a s  d e c r e a s e d  in b o th  c o n t r o l  a n d  c h ito s a n  t r e a tm e n t  a t 

d a y  1. OsPSKR g e n e  e x p re s s io n  w a s  in c re a s e d  in c o n t r o l  t r e a tm e n t  b u t  d e c r e a s e d  

in c h ito s a n  t r e a tm e n t  a t d a y  1 (Fig. 4.4).

F ig u re  4 .4  T h e  re la t iv e  g e n e  e x p re s s io n  le v e l  o f  OsBRLl a n d  OsPSKR in  ‘ L P T 1 2 3 ’ 

r ic e  s e e d lin g s  t r e a te d  w ith  o r  w it h o u t  c h ito s a n .
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T w o  p o t e n t ia l  r e c e p to r s  fo r  p la n t  g ro w th  in d u c t io n  w e re  p h y t o s u lf o k in e  

r e c e p to r  (PSKR ) p re c u r s o r  a n d  s e r in e / th r e o n in e -p ro te in  k in a se  B R I l- l ik e  1 (BRL1) 

p re c u rso r . PSK R  is a r e c e p to r  fo r  p h y to s u lfo k in e ,  a s u lfa t e d  p e p t id e  p r o m o t in g  c e l lu la r  

g ro w th  o f  p la n t .  T h e  a c t iv a t io n  o f  PSKR  a f fe c te d  c e l lu la r  lo n g e v ity  w it h o u t  n o rm a l 

m o rp h o g e n e s is  in te r fe r e n c e  (M a ts u b a y a sh i et a t,  2006). เท a d d it io n ,  BRL1 is a 

h o m o lo g o u s  g e n e  fo r  BRI 1, a b ra s s in o s te ro id  re c e p to r .  N o rm a lly ,  BRL1  s t ro n g ly  

e x p re s s e d  in  r o o t  b u t  w e a k ly  e x p re s s e d  in  le a v e s . It p la y s  a r o le  in o rg a n  d e v e lo p m e n t  

th ro u g h  c o n t r o l l in g  c e l l  d iv is io n  a n d  e lo n g a t io n  b u t  n o t  e s s e n t ia l fo r  p a t te rn  fo rm a t io n  

o r  o rg a n  in it ia t io n  (N a k a m u ra  et ai., 2006). C h ito s a n - in d u c e d  PSKR  a n d  BRL1 e x p re s s io n  

in  r ic e  le a v e s  m ig h t  r e s p o n s ib le  fo r  p la n t  g ro w th  in d u c t io n .

A lth o u g h  PSKR  a n d  BRL1 w e re  in c re a s e d  a t p r o te in  le v e l,  t h e ir  g e n e  e x p re s s io n  

p a t te rn s  w e r e  n o t  c o r r e la te d .  T h e  c o r r e la t io n  b e tw e e n  ทาR N A  a n d  p r o te in  le v e l  has 

b e e n  r e p o r te d  t o  b e  t y p ic a l ly  p o o r .  T h e  re a s o n  m ig h t  b e  in t r ic a te  p o s t - t r a n s c r ip t io n a l 

m e c h a n is m s  in v o lv in g  in  m R N A  t ra n s la t io n  t o  p ro te in ,  a  h a l f  l iv e  o f  m R N A  o r  p ro te in ,  

a n d  a n  e r ro r  o r  n o is e  o f  p r o te in  a n d  m R N A  e x p e r im e n t  (G re e n b a u m  et ai., 2003).
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2. Identification and characterization of some chitosan-responsive genes in 
Arob idopsis

2.1 Determination of chitosan concentration for chitosan-insensitive mutant 
screening

Arobidopsis thaliana  e c o t y p e  C o lu m b ia  (C o l)  s e e d s  w e re  s t e r i l iz e d  a n d  

g ro w n  o n  Vz M S  m e d iu m  s u p p le m e n t e d  w ith  c h ito s a n  0 8 0  a t 0, 20 , 40 , 60 , a n d  80  

m g /L  fo r  10 d a y s . T h e  re s u lt  s h o w e d  th a t  s e e d lin g  g ro w th  w a s  in h ib ite d  b y  h igh  

d o s e  c h ito s a n  in d o s e - d e p e n d e n t  m a n n e r . P la n t  t h a t  e x p o s e d  to  c h ito s a n  h ig h e r  

th a n  40  m g /L  s h o w e d  a d e c re a s in g  in  p la n t  s ize , r o o t  le n g th , e s p e c ia l ly  a t  8 0  m g /L  

(Fig. 4.5).

0  m g /L  2 0  m g /L  4 0  m g /L  6 0  m g /L  8 0  m g /L

F ig u re  4 .5 P h e n o ty p e  o f  A r a b id o p s is  t h a lia n a  e c o t y p e  C o lu m b ia  g ro w n  o n  Vz M S  

m e d iu m  s u p p le m e n t e d  w ith  c h ito s a n  0 8 0  a t 0, 20 , 40 , 60, a n d  8 0  m g /L  

fo r  1 0  days .

C h ito s a n  t r e a tm e n t  h ig h e r  th a n  5 0  m g /L  h a s  b e e n  r e p o r te d  t o  in h ib it  p la n t  

g ro w th  in t e rm  o f  ro o t  fre sh  w e ig h t  a n d  p la n t le t  le n g th  o f  in vitro m in itu b e r  o f  

p o t a to  (A sg h a r i-Z a k a r ia  et al., 2009). T h e  in h ib it io n  w a s  a ls o  f o u n d  in 

m ic ro p ro p a g a t io n  o f  p r o to c o m e - l ik e  b o d y  p r o d u c t io n  w h e n  t r e a te d  w ith  o l ig o m e r ic  

c h ito s a n  a t 80  m g /L  ( P o rn p ie n p a k d e e  et a i,  2010).

D u e  t o  a la rg e  n u m b e r  o f  s e e d s  fo r  c h ito s a n - in s e n s it iv e  (Cl) m u ta n t  s c re e n in g , 

p h e n o ty p e s  th a t  e a s y  t o  d e t e c t  b y  e y e s  a n d  d e a r ly  d if f e r e n t  b e tw e e n  c o n t r o l  (no  

c h ito s a n )  a n d  c h ito s a n  t r e a tm e n t  w e re  s e le c t e d .  A t  8 0  m g /L  o f  c h ito s a n ,  p la n t  

s h o w e d  v e r y  s m a l l  in p la n t  s iz e  a n d  a b o u t  50%  sh o r te r  in  r o o t  le n g th  c o m p a r in g  

b e tw e e n  c o n t r o l  a n d  c h ito s a n  t r e a tm e n t .  T h is  c o n d it io n  c o u ld  b e  u s e d  fo r  fu r th e r  

s c re e n in g  fo r  C l m u ta n ts .
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2.2 Transcriptomic analysis of chitosan-responsive genes in Arabidopsis

T o  ge t fu r th e r  in s ig h t in to  t h e  t ra n s c r ip t io n a l r e s p o n s e  o f  Arabidopsis t o  80  

m g /L  0 8 0  c h ito s a n ,  t o t a l  RN A  w a s  is o la t e d  f ro m  Arabidopsis e c o t y p e  C o l  s e e d lin g s  

g ro w n  o n  >/2 M S  m e d iu m  s u p p le m e n t e d  w ith  o r  w it h o u t  8 0  m g /L  0 8 0  c h ito s a n .  T h e  

e x p e r im e n t  w a s  p e r fo rm e d  in tw o  in d e p e n d e n t  b io lo g ic a l r e p l ic a te s .  T h e  n u m b e r  

o f  re a d  c o u n t s  fo r  e a c h  g e n e  o b t a in e d  f r o m  I llu m in a  s e q u e n c in g  a n d  b io in fo rm a t ic  

p ro c e s s  d ir e c t ly  r e f le c t e d  th e  le v e l  o f  its e x p re s s io n . G e n e  e x p re s s io n  p ro f i le s  o f  

c o n t r o l  a n d  c h ito s a n  t r e a tm e n t  w e r e  c o m p a re d  b y  D E S e q  t o  id e n t ify  d if f e r e n t ia l ly  

e x p re s s e d  g e n e s  (a d ju s te d  p<0.05).

T h e  r e s u lt s  s h o w e d  th a t  c h ito s a n  t r e a tm e n t  d r a m a t ic a l ly  im p a c te d  o n  th e  

t r a n s c r ip to m e  re s p o n s e  w ith  1 ,557  g e n e s  s ig n if ic a n t ly  c h a n g e d  (se e  in  A p p e n d ix  c). 

T h e  le v e l  o f  e x p re s s io n  (L o g 2F o ld c h a n g e ;  L o g 2FC) ra n g e d  f r o m  -4 .32  t o  6 .25 . T h e  

d o w n -  o r  u p - re g u la t io n  o f  g e n e s  c a n  b e  in d ic a te d  b y  n e g a t iv e  (-4 .32-0) a n d  p o s it iv e  

(0 -6 .25) v a lu e s .  T h e re  w e re  7 0 0  g e n e s  sh o w in g  a d o w n - r e g u la t io n  a n d  8 5 7  g e n e s  

sh o w in g  a n  u p - re g u la t io n .

G e n e  o n t o lo g y  (GO ) a n a ly s is  w a s  u se d  to  a ss ig n  a n d  c la s s ify  t h e  g e n e  

fu n c t io n  b a s e d  o n  TA IR10  d a ta b a s e .  S ig n if ic a n t ly  e x p re s s e d  g e n e s  c a n  b e  

c a te g o r iz e d  in to  15 g ro u p s  (Fig. 4.6), w h ic h  w e re  m e ta b o l ic  p ro c e s s  (241, 15.5% ), 

s t re s s  (232 , 14.9% ), t ra n s p o r t  (128 , 8 .2% ), r e g u la t io n  o f  t r a n s c r ip t io n  (97, 6.2% ), 

d e v e lo p m e n t  (75, 4.8% ), s ig n a lin g  (75, 4.8% ), c e l l  w a l l  m o d if ic a t io n  (69, 4.4% ), 

p ro te in  d e g ra d a t io n  (67, 4.3% ), c e l l  o rg a n iz a t io n  (54, 3 .5% ), s e c o n d a r y  m e ta b o l is m  

(50, 3.2% ), p h o to s y n th e s is  (24, 1.5%), D N A  o r  RN A  m e ta b o l ic  p ro c e s s  (17, 1.1% ), a n d  

c e l l  r e d o x  h o m e o s ta s is  (16,. 1%), o th e r  (119 , 7.7% ) a n d  u n k n o w n  (294 , 18 .88% ). เท 

a d d it io n ,  t h e  ta rg e t g e n e s  w e re  e n r ic h e d  in  n u c le u s  (295 , 18.9% ), c h lo r o p la s t  (214, 

13.7% ), a n d  p la s m a  m e m b ra n e  (214, 13.7% ), r e s p e c t iv e ly  (Fig. 4.6).

T h e  b io lo g ic a l f u n c t io n  o f  t r a n s c r ip to m ic  a n a ly s is  is s im ila r  t o  d a ta  in 

p r o te o m ic  a n a ly s is . T h e  m a jo r  c h a n g e s  o f  c h ito s a n  a c t io n  in v o lv e d  in  m e ta b o l ic  

p ro c e s s  a n d  s ig n a lin g  p ro c e s s e s . T a k e n  to g e th e r ,  c h lo r o p la s t  is in  t h e  s e c o n d  ra n k  

o f  c e l lu la r  c o m p o n e n t  o f  c h ito s a n - r e s p o n s iv e  g e n e s  in  Arabidopsis. T h is  a ls o  

s u p p o r t e d  t h e  id e a  th a t  c h lo r o p la s t  is o n e  o f  m a in  ta rg e t  o r g a n e lle s  fo r  c h ito s a n  

a c t io n s  in p la n ts .
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F ig u re  4.6 F u n c t io n a l c a te g o r ie s  o f  s ig n if ic a n t ly  e x p re s s e d  g e n e s  in  Arabidopsis 

r e s p o n s ib le  fo r  c h ito s a n  0 8 0  a t  8 0  nng/L. T h e  g iv en  fu n c t io n s  w e re  

re tr ie v e d  f ro m  G O  b a s e d  o n  TA IR 10  d a ta b a s e .
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2 .2 .1  A n  o v e r v ie w  o f  g e n e  c o - e x p r e s s io n  n e tw o r k  o f  h ig h  d o s e  c h i t o s a n  

r e s p o n s e

T o  p r o v id e  a n  o v e r v ie w  o f  h igh  d o s e  c h ito s a n  r e s p o n s e  in  Arabidopsis, 

t h e  in t r ic a te  n e tw o rk  o f  1 ,557  c h ito s a n - r e s p o n s iv e  g e n e s  c o n ta in s  4 ,031  n o d e s  

w ith  8 ,7 43  in te ra c t io n s  a n d  96  s e lf - lo o p s  (Fig. 4.7). A l l  N o d e s  w e re  c o lo r e d  b y  

S U B A  s u b c e l lu la r  lo c a l iz a t io n  (T h e  ร บ B c e l lu la r  lo c a l iz a t io n  d a ta b a s e  fo r  

A r a b id o p s is  p ro te in s ) . T h e  la rg e  n o d e s  i l lu s t ra te d  in p u t  q u e ry  g e n e s  a n d  th e  

s m a ll  n o d e s  i l lu s t r a t e d  in te ra c t in g  g e n e s  in  d a ta b a s e . T h e  lo c a l iz a t io n  o f  q u e ry  

g e n e s  w a s  m a in ly  in  n u c le u s ,  p la s m a  m e m b ra n e  a n d  c h lo r o p la s t .

D u e  t o  t h e  la rg e  n u m b e r  o f  g e n e  in te ra c t io n ,  t h e  c o - e x p re s s io n  o f  t h e  

e n t ir e  n e tw o rk  w a s  t o o  c o m p l ic a t e d  t o  in te rp re t  t h e  h ig h  d o s e  c h ito s a n  

r e s p o n s e  a t  th e  t r a n s c r ip to m ic  le v e l.  T o  e lu c id a te  t h e  g e n e  in te ra c t io n ,  t h e  

o th e r  g e n e  c o -e x p re s s io n  p ro v id e r  w a s  u se d .

Nodes (proteins)
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เร§£ MiKxhondna £  f\:TO»%cme 
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Edges (interactions)
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F ig u re  4 .7  T h e  in t r ic a te  n e tw o rk  o f  1 ,571  c h ito s a n - r e s p o n s iv e  g e n e s  e x a m in e d  

b y  A ra b id o p s is  In te ra c t io n s  V ie w e r  in  B io -A n a ly t ic  

R e s o u rc e  d a ta b a s e .
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2.2.2 High dose chitosan disrupted growth-related gene expression

A c c o rd in g  t o  t h e  a d v e r s e  e f fe c t s  o f  h igh  d o s e  c h ito s a n  o n  p la n t  g ro w th , 

t h e  g ro u p s  o f  g e n e s  in v o lv in g  in  p la n t  g ro w th  a n d  d e v e lo p m e n t  w e r e  re tr ie v e d  

a n d  a n a ly z e d  u s in g  C o e x S e a rc h  in ATTED-II. T h e  re s u lt s  s h o w e d  th a t  a l l  o f  

g e n e s  in v o lv in g  in  s h o o t  a n d  r o o t  d e v e lo p m e n t  w e re  d is r u p te d  b y  h igh  d o s e  

c h ito s a n  (T a b le  4.3). T h e  d o w n - r e g u la t io n  o f  t h e s e  g e n e s  c o u ld  re s u lt  in 

p h y s io lo g ic a l p la n t  g ro w th  re ta rd a t io n . T h e  fu n c t io n  o f  p r o m in e n t  g e n e s  w a s  

d e s c r ib e d  b e lo w .

T a b le  4 .3  T h e  l is t  o f  c h ito s a n  re s p o n s iv e  g e n e s  in v o lv e d  in  p la n t  g ro w th  a n d  

d e v e lo p m e n t

Gene ID Alias Gene name Lo§2FC

At4g12550 AIR1 Auxin-Induced in Root cultures 1 -2.75

At4g37750 ANT AINTEGUMENTA -1.24

At2§01950 BRL2 BRI1 -LIKE 2 -1.16

At3§50060 MYB77 MYB domain protein 77 -1.13

At 1§05470 CVP2 Cotyledon vascular pattern 2 -1.05

At 1§04240 IAA3 lndole-3-acetic acid inducible 3 -1.03

At4§18640 MRH1 Morpho§enesis of root hair 1 -1.01

At4§24670 TAR2 Tryptophan aminotransferase related 2 -0.99

At2§02130 PDF2.3 Plant defensin 2.3 -0.95

Atlg21270 WAK2 Wall-associated kinase 2 -0.85

At5§15580 LNG1 Longifolial -0.85

At5§51060 RHD2 Root hair defective 2 -0.84

At5§03150 JKD JACKDAW -0.82

At5§55730 FLA1 FASCICLIN-like arabinogalactan 1 -0.79

At3§63200 PLP9 PATATIN-LIKE PROTEIN 9 -0.78

At3§54720 AMP1 Altered meristem program 1 -0.76

At5§49270 SHV2 SHAVEN 2 -0.74

At3§04630 WDL1 WVD2-LIKE 1 -0.71

At2§22670 1AA8 Indoteacetic acid-induced protein 8 -0.65

At4§34980 SLP2 Subtilisin-like serine protease 2 -0.63

At 1§52150 ATHB-15 Class III HD-ZIP protein family -0.62

At2§34680 AIR9 Auxin-Induced in Root cultures 9 -0.61



56

เท r o o t  s y s te m , c h ito s a n  d is r u p te d  g e n e s  in v o lv in g  in  p r im a ry  ro o ts , 

la te r a l r o o ts  o r  r o o t  ha ir d e v e lo p m e n t .  ALTERED MERI5TEM PROGRAM 1 (AMP1) 

e n c o d e s  a p u ta t iv e  g lu ta m a te  c a rb o x y p e p t id a s e ,  w h ic h  is im p l ic a t e d  in p la n t  

g ro w th , m o rp h o g e n e s is  a n d  s e e d  d o rm a n c y .  It w a s  t r a n s c r ip t io n a l ly  d o w n -  

r e g u la te d  b y  A B A  r e s u lt e d  in  h y p e rs e n s it iv e  p h e n o ty p e s  to w a rd  A B A -m e d ia te d  

s e e d  g e rm in a t io n  a n d  p r im a ry  r o o t  e lo n g a t io n .  L o s s -o f - fu n c t io n  o f  am p l 

m u ta n t  w a s  h y p e rs e n s it iv e  to  A B A  w ith  in h ib ite d  s e e d  g e rm in a t io n  a n d  ro o t  

g ro w th . M u ta n t s  e x h ib it e d  h ig h e r le v e l  o f  A B A - re s p o n s iv e  g e n e  e x p re s s io n  su ch  

as RAB18, RD29A a n d  RD29B as w e l l  a s  h ig h e r  c o n c e n t r a t io n  o f  p r o l in e  a n d  

lo w e r  RO S  le v e ls  in  d e h y d ra t io n  c o n d it io n  (Sh i et ai., 2013 ). AUXIN-INDUCED 

IN ROOT CULTURES 1 (AIR1) a p p e a rs  in  la te r a l r o o t  d e v e lo p m e n t  in v o lv in g  in 

t h e  c o n n e c t io n s  b e tw e e n  th e  p a r e n ta l r o o t  c e l ls  in t h e  la te r a l r o o t  g ro w in g  

a rea . AIR1 is r e s p o n s ib le  fo r  a u x in  b u t  n o t  o th e r  p la n t  h o rm o n e s  (N e u te b o o m  

et ai., 1999).

MORPHOGENESIS OF ROOT HAIR 1 (MRH1), ROOT HAIR DEFECTIVE 2 

(RHD2) a n d  SHAVEN 2  (SHV2) a re  in v o lv e d  in  r o o t  ha ir m o rp h o g e n e s is .  MRH1 is 

a le u c in - r ic h  r e c e p to r - l ik e  k in a se  r e g u la te d  r o o t  h a ir  t ip  g ro w th . A  k n o c k o u t  o f  

MRH1 r e s u lt s  in  s h o r t  r o o t  ha irs  w ith  n o rm a l ro o t  m o r p h o lo g y  ( Jo n e s  et al., 

2006). RHD2 a n d  SHV2 p la y  a r o le  in  t h e  t ra n s it io n  f r o m  s w e ll in g  fo rm a t io n  t o  

t ip  g ro w th  (P a rk e r et ai., 2000). WVD2-LIKE 1 {WDL1) a lt e r e d  n o rm a l r o o t  g ro w th  

p h e n o ty p e s ,  w h ic h  is a s k e w  a n d  w a v y  o n  t i l t e d  agar su r fa c e s . T h e  m a jo r ity  o f  

its m u ta n t  p o s s e s s e d  sh o r t  ro o ts  t h a t  d id  n o t  w a v e  a n d  s la n te d  t o  t h e  le f t  o n  

t i l t e d  agar su r fa c e s  (Y u e n  et ai., 2003). JACKDAW (JKD), a z in c  f in g e r  p ro te in ,  

c o n t r o ls  e p id e rm a l p a t te rn in g  in t h e  r o o t  m e r is te m  t h a t  is r e q u ir e d  fo r  

a p p ro p r ia te  e x p re s s io n  p a t te rn  o f  t h e  e p id e r m a l c e l l  fa te  re g u la to r s  s u ch  as 

GLABRA2, CAPRICE a n d  WEREWOLF. It a ls o  re g u la te s  t is s u e  b o u n d a r ie s  a n d  

a s y m m e t r ic  c e l l  d iv is io n  b y  d e lim it in g  S H O R T -R O O T  m o v e m e n t  (H a ssan  et ai.,

2 0 1 0 ).

R o o t  d e v e lo p m e n t  ca n  b e  r e g u la te d  b y  a u x in , a p la n t  g ro w th  h o rm o n e  

( E s te l le  a n d  K le e , 1994). A u x in - r e la te d  g e n e s  w e re  d o w n - r e g u la t e d  b y  c h ito s a n . 

TRYPTOPHAN AMINOTRANSFERASE RELATED 2 (TAR2) is t h e  a u x in  b io s y n th e s is  

g e n e  th a t  r e q u ire d  fo r  r o o t  m e r is te m  m a in t e n a n c e  a n d  d if f e r e n t ia l  g ro w th  in 

a p ic a l h o o k s . L o s s -o f - fu n c t io n  o f  tar2 m u ta n t  r e d u c e s  la te r a l r o o t  p r im o rd ia  

e m e rg e n c e  u n d e r  lo w  n itro g e n  c o n d it io n s  (M a  et ai., 2014). M Y B 7 7  is 

t ra n s c r ip t io n  fa c to r  in  M Y B  fa m ily  t h a t  in te ra c ts  w ith  a u x in  r e s p o n s e  fa c to r s
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(ARFs) in vitro th ro u g h  th e  c te rm in u s . L o s s  o f  th is  in te ra c t io n  r e s u lt e d  in  s tron g  

r e d u c t io n  o f  la te r a l r o o t  n u m b e rs .  เท myb77 n u l l  m u ta n ts ,  t h e  a u x in - re s p o n s iv e  

g e n e  e x p re s s io n  w a s  d r a m a t ic a l ly  a t t e n u a te d  (S h in  et a i,  2007). INDOLE-3- 

ACETIC ACID INDUCIBLE 3 ÜAA3) is a m e m b e r  o f  a u x in - in d u c e d  A u x / IA A  g e n e  

fa m ily .  IAA3 r e g u la te d  a u x in - d e p e n d e n t  r o o t  g ro w th , la te r a l r o o t  fo rm a t io n , 

a n d  t im in g  o f  g ra v it ro p ism  (T ian  a n d  R e e d , 1999). FASCICLIN-like 

arabinogalactan 1 (FLA1) is a m e m b e r  in  t h e  f a m ily  o f  a r a b in o g a la c ta n -p ro te in s  

(AG Ps). It is r e g u la te d  in a n  a u x in -d e p e n d e n t  p a th w a y  as a p r im a ry  h o rm o n e  

r e s p o n s e  g ene . It w a s  im p l ic a t e d  t o  p la y s  a r o le  in  in it ia l s ta g e  o f  b o th  la te r a l 

r o o t  a n d  s h o o t  d e v e lo p m e n t .  M u ta n t  o f  f l a l  a ls o  s h o w e d  d e fe c t s  in  s h o o t  

re g e n e ra t io n  ( J o h n s o n  et a i,  2011).

เท s h o o t  s y s te m , t h e  re ta rd a t io n  o f  p la n t  g ro w th  w a s  a ls o  a f fe c te d  b y  

o rg a n  s ize , c e l l  e lo n g a t io n ,  a n d  v a s c u la r  d e v e lo p m e n t .  AINTEGUMENTA (ANT) 

c o n t r o ls  in t r in s ic  p la n t  o rg an  s iz e  b y  re g u la t in g  p la n t  o rg a n  c e l l  n u m b e r  a n d  

e x te n d in g  c e l l  d iv is io n  th ro u g h o u t  s h o o t  d e v e lo p m e n t  (M iz u k a m i a n d  F is ch e r, 

2 0 0 0 ) (Y u e n  et al., 2003). LONGIFOLIAl {LNG1) r e g u la te s  lo n g itu d in a l c e l l  

e lo n g a t io n  b y  c o n t r o l l in g  p o la r  c e l l  e lo n g a t io n  ra th e r  th a n  c e l l  p ro l ife ra t io n .  

T h e  Ingl m u ta n t  s h o w e d  d e c r e a s e d  le a f  le n g th  a s s o c ia te d  w ith  le s s  

lo n g itu d in a l p o la r  c e l l  e lo n g a t io n  (L e e  et a i,  2006). COTYLEDON VASCULAR 

PATTERN 2  (CVP2) e n c o d e s  in o s it o l  p o ly p h o s p h a t e  5 '- p h o s p h a ta s e s  th a t  

g e n e ra te s  t h e  s p e c if ic  p h o s p h o in o s it id e s  (P is) lig a n d . T h e  b in d in g  o f  s p e c if ic  P is 

r e g u la te d  th e  so rt in g  o f  v e s ic le  ca rg o s  t o  d is c r e t e  c e l lu la r  s ite s  in y e a s t  a n d  

a n im a l c e l ls .  เท A ra b id o p s is ,  s p e c if ic  P is  c o n t r o l  t h e  v e s ic le  t ra f f ic  th a t  is 

e s s e n t ia l  fo r  p o la r iz e d  a n d  c o n t in u o u s  v e in  p a t te rn  fo rm a t io n  (C a r la n d  a n d  

N e ls o n ,  2009).

BRIl-like IBRD w a s  s h o w e d  t o  b e  u p - re g u la te d  in p r o te o m ic  a n a ly s is  o f  

r ic e  s e e d lin g s  in  t h e  c o n d it io n  o f  p la n t  g ro w th  in d u c t io n .  T h e  c o n t r a r y  e f fe c t  

o f  h igh  d o s e  c h ito s a n  o n  p la n t  g ro w th , BRL2 in  Arabidopsis w a s  in h ib ite d .  BR L2  

is a r e c e p to r - l ik e  k in a se  (R LKs) b e lo n g in g  t o  BRI1 fa m ily .  It p la y s  a r o le  in 

v a s c u la r  d e v e lo p m e n t  re s t r ic te d  t o  p r o v a s c u la r  a n d  p r o c a m b ia l c e l ls  fo r  

v e n a t io n  fo rm a t io n . It in te ra c ts  w it h  v a s c u la r - s p e c if ic  a d a p to r s ,  

t e t r a t r ic o p e p t id e  re p e a t  (T P R )-co n ta in in g  p r o te in s  (Atl§04770  a n d  At3§51280), 

w h ic h  w e re  a ls o  d o w n - re g u la te d .  T h e  d is r u p t io n  o f  BRL2 a n d  in te ra c t in g  g e n e s  

h a s  s h o w e d  d e fe c ts  in v e in  p a t te rn  a n d  c h a n g in g  in  a u x in  a n d  b ra s s in o s te ro id s  

r e s p o n s e s  (C e se ra n i et a i,  2009).
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F u r th e rm o re , o th e r  R LKs in v o lv in g  in  p la n t  g ro w th  a n d  d e v e lo p m e n t  

w e re  fo u n d  in t h e  t ra n s c r ip to m ic  d a ta . H igh d o s e  c h ito s a n  in h ib it e d  CLAVATA1 

(CLVl) a n d  C L A V A T A l- r e la t e d  r e c e p to r  (BAM2) g e n e  e x p re s s io n  (s e e  in  g e n e  lis t  

in  A p p e n d ix  c). CLAVATA1 {CLVl) is a r e g u la to r  th a t  m a in ta in s  c e l l  p ro l ife r a t io n  

in  s h o o t  a p ic a l m e r is te m s  in  Arabidopsis. It p la y s  a r o le  in  c e l l  d iv is io n  p a t te rn s  

a n d  c e l l - c e l l  s ig n a lin g . CLVl m a lfu n c t io n  d is r u p te d  o f  le a f  d e v e lo p m e n t .  C L V l  

h a s  b e e n  r e p o r te d  t o  p h y s ic a l ly  in te ra c t  w ith  C L A V A T A l- r e la t e d  r e c e p to r ,  

B A M 1 . C L V l  o r  C L V 1 /B A M 1  c o m p le x e s  a re  t h e  p r o m in e n t  r e g u la to r s  o f  s te m  

c e l ls  in  s h o o t  m e r is te m s . (D u rb a k  a n d  T a x , 2011). o th e rw is e ,  t h e  in te ra c t io n  

b e tw e e n  C L V l  a n d  B A M 2  h a s  n o t  b e e n  r e p o r te d .  C L A V A T A l- r e la t e d  r e c e p to r  

c a l le d  B a re ly  A n y  M e r is te m  2  (B A M 2 ) fu n c t io n s  in  m u lt ip le  d e v e lo p m e n t a l  

p a th w a y s  f ro m  s h o o t  t o  f lo r a l d e v e lo p m e n t  a n d  is r e q u ir e d  fo r  p ro p e r  s te m  

c e l l  m a in te n a n c e .  BAM g e n e s  p la y  c o m p le m e n t a r y  o r  o p p o s it e  d e v e lo p m e n t a l  

r o le s  t o  CLVl w ith in  t h e  m e r is te m  in  t e rm  o f  t h e  r e d u c t io n  in  m e r is te m  s ize , 

m e r is te m  te rm in a t io n  a n d  r e d u c t io n  in  f lo r a l  o rg a n s  o b s e r v e d  in  bam  m u ta n t s  

(D e Y o u n g  et al., 2 0 06 ) H o w e v e r , t h e  re p re s s io n  o f  CLVl a n d  BAM2 c o u ld  

su gg e st t h e  d is ru p t io n  o f  m e r is te m  d e v e lo p m e n t  th a t  re q u ir e d  fo r  p ro p e r  p la n t  

g ro w th  in  t h e  v e g e ta t iv e  stage .
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2 .2 .3  C h i t o s a n  in f lu e n c e d  in  p h o t o s y n t h e t ic  s y s t e m ,  c h lo r o p h y l l

b r e a k d o w n  a n d  i r o n  h o m e o s t a s is

P h o to s y s t e m  I a n d  II as w e l l  a s e le c t r o n  t ra n s p o r t  c h a in  w e re  d ir e c t ly  

in te r r u p te d  b y  h igh  d o s e  c h ito s a n  (T a b le  4.4). T h e  ta rg e t  g e n e s  in c lu d e d  tw o  

p h o to s y s t e m  II r e a c t io n  c e n te r  (PSBH a n d  P5BM), tw o  lig h t  h a rv e s t in g  c o m p le x  

(.LHCB2.4 a n d  LHCB4.3), o n e  p h o to s y s t e m  I r e a c t io n  c e n te r  (P5AN). เท a d d it io n , 

tw o  fe r r it in s  (FER3 a n d  FER4), w h ic h  e n c o d e  iro n  s to ra g e  p ro te in  (T a ra n t in o  et 

a i,  2 0 1 0 ), w e r e  a f fe c te d  b y  c h ito s a n .

C h lo r o p h y l l  is a k e y  p la y e r  fo r  l ig h t  e n e rg y  h a rv e s t in g  in  lig h t  r e a c t io n  in 

p h o to s y n th e s is  (T a iz  a n d  Z e ig e r , 2006). O n e  o f  p h o to s y n th e s is -d is ru p t in g  

fa c to r s  c o u ld  b e  a d e g ra d a t io n  o f  c h lo r o p h y l ls  b y  re m o v in g  c h lo r o p h y l ls  f ro m  

th y la k o id  m e m b ra n e s  a n d  b re a k in g  d o w n  t o  c o lo r le s s  c o m p o u n d  in  m u lt ip le -  

s t e p  p a th w a y s . T h is  p ro c e s s  w a s  c a ta ly z e d  b y  c h lo r o p h y l la s e ,  a n d  

p h e o p h y t in a s e  (A ia m la -o r  et a i,  2012 ). T ra n s c r ip to m ic  a n a ly s is  s h o w e d  th a t  

tw o  c h lo r o p h y l la s e  (CLH1 a n d  CLH2) a n d  pheophytinase {PPH) w e re  u p - 

re g u la te d  b y  h igh  d o s e  c h ito s a n  (T a b le  4.4).

Chlorophyllase  c a ta ly z e s  t h e  h y d ro ly s is  o f  c h lo r o p h y l l  t o  

c h lo r o p h y l l id e  a n d  p h y to l.  CLH1 is r a p id ly  in d u c e d  a fte r  t is s u e  d a m a g e  a n d  b y  

p a th o g e n  a t ta c k . It h a s  b e e n  p r o p o s e d  t o  b e  a p la n t  d a m a g e  c o n t r o l le r  a n d  

m o d u la t e  t h e  b a la n c e  b e tw e e n  d if fe r e n t  p la n t  d e fe n s e  p a th w a y s  in c lu d in g  

s y s te m ic  a c q u ir e d  re s is ta n c e  (SAR) (K a r io la  et a i,  2005). Pheophytinase {PPH) 

is a n  im p o r ta n t  c o m p o n e n t  in a n  e a r ly  c h lo r o p h y l l  b r e a k d o w n  d u r in g  

s e n e s c e n c e .  PPH is in v o lv e d  in t h e  d e p h y t y la t io n  o f  p h e o p h y t in  to  

p h e o p h o r b id e  b u t  d o e s  n o t  a c c e p t  c h lo r o p h y l l  as s u b s t r a te  ( S c h e lb e r t  et a i,

2009). เท a d d it io n ,  p h e id e  a o x y g e n a s e  (PaO ) is s p e c if ic  fo r  s e n e s c e n c e - in d u c e d  

c h lo r o p h y l l  b re a k d o w n . It is a n o n h e m e  iro n  t y p e  m o n o o x y g e n a s e  th a t  

d e g ra d e s  p h e id e  a d u r in g  s e n e s c e n c e .  Accelerated ce ll death 1 (ACD1) is 

id e n t ic a l t o  AtPaO  in Arabidopsis (P ru z in s k a  et a i,  2003). T h e  in c re a s e  o f  CLH, 

PPH, and ACD1 m ig h t  in d ic a te  c h lo r o p h y l l  b r e a k d o w n  in d u c e d  b y  b o th  SAR  

a n d  s e n e s c e n c e .
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Iron  is r e q u ir e d  fo r  p h o to s y n th e t ic  c o m p o s it io n  a n d  c h lo r o p h y l l  

c o n te n t .  T h e  d is ru p t io n  o f  iro n  h o m e o s ta s is  r e g u la to rs  g e n e  e x p re s s io n  le a d s  

t o  c h a n g e  o f  p ro p e r  p h o to s y n th e s is  a n d  c h lo r o p h y l l  a c t iv it ie s . T h e  r e s u lt  

s h o w e d  th a t  h igh  d o s e  c h ito s a n  tr ig g e re d  th e  g e n e  e x p re s s io n  in v o lv e d  in  iro n  

h o m e o s ta s is  s u c h  as FER-like regulator o f iron uptake [FIT1), ferric reduction 

oxidase 2  (FR02 ), a n d  vacuolar iron transporter fam ily  protein (VIT) as w e l l  as 

FER3 a n d  FER4 in p h o to s y n th e s is  p ro c e s s  (T a b le  4.4).

เท t h e  a b s e n c e  o f  ferritins, p la n t s  h a d  h ig h e r  le v e l  o f  R O S  to g e th e r  w ith  

in c re a s in g  R O S  d e to x ify in g  e n z y m e  a c t iv it ie s . FER4 is a n  iro n  s to ra g e  p ro te in  

th a t  c o n t r o ls  in t r a o rg a n e lla r  iro n  t ra ff ic k in g  (T a ra n t in o  et a i,  2010). FER4 w a s  

r e p o r te d  t o  h a v e  a p a r t ia l in v e rs e  r e la t io n s h ip  o f  t ra n s c r ip t  le v e l  o f  FR03, w h ic h  

w a s  u p - re g u la te d  in h igh  d o s e  c h ito s a n  t re a tm e n t .  FIT1 e n c o d e s  a p u ta t iv e  

t r a n s c r ip t io n  fa c to r  re g u la t in g  iro n  h o m e o s ta s is .  Its กาR N A  is d e t e c t e d  in  t h e  

o u te r  r o o t  c e l l  la y e rs  a n d  r e s p o n s e s  t o  iro n  d e f ic ie n c y .  FIT1 re g u la te s  t h e  

e x p re s s io n  o f  m o re  th a n  40%  o f  i r o n - d e f ic ie n c y - in d u c ib le  g e n e s  a n d  is e s s e n t ia l 

fo r  n o rm a l p la n t  g ro w th  a n d  d e v e lo p m e n t  u n d e r  iro n  s u f f ic ie n t  c o n d it io n s .  

FIT1 r e g u la te d  FR02, t h e  r a te - lim it in g  s te p  in iro n  a c q u is it io n ,  a t  th e  

t ra n s c r ip t io n  le v e l  (C o la n g e lo  a n d  G u e r in o t ,  2004). FR02  t ra n s c r ip t  le v e l  

c o o r d in a t e ^  r ise s  in  ro o ts  im p o s it io n  o f  iro n  d e f ic ie n c y  a n d  c o o r d in a t e ly  

d e c l in e s  f o l lo w in g  iro n  r e - s u p p le m e n t  (K e rk e b  et a i,  2008). Iron lo c a l iz a t io n  in 

p ro v a s c u la r  s t ra n d  r e q u ire d  t h e  p r o p e r  VIT e x p re s s io n  w h ic h  is n o t  d e p e n d e n t  

t o  iro n  a v a i la b i l i t y  in so il. VIT1 in v o lv e s  in  v a c u o la r  iro n  in f lu x  in v o lv e d  in 

in t r a c e l lu la r  m e ta l t ra n s p o r t  a n d  a re  a ls o  im p o r ta n t  fo r  m a in ta in in g  iro n  

h o m e o s ta s is  t h a t  c r it ic a l fo r  s e e d l in g  d e v e lo p m e n t  (K im  et a i,  2006).

O n  t h e  o th e r  h a n d , tw o  F IT - in d e p e n d e n t  iro n - r e g u la te d  t ra n s c r ip t io n  

fa c to rs , bHLFHOO a n d  bHLHIOl, w e re  u p - re g u la te d . blTLFHOO a n d  bHLHIOl 

p la y  a c r u c ia l  r o le  in  ir o n -d e f ic ie n c y  re s p o n s e s . T h e ir  m u ta n t s  s h o w e d  s e v e re  

d e fe c t  p h e n o ty p e s  in  g ro w th  a n d  iro n  h o m e o s ta s is  w h e n  g ro w in g  o n  lo w - ir o n  

m e d ia . T h e y  p la y  a n o n - r e d u n d a n t  r o le  w ith  t h e  F IT -d e p e n d e n t  bFHLH fa c to r s  

s u ch  as bFILFI038 a n d  bFILH039 (S iv itz  et a i,  2012).
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T a b le  4 .4  T h e  lis t  o f  c h ito s a n  r e s p o n s iv e  § e n e s  in v o lv e d  in  c h lo r o p h y l l  

b re a k d o w n , p h o to s y n th e s is  a n d  iro n  h o m e o s ta s is

Category Gene ID Alias Gene name LogzFC

Chlorophyll Atlgl9670 CLH1 Chlorophyllase 1 1.47

breakdown At5§43860 CLH2 Chlorophyllase 2 1.16

At5gl3800 PPH Pheophytinase 1.13

At3 §44880 ACD1 Accelerated cell death 1 1.23

Photosynthesis At2§40300 FER4 Ferritin4 -2.26

At5§10170 MIPS3 Myo-inositol-l-phosphate synthase 3 -1.48

At2§40100 LHCB4.3 Light harvesting complex of photosystem II -1.10

At3§27690 LHCB2.4 Photosystem II light harvesting complex 

gene 2.3

-1.06

At4§26530 Fructose-bisphosphate aldolase 5 -1.05

At5§64040 PSAN Photosystem 1 reaction center subunit 

PSI-N

-0.97

Atc§00220 PSBM Photosystem II reaction center protein M -0.97

At3§56090 FER3 Ferritin 3 -0.91

AtcgOlOlO NDHF NADFI dehydrogenase unit F -0.90

Atc§00710 PSBH Photosystem II reaction center protein H -0.86

AtcgOlllO NDHH NAD(P)H dehydrogenase subunit H -0.71

Atc§00180 RP0C1 RNA polymerase beta' subunit-1 -0.67

Atc§00730 PETD Photosynthetic electron transfer D -0.66

Atc§01050 NDHD NAD(P)H dehydrogenase complex -0.64

At3§15840 PIFI Post-illumination chlorophyll 

fluorescence increase

0.82

At 1§64810 AP01 Accumulation of photosystem one 1 0.95

Iron homeostasis At2§28160 FIT1 FER-like regulator of iron uptake -1.25

At 1§01580 FR02 Ferric reduction oxidase 2 -0.67

Atl§23020 FR03 Ferric reduction oxidase 3 0.92

At3§25190 VIT Vacuolar iron transporter family protein -2.00
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2.2.4 Chitosan action on nutrient uptake

T o  p ro v id e  an  e n e rg y  s o u rc e  fo r  t r a n s p o r t  o f  n u t r ie n ts  in to  t h e  c e l l ,  

p la s m a  m e m b ra n e  H +-A T P a se  is an  e le c t r o g e n ic  e n z y m e  g e n e ra t in g  an  

e le c t r o c h e m ic a l  g ra d ie n t  a n d  p r o to n  d r iv in g  fo rc e . It g e n e ra te s  a m e m b ra n e  

p o t e n t ia l  t h a t  c o u ld  d r iv e  n u t r ie n t  t ra n s p o r t  s y s te m  b o th  c a t io n  a n d  a n io n  su ch  

as K, Ca , M g, N H 4, N 0 3, P O 4, a n d  S 0 4 (P a lm g re n , 2001).

H igh  d o s e  c h ito s a n  in c re a s e d  p la s m a  m e m b ra n e  H +-A T P a se  (AHA3) th a t  

h a s  b e e n  re p o r te d  t o  re s p o n s e  t o  p a th o g e n -a s s o c ia te d  m o le c u la r  p a t te rn s  

(P A M P s )  (E lm o re  a n d  C o a k e r , 2 0 11 ) a n d  ATPase E1-E2 type fam ily  protein 

cAt3$27870), w h ic h  h a s  n o t  b e e n  re p o r te d . H igh  d o s e  c h ito s a n  d r a m a t ic a l ly  

t r ig g e re d  s e v e ra l n u t r ie n t  t r a n s p o r t  s y s te m s  b o th  c a t io n  a n d  a n io n . T h e  h ig h e s t 

n e g a t iv e  in f lu e n c e s  w e re  o n  p o ta s s iu m  t ra n s p o r te r  (HAK5) (N ie v e s -C o rd o n e s  et 

a i,  2010 ), s u lfa te  t r a n s p o r te r  {รบLTR3;5) (K a ta o k a  et a i,  2 0 0 4 ) 1 ammonium  
transporter 1;3 {AMT1;2 a n d  AMT1;3) (Y u an  et a i,  2007), n it r a te  t r a n s p o r te r  

(.NRT1.1) (R e m a n s  et a i,  2006), a n d  z in c  t r a n s p o r te r  (ZIP2 a n d  ZIP3) (G ro tz  et 

a t,  1998). เท t h e  o th e r  h a n d , t h e  h ig h e s t  p o s it iv e  in f lu e n c e s  w e re  o n  n it ra te  

t r a n s p o r te r  (NRT1.7, NRT1.8) (Li et a i,  2010), c a lc iu m  e x c h a n g e r  7 {CAX7) a n d  

c a t io n  e x c h a n g e r  3 {CAX3) (M a se r  et a i,  2 0 01 ) (see  in  A p p e n d ix  c). T h e  

a lt e r a t iv e  a p p e a r a n c e  o f  n u t r ie n t  t r a n s p o r t  s y s te m s  s u p p o r t e d  t h e  la rg e  

a m o u n t  o f  r e a r ra n g e m e n t  o f  m e t a b o l ic  p ro c e s s  in  c h ito s a n  re s p o n s e .
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2.2.5 Cell wall modification

C e l l  w a l l  is a n  im p o r ta n t  b a rr ie r  fo r  p la n t  e x p o s in g  t o  u n fa v o r a b le  

c o n d it io n .  T h e  b a rr ie rs  in c lu d e  p e c t in  c o m p o s it io n ,  c e l l  w a l l  c ro s s - l in k in g  a n d  

c e l l  w a l l  p ro te in s  a n d  c h e m ic a ls  (C o sg ro ve , 2005 ; K e m p e m a  et al., 2007 ). H igh 

d o s e  c h ito s a n  t r e a tm e n t  in f lu e n c e d  c e l l  w a l l  m o d if ic a t io n  m o s t ly  in  t h e  

n e g a t iv e  d ir e c t io n  (s e e  in  A p p e n d ix  c). F o r  e x a m p le ,  expansin (EXPA), 

im p l ic a t e d  in t h e  ra p id  e x te n s io n  o r  s t re s s  re la x a t io n  o f  c e l l  w a l l  (C o sg ro ve , 

2 0 0 0 ), p e c t in  m o d if ic a t io n  (e.g. peda te  lyase, ped in  methylesterase, 

pedinesterase), a n d  arabinoçlycan protein (AGP). B e s id e s , c h ito s a n  a ls o  

a f fe c te d  s e c o n d a ry  c e l l  w a l l  m o d if ic a t io n  s u c h  a s  c a l lo s e  (CALS1), w h ic h  is 

r e s p o n s iv e  t o  c h ito s a n  t r e a tm e n t  (F ra n c o  a n d  Iriti, 2 0 07 ) a n d  l ig n in  b io s y n th e s is  

(CAD) (V an  A c k e r  et a i,  2 0 13 ) a n d  c a t a b o l ic  p ro c e s s  (LAC) (T u r la p a t i et a i,  2011). 

L ig n in  is a s s e m b le d  b y  o x id a t iv e  p o ly m e r iz a t io n  o f  c o n ife r y l  a lc o h o l  a n d  s in a p y l 

a lc o h o l .  L a c c a s e s  h a v e  b e e n  p r o p o s e d  t o  b e  in v o lv e d  in  lig n in  s y n th e s is  b y  

c a ta ly z e d  th e  p o ly m e r iz a t io n  o f  t h e  m o n o l ig n o l  a lc o h o ls .  D is ru p t io n  o f  laccase 

g e n e s  o n ly  le a d s  t o  a c h a n g e  in  lig n in  c o n te n t  a n d  o n ly  u n d e r  c o n t in u o u s  

i l lu m in a t io n .  T h e  e a r l ie r  l ig n if ic a t io n  c o u ld  in h ib it  r o o t  e lo n g a t io n  (C a c h o r ro  et 

al., 1993). Laccase  g e n e s  h a v e  b e e n  r e p o r te d  t o  b e  in v o lv e d  in  n o r m a l g ro w th  

a n d  d e v e lo p m e n t  re g u la t io n  a n d  r e s p o n s e  t o  o s m o t ic  s t re s s  (L ian g  et al., 2006). 

B e s id e s , casparian strip membrane domain proteins (CA5P1 a n d  CA5P2) w e re  

in h ib it e d  b y  h igh  d o s e  c h ito s a n  (s e e  in  A p p e n d ix  c). C a sp a r ia n  s t r ip  is fo rm e d  

b y  lig n in  a n d  s u b e r in  d e p o s it io n  (S c h re ib e r  et al., 1999). T h e  a l t e r a t io n  o f  lig n in  

c o n t e n t  m ig h t  a f fe c t  t h e  d e c re a s e  o f  CA5P g e n e  e x p re s s io n .
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2.2.6 Chitosan activates biotic/abiotic stress responses

G iv in g  a n  im p o r ta n c e  t o  b io t ic / a b io t ic  s t re s s  re s p o n s e s , c h ito s a n -  

r e s p o n s iv e  g e n e s  w e re  a ls o  in v e s t ig a te d  u s ing  M a p M a n  (T h im m  et a t,  2004). 

T h e  1 ,557  s ig n if ic a n t ly  e x p re s s e d  g e n e s  a n d  th e ir  lo g 2FC  w e re  s u b je c t e d  t o  

M a p M a n . G e n e s  w e re  m a p p e d  in  b io t ic  s t re s s  p a th w a y  b a s e d  o n  T A IR 1 0  

d a ta b a s e . T h e  r e s u lt  in d ic a te d  t h a t  c h ito s a n  h a d  an  in f lu e n c e  o n  b io t ic  s tre s s  

r e s p o n s e s  in c lu d in g  p a t te rn  re c o g n it io n  r e c e p to r s  (PRRs), p a th o g e n - r e la t e d  (PR) 

p ro te in s ,  t ra n s c r ip t io n  fa c to rs , h o r m o n e  s ig n a llin g , a n d  s e c o n d a r y  m e ta b o l i t e s  

as w e l l  as s e v e ra l a b io t ic  s tre s s  r e s p o n s iv e  g e n e s  (Fig. 4.8).

Pathogen / pest attack

R e c o g n i t io n

R  g e n e s

R e s p ir a t o r y  B u rs t

Signaling

ethylene

M A P K

T r a n s c r ip t io n  f a c t o r s

D e f e n s e  g e n e sProteolysis

ร««เท Airy 
m«UN**«*

bZlP
r w r i

!

F ig u re  4 .8  M a p m a n  d is p la y  o f  b io t ic / a b io t ic  s tre s s  g e n e s  r e s p o n s iv e  t o  h igh  

d o s e  c h ito s a n . R ed  c o lo r  in d ic a te d  g e n e  in d u c t io n  a n d  b lu e  c o lo r  

in d ic a te d  g e n e  re p re s s io n .
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2.2.6.1 Pattern recognition receptors (PRRs)

P la n t  in n a te  im m u n it y  w a s  a c t iv a te d  b y  PR Rs th a t  m o s t ly  lo c a t e d  

o n  t h e  p la s m a  m e m b ra n e  o f  c e l ls .  PRRs c o u ld  b e  r e c e p to r - l ik e  k in a se s  

(RLKs), r e c e p to r - l ik e  p ro te in  k in a se s  (RLPs), e lo n g a t io n  fa c to r -T u  (EF-Tu) 

re c e p to r ,  a n d  le c t in  r e c e p t o r  (B a rre  et a i,  2 0 02 ; Z ip fe l,  2008). H igh d o s e  

c h ito s a n  t r ig g e re d  th e  e x p re s s io n  o f  PRRs a t t r a n s c r ip t io n  le v e l.  R LP s  (RLP1, 

RLP6 a n d  RLP40), c y s te in e - r ic h  R LK s (CRK11, CRK13, CRK14, a n d  CRK22), 

le c t in  r e c e p to r  (LECRKA4.1 a n d  HLECRK) a n d  E F -T u  r e c e p t o r  (EFR) w e re  up - 

r e g u la te d  (se e  in  A p p e n d ix  c). in  a d d it io n , t h e  r e c e p to r  r e s p o n s iv e  to  

fu n g a l p a th o g e n  w a s  in d u c e d ,  Botrytis-induced kinase 1 [BIK1) (se e  in 

A p p e n d ix  C; E cka rd t, 2011 ). P la n t  R LP s  a n d  R LK s h a v e  b e e n  r e p o r te d  t o  

d e te c t  a b ro a d  range  o f  P A M P s  s u c h  as RLP1 r e s p o n s iv e  t o  Xanthomonads 

( J e h le  et a i,  2013), CRK13 r e s p o n s iv e  t o  Pseudomonas syrinçae (A ch a ry a  

et al., 2007). T h e  in c re a s e  o f  k n o w n  b a c te r ia l r e s p o n s iv e  r e c e p to r  l ik e  EFR 

( Z ip fe l et al., 2006 ) a n d  LECRKA4.1 (R iou  et a i,  2 0 0 2 ) a ls o  i l lu s t r a t e d  th e  

a p p e a r a n c e  o f  P A M P - tr ig g e re d  re s p o n s e s  f o u n d  in c h ito s a n  a c t io n s . 

C o n t ra s t ly ,  h igh  d o s e  c h ito s a n  d e c re a s e d  RLP12, RiP29, CRK4, CRK25, 
R e c e p to r - l ik e  k in a se  (RKL1), a n d  L y s M  d o m a in - c o n ta in in g  r e c e p to r  (LYK4) 

(se e  in  A p p e n d ix  c). CRK4 h a s  b e e n  r e p o r te d  t o  trigge r s a l ic y l ic  a c id  (SA)- 

in d u c e d  h y p e rs e n s it iv e  r e s p o n s e - lik e  c e l l  d e a th  in  o v e re x p re s s in g  

t ra n s g e n ic  p la n t s  (C h e n  et a i,  2004). T h e  d e c r e a s e  o f  CRK4 e x p re s s io n  

s e e m s  t o  su gg e st th a t  S A - in d u c e d  c e l l  d e a th  m ig h t  n o t  o c c u r r e d  in h igh  

d o s e  c h ito s a n  re s p o n s e , o t h e r  R LP s  a n d  R LK s h a s  n o t  b e e n  r e p o r te d  fo r  

th e ir  fu n c t io n  in P A M P  re s p o n s e s . LYK4 is im p o r ta n t  fo r  c h it in  s ig n a lin g  a n d  

p la n t  in n a te  im m u n it y  in  Arabidopsis (W an  et a i,  2012). T h e  LYK4 d o w n -  

r e g u la t io n  m ig h t  su g g e s t t h e  d iv e rg e n c e  o f  s ig n a lin g  b e tw e e n  c h it in  a n d  

c h ito s a n .
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2.2.6.2 Pathogenic and biotic stress responsive genes

A  la rg e  n u m b e r  o f  p a th o g e n - r e s p o n s iv e  g e n e s  w e re  u p - re g u la te d  

b y  h igh  d o s e  c h ito s a n  s u c h  as p la n t  d e fe n s in s  (PDF1.2A, PDF1.3, a n d  

PDF1.4) (M a n n e rs  et a i,  1998; G e rm a in  et a i,  2 011 ; M e n g  et a i,  2013), 

t y r o s in e  a m in o t ra n s fe ra s e  (TAT3) (P o v e ro  et a i,  2011), p o ly g a la c tu r o n a s e  

in h ib it in g  p ro te in  (PGIP1 a n d  PGIP2) ( O ’ B r ien  et a i,  2012), PR  g e n e s  (i.e. 

beta-1,3-§lucanase 2  (BGL2), pathogenesis-related 4 (PR4), a n d  chitinase 

(CFII)) (Ag rios, 2005), c a m a le x in  p r o d u c t io n  (G S T F 6 ) (รน  et a i,  2011). 

S e c o n d a ry  m e ta b o l i t e  b io s y n th e s is  w a s  a ls o  in c re a s e d  in c lu d in g  

a n th o c y a n in  (MYB75/PAP1 a n d  TT18/ANS) ( s t ra c k e  et a i,  2 0 0 7 ) a n d  

t e r p e n e s  (TP504 a n d  M S I )  (B a rah  et a i,  2013).

2.2.6.3 Abiotic stress responsive genes

C h ito s a n  a ls o  s t r o n g ly  in d u c e d  s t r e s s - re s p o n s iv e  g e n e s  in c lu d in g  

h e a t , c o ld ,  a n d  o s m o t ic  s tre ss , fo r  e x a m p le ,  h e a t  s h o c k  p ro te in s  (H SPs) 

(HSP21, HSP17.6II, H5P17.4, a n d  H5P70B) (C a r v a lh o  et a i,  2012), c o ld  

r e s p o n s iv e  (CO R) ré g u lo n s  (COR6.6, COR15a, KIN1) ( C h in n u s a m y  et a i,

2007), C B L - in te ra c t in g  p r o te in  k in a se  (CIPK3, CIPK5, CIPK21, CIPK9, a n d  

CIPK25 e x c e p t  CIPK15, a n e g a t iv e  r e g u la to r  o f  A B A  s ig n a lin g ) (Y o o n  et a i,  

2009), r e s p o n s iv e  t o  d e s s ic a t io n  (RD20, RD22, RD26, RD29A a n d  RD29B) (A b e  

et a i,  2003 ; W an g  et a i ,  2011 ), e a r ly - r e s p o n s iv e  t o  d e h y d r a t io n  (ERD5) 

(R o s se l et al., 2007), p r o l in e  b io s y n th e s is  (P5CS1 a n d  P5CS2) ( S z e k e ly  et 

a i,  2008), a n d  s e n e s c e n c e - r e la t e d  g e n e s  (SEN1) (S c h e n k  et a i,  2005). 

M ito g e n -a c t iv a te d  p ro te in  k in a s e  (M A P K  o r  M P K ) w a s  im p l ic a t e d  in  c o m m o n  

s ig n a lin g  c a s c a d e  t r a n s la to r  fo r  e x te r n a l s t im u li.  H igh  d o s e  c h ito s a n  

in d u c e d  MPK7 g e n e  e x p re s s io n .  M P K 7  is a c t iv a te d  b y  H 20 2 b u t  n o t  

b a c te r ia l f la g e l l in  (flg22) (D ô c z i et a i,  2007). T h is  m ig h t  su gg e st th a t  p la n t  

d e fe n s e  a n d  s tre ss  r e s p o n s e s  a c t iv a te d  b y  h igh  d o s e  c h ito s a n  p r o b a b ly  

p a r t ia l ly  d iv e r s e  f ro m  f lg 2 2  s ig n a lin g .
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2.2.6.4 Reactive oxygen species (ROS) homeostasis

H y d ro g e n  p e ro x id e  (H 20 2) a n d  n it r ic  o x id e  (NO ) a re  k n o w n  to  

p r o d u c e  in  r e s p o n s e  t o  c h ito s a n  e lic ita t io n .  It w a s  fo u n d  th a t  o x id a t iv e  

b u rs t  re g u la to r , a s p a r ta te  o x id a s e  (AO), w a s  d o w n - re g u la te d .  A O  c a ta ly z e s  

t h e  f irs t  ir r e v e r s ib le  s te p  in t h e  de novo N A D  b io s y n th e s is  a n d  r e q u ir e d  fo r  

N A D P H -m e d ia te d  o x id a t iv e  b u rs t  (M a c h o  et a i,  2012). T h is  m ig h t  le a d  to  

t h e  s u p p re s s io n  o f  o x id a t iv e  b u r s t - r e la te d  g e n e s  s u c h  as NADPH oxidase, 

RBOHC/RHD2, r e s p ir a to ry  b u rs t  o x id a se , CD52, F5D1, a n d  PRX33. 

F u r th e rm o re ,  nitrite reductase 1 (NIR1) t h a t  n e c e s s a r y  fo r  N O  p r o d u c t io n  

w a s  a ls o  s u p p re s s e d  (D e s ik an  et al., 2002). O x id a t iv e  b u rs t  is ra p id  a n d  

t r a n s ie n t  RO S  p r o d u c t io n .  It is in d u c e d  b y  o l ig o g a la c tu r o n id e s  (O G s) b u t  

n o t  r e q u ire d  fo r  t h e  a c t iv a t io n  o f  O G - in d u c e d  d e fe n s e  re s p o n s e s  (G a lle t t i  

et a i,  2008). T h e s e  p r o b a b ly  su g g e s te d  th a t  o x id a t iv e  b u rs t  m ig h t  n o t  b e  

re q u ir e d  in  h igh  d o s e  c h ito s a n  re s p o n s e  w ith  t h e  lo n g  p e r io d . H o w e v e r ,  

h igh  d o s e  c h ito s a n  in d u c e d  t h e  RO S s c a v e n g in g  s y s te m s , w h ic h  w e re  

catalase 1 (CAT1), glutathione peroxidase (GPX1, GPX7), a n d

dehydroascorbate reductase (DHAR5) t o g e th e r  w ith  t h io r e d o x in  a n d  

g lu ta re d o x in  (R o u h ie r  et a i,  2008 ; F o y e r  a n d  N o c to r ,  2009 ; S z e c h y n s k a -  

H e b d a  a n d  K a rp in sk i, 2013). N e v e r th e le s s ,  stromal ascorbate peroxidase 

(SAPX) w a s  d o w n - re g u la te d .  T h e  in c re a s e  o f  t h e s e  e n z y m e s  c o u ld  b e  a 

c o n s e q u e n c e  o f  RO S  p r o d u c e d  f ro m  a n o th e r  p a th w a y  s u c h  as m e ta b o l ic  

p ro c e s s , p la n t  p h y s io lo g ic a l p ro c e s s e s  o r  b io t ic / a b io t ic  s t re s s  re s p o n s e s  

(Q u a n  et a i,  2008).
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2.2.6.5 Plant hormone biosynthesis and signaling

A c c o rd in g  to  M a p m a n  d is p la y ,  c h ito s a n  h a d  in f lu e n c e s  o n  p la n t  

h o rm o n e  s u ch  as a b s c is ic  a c id  (ABA), ja s m o n ic  a c id  (JA), a n d  e t h y le n e  (ET). 

F o r  b e t t e r  u n d e rs ta n d in g  th e  h o rm o n e  re g u la t io n , a d d it io n a l h o rm o n e -  

r e la t e d  g e n e s  w e re  re t r ie v e d  f r o m  ATTED-II a n d  l it e r a tu re  re v ie w s . C h ito s a n  

has b e e n  im p l ic a t e d  t o  b e  p a th o g e n -m im ic k in g  s t im u lu s .  T h e  a l t e r a t io n  o f  

h o rm o n e  r e g u la t io n  p o s s ib ly  b e h a v e d  as in p a th o g e n  re s p o n s e . A B A  a n d  

JA  a p p e a r  t o  p la y  a p r o m in e n t  r o le  in  re s p o n s e  t o  h igh  d o s e  c h ito s a n  

s u p p o r t in g  b y  t h e  in c re a s e  o f  g e n e  e x p re s s io n  in  th e ir  b io s y n th e s is ,  

c a ta b o lis m ,  s ig n a lin g  a n d  re s p o n s e s . L is t o f  p r o m in e n t  g e n e s  w a s  s h o w e d  

in T a b le  4.5.

T a b le  4.5 T h e  l is t  o f  p r o m in e n t  c h ito s a n - r e s p o n s iv e  g e n e s  

in v o lv e d  in  h o rm o n e  s ig n a lin g

C a t e g o r y P a t h w a y G e n e  ID A l i a s G e n e  n a m e L o g 2F C

A B A B io s y n t h e s i s A t 3 g 1 4 4 4 0 N C E D 3 N in e - c i s : e p o x y c a r o t e n c i d  

d i o x y g e n a s e  3

1 .6 8

A t 2 g 2 7 1 5 0 A A 0 3 A b s c i s i c  a l d e h y d e  o x i d a s e  3 1 .1 8

C a t a b o l i s m A t 3 g l 9 2 7 0 C Y P 7 0 7 A 4 C y t o c h r o m e  P 4 5 0 ,  f a n r v ly  7 0 7 ,  

s u b f a m i l y  A ,  p o l y p e p t i d e  4

1 .6 4

A t 4 g l 9 2 3 0 C Y P 7 0 7 A 1 C y t o c h r o m e  P 4 5 0 ,  f a r r v l y  7 0 7 ,  

s u b f a m i l y  A ,  p o l y p e p t i d e  1

1 .0 4

A t 5 g 4 5 3 4 0 C Y P 7 0 7 A 3 C y t o c h r o m e  P 4 5 0 ,  f a m i l y  7 0 7 ,  

s u b f a m i l y  A ,  p o l y p e p t i d e  3

-1 .0 4

S ig n a l in g  a n d A t 5 g 6 6 4 0 0 R A B 1 8 R e s p o n s i v e  t o  À B A  1 8 4 .3 3

r e s p o n s e A t l g 0 7 4 3 0 H A I2 H ig h ly  A B A - i n d u c e d  P P 2 C  g e n e  2 2 .4 8

A t 5 g 5 9 2 2 0 H A I1 H ig h ly  A B A â n d u c e d  P P 2 C  g e n e  1 2 .2 8

A t l g l 5 5 2 0 P D R 1 2 P l e i o t r o p i c  d r u g  r e s i s t a n c e  1 2 1 .6 7

A t 5 g 5 7 0 5 0 A B I2 A B A  i n s e n s i t iv e  2 1 .2 8

A t l g 7 2 7 7 0 H A B 1 H o m o l o g y  t o  A B I1 1 .1 0

A t 4 g 2 6 0 8 0 A B U A B A  i n s e n s i t iv e  1 0 .9 1

A t 3 g 1 9 2 9 0 A B F 4 A B R E  b in d in g  f a c t o r  4 0 .8 3

A t 4 g 3 3 9 5 0 O S T 1 O p e n  s t o m a t a  1 0 .7 8

A t 5 g 1 5 9 6 0 K IN 1 S t r e s s - r e s p o n s iv e  p r o t e in 3 .5 4

A t 2 g 3 9 8 0 0 P 5 C S 1 D e l t a  1 - p y r r o l in e - 5 - c a r  b o x y l a t e  

s y n t h e t a s e  1

1 .9 3

A t 3 g 5 5 6 1 0 P 5 C S 2 D e l t a  1 - p y r r o l i n e - 5 - c a r b o x y l a t e 0 .7 7

s y n t h e t a s e  2
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C a t e g o r y P a t h w a y G e n e  ID A l i a s G e n e  n a m e L o g r F C

J A B io s y n t h e s i s A t 3 g 2 5 7 6 0 A O C 1 A U e n e  o x i d e  c y c l a s e  1 2 .3 5

A t 3 g 2 5 7 7 0 A O C 2 A l i é n é  o x i d e  c y c l a s e  2 1 .2 9

A t l g l 7 4 2 0 L O X 3 L ip o x y g e n a s e  3 1 .0 8

A t 5 g 4 2 6 5 0 A O S A l l e n e  o x i d e  s y n t h a s e 0 .9 5

A t 2 g 0 6 0 5 0 O P R 3 O x o p h y t o d i e n o a t e - r e d u c t a s e  3 0 .6 3

C a t a b o l i s m A t 3 g 4 8 5 2 0 C Y P 9 4 B 3 C y t o c h r o m e  P 4 5 0 ,  f a m i l y  9 4 , 2 .4 1

s u b f a m i l y  B , p o l y p e p t i d e  3

S ig n a l in g  a n d A t 2 g 2 4 8 5 0 T A T 3 T y r o s i n e  a m in o t r a n s f e r a s e  3 4 .7 0

r e s p o n s e A t 5 g 1 3 2 2 0 J A Z 1 0 J a s m o n a t e - z im - d o m a in  p r o t e i n 2 .3 5

1 0

A t 5 g 0 6 8 7 0 P G I P 2 P o l y g a l a c t u r o n a s e  in h ib i t i n g 2 .0 7

p r o t e i n  2

A t 3 g 5 7 2 6 0 B G L 2 B e t a - 1 , 3 - g lu c a n a s e  2 1 .6 1

A t l g l 9 6 7 0 C L H 1 C h l o r o p h y l l a s e  1 1 .4 7

A t l g 7 0 7 0 0 J A Z 9 J a s m o n a t e - z im - d o m a in  p r o t e i n  9 1 .2 6

A t l g l 7 3 8 0 J A Z 5 J a s m o n a t e - z im - d o m a in  p r o t e i n  5 1 .0 8

A t 5 g 0 6 8 6 0 P G IP 1 P o l y g a l a c t u r o n a s e  in h ib i t i n g 1 .0 8

p r o t e i n  1

A t l g l 9 1 8 0 J A Z 1 J a s m o n a t e - z im - d o m a in  p r o t e i n  1 0 .9 7

A t 3 g l7 8 6 0 J A Z 3 J a s m o n a t e - z im - d o m a in  p r o t e i n  3 0 .8 3

A t S g 2 0 9 0 0 J A Z 1 2 J a s m o n a t e - z im - d o m a in  p r o t e i n 0 .7 6

12

A t  1 g 7 4 9 5 0 J A Z 2 J a s m o n a t e - z im - d o m a in  p r o t e i n  2 0 .7 5

A t 2 g 4 0 7 5 0 W R K Y 5 4 W R K Y  D N A - b in d in g  p r o t e i n  5 4 -1 .3 4

A t 3 g 5 6 4 0 0 W R K Y 7 0 W R K Y  D N A - b in d in g  p r o t e i n  7 0 -1 .4 2

E T B io s y n t h e s i s A t 4 g 2 6 2 0 0 A C S 7 1 - A m i n o - c y c l o p r o p a n e - l - 1 .2 0

c a r b o x y la t e  s y n t h a s e  7

A t 2 g 1 9 5 9 0 A C O l A C C  o x i d a s e  1 - 1 .0 7

S ig n a l in g A t 5 g 6 1 6 0 0 E R F 1 0 4 E t h y l e n e  r e s p o n s e  f a c t o r  1 0 4 -0 .7 0

A U X B io s y n t h e s i s A t 3 g 4 4 3 0 0 N IT 2 N i t r i l a s e  2 2 .5 8

A t 4 g 2 4 6 7 0 T A R 2 T r y p t o p h a n  a m in o t r a n s f e r a s e -0 .9 9

r e l a t e d  2

C K B io s y n t h e s i s A t 3 g 6 3 1 1 0 I P T 3 I s o p e n t e n y l t r a n s f e r a s e  3 - 1 .2 0

A B A  p la y s  im p o r ta n t  r o le s  in  p la n t  g ro w th  d e v e lo p m e n t  a n d  s tre ss  

re s p o n s e s . T h e  A B A  a c t io n s  a re  c o n t r o l le d  b y  t h e  p re c is e  b a la n c e  b e tw e e n  

its b io s y n th e s is  a n d  c a ta b o lis m . H igh  d o s e  c h ito s a n  s t im u la te d  g e n e s  in 

A B A  b io s y n th e s is  (AA03, NCED3) (F in k e ls te in  a n d  R o ck , 2 0 02 ) a n d  

c a ta b o lis m  (CYP707A1, 3 a n d  4) (K u sh iro  et a i,  2004). T h e  A B A  a c t io n s  in 

c h ito s a n - e l ic it e d  t ra n s c r ip to m e  r e s p o n s e  is a ls o  s u p p o r t e d  b y  t h e  u p -  

r e g u la t io n  o f  g e n e s  in A B A  s ig n a lin g  a n d  re s p o n s e s , fo r  e x a m p le ,  re g u la to r  

o f  A B A  s ig n a lin g  (HAI1 a n d  HAI2) (B h a ska ra  et a i,  2012 ; Z h a n g  et a i,  2013), 

a p la s m a  m e m b ra n e  A B A  u p ta k e  t ra n s p o r te r  (PDR12) (Kang  et a i,  2010 )

Ç f t ; 2 2 5 5
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a n d  A B A - in d u c ib le  g e n e s  (RAB18 (H a l lo u in  et a i,  2002 ), ABF4 (W ang  et a i,

2011)). C h ito s a n  ha s  b e e n  r e p o r te d  t o  in d u c e  s t o m a ta l c lo s u r e  ( L e e  et at, 

1999). O p e n  s tonna ta  1 iOSTl) is a p o s it iv e  re g u la to r  o f  A B A  a c t io n s  

im p l ic a t e d  in  s t o m a ta l c lo s u re .  It is r e g u la te d  b y  A B A  le v e l  a n d  n e g a t iv e  

re g u la to rs  o f  A B A  (ABU a n d  ABI2). s t o m a ta  o f  ostl m u ta n t  fa ile d  t o  c lo s e  

in  r e s p o n s e  t o  A B A  b u t  n o t  e f fe c t e d  t o  o p e n  s to m a ta  in  r e s p o n s e  t o  lig h t 

(K u sh iro  et ai., 2004). T h e  u p - re g u la t io n  o f  OST1 a n d  ABI m ig h t  b e  a pa rt 

o f  c h ito s a n  a c t io n s  in s t o m a ta l c lo s u re .

JA  c o n t r o ls  p la n t  d e v e lo p m e n t  a n d  p la n t  d e fe n s e  a n d  a ls o  k n o w n  

as w o u n d  h o rm o n e .  H igh  d o s e  c h ito s a n  in d u c e d  g e n e s  in v o lv e d  in JA  

b io s y n th e s is  ( S c h a l le r  a n d  s t in t z i,  2008 ), w h ic h  w e re  LOX3, AOS, AOC1, 

AOC2, OPR3, a n d  ACX1 a s w e l l  as J A  c a ta b o l is m  (CYP94B3). C Y P 9 4 B 3  

c o n t r o l le d  ja s m o n o y l- L - is o le u c in e  (JA - lle )  tu rn o v e r .  C Y P 9 4 B 3  c o n v e r t s  JA - 

l le  t o  1 2 0 H - J A - lle  (1 2 -h y d ro x y -JA - lle ) . 1 2 0 H -JA - lle  is le s s  e f fe c t iv e  th a n  JA - 

l le  t o  p r o m o t e  t h e  fo rm a t io n  o f  C O I1 -JA Z  r e c e p to r  c o m p le x e s .  C Y P 9 4 B 3  

a c t io n s  in  n e g a t iv e  f e e d b a c k  c o n t r o l  J A - l le  le v e ls  a n d  p e r fo rm s  a k e y  r o le  

in  a t te n u a t io n  o f  ja s m o n a te  r e s p o n s e s  (K o o  et at, 2011).

ET  is in v o lv e d  in  m a n y  p la n t  p ro c e s s e s  th ro u g h  th e ir  l if e  c y c le  s u ch  

as r o o t  h a ir  d e v e lo p m e n t  a n d  s e n e s c e n c e .  A l th o u g h  o n e  e t h y le n e  

b io s y n th e s is  g e n e , ACS7, w a s  in d u c e d ,  t h e  k e y  s te p  e n z y m e  t o  c o n v e r t  A C C  

t o  e t h y le n e ,  ACO l (W ang  et ai., 2002), w a s  in h ib ite d . A C S 7  w a s  im p l ic a t e d  

t o  b e  in v o lv e d  in  A B A  a n d  s t re ss  re s p o n s e s . T h e  in d u c t io n  o f  A C S 7  in h igh 

d o s e  c h ito s a n  t r e a tm e n t  m ig h t  re s u lt  f r o m  A B A  b io s y n th e s is  a n d  s tre sse s  

(D ong  et ai., 2011).

A u x in  (A U X ) a n d  c y to k in in  (CK) a re  k n o w n  t o  re g u la te  p la n t  g ro w th  

a n d  d e v e lo p m e n t  in c lu d in g  r e q u ir e m e n t  o f  p r o p e r  p la n t  r o o t  

d e v e lo p m e n t .  H igh  d o s e  c h ito s a n  n e g a t iv e ly  a f fe c te d  o n  A U X  a n d  C K  

b io s y n th e s is .  F o r  A U X  b io s y n th e s is  g e n e s , NIT2 w a s  in d u c e d  w h e re a s  T A R 2  

w a s  s u p p re s s e d .  NIT2 e n c o d e s  a n it r i la s e , w h ic h  c o n v e r t s  IAN t o  a u x in . It 

w a s  in d u c e d  b y  d iv e r s e  s t re s s e s  (H u h  et a t,  2012). T h is  s u g g e s te d  th a t  t h e  

in c re a s e  o f  NIT2 m ig h t  re s u lt  f r o m  h igh  d o s e  c h ito s a n -m im ic k in g  s tre sse s . 

TAR2 w a s  r e p o r te d  t o  e x p re s s  in  t h e  m a tu re  ro o t  z o n e  n e a r  t h e  r o o t  t ip  

(M a  et ai., 2014). A s  a d v e r s e  e f fe c t  o f  h igh  d o s e  c h ito s a n  o n  p la n t  ro o t , 

t h e  d e c r e a s e  o f  TAR2 m ig h t  b e  b e c a u s e  o f  t h e  r e ta rd e d  ro o t  g ro w th  a n d
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d e v e lo p m e n t .  เท a d d it io n ,  A U X  in f lu x  a n d  e f f lu x  c a rr ie rs  (ABCB19, PIN1, 

PIN5, LAX3, a n d  LAX2) w e r e  a ls o  in h ib ite d  (M ra v e c  et al., 2009 ; 

T it a p iw a ta n a k u n  et a t,  2009 ; V a n d e n b u s s c h e  et a t,  2010 ; S a w c h u k  et a t,

2013). It a ls o  f o u n d  th a t  C K  b io s y n th e s is  g e n e  (IPT3) w a s  d o w n - re g u la te d .  

B e s id e s , a u x in - in d u c e d  p h y s io lo g ic a l a p p e a r a n c e  c a n  b e  a n ta g o n iz e d  b y  

O G s  v ia  in h ib it io n  o f  a u x in - r e s p o n s iv e  g e n e  e x p re s s io n . T h e  re p re s s io n  o f  

a u x in  r e s p o n s e s  in  Arabidopsis n o t  o n ly  d e te c t e d  in  O G s  r e s p o n s e  b u t  a ls o  

in  b a c te r ia  e l ic i t o r  f la g e l l in  e s p e c ia l ly  a t  h igh  d o s e  o f  e l ic i t o r  (S a va t in  et at, 

2011).
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2.2.6.6 Transcription factors
T ra n s c r ip t io n  fa c to r s  a re  t h e  re g u la to rs  fo r  g e n e  e x p re s s io n . H igh 

d o s e  c h ito s a n  in d u c e d  o r  r e p re s s e d  s e v e ra l t r a n s c r ip t io n  fa c to r s  in  d if fe r e n t  

fa m il ie s  in c lu d in g  ERF, M Y B , N A C  a n d  W R K Y  fa m ilie s .  T n e  c h a n g in g  o f  

t r a n s c r ip t io n  fa c to rs  g e n e  e x p re s s io n  m ig h t  b e  c o n s e q u e n c e s  o f  

b io t ic / a b io t ic  s tre s s  r e s p o n s e  a n d  a lte r a t io n  o f  p la n t  g ro w th  d e v e lo p m e n t  

t h a t  o c c u r r e d  u p o n  c h ito s a n  t re a tm e n t .  T h e  r e p o r te d  fu n c t io n s  o f  g e n e s  

w e re  in d ic a te d  b e lo w .

เท Arabidopsis, m o s t  o f  W R K Y  g e n e s  r e s p o n d  t o  p a th o g e n  a n d  s t re ss  

s t im u li.  H igh  d o s e  c h ito s a n  in d u c e d  e ig h t  W R K Y  t ra n s c r ip t io n  fa c to rs . 

WRKY6 a n d  WRKY22 tr igge r s ig n a l t r a n s d u c t io n  p a th w a y s  in p la n t  

s e n e s c e n c e  a n d  d e fe n c e  re s p o n s e s  (R o b a tz e k  a n d  S o m s s ic h , 2001 ; Z h o u  

et a i,  2011). WRKY15 m o d u la t e s  p la n t  g ro w th  a g a in s t  s a l t / o s m o t ic  s tre s s  

(V a n d e ra u w e ra  et a i,  2012 ). WRKY25 a n d  WRKY26 e n h a n c e  h e a t  t o le r a n c e  

a b i l i t y  a n d  a c t  as p o s it iv e  re g u la to rs  o f  H S P s - r e la te d  s ig n a lin g  p a th w a y s  (Li 

et a t,  2011). WRKY28 is s t ro n g ly  in d u c e d  b y  H 20 2 a n d  r e q u ir e d  fo r  

r e s is ta n c e  t o  Botrytis cinerea (พ น  et al., 2011 ). WRKY45 w a s  in d u c e d  b y  

o z o n e  t r e a tm e n t  (T o s ti et at, 2006). WRKY48 is in d u c e d  b y  s t re s s  a n d  

p a th o g e n  a c t in g  as a n e g a t iv e  r e g u la to r  o f  b a s a l d e fe n s e  fo r  t h e  

Pseudomonas syringoe (Xing et at, 2008). เท c o n tra s t ,  o n ly  tw o  W R K Y s 

w e re  re p re s se d . WRKY54 a n d  WRKY70 a re  c o -o p e r a t iv e  as n e g a t iv e  

r e g u la to r s  o f  le a f  s e n e s c e n c e  r e s p o n d in g  t o  S A  b u t  n o t  to  H 20 2 (B e sse a u  

et a t,  2012). T h e  d e c re a s e  o f  WRKY54 a n d  WRKY70 s u g g e s te d  th e  o c c u r r in g  

o f  s e n e s c e n c e  in p la n t  e x p o s e d  t o  h igh  d o s e  c h ito s a n .

M Y B  t ra n s c r ip t io n  fa c to rs  p la y  a r o le  in  p la n t  g ro w th  

d e v e lo p m e n t ,  a b io t ic  s t re s s  t o le r a n c e  a n d  h o r m o n e  s ig n a lin g . F o u r te e n  

M Y B  a n d  M Y B - lik e  w a s  a f fe c te d  b y  h igh  d o s e  c h ito s a n . S e v e n  M Y B s  w e re  

in d u c e d .  MYB13 w a s  a ls o  in d u c e d  b y  Botrytis in fe c t io n  (A b u Q a m a r  et al., 

2006). MYB15, a n  A B A - re s p o n s iv e  g ene , in v o lv e s  in o s m o t ic  s tre s s  

t o le r a n c e  (D ing et a t,  2009 ). MYB47, MYB94 a n d  MYB112 w e r e  r e s p o n s iv e  

t o  A B A  a n d  a b io t ic  s t re s s  (S ingh  et a i,  2011 ; D ing  et a i,  2013). MYB75 is a 

t r a n s c r ip t io n  fa c to r  in  s u c r o s e -m e d ia t e d  a n th o c y a n in  b io s y n th e s is  (T eng  et 

a t,  2005), a n d  MYBL2 is a n e w  re g u la to r  o f  f la v o n o id  b io s y n th e s is  (D u b o s  

et a i,  2008). W h ile ,  t h e  o th e r  s e v e n  M Y B s  w e re  d o w n - re g u la te d .  MYB51 

is a t ra n s c r ip t io n  fa c to r  e s s e n t ia l fo r  M A M P -e l ic i t e d  c a l lo s e  d e p o s it io n
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( M il le t  et a i,  2010). MYB77 is a m o d u la t o r  o f  a u x in - in d u c ib le  g e n e s  in 

la te r a l r o o t  fo rm a t io n  (S h in  et al., 2007). MYB73 is in v o lv e d  in  t h e  fu n c t io n  

a g a in s t Bipolaris oryzae (Jia et a i, 2011). MYB88 is a t r a n s c r ip t io n  fa c to r  in 

s to m a ta l d e v e lo p m e n t  (La i et al., 2005). T h e  o th e r  MYBs (MYB93, MYB124, 

a n d  MYB3R-4) h a v e  n o t  b e e n  p r e v io u s ly  r e p o r te d  t h e  fu n c t io n s .

N A C  t ra n s c r ip t io n  fa c to r s  a re  k e y  re g u la to rs  n o t  o n ly  in  s tre ss  

p e r c e p t io n  b u t  a ls o  in p la n t  d e v e lo p m e n t .  N in e  N A C s  w e r e  u p - re g u la te d  

u p o n  h igh  d o s e  c h ito s a n  t r e a tm e n t .  ATAF1 is a n e g a t iv e  re g u la to r  o f  

d e fe n s e  r e s p o n s e  a g a in s t p a th o g e n s  (W ang  et a i,  2009). NAC019 a n d  

NAC55 a re  im p l ic a t e d  t o  e n h a n c e  s e n e s c e n c e  (H ic k m a n  et a i,  2013). 

NAC029 n e g a t iv e ly  a f fe c ts  s a l ic y l ic  a c id  s ig n a lin g  ( P e n fo ld  a n d  B u c h a n a n -  

W o l la s to n ,  2014). NAC089 is u p - re g u la te d  b y  e n d o p la s m ic  r e t ic u lu m  s tre ss  

(Yang  et a i,  2014 ). T h e  o th e r  NACs (NAC6, NAC044, NAC047, a n d  NAC102) 

h a v e  n o t  b e e n  p r e v io u s ly  r e p o r te d  t h e  fu n c t io n s .  W h e re a s , o n ly  NAC36 

w a s  d o w n - re g u la te d .

A P 2 /E R F  t ra n s c r ip t io n  fa c to r  f a m ily  p la y s  a r o le  in  p h y to h o rm o n e ,  

p a th o g e n  a n d  e n v ir o n m e n ta l s t re s s  re s p o n s e s . H igh d o s e  c h ito s a n  in d u c e d  

t ra n s c r ip t io n  fa c to r s  th a t  r e la t e d  t o  A P 2  (RAP) i.e. RAP2.3, RAP2.10, RAP2.6, 

RAP2.6L (Sakuma et a i, 2002), w h i le  ERF104, a f lg 2 2 - re g u la te d  b a s a l 

im m u n it y  r e g u la to r  w a s  re p re s s e d  (B e th k e  et a i,  2009).
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2.2.7 A comparison of transcriptional profiling between previous study 
and high dose chitosan study revealed different responses of 
chitosan elicitation

P re v io u s  s tu d y  o f  m ic ro a r r a y -b a s e d  t r a n s c r ip t io n a l p ro f il in g  o f  c h ito s a n -  

r e s p o n s iv e  g e n e s  w a s  in v e s t ig a te d  in 4 -d a y -o ld  Arabidopsis t r e a te d  w ith  

c h ito s a n  a t  150  m g /L  fo r  3 h (P o v e ro  et a i,  2011). T h is  s tu d y , Arabidopsis w e re  

g ro w n  o n  Vi M S  m e d iu m  w ith  o r  w it h o u t  8 0 m g /L  c h ito s a n  fo r  10 d a y s . T h e  

c o m p a r is o n  r e v e a le d  th a t  19 .65%  (3 06  o f  1557) o f  c h ito s a n - r e s p o n s iv e  g e n e  

lo c i  w e re  s im ila r  (Fig 4.9, A p p e n d ix  c ).

F ig u re  4 .9 V e n n  d ia g ra m  o f  t h e  o v e r la p  b e tw e e n  g e n e s  d if fe r e n t ia l 

r e g u la te d  b y  c h ito s a n  in  tw o  s tu d ie s .  A: P o v e r o ’ s s tu d y , B: th is  s tu d y .

T h e  o v e r la p p e d  g e n e s  w e re  m a in ly  im p l ic a t e d  in p la n t  d e fe n s e  a n d  

s tre ss  re s p o n s e s . T h e  g e n e  e x p re s s io n  m o s t ly  s h o w e d  in  t h e  s a m e  d ir e c t io n  

w ith  v a r ie d  d if fe re n t  le v e l.  เท th is  s tu d y ,  A B A  in d u c ib le  re c e p to r ,  le c t in - r e c e p to r  

k in a se , LRRs, C RKs, a n d  R LP s  s h o w e d  le s s  le v e l  o f  in d u c t io n  as w e l l  as t h e  lo w e r  

le v e l  o f  d o w n s t r e a m  g e n e  e x p re s s io n . O n ly  tw o  g e n e s  in v o lv e d  in a m in o  a c id  

m e ta b o l ic  p ro c e s s  (threonine a ldo lase 1; THAI a n d  glutamine-dependent 
asparagine synthetase 1] A5N1) a n d  tw o  h o rm o n e  r e s p o n s iv e  g e n e s  (RAB18 

a n d  AOC1) w e re  h ighe r.

T h e  o th e r s  s h o w e d  th e  o p p o s it e  d ir e c t io n  o f  g e n e  e x p re s s io n . เท th is  

s tu d y , MYB51, WAK1, ERF104, pathogen and circadian controlled 1 {PPC1) a n d  

disease resistance protein (TIR-NBS class) g e n e s  w e re  re p re s s e d . W h e re a s , a l l  

h e a t  s h o c k  p ro te in s  w e re  in d u c e d .  A n  o v e r la p  o f  a  f e w  c h ito s a n - re s p o n s iv e  

g e n e s  a n d  th e  d if fe r e n t  le v e l  o f  g e n e  e x p re s s io n  su g g e s te d  th a t  t h e  d if fe r e n t  

c o m p le x  s ig n a l t r a n s d u c t io n  w a s  e l ic i t e d  b y  c h ito s a n  w ith  d if fe r e n t  s o u rc e , 

c o n c e n t r a t io n ,  a n d  t im e  o f  t r e a tm e n t  le a d in g  t o  d iv e rg e n c e  o f  p la n t  re s p o n s e s .
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2.3 EMS-mutagenesis Arobidopsis seed preparation

A t  le a s t  3 ,0 0 0  C o l  s e e d s  w e re  m u ta g e n iz e d  b y  25  m M  E M S  a n d  g ro w n  o n  

s o i l t o  p r o d u c e  M 2 s e e d s . A fte r  2 m o n th s  o f  g row ing , s e e d s  w e re  p o o le d  f ro m  5 to  

10 M ] p la n ts .  S e e d s  w e re  k e p t  in  d a rk  a n d  d ry  p la c e  a t  r o o m  te m p e ra tu r e  u n t i l  

s c re e n in g .

2.4 Screening of chitosan-insensitive mutagenized Arobidopsis

A t  le a s t  1 2 0 ,0 00  M 2 p la n t s  h a v e  b e e n  s c r e e n e d  fo r  C l m u ta n t s  b y  e x a m in in g  

p la n t  p h e n o ty p e  o n  th e  c h ito s a n  s e le c t iv e  m e d iu m  fo r  10 day s . S e v e ra l 

p h e n o ty p e s  o f  m u ta g e n iz e d  s e e d lin g s  w e r e  b r o a d ly  d e te c t e d .  M o s t  o f  t h e m  

s h o w e d  d w a r f  p h e n o ty p e  th a t  c o u ld  b e  o b s e r v e d  b y  e y e s , fo r  e x a m p le ,  s m a l l  le a f, 

s h o r t  h y p o c o ty ls ,  s m a l l  c o ty le d o n s ,  a n d  s h o r t  ro o ts . It a ls o  s h o w e d  a h igh  n u m b e r  

o f  n o  g e rm in a t io n  a n d  a lb in o  p la n ts . T h is  in d ic a te d  t h e  e f f ic ie n c y  o f  t h e  EM S  

m u ta g e n e s is  (B e rn a  et ai., 1999).

A fte r  t h e  f irs t s c re e n in g , a b o u t  3 5 0  p u ta t iv e  m u ta n t s  s h o w e d  t h e  C l 

p h e n o ty p e s  b y  c o m p a r in g  p la n t  s iz e  o r  r o o t  le n g th  to  w i ld - t y p e  p la n t .  T h e  p u ta t iv e  

M 2 m u ta n ts  w e r e  t ra n s fe r re d  f r o m  m e d iu m  agar p la t e  t o  s o i l  in  a n  in d iv id u a l p o t. 

M u ta n t s  w e re  g ro w n  fo r  a n o th e r  2  m o n th s  t o  o b ta in  M 3 s e e d s . F o r  s o il- g ro w n  

p la n ts ,  t h e  p u ta t iv e  M 2 m u ta n t s  s h o w e d  v a ry in g  in  le a f  s h a p e s  in c lu d in g  n o rm a l as 

w ild - t y p e  p la n t  a n d  v a r io u s  le a f  fo rm a t io n  a b n o rm a lit y .  L e a f  s h a p e  o f  m u ta n ts  c a n  

b e  c a te g o r iz e d  in to  p h e n o ty p ic  c la s s e s  d e f in e d  b y  B e rn a  et ai. (1 999  as s h o w n  in 

T a b le  4.6.

T a b le  4 .6 L e a f  p h e n o ty p ic  c la s s e s  o f  c h ito s a n - in s e n s it iv e  Arobidopsis a c c o rd in g  t o  

d e f in it io n  b y  B e rn a  et ai. (1 999 )

Phenotypic class Leaf phenotype of each class

D e n t ic u la ta  (D en) P o in te d  la m in a  w ith  d e n ta t e  m a rg in s

E lo n g a ta  (E lo ) N a r ro w  a n d  e lo n g a te d  la m in a  a n d  lo n g  p e t io le

R o tu n d a  (Ron) B ro a d  a n d  r o u n d e d  la m in a

S ca b ra  (Sea) R o u n d e d  a n d  p r o t r u d e d  la m in a

U lt r a c u rv a ta  (บc น) L a m in a  s p ir a l ly  r o l le d  d o w n w a rd

D e n ta ta  (Dea) S e r ra te d  m a rg in s

In cu rv a ta  (leu) I n v o lu te  m a rg in s

T ra n s c u rv a ta  (T cu ) M a rg in  o b l iq u e ly  r e v o lu t e
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I n c id e n ta lly ,  a b o u t  40  p u ta t iv e  M 2 m u ta n t s  d ie d  p r io r  c o m p le t in g  th e ir s  life  

c y c le s ,  h a d  an  e a r ly  s e n e s c e n c e ,  h a d  n o  f lo w e r  o r  w e re  s te r ile . T h e s e  lin e s  c o u ld  

n o t  go  th ro u g h  fu r th e r  s te p s .

M 3 s e e d s  f r o m  th e  re m a in in g  p u ta t iv e  M 2 p la n t s  w e re  s e p a r a te ly  c o l le c t e d  

fo r  C l m u ta n t  s c re e n in g . W ild - t y p e  a n d  M 3 s e e d s  w e re  s u r fa c e - s te r i l iz e d  a n d  

v e r t ic a l ly  g ro w n  o n  V2 M S  m e d iu m  w ith  0 o r  8 0  m g /L  o f  c h ito s a n  fo r  10 d a y s . D u rin g  

th e  s c re e n in g , s o m e  p u ta t iv e  m u ta n t s  s h o w e d  r e ta rd e d  g ro w th  w h e n  e x p o s e d  to  

c h ito s a n  b u t  le s s  t h a n  o c c u r r e d  in  w i ld - t y p e  p la n ts .  T h e  e f fe c t s  v a r ie d  in d if fe r e n t  

lin e s , fo r  e x a m p le ,  m u ta n ts  g re w  b e t t e r  th a n  w ild - t y p e  p la n t  in  n o rm a l c o n d it io n ,  

b u t  g rew  w o rs t  o r  e q u a l  t o  w ild - t y p e  p la n t  in  c h ito s a n  c o n d it io n .

P la n t  p h e n o ty p e  r e s p o n s ib le  fo r  c h ito s a n  c a n  b e  s e p a ra te d  in to  3 c a te g o r ie s  

as s h o w  in T a b le  4.7. C a te g o ry  1, m u ta n t  p la n t  s h o w e d  h ig h e r  g ro w th  th a n  w ild -  

t y p e  p la n t  in n o rm a l c o n d it io n  (+/++) a n d  s h o w e d  le s s  re ta rd  g ro w th  in  c h ito s a n  

c o n d it io n  C a te g o ry  2, m u ta n t  p la n t  s h o w e d  n o rm a l g ro w th  s a m e  as w ild - t y p e  

p la n t  in n o rm a l c o n d it io n  (+/+) a n d  s h o w e d  le s s  r e ta rd e d  g ro w th  in c h ito s a n  

c o n d it io n  ( - / - ) . C a te g o ry  3, m u ta n t  p la n t  s h o w e d  n o rm a l g ro w th  s a m e  as th a n  w ild -  

t y p e  p la n t  in  n o rm a l c o n d it io n  (+/+) a n d  s h o w e d  m o re  re ta rd e d  g ro w th  in c h ito s a n  

c o n d it io n  ( - / - ) . เท th e  la s t  c a te g o ry , it m ig h t  b e  b e c a u s e  t h e  h o m o z y g o u s  m u ta t io n  

o c c u r s  in  t h e  le th a l  g e n e s  in Arabidopsis g e n o m e  in  M 3 g e n e ra t io n  (B u d z is z e w s k i et 

a i,  2 0 0 1 ).

T a b le  4 .7 P h e n o ty p e  c a te g o r ie s  o f  w ild  t y p e  a n d  m u ta n t  in  t h e  s e c o n d  s c re e n in g

Category Normal condition Chitosan condition

Wild type Mutant Wild type Mutant
1 + ++ -

2 + + -

3 + + -

+ re p re s e n t s  n o rm a l g ro w th  

++ re p re s e n ts  h ig h e r  g ro w th  

- r e p re s e n ts  le s s  re ta rd  g ro w th  th a n  w i ld  t y p e  

-- r e p re s e n ts  m o re  re ta rd  g ro w th  th a n  w ild  t y p e
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เก M 3 g e n e ra t io n , o th e r  le a f  d e fe c t  p h e n o ty p e s  w e r e  a ls o  o b s e r v e d .  

C o lo r a t io n  o f  m u ta n t  le a f  v a r ie d  f ro m  n o rm a l g re e n  t o  d a r k e n e d  g re e n , p a le  g re e n  

o r  p u rp le  le a v e s . P a le - g re e n - le a f  M 3 p la n t s  p r e v io u s ly  s h o w e d  C i p h e n o t y p e  a n d  

n o rm a l g re e n  c o lo r  in  th e ir  M 2 g e n e ra t io n . A  w e e k  a fte r  g e rm in a t io n , lo t s  o f  m u ta n t  

l in e s  s h o w in g  p a le -g re e n  le a f  c o u ld  n o t  s h o w  t h e  in s e n s it iv e  p h e n o ty p e .  It w a s  

g ro w in g  w o rs t  w h e n  c o m p a re d  w ith  w ild - t y p e  p la n t  u n d e r  c h ito s a n  c o n d it io n .  

A d d it io n a l ly ,  le a f  o f  a fe w  m u ta n t s  tu rn e d  t o  b e  d a r k e n e d  o r  p u rp le .  T h e y  a ls o  

s h o w e d  le s s  C l p h e n o ty p e  th a n  in th e ir  M 2 g e n e ra t io n .

F in a l ly ,  f iv e  p u ta t iv e  m u ta n t  lin e s , 211, 8 6 B, 106A , 129A , a n d  1 6 1 A  w e re  

o b t a in e d  (Fig. 4.10). P h e n o ty p e  o f  t h e  p u ta t iv e  m u ta n t  w a s  s h o w e d  in  T a b le  4.8. 

T h e  o th e r  w e a k  C l p h e n o ty p e  m u ta n t  l in e s  w e re  s h o w e d  u s in g  l in e  3 9 A  (Fig. 4 .10F ) 

a s a re p re s e n ta t iv e .
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T a b le  4 .8  P h e n o ty p e s  o f  t h e  p u ta t iv e  m u ta n t s

Mutant line Phenotypes Figure

211 B igger in p la n t  s iz e  a n d  lo n g e r  ro o ts Fig. 4 .1 0 A

8 6 B B igger in p la n t  s iz e  a n d  lo n g e r  ro o ts Fig. 4 .10B

106A S l ig h t ly  lo n g e r  ro o ts Fig. 4 .10C

129A S lig h t ly  lo n g e r  ro o ts Fig. 4 .1 0D

161A B igger in p la n t  s iz e  a n d  s l ig h t ly  lo n g e r  ro o ts Fig. 4 .10E

0 mg/L 80 mg/L 0 mg/L 80 mg/L

F ig u re  4 .10  P h e n o ty p e  o f  p u ta t iv e  Ci m u ta n t .  A: 211; B: 8 6 B; C: 106A ; D: 129A ; E: 161A;

F: 39A . ( le f t  p la te :  0  m g /L  o f  c h ito s a n ;  r ig h t p la te :  80  m g /L  o f  c h ito sa n ) .
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2 .5  G e n e t ic  in h e r i t a n c e  a n a ly s is  b y  t e s t  c r o s s  w it h  L a n d s b e r g  erecta  (L e r)

M 3 in d iv id u a ls  f ro m  th e s e  re m a in in g  5 lin e s  w e re  te s t c r o s s e d  t o  m a p p in g  

l in e s , C o l  o r  L e r, t o  d e te rm in e  th e  in h e r it a n c e  p a t te rn  o f  m u ta t e d  g e n e  in  F i a n d  F2 

p ro g e n y . C ro s s e s  b e tw e e n  m u ta n t s  a n d  w ild - t y p e  p la n t  w e re  a c h ie v e d  b y  

t ra n s fe r r in g  p o l le n  f r o m  m u ta n t  t o  s t ig m a  o f  e m a s c u la t e d  f lo w e r s  o f  w ild - t y p e  

p la n t .

F irs t ly , t h e  te s t c ro s s  o f  M 3 in d iv id u a ls  w e re  d o n e  w ith  c o m m o n ly  u s e d  

b a c k g ro u n d  lin e , L a n d s b e rg  erecta (Ler). F lo w e v e r , h e te ro s is  w a s  fo u n d  in  a h y b r id  

o f fs p r in g  o f  w ild  t y p e  (L e r  X  C o l) . FHybrid p la n t s  s l ig h t ly  g re w  b e t t e r  th a n  th e ir  

p a re n ts  (C o l o r  Le r) s u c h  as an  in c re a s e  in  p la n t  s iz e  a n d  r o o t  le n g th  o r  m o re  la te r a l 

r o o t s  (Fig. 4.11). T h e s e  c h a ra c te r s  d r a m a t ic a l ly  c o n fo u n d  t h e  C l p h e n o ty p e s  th a t  

w e  u s e d  fo r  t h e  s c re e n in g .

T o  s o lv e  t h e  p r o b le m , t e s t c r o s s  w ith in  C o l  w a s  s u b s t i t u t e d  t o  a v o id  t h e  

c o n fo u n d in g  e f f e c t  o f  h y b r id iz a t io n  t o  L e r. It w a s  v e r y  im p o r ta n t  w ith  g e n e s  th a t  

h a v e  a r e la t iv e ly  s u b t le  e ffe c t . T h e  te s t c r o s s  fo r  a l l  5 l in e s  w a s  d o n e  b e fo r e  k n o w in g  

th a t  t h e  h e te ro s is  e f fe c t  o f  L e r  X  C o l  c o n fo u n d  t h e  in s e n s it iv e  p h e n o ty p e .  W h ile  

w a it in g  fo r  a p r o d u c t io n  o f  C o l  c ro s s , t h e  p a t te rn  o f  in h e r it a n c e  o f  F 2 p o p u la t io n  o f  

m u ta n t s  in  L e r  c ro s s  w a s  in v e s t ig a te d . T h is  m ig h t  r o u g h ly  s c re e n  fo r  g e n e t ic  

in h e r it a n c e  p a t te rn  o f  p u ta t iv e  m u ta n ts .

C o l

Ler

Ler  X  C o l  
F \

F ig u re  4.11 P h e n o ty p e  o f  w ild - t y p e  A r a b id o p s is  C o l,  L e r  a n d  F i h y b r id  o f  L e r  X  C o l.
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W ith in  Ler c ro ss , a l l  F i p ro g e n y  h a d  sh o r t  r o o t  p h e n o ty p e ,  w h ic h  s im ila r  t o  

p h e n o ty p e  o f  w ild - t y p e  p la n t  w h e n  e x p o s e d  t o  h igh  d o s e  c h ito s a n .  T h e  se g re g a t io n  

ra t io  o f  t h e  s h o r t  ro o t:  lo n g  r o o t  p h e n o ty p e  w a s  o b s e r v e d  as s h o w n  in  T a b le  4.9. 

F2 p ro g e n y  o f  L e r  X  211 a n d  L e r  X  8 6 B s h o w e d  th e  se g re g a t io n  ra t io  o f  10:1 a n d  24:1, 

r e s p e c t iv e ly .  O n  t h e  c o n tra ry , F 2 o f  t h e  o th e r s  s h o w e d  th e  s e g re g a t io n  ra t io  o f  sh o rt  

ro o t:  lo n g  r o o t  p h e n o ty p e  as 3:1. N o t  o n ly  t h e  lo n g e r  r o o t  p h e n o ty p e  w a s  fo u n d  

in th e s e  3 m u ta n t  l in e s , t h e  la rg e r  s h o o t  w a s  a ls o  d e te c t e d  u n d e r  8 0  m g /L  c h ito s a n  

s u p p le m e n t .

T w o  m o re  te s t in g  fo r  l in e  129A , 1 0 6 A  a n d  16 1A  w e re  p e r fo rm e d  t o  c o n f irm  

t h e  s t a b i l i t y  o f  t h e  in s e n s it iv e  p h e n o ty p e .  It w a s  fo u n d  t h e  1 2 9 A  l in e  s h o w e d  

in c o n s is t e n t  p h e n o ty p e ,  w h i le  1 0 6A  a n d  16 1A  l in e s  p e r fo rm e d  c o n s is t e n t ly  lo n g  

r o o t  o n  c h it o s a n - s u p p le m e n te d  m e d iu m .

T a b le  4.9 R o o t  p h e n o ty p e  o f  F i  a n d  F2 p ro g e n y  (L e r  c ro s s )  o n  t h e  Vi M S  m e d iu m  

s u p p le m e n t e d  w ith  8 0  m g /L  c h ito s a n

Cross Fi phenotype F2 phenotype 
(segregation ratio)

L e r X  211 S h o r t  ro o ts S h o r t  r o o t s /  lo n g  r o o ts  (10:1)

L e r  X  8 6 B S h o r t  ro o ts S h o r t  r o o t s /  lo n g  r o o ts  (24:1)

L e r  X  106A S h o r t  ro o ts S h o r t  r o o t s /  lo n g  r o o t s  (3:1)

L e r  X  129A S h o r t  ro o ts S h o r t  r o o t s /  lo n g  r o o ts  (3:1)

L e r  X  161A S h o r t  ro o ts S h o r t  r o o t s /  lo n g  r o o t s  (3:1)

2.6 Genetic inheritance analysis by test cross with Col

เท o rd e r  t o  e l im in a te  t h e  h e te ro s is  e f fe c t s  o f  L e r  b a c k g ro u n d , 1 0 6 A  a n d  161A  

l in e s  w e re  c ro s s e d  w ith  C o l- e c o t y p e  Arabidopsis. A p p r o x im a t e ly  3 0 0  s e e d s  o f  e a c h  

F 2 p ro g e n y  w e re  g ro w n  o n  c h it o s a n - s u p p le m e n te d  m e d iu m  t o  in v e s t ig a te  t h e  

g e n e t ic  se g re g a t io n . If t h e  in s e n s it iv e  p h e n o ty p e s  a re  r e g u la t e d  b y  a s in g le  r e c e s s iv e  

g e n e , p la n t s  w i l l  h a v e  sh o r t  ro o ts : lo n g  r o o ts  p h e n o ty p e  as 3:1 in F z p ro g e n y . A f te r  

t h e  c ro s s e s , F 2 p ro g e n y  o f  1 0 6A  X  C o l  a n d  1 6 1 A  X  C o l s h o w e d  t h e  s e g re g a t io n  s h o r t  

ro o ts :  lo n g  r o o ts  as 3:1. T h e re fo re ,  th e s e  tw o  lin e s  c o u ld  b e  u s e d  fo r  fu r th e r  

c h a ra c te r iz a t io n .
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2.7 Identification of EMS-induced mutation by Next-Generation Sequencing

A  re c e s s iv e  p o o l  o f  F 2 p ro g e n y  o f  1 0 6A  a n d  161A  l in e s  w a s  s e le c t e d  b y  lo n g  

r o o t  p h e n o ty p e .  A b o u t  5 0  p la n t s  o f  e a c h  F 2 f a m i ly  w e re  p o o le d  a n d  t h e  g e n o m ic  

D N A  w a s  is o la t e d  fo r  g e n o m ic  l ib ra ry  p re p a ra t io n  a n d  s e q u e n c in g . T w o  g e n o m ic  

D N A  lib ra r ie s  w e re  s e q u e n c e d  o n  o n e  la n e  u s ing  l l lu m in a ’ s G e n o m e  A n a ly z e r  II (50- 

b p  s in g le - e n d  reads). R e a d s  f r o m  I llu m in a  s e q u e n c in g  w e re  p r o c e s s e d  in  a 

b io in fo rm a t ic  p ip e l in e  fo r  s e q u e n c e  a l ig n m e n t  w ith  B W A  (v e rs io n  0 .7 .3a ) a n d  

S A M to o ls  (v e rs io n  g ith u b -1 .1 8 ). T h e  o b ta in e d  s e q u e n c e s  w e re  m a p p e d  to  

Arabidopsis r e fe r e n c e  g e n o m e  TA IR10 .

A f te r  s e q u e n c e  a n a ly s is , t h e  lis t  o f  c a n d id a te  g e n o m e  p o s it io n s  w ith  

a s s o c ia te d  m u ta t io n a l e f fe c t s  w a s  o b ta in e d .  It w a s  a n a ly z e d  b y  S n p E f f  p ro g ra m  t o  

p r e d ic t  t h e  e f fe c t s  o f  v a r ia n ts  o n  g e n e s  s u c h  as S in g le -N u c le o t id e  P o ly m o rp h is m  

(SNPs), m u lt ip le - n u c le o t id e  p o ly m o rp h is m  (M N P s) a n d  in s e r t io n -d e le t io n  (In -d e l)  in 

t h e  w h o le  g e n o m e  s e q u e n c e s .  A n n o t a te d  g e n e s  c a n  b e  c la s s if ie d  in to  s y n o n y m o u s  

o r  n o n - s y n o n y m o u s  SN Ps, s t o p  c o d o n  ga in s o r  lo s s e s  e tc . T o  d e te rm in e  w h ic h  

m u ta t io n  a re  a c tu a l ly  d a m a g in g , w e  e v a lu a te d  th e  p r o b a b il i t y  o f  a n  a m in o  a c id  

s u b s t itu t io n  t h a t  a f fe c ts  p ro te in  fu n c t io n  u s ing  SIFT B lin k  as d e s c r ib e d  in m e th o d s .  

T h e  p r e d ic t io n  b a s e d  o n  t h e  d e g re e  o f  a m in o  a c id  re s id u e s  c o n s e r v a t io n  in 

s e q u e n c e  a l ig n m e n ts  f ro m  c lo s e ly  r e la t e d  s e q u e n c e s  th ro u g h  PSI-B l_AST (K u m a r  et 

al., 2009). P ro te in s  th a t  h a v e  t h e  n o rm a l iz e d  p r o b a b il i t y  fo r  an  a m in o  a c id  

s u b s t itu t io n  o r  SIFT s c o re  5  0 .05  w e re  p r e d ic t e d  t o  b e  d a m a g e d . P u ta t iv e  m u ta t io n  

in e a c h  m u ta n t  l in e  w a s  s h o w e d  in s e c t io n  4  in  A p p e n d ix  อ. T h e  c a n d id a te  s ta tu s  

w a s  d e te r m in e d  b y  SIFT s c o re  a n d  th e  p e rc e n ta g e  o f  o c c u r r e n c e  b a se  m u ta t io n  in 

t h e  g e n o m ic  D N A  s e q u e n c in g  d a ta  (d a ta  n o t  sh o w e d ) .
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2.8 Mutant ordering and confirmation

C a n d id a te  m u ta te d  g e n e s  in e a c h  m u ta n t  l in e  w e re  s e a rc h e d  fo r  T -D N A  

in s e r t io n  m u ta n t s  w ith  C o l  b a c k g ro u n d  in  g e rm p la s m  o r  s e e d  s t o c k  in A ra b id o p s is  

B io lo g ic a l R e s o u rc e  C e n te r  (ABRC). N in e  g e rm p la s m s  w e re  fo u n d  a n d  th e ir  s e e d s  

w e re  o r d e r e d  f r o m  A B R C  fo r  t h e  fo llo w in g  c h a r a c te r iz a t io n  (T a b le  4.10).

T a b le  4 .1 0  L is t  o f  T -D N A  in s e r t io n  m u ta n ts  o r d e r e d  f r o m  A B R C

Mutant

line

No. Gene ID Gene name Stock # Insertion

position

106A 1 At 1§04160 Myosin XI B SALK_113062C Chrl: 1088453
5 At4§08470 MAPK/ERK kinase kinase 3 SALK_093491C Chr4: 5385369
6 At2g02180 Tobamovirus multiplication 

protein 3
SALK020637 Chr2: 560972

7 At 1§01250 DREB subfamily A-4 of ERF/AP2 
transcription factor family

SALK_044673 Chrl: 104559

8 At5§64410 Oligopeptide transporter 4 SALK055333 Chr5: 25755491
161A 2 At 1§18040 Cyclin-dependent kinase Dl;3 SALK_007756C Chrl: 6207130

3 At 1§72920 Toll-Interleukin-Resistance (TIR) 
domain family protein

SALK_081457C Chrl: 27437915

4 At 1§16780 Type II H+-PPases that localizes 
to and function as a proton 
pump o f the Golgi apparatus

SALK_085653C Chrl: 5744286

9 At 1§54780 Thylakoid lumen protein 18.3 SALK_077808 Chrl: 20439318
N o . :  A s s ig n e d  n u m b e r  f o r  A B R C  m u t a n t  t in e s

I n s e r t io n  p o s i t i o n :  T - D N A  in s e r t io n  in  g e n o m i c  D N A  ( c h r o m o s o m e  n u m b e r :  p o s i t i o n )

T -D N A  in s e r t io n  m u ta n t s  o rd e re d  f ro m  A B R C  w e re  a s s ig n e d  n u m b e r  as in 

T a b le  4 .10 . It w a s  g ro w n  o n  s o i l in  a n  in d iv id u a l p o t  t o  p r o d u c e  s e e d s  fo r  

c h a r a c te r iz a t io n  a n d  PC R  c o n f irm a t io n .  L e a f  t is s u e s  o f  s o il- g ro w n  m u ta n t s  w e re  

c o l le c t e d  a n d  f r o z e n  im m e d ia t e ly  in  l iq u id  n it ro g e n  fo r  fu r th e r  D N A  a n d  RN A  

e x t r a c t io n .  S e e d s  o f  m u ta n ts  w e re  c o l le c t e d  o n e  b y  o n e  p la n t .



83

S p e c if ic  p r im e rs  fo r  PCR  c o n f irm a t io n  w e re  r e t r ie v e d  f r o m  T -D N A  P r im e r  

D e s ig n  b y  u s ing  s to c k #  (S A L K _ n u m b e r)  as a q u e ry  (s e e  p r im e r  s e q u e n c e  in  

A p p e n d ix  D). G e n o m ic  D N A  f ro m  le a f  t is s u e s  o f  s o il- g ro w n  m u ta n t s  w e re  

is o la t e d  a n d  u s e d  as t e m p la t e  in  PCR . T h e  a m p li f ic a t io n  c o n d it io n  w a s  as 

d e s c r ib e d  in  m a te r ia ls  a n d  m e th o d s .  T h e  p r in c ip le  o f  PC R  d e t e c t io n  o f  T -D N A  

in s e r t io n  in  m u ta n t  w a s  d e s c r ib e d  in S IG nA L  (S a tk  In s t itu e  G e n o m ic  A n a ly s is  

L a b o ra to ry ;  h t tp : / / s ig n a l.s a lk .e d u / td n a p r im e rs .2 .h tm l)

T h e  r e s u lt  s h o w e d  th a t  PC R  p r o d u c t  i l lu s t r a t e d  t h e  e x is t e n c e  o f  T -D N A  

in s e r t io n  e x c e p t  l in e  9 (Fig. 4.12). A B R C  m u ta n t  l in e  1, 2, 4 a n d  8 a re  

h o m o z y g o u s  m u ta n t s  ( in d ic a te d  b y  t h e  e x is te n c e  o f  o n ly  lo w e r  b a n d )  a n d  l in e  

3, 5, 6 a n d  7 a re  h e te ro z y g o u s  m u ta n t s  ( in d ic a te d  b y  t h e  e x is t e n c e  o f  b o th  

u p p e r  a n d  lo w e r  b an d ).

2.8 .1  C o n f irm a t io n  o f  T -D N A  in s e r t io n  in  ABRC m u ta n ts

106A
1.5 kb

0,5 kb

161A

F ig u re  4 .12  PC R  c o n f irm a t io n  o f  A B R C  m u ta n t  t o  d e te c t  T -D N A  in s e r t io n  in  

g e n o m ic  D NA.

http://signal.salk.edu/tdnaprimers.2.html
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G e n e - s p e c if ic  p r im e rs  fo r  R T -P C R  d e te c t io n  w e re  d e s ig n e d  m a n u a l ly  a n d  

c o n f irm e d  w ith  O lig o A n a ly z e r  a n d  p r im e r -B L A S T  t o o l  in  NCBI (se e  p r im e r  

s e q u e n c e  in  A p p e n d ix  D). T o t a l  R N A  f r o m  le a f  t is s u e s  o f  s o il- g ro w n  m u ta n ts  

w a s  is o la t e d  a n d  c D N A w e r e  s y n th e s iz e d  as d e s c r ib e d  in  m a te r ia ls  a n d  m e th o d s  

a n d  u s e d  as t e m p la t e  in  PCR . T h e  a m p li f ic a t io n  c o n d it io n  w a s  as d e s c r ib e d  in  

m a te r ia ls  a n d  m e th o d s .

T h e  re s u lt  s h o w e d  th a t  PC R  p r o d u c t  i l lu s t r a t e d  t h e  lo w e r  e x p re s s io n  o f  

m u ta t e d  g e n e  in  l in e  1, 2, 5 a n d  8 . T h e  c o m p a r a b le  le v e l  w a s  d e te c t e d  in l in e  

3, 4  a n d  7. T h e  g e n e  e x p re s s io n  w a s  n o t  d e te c t e d  in  b o th  l in e  6 a n d  w ild - t y p e  

p la n t  (Fig. 4.13).

2 .8 .2  In v e s t ig a t io n  o f  th e  le v e l o f  RNA in  ABRC m u ta n t  b y  RT-PCR

106A

161A
W T  2 W T  3 W T  4

F ig u re  4 .13 R T -PC R  o f  A B R C  m u ta n t  t o  d e t e c t  t h e  le v e l  o f  RNA.
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2.9 C h a ra c te r iz a t io n  o f  ABRC m u ta n ts  re s p o n d in g  t o  h ig h  d o s e  c h ito s a n

Arabidopsis m u ta n ts  h a rb o r in g  T -D N A  in s e r t io n  o r d e r e d  f ro m  A B R C  w e re  

g ro w n  o n  Vi M S  m e d iu m  w ith  o r w it h o u t  c h ito s a n  (Fig. 4.14). เท n o rm a l c o n d it io n  (0 

m g /L  c h ito s a n )  A B R C  m u ta n ts  g rew  s im i la r ly  t o  w ild - t y p e  p la n t .  เท c h ito s a n  

c o n d it io n ,  m o s t  o f  t h e m  g rew  as s im ila r  as w ild - t y p e  p la n t  e x c e p t  l in e  6 a n d  8 , 

w h ic h  c a rry  m u ta t io n  in tobamovirus multiplication protein 3 (TOM3) a n d  

oligopeptide transporter 4 (OPT4), r e s p e c t iv e ly .  T h e s e  tw o  g e n e s  m ig h t  b e  a p a rt  

o f  h igh  d o s e  c h ito s a n  re s p o n s e s , w h i le  t h e  o th e rs  m ig h t  n o t  b e  a p a rt  o f  t h e s e  

re s p o n s e s . H o w e v e r ,  t h e  b e t t e r  g ro w th  s e e m e d  n o t  to  s ig n if ic a n t ly  d if fe re n c e .

F ig u re  4 .14  P h e n o ty p e  o f  w ild - t y p e  p la n t  a n d  A B R C  m u ta n t s  g ro w n  o n  V2 M S  

m e d iu m  w ith  o r  w it h o u t  c h ito s a n . L e t te r  A  t o  H in d ic a te d  A B R C  

m u ta n t  l in e  1 to  l in e  8 . ( le f t  p la te :  0  m g /L  o f  c h ito s a n ;  r igh t p la te :  80  

m g /L  o f  c h ito sa n ) .

0 ทาg/L 80 mg/L 0 mg/L 80 mg/L
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2.9.1 The information of tobamovirus multiplication protein (TOM)

T h e  u n d e rs ta n d in g  o f  TOM3 fu n c t io n  ha s  n o t  b e e n  e lu c id a te d .  T h e y  

o n ly  c h a r a c te r iz e d  t h e  r o le  o f  TOM3 in m u lt ip l ic a t io n  o f  t h e  to v a m o v iru s .  L o s s  

o f  TOM3 a lo n e  d o e s  n o t  a f fe c t  t h e  c o m p le t e  in h ib it io n  o f  to b a m o v ir u s  

m u lt ip l ic a t io n  (Fu jisak i et a i,  2006). It w o u ld  re q u ire  m o re  in fo rm a t io n  to  

e x p la in  t h e  r o le  o f  TOM3 in  c h ito s a n  re s p o n s e . A s  its r e s p o n s e  t o  v iru s  

in fe c t io n ,  t h e  le v e l  o f  TOM3 m ig h t  n o t  b e  d e te c t e d  in  w ild - t y p e  p la n t  (Fig 4 .13, 

l in e 6 ).

2.9.2 The information of oligopeptide transporter (OPT)

O lig o p e p t id e  t ra n s p o r t  is t h e  p ro c e s s  o f  t r a n s lo c a t io n  o f  s m a l l  p e p t id e s  

(2 - 6  r e s id u e s  in le n g th )  a c ro s s  t h e  c e l lu la r  m e m b r a n e  r e q u ire d  e n e rg y  in  a 

d e p e n d e n t  m a n n e r .  O l ig o p e p t id e  t ra n s p o r te r  (O PT ) is a p r o t o n - c o u p le d  h igh - 

a f f in it y  t r a n s p o r te r  fo r  o lig o p e p t id e s .  O P T  is a b le  t o  t ra n s p o r t  g lu t a th io n e  

d e r iv a t iv e s  a n d  s o m e  m e ta l  c o m p le x e s  u n d e r  s u lfu r - d e f ic ie n t  c o n d it io n  a n d  

m a y  b e  in v o lv e d  in s tre ss  re s is ta n c e . เท Arabidopsis, O P T  ha s  b e e n  r e p o r te d  t o  

in v o lv e d  in  e m b r y o  d e v e lo p m e n t ,  p e p t id e  s ig n a lin g  in  s t re s s  r e s p o n s e  (S ta c e y  

et a l,  2002 ; P ik e  et a l,  2009). E x p re s s io n  a n a ly s is  o f  OPT  in d ic a te d  th a t  OPTs 

in v o lv e d  in  n it ro g e n  m o b il iz a t io n  d u rin g  g e rm in a t io n  a n d  s e n e s c e n c e ,  p o l le n  

t u b e  g ro w th , p o l le n  a n d  o v u le  d e v e lo p m e n t ,  s e e d  fo rm a t io n  a n d  m e ta l  

t r a n s p o r t  (S ta c e y  et a l,  2006). T h e  in te re s t in g  p o in t  is ir o n -d e f ic ie n c y  d o e s  n o t  

a f fe c t  t h e  e x p re s s io n  o f  AtOPTl, 4, 6, 7, a n d  8 u n d e r  l im it in g - iro n  a v a i la b i l i t y  

(S ta c e y  et a l,  2006), w h ic h  o c c u r r e d  in h igh  d o s e  c h ito s a n  re s p o n s e . T h e s e  

m ig h t  b e  t h e  p o in t  th a t  opt4 m u ta n t  s l ig h t ly  g rew  b e t t e r  th a n  w i ld r t y p e  p la n t  

u n d e r  h igh  d o s e  c h ito s a n  s u p p le m e n t .
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2.10 Gene comparison between RNA-seq and Cl mutant experiment

W h e n  c o m p a r in g  th e  lo c u s  n u m b e r  o f  o b ta in e d  g e n e s  f ro m  R N A -s e q  a n d  C l 

m u ta n t  d a ta , n o n e  o f  id e n t ic a l lo c u s  n u m b e r  w a s  fo u n d .  H o w e v e r ,  o l ig o p e p t id e  

t ra n s p o r te r  a n d  T o l l- In te r le u k in -R e s is ta n c e  (TIR) d o m a in  f a m i ly  p ro te in  w e re  fo u n d  

in b o th  e x p e r im e n t s  w ith  d if fe re n t  lo c u s  n u m b e r . เท R N A -s e q  e x p e r im e n t ,  t h e  le v e l  

o f  TIR domain fam ily  protein w a s  d o w n - re g u la te d ,  w h e r e a s  oligopeptide transporter 

(OPT1) w a s  u p - re g u la te d . เท C l m u ta n t  e x p e r im e n t ,  A B R C  m u ta n t  ca rry in g  in s e r t io n  

in TIR domain fam ily  protein d id  n o t  s h o w  th e  h igh  d o s e  c h ito s a n  in s e n s it iv ity  (Fig. 

4 .14C ), w h e r e a s  t h e  m u ta n t  ca rry in g  in s e r t io n  in OPT4 s l ig h t ly  s h o w e d  th e  

in s e n s it iv ity  t o  h igh  d o s e  c h ito s a n  (Fig. 4 .14H ). T h e s e  m ig h t  s u p p o r t  t h e  fu n c t io n  o f  

OPT  in c h ito s a n  re sp o n se s .
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3. Identification of ortholog gene(s) involving in chitosan responses in rice

T h e  lis ts  o f  c h ito s a n - re s p o n s iv e  g e n e s  o b ta in e d  f ro m  s te p  2 b o th  R N A -se q  a n d  

c h ito s a n - in s e n s it iv e  (Cl) m u ta n t  s c re e n in g  w e re  u s e d  as id e n t if ie r s  to  f in d  r ice  

o r th o lo g o u s  g e n e s  u s ing  R ice  DB.

3.1 Identification of rice orthologous genes comparing to RNA-seq

W h e n  u s ing  R N A -se q  d a ta  as a n  id e n t if ie r ,  t h e  re s u lt s  o f  1 ,314  r ice  

o r th o lo g o u s  g e n e s  w e re  fo u n d , b u t  2 4 3  id e n t if ie r s  w e re  n o t  fo u n d . L o c u s  n u m b e r s  

o f  t h e s e  g e n e s  w e re  c o m p a re d  t o  d a ta  f r o m  p r o te o m ic  a p p ro a c h .  O n ly  9 r ic e  

o r th o lo g o u s  g e n e s  w e re  id e n t ic a l,  w h ic h  w e re  LOC_OslOg0272, LOC_Os09gl5330, 

L OC_ Os 10g31780, L0c_0s03g52070, LOCOs08g01150, LOC_Os08g44910,

LOCOs03gl8640, LOC_Os08g39550, a n d  LOC_Os01gl2680 ( d e ta i l  as in T a b le  4.11).

T a b le  4 .11  L is t o f  r ic e  o r th o lo g o u s  g e n e s  c o m p a r in g  b e tw e e n  R N A -s e q  a n d  

p r o te o m ic  d a ta

Gene เอ Alias Gene name LOC Gramene identity score(%)

At 1§21250 WAK1 Cell wall-associated kinase L0c_0sl0g02720 28%

Atlg77210 STP14 Sugar transport protein 14 LOC_Os09g 15330 69%

At3g04000 NAD(P)-binding Rossmann-fold 

superfamily protein

LOC_OslOg31780 46%

At3gl0450 SCPL7 Serine carboxypeptidase-like 7 L0c_0s03g52070 31%

At3g61270 Unknown protein LOC_Os08g01150 39%

At4gl4465 AHL20 AT-hook motif nuclear-localized 

protein 20

LOC_Os08g44910 47%

At5§07130 LAC 13 Laccase 13 LOC_Os03gl8640 57%

At5gl2940 Leucine-rich repeat (LRR) family 

protein

LOC_Os08g39550 54%

At5§24030 SLAH3 SLAC1 homologue 3 LOCOsOlg 12680 44%

M o re  th a n  a h a l f  o f  t h e  o r th o lo g o u s  g e n e s  s h o w e d  t h e  o p p o s it e  d ir e c t io n  

o f  g e n e  e x p re s s io n . O n ly  4 g e n e s  w e re  s im ila r , w h ic h  w e re  sugar transport protein 

14 (5TP14), NAD(P)-binding Rossmann-fold superfamily protein (At3g04000), Serine 
carboxypeptidase-like 7 (SCPL7), a n d  SLAC1 homologue 3 (SLAH3). O f  w h ic h ,  STP14 

has th e  h ig h e s t  id e n t it y  s c o re . 5TP14 is a g a la c to s e  t ra n s p o r te r  w h o s e  e x p re s s io n  

re g u la te d  b y  m a n y  fa c to r s  in v o lv e d  in  c e l l  w a l l  d e g ra d a t io n  a n d  su ga r le v e l  ( P o s c h e t  

et a i,  2 0 1 0 ).
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3 .2  I d e n t i f ic a t io n  o f  r ic e  o r t h o lo g o u s  g e n e s  c o m p a r in g  t o  p r e d ic t e d  g e n e  

m u t a t io n

W h e n  u s ing  p r e d ic t e d  g e n e  m u ta t io n  as a n  id e n t if ie r ,  t h e  re s u lt  s h o w e d  7 

o r th o lo g o u s  g e n e s , b u t  2 id e n t if ie r s  w e re  n o t  fo u n d . L0C_0ร02g34080, 

LOC_Os02g57190 a n d  LOC_Os03§64290 w e re  o r th o lo g o u s  w ith  myosin XI B. 

LOC Oร05g32600 a n d  L0c_0s05g32600 w e re  o r th o lo g o u s  w ith  cyclin-dependent 

kinase D-l;3. LOC_Os02g33490 w a s  o r th o lo g o u s  w ith  t y p e  II H+-PPases.

L OC_ 0s02g53030, LOC_Os02§53040, LOC_Os03§15570, LOC_Os03g49640, a n d  

LOC_Os03g49640 w e re  o r th o lo g o u s  w ith  MAPK/ERK kinase kinase 3. 

L0c_0s03g02850, L0c_0s03g02850, a n d  LOC_OslO§39220 w e re  o r th o lo g o u s  w ith  

tobamovirus multiplication protein 3. LOC_Os01g43940, LOC_Os02g46850,

LOC_Os02g46860, a n d  L0c_0s04g50820 w e re  o r th o lo g o u s  w ith  oligopeptide 

transporter 4. LOC_Os05g33280 w a s  o r th o lo g o u s  w ith  thylakoid lumen protein

18.3.

L o c u s  n u m b e r s  o f  t h e s e  g e n e s  w e re  c o m p a re d  to  d a ta  f ro m  p r o te o m ic  

a p p ro a c h .  N o n e  o f  t h e m  w e re  id e n t ic a l t o  d a ta  f ro m  p r o te o m ic  a p p ro a c h .  

H o w e v e r ,  o n ly  o n e  s im ila r  g e n e  g ro u p  w a s  fo u n d , STE_MEKK_stell_MAP3K. 

M ito g e n -A c t iv a te d  P ro te in  K in a se  K in a se  K in a se s  (M A P K K K s  o r  M A P 3 K S  o r  M E K K s) a re  

im p o r ta n t  c o m p o n e n t s  o f  M A P K  s ig n a lin g  c a s c a d e s  a n d  p la y  im p o r ta n t  r o le  in  p la n t  

g ro w th  a n d  d e v e lo p m e n t .  T h e  r o le s  o f  M A P 3 K  h a v e  b e e n  id e n t if ie d  in  v a r io u s  

s t re s se s , in n a te  im m u n it y  a n d  d e fe n s e  re s p o n s e s ,  p la n t  c y to k in e s is ,  a n d  h o rm o n e  

s ig n a lin g . MAP3K g e n e  fa m ily  in r ic e  is p o o r ly  e lu c id a te d .  I n fo rm a t io n  a b o u t  p ro v in g  

t o  b e  b o t t le n e c k  in M A P K  c a s c a d e  is v e r y  im p o r ta n t  m o n o c o t  c ro p . เท r ic e  g e n o m e  

d a ta b a s e s ,  a t o t a l  o f  75 MAP3K ge n e s  w e re  id e n t if ie d  a n d  o f  w h ic h  70  g e n e s  w e re  

n o v e l  (R ao  et al., 2010). H o w e v e r , m u ta n t  c a r r ie d  MAP3K in s e r t io n  d id  n o t  s h o w  

th e  in s e n s it iv ity  o f  h igh  d o s e  c h ito s a n  re s p o n s e . It m ig h t n o t  b e  t h e  k e y  c o m p o n e n t  

in  c h ito s a n  e l ic ita t io n ,  b u t  in v o lv e d  in  t h e  s u b s e q u e n c e  re s p o n s e s  o f  its a c t io n .


	CHAPTER IV RESULTS AND DISCUSSION

