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ŮǥŬ� êƭ 

 

Ůǥű� Tt[uyK$®ÚŌý 

 

� Tt[uyK%DsGyK 2 ¥×
 α1-1 ︎α ź¶��ǘǄ�ý$�Ŵ��2ǣ

ÔŇ$�Ŵ ��%KCuyK#Ĳ��ÙÈǋ
Ò�ǤøŒŋ
Òǋ#Œœ�

3Ŵ ��ţ14ǣ]w/_ysǣ�$�"!$ǝ¿�#Ò�º+43Ǥ+�

ĺ¾ýů$�4�ýƳ6§Ŕ��®ų¿$Ł¬ŋ/ǣŧĩŔƎÂ$�ưĿ"!

¯Ƙ¿ ��.Ŕ�143Ǥ  

� Tt[uyK6ñ�3 α1-1α DrGIUź¶%ǣź¶+52$ƏŕÃƷ
¤

Ġ�ǣĹŠ�ǡDowd et al., 1992; French et al., 2002Ǣ�0'ĺŠ�ǡKuttel et 

al., 2005; Peric-Hasseler et al., 2010Ǣ#���ǣ��z�$Gwa=lyIp

w6 3ǡFig. 1-1AǢǤ�Ŵ6ñĄ�3DrGIUź¶$Ò�%ǣƟđ$Gwa

=lyIpw6Č�� 
ť�4��2ǡPeric-Hasseler et al., 2010ǢǣGwa

=lyIpw$±zýx©şý%Tt[uyK
Č�Ōù$z���3ǤTt

[uyK%ǣGwa=lyIpw
±z��3� ǣ+���$ OH Ì
<?

Tr9sǆ¸��3� �1ǣOHÌ ĺ¥×
ÛÜ��ĺŶź¶YQTvyC

6ñĄ�3ǡFig. 1-1BǢǡChoi et al., 2006ǢǤ�$�-Tt[uyK%ǣKCu

yK/isTyK ĸƸ��ǣ02ðÆ#ĺ¥× Š��Ŕ�3ǡSakurai et al., 

1997; Lerbret et al., 2005; Lerbret et al., 2005-2ǢǤzē�Tt[uyK#%ǣ

ĺ¥× Š��Ŕ�3Ǚ$²ã�#ǣĺ¾Ķ6Č�"�ŘĺhEQT
ÙÈ�

3� .ť�4��3ǡChoi et al., 2006ǢǤõ��Tt[uyK%ƢĺÌ��
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�"�ŘĺÌ .Š��Ŕ�3ǣ�ƢÖý¥× ��Ď3Ƒ	 ſ
143Ǥ

Ýǔ#Tt[uyK%–C=C–�ǉź¶ CH-OÊ.��% OH-πÊ$ï�ĺŶ

ź¶6���ÛÜ"Ɵ¶�6ñĄ�3� 
ť�4��2ǡOku et al., 2003 

and 2005Ǣǣ}Ǟ¾ƈƂǈ/ewMw Ɵ¶�6ñĄ�3� 
ė1�#"��

�3ǡFig. 1-1CǢǡOku et al., 2003; Sakakura et al., 2011ǢǤ 

� �$į#Tt[uyK%�$ŌùŜ"Gwa=lyIpw#02ǣ�$Ŵ#

%ơ14"�®ÚŌý6Ě�3Ǥ�4%Tt[uyK$Œ���$ŒŐİƇ6

ŐƤ�3{�ǉƠ"ţơ��3Ǥ 
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Ů 2ű� Tt[uyK$Œ¶Ą ŒŐİƇ 

 

� Tt[uyK%ŷƔǣšƔǣĕƙǣņƉĪ­ŋ"!Òį"ŒŋŨ#ÙÈ�ǣ

�$Œ¶ĄŹƵ.é��Ù�4��3ǤTt[uyK$Œ¶ĄŹƵ%����

ţ143
ǣę.ĘǀŜ#ÙÈ�3$% TPS-TPP ŹƵ��3ǡ��, 2011ǢǤ

�$ŹƵ�%ǣDsGyK 6-rwǈ UDP-DsGyK6¤śŋƳ ��, Œ

¶Ą�Ǐ���3Tt[uyK 6-rwǈǡtrehalose 6-phosphate, Tre6PǢ$

Ɗrwǈ®²û6Ź�Tt[uyK
¶Ą�43Ǥ�4�4$²û%ǣTre6P

IwOyMǡtrehalose-6-phosphate synthaseǣTPSǢ�0' Tre6P gKa8

OyMǡtrehalose-6-phosphate phosphatase, TPPǢ #02ƥÖ�43ǡFig. 

1-2ǢǤ+�Tt[uyK%Tt[qyMǡtrehalase, TREǢ#0��ǣ2¥×$

DsGyK#¬ĺ¥Ƥ�43ǡFig. 1-2ǢǤÓƌƔǣ¤ƓǇķǣĕƙ"!�%ǣ

Tt[uyKŒ¶ĄŹƵ
.�ŒŐİƇ#���Ʃŷ#Ƥġ�4��2ǣTt

[uyK
�$ŌŗŜ"ŋý�1ǣKTtK�ưŋƳ ��§Ŕ�43� 


ť�4��3Ǥ 

� ÓƌƔ$ TPS TPP%ǣ�4�4 otsA otsB#GyU�4ǥ�$>fu

w6ñĄ���3ǡGiaever et al., 1988; Kaasen et al., 1994ǢǤotsA otsB$

śŏ%ǣǠľƼÇ/�łů$KTtKőÏ|�0'Üæě#ƫä�4ǡDinnbier 

et al., 1988; Hengge-Aronis et al., 1991; Kandror et al., 2002; Styrvold and 

Strom, 1991Ǣǣ�4�4$ıĐÐŗĦ%ǣľƼÇKTtKĂ³ý6ť�ǡGiaever 

et al., 1988ǢǤ+�¤ƓǇķ$ TPS TPP%�4�4 TPS1 TPS2#GyU

�43Ǥ¤ƓǇķ$Tt[uyKŒ¶ĄǇŶ%ǣǇŶļý6Ċ	 TPS1 TPS2ǣ



 4 

"1'#Ƭű6Ċ	 TPS3  TLS1 $ 4 �$HboWQT�1"3Ɵ¶�6ñ

Ą�3ǡBell et al., 1998ǢǤTt[uyK6Œœ��"��tps2Ħ%ǣǠłğ

��ǊŒĦ#ĸ)�Ɩ��Œƃ
Ć¨�43ǡDe Virgilio et al., 1993; 

Reinders et al., 1997ǢǤ�4%Tt[uyK
Ow]CƳ6ŉÐý�1�ư�

3İƇ6Č��-��3 ſ
14��3ǡSinger and Lindquist, 1998ǢǤ+

� Tre6P6Œœ��"��tps1Ħ%ǣDsGyKÙÈ|�$Œƃ
Ć¨�43

ǡBlázquez et al., 1993ǢǤTre6P%dANAVyM�$ļý6ǒÞ�3� 


Í»�4��2ǡBlázquez et al., 1993ǢǣTre6P#03ƤŴŵ$¨÷İĮ
ť

Á�4��3ǡThevelein and Hohmann, 1995ǢǤĕƙ#���.Tt[uyK

%ǉƠ"İƇ6Ċ���3ǤTt[uyK%ĕƙ$ƚŴ ��§Ŕ�4��2ǣ

<YsBy�Ʈ$�Ĥ#���þæŜ"ò«6Ċ���3Ǥ+�ŉå9ar?

#Œÿ�3YkroKr?ǡPolypedilum vanderplankiǢ$èƙ%ǣ�$ĺ¥


* 7!Õ54�.ĺ6Ł¬�3� �Œ½ļ­6¡ǎ�3Ǥ�$0	"Ɗ

ĺ#03´ƻŜ"�Ʈ�ĳōă%CrcT_>IK ¼&4ǣŷƆ#Ɨũ�4

�Tt[uyK
@qK®�3� �ǣŷƆƍ Ow]CƳ
ÛÜŜ#�ư�

43� �Œ�3ǡWatanabe et al., 2002 and 2003ǢǤ 

� i:G\CRr9/GrYÊŷƔ%ǣŒ�ƍ$ĮĄĄ¥ ��ǣŴƈƳ��

3Tt[uyKJjGtyTǡ trehalose-dimycolate, TDMǢ6§Ŕ�3

ǡLederer, 1976ǢǤTDM%źħƔ$GyUa8COy ��ţ14ǣTDM6

ć~��i;K/;HB%üýńŚ/ƄƆƁƓƋñĄ"!6î�ƴ��

ǡMiyake et al., 2013ǢǤƺç TDM$³ß�
i;K�1±ǖ�4ǣ�$ƪƯ

#% TDM �$Tt[uyKÌ
}´ı��3� 
ť�4��3ǡIshikawa 
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et al., 2009; Miyake et al., 2013ǢǤ+�ĩŋ�ŒƔ��3ĨŲƔ/ƔĨƔ�%ǣ

�Œǅ�#ǠŃë$Tt[uyK6Ɨũ�3ǡBrodmann et al., 2002ǢǤTt[

uyKŒ¶ĄƇ6Õ��ĨŲƔ%ĩŋ $�Œ
Ąū�"�� .Í»�4�

�3ǡSugawara et al., 2010ǢǤ�{$ţơ�1ǣ^T-øŒŋǣĩŋ-øŒŋ$

Š��Ŕ#���.Tt[uyK
ǉƠ"ò«6Ģ����3 ſ
143Ǥ 
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Ů 3ű� ĩŋ#��3Tt[uyKŒ¶Ą 

 

� Ǡůĩŋ�% ŒTt[uyK$ī¤
ÅǗ����� �1ǣǌ1�Tt

[uyKŒ¶ĄƇ%¹Ü�4���ǡEastmond and Graham, 2003ǢǤ���

1990çµô°#ǣmSsĩŋ��3Iu:XVLV�1Tt[uyKŒ¶Ąǃ

�×ǡAtTPS1, AtTPPA, AtTPPBǢ
ŠĲ��±ǖ�4�� 6����#

ǡBlázquez et al., 1998; Vogel et al., 2001ǢǣTt[uyKŒ¶ĄŹƵ$ÙÈ


ė1�#�4�ǤŏÈ�%FZkĀÍ6Ì#ǣIu:XVLV#��� 11Ũ$

TPSgmuD 10Ũ$ TPPgmuD
ǣ:Y#��� 11Ũ$ TPSgmuD

 9Ũ$ TPPgmuD
ơ¤�4��3ǡFig. 1-3AǢǤ�41$Ow]CƳ%

ĸƸŜǜ���9jZǈǆ¦6Ě���2ǣ3 �$Hba8jryǡClass	, 

Class�, Class�Ǣ#¥ǜ�43ǡFig. 1-3BǢǡVandesteene et al., 2010ǢǤ 

� Class	#% AtTPS1-AtTPS4, OsTPS1
¥ǜ�43ǤClass	Ê$ TPS%ǣ

N ĝŭ�# TPS Ul:w6Č�ǣC ĝŭ�#ļý6Č�"� TPP Ul:w6

Č�ǤǇķ6Ŕ��Šƞƨǟů�1ǣAtTPS1, AtTPS2, AtTPS4, �0'

OsTPS1% TPSļý6Č�Ow]CƳ��3� 
ť�4��3ǡBlázquez et 

al., 1998; Delorge et al., 2015; Zang et al., 2011ǢǤ 

� Class�#% AtTPS5-AtTPS11, OsTPS2-OsTPS11
¥ǜ�43ǤClass�Ê

$ TPS%ǣNĝŭ� Cĝŭ�#�4�4İƇıÕÊ$ TPSUl:w TPP

įUl:w6Č���3Ǥ�$�-ǣ�41$Ow]CƳ%TPSļý�0'TPP

ļý$��46.Č�"�ǡZang et al., 2011; Ramon et al., 2009ǢǤ+�:Y

#���% Class�Ê TPS 
ǣClass�Ê�3�% Class	Ê$ TPS  Š��



 7 

Ŕ�3� 
ť�4��2ǣClass	Ê TPS $ƥÖ²û6Ƭű�3İƇ
�3

$�%"�� ſ
14��3ǡZang et al., 2011ǢǤ 

� Iu:XVLV :Y#ơ¤�43 TPPgmuD%ǣ�� Class�#¥ǜ�

43Ǥ�41% Nĝŭ�# TPSUl:w6Č��ǣTPPUl:w$,6Č�Ǥ

Ǉķ$Šƞƨǟ/Ÿď
Ow]CƳ$ļýƨǟ�1ǣAtTPPA-AtTPPJ, 

OsTPP1-OsTPP2 
ǣİƇÊ$Ow]CƳ��3� 
ť�4��3

ǡVandesteene et al., 2012; Pramanik et al., 2005; Shima et al., 2007ǢǤ 

� mSsĩŋ�Ñ$ĩŋŨ#���.FZkĀÍ$ċ�#��ǣĲ� Tt[

uyK¶ĄǇŶ
ơ¤�4��3Ǥ�$�-ŏÈ�%Ǡůĩŋ#��3Tt[

uyKŒ¶Ą%ĘǀŜ".$ ��ſ
14��3Ǥ 
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Ů 4ű� ĩŋ#��3Tt[uyKŒ¶ĄŹƵ$ò« 

 

� ĩŋ#��3Tt[uyKŒ¶Ąǃ�×$śơ�ǓǣıĐÐŗĦ/ǁªśŏ

Ħ6Ŕ��Tt[uyKŒ¶ĄŹƵ$İƇƤġ
ƾ7��3ǤIu:XVLV

#���%ǣAtTPS1$ıĐÐŗĦ
ƅýƐĵ#"3� 
ť�4ǡEastmond 

et al., 2002ǢǣTt[uyKŒ¶ĄŹƵ
ƅ$Ąň#úǚ��3� 
ė1�#

�4��3*�ǣAtTPS1 $ZQCP;wĦ�%ǣƒĄ$ƿì
ƣâ�43

ǡWahl et al., 2013ǢǤFZk{$ AtTPS6ǛË#ŅÐŗ6Č�ǣİƇıÕÊ$

AtTPS66Č� cell shape phenotype-1ÐŗĦ%ǣƝŝŷƆ$ñăŗæǣĹØá

ë${Ėǣ�0'Tq:Gyk¥ģđ$�|"!$ƝŏÊ6ť�ǡChary et al., 

2007ǢǤ�$�-ǣAtTPS6%ŷƆñă$¨÷#ǐ53 ſ
143Ǥ�41$

ţơ%Tt[uyKŒ¶ĄŹƵ
ǣĩŋ$ñăñĄ#ǉƠ"ò«6Č�� 6

ť���3Ǥzē�Tt[uyKŒ¶Ąǃ�×$śŏ
ǣŨ�$KTtK#0

2ƫä�43� .ť�4��3ǡIordachescu and Imai, 2008ǢǤǠłƫäý

$ AtTPS5 %ǣ·��Ǡł#ƫä�43Ʒ¢�òÄ× MBF1c  Ɵ¶�6ñĄ

�3� 
Í»�4��2ǣAtTPS5$ıĐÐŗĦ%ǠłĂ³ý6ť�ǡSuzuki 

et al., 2008ǢǤÎKTtK�ƫä�43ƕż�Ê TPP��3 AtTPPD%ǣÎK

TtK|�$Ŵ�Ʈ6¨÷�ǣıĐÐŗĦ�%ÎKTtKĂ³ý6ǣǁªśŏ

Ħ�%ÎKTtKƀý6ť�ǡKrasensky et al., 2014ǢǤTt[qyM6GyU

�3 AtTRE1 %9bIIwǈ#03ĹØǎǍ$¨÷#ǐ52ǣǁªśŏĦ%�

Ŋƀý6Ŏö�3ǡVan Houtte et al., 2013ǢǤõ��Tt[uyKŒ¶ĄŹƵ

%ǣIu:XVLV$KTtKûŰ#.à~�3 ſ
143Ǥ+�Iu:X
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VLV#Ñǅ�1Tt[uyK6£Ő�3 ǣADP-DsGyK`ugKgrq

yMÓHboWQT6GyU�3 ApL3 $śŏ
ð�ƫä�43ǡFritzius et 

al., 2001; Wingler et al., 2000ǢǤ�4%Tt[uyK
ĩŋ#���ǣ�1�

$IDVsŋƳ ��İƇ�3´Ƈý6ťÁ���3Ǥ 

� :Y#���%ǣTt[uyKŒ¶ĄŹƵ KTtKûŰ$ǐ����Ʃŷ

#ŤŪ�4��3ǤOsTPS1 $ǁªśŏĦ
�łǣ�ŊǣÎǣ+�%ľƼÇK

TtK#ã�3ƀý6Ŏö�3*�ǡLi et al., 2011ǢǣClass�Ê$ TPS��3

OsTPS2, OsTPS4, OsTPS5, OsTPS8, �0' OsTPS9$ǁªśŏĦ.ǣ�łK

TtK ÎKTtK#ã��ƀý6Ŏö�3ǡDeng et al., 2011ǢǤ+� OsTPP1

 OsTPP2%�łǣ�ŊǣÎKTtK#ƫä�4ǡPramanik et al., 2005; Shima 

et al., 2007ǢǣOsTPP1$ǁªśŏĦ%ÎKTtK �łKTtK#ã�3ƀý

6Ŏö�3ǡGe et al., 2008ǢǤ  

� �41$ţơ�1ǣTt[uyKŒ¶ĄŹƵ%ĩŋ#��3ŒǌǣñăñĄǣ

�0'KTtKûŰ#ŀ�ǐ~�3 ſ
143Ǥ  
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Ů 5ű� Tt[uyK#02ƫä�43řÞĉĈý 

 

� Tt[uyKŒ¶ĄŹƵ
ĩŋ$Œǌ/KTtKûŰ#ǉƠ"ò«6.��

 
ť�4��3Ǥ���Tt[uyKŒ¶ĄŹƵ
ǣ!$0	#���41

6¨÷�3�#���%}ė"Ņ
Ò�ǤTt[uyKŒ¶Ą$�Ǐ���3

Tre6P%ǣSnRK1$ļý6Ʋ#¨÷�3� 
ė1�#�4��3ǡZhang et 

al., 2009ǢǤSnRK1%Ǉķ$ SNF1, À�ǜ$ AMPK ǜ��� Ser/ThrAV

yM��2ǣŴ�Ʈ¨÷#ǐ~�3ǡHardie, 2007; Polge and Thomas, 2006ǢǤ

+�Iu:XVLV�%ǣTre6P $Ɨũǋ
DsGyKǣasCTyKǣ�0

'KCuyK$Ɨũǋ Ĵ$Šǐǐ�#�3� 
ť�4��3ǡYadav et al., 

2014ǢǤ�$�-ǣTre6P%Ŵ�Ʈ6¨÷�3IDVsŋƳ��3´Ƈý
ſ


143Ǥ 

� zē�ǣTt[uyK
IDVsŋƳ ��İƇ�3´Ƈý.ť�4��3Ǥ

ƹĬxǝ¿œĬąƜŻ¶ŤŪİĮ$��1%ǣ:YĨǅ($Tt[uyK£Ő

#02ǣĨǅ�JnKmwǈǡjasmonic acid, JAǢŒ¶ĄǇŶǣřÞǐƽƷ¢

Ä×ǣĂĥŌŗŜOw]CƳǡpathogenesis-related protein, PR proteinǢǣ�

0'a8:T9tAIwǡphytoalexin, PAǢŒ¶ĄǇŶ"!6GyU�3Ǒ÷

ǐƽǃ�×$śŏ
ƫä�43� ť���3ǡFig. 1-4Ǣǡ��1, ĜśƝSy

OǢǤ+�Ĩǅ#Tt[uyK6£Ő�4�:Y$É{ǅ�%ǣTt[uyK$

Ńë�0'£ŐĔđ#�Ù��:Y�.�řĉĈý.ƫä�43ǡFig. 1-5, 1-6Ǣ

ǡ��1ǣĜśƝSyOǢǤõ��:Y�%ǣĨǅ($Tt[uyK£Ő
ǣĨ

ǅ�0'É{ǅ$řÞĉĈý6ƫä�3 ſ
143ǤTt[uyK#0��
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�ƶ#řÞĉĈý
ƫä�43�$ŏƱ%ǣTrehalose-induced systemic 

resistance (TSR) Ŧ�43ǡFig. 1-7ǢǤ  
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Ů 6ű� ĞŤŪ$ŞŜ�0'ĭƠ 

 

� TSR %Tt[uyK �	ƏŇŖ#ĘǀŜ#ÙÈ�3�Ŵ
ǣĩŋ$Ǒ÷û

Ű6ƫä�3ŏƱ��3Ǥ�4%ĩŋ#���ǣTt[uyK
IDVsŋƳ

 ��İƇ�3´Ƈý6ť���3Ǥ�$�- TSR6ŐƤ�3� �ǣĩŋ#

��3Tt[uyK$ŒŐİƇ#���Ē�"ţơ
ö143 ěó�43Ǥ

ĞŤŪ�% TSR$¥×İĮ6ė1�#�3� 6ŞŜ#ǣTSR$IDVs�ǂ

İĮ ǣTSR$ƫƴįí#���Ƥġ6ƛ��Ǥ 

� Ů 2 Ŭ�%IDVs�ǂİĮ6ĩŋgsmw#ŢŞ��Ƥġ��ǤTt[u

yK£Őô$gsmw Œǋ6Üǋ�3  .#ǣĩŋgsmwƗũıĐĦ6

Ŕ�� TSR6ƣâ�3� �ǣTSR#��3ĩŋgsmw$ǐ~6Ƨ���Ǥ

Ů 3Ŭ�%ǣTt[uyK
 TSR6ƫƴ�3įí#���īƦ��ǤTt[u

yK$ŷƆ Ɨũ
 TSR6ƫƴ�3 �ā�ǣFZkŽǕ#02�¤��Tt

[uyKǠƗũĦ#���ǣTSRį$ŏƱ
ƣâ�43�6Ƭ)�ǤŮ 4Ŭ�

%ǣTSR #��3 JA IDVs$ò«#���ǣ02Ʃŷ"Ƥġ6ƛ��ǤT

t[uyK£Ő� JA�ÙŜ#ƫä�43Ʒ¢Ä×ǃ�× OsERF83#���ǣ

ǁªśŏĦ6Ŕ��İƇƤġ6ƛ��ǤOsERF83#¨÷�43|Ľǃ�×6Ļ

Ü�3� �ǣTSR#��3 JA�ÙŜ"IDVs�ǂŹƵ$Ƥė6Şč��Ǥ

Ů 5 Ŭ�%ǣTSR #��3 PA Œ¶Ąǃ�×ž$śŏƫä
 JA IDVs#¨

÷�43�6Ƥġ��Ǥ+�Tt[uyK#ƫä�43Ē�"ĈƔ®¶ŋ¶Ą

ǇŶ OsKSL2#���$İƇƤġ.ƛ��Ǥ 



�Sakakura et	al.	2011�

A

B C

Fig.	1-1.	Theoretical	study	on	the	intermolecular	complex	formation	of	trehalose
(A)	Structure	of	trehalose.	(B)	Distribution	of	water	molecules	around	trehalose.	Cloud-like	regions	represent	

iso-probability	surface	of	water	oxygen	atoms.	(C)	Superimposition	of	iso-probability	surface	of	benzene	on	(B).	

Purple	cloud-like	regions	represent	iso-probability	surface	of	benzene.
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Fig.	1-2.	Trehalose biosyntesis pathway
Trehalose 6-phosphate	(Tre6P)	is	synthesized	from	UDP-glucose	(the	glucosyl donor)	and	glucose	6-

phosphate	(the	acceptor)	and	subsequently	converted	to	trehalose.	These	reactions	are	catalyzed	by	

Tre6P synthase	(TPS)	and	Tre6P phosphatase	(TPP),	respectively.	
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�Zang et	al.	2011�
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AtTPS5-11

AtTPPA-J OsTPP1-9
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Class�

Class�
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�Vandesteene et	al.	2010�

A

B

Fig.	1-3.	Classification	of	TPS	and	TPP
(A)	Phylogenetic	analysis	of	TPS	and	TPP	proteins.	The	proteins	used are:	AtTPS1–11	and	AtTPPA-J	from	A.	
thanlina;	OsTPS1–11	and	OsTPP1–9	from	O.	sativa;	SlTPS1	from	S.	lepidophylla;	ScTPS1-3	and	ScTSL1	from	S.	
cerevisiae;	EcotsA and	EcotsB from	E.	coli.	The	clades	colored	by	red,	blue,	and	yellow	indicates	subfamilies	of	

Class	I,	Class	II,	and	Class	III,	respectively.	(B)	Domain	structure	of	bacterial,	yeast,	and	plant	trehalose

metabolism	proteins.	In	bacteria,	TPP	and	TPS	activity	are	located	on	different	TPS	(green)	and	TPP	(red)	proteins.	

The	TPP	catalytic	site	is	characterized	by	three	conserved	motifs	(indicated	by	the	white	boxes).	In	yeast	ScTPS2,	

the	active	TPP	domain	has	fused	with	an	inactive	TPS-like	domain.	In	plants,	AtTPS1–11	and	OsTPS1-11	all	consist	

of	fused	TPS- and	TPP-like	domains.	In	AtTPS1–4	and	OsTPS1	(Class	I),	the	TPP	motifs	are	not	conserved.	In	

addition,	plant	has	a	family	of	smaller	proteins	(Class	III),	lacking	the	N-terminal	TPS-like	domain	and	with	

conserved	TPP	catalytic	site	motifs.	Different	shades	of	colors	reflect	different	levels	of	sequence	similarity.	
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Fig. 1-4.	Microarray	analysis	of	thehalose treated	rice	roots
Hydroponically-grown	rice	seedlings	were	treated	with	5	mM trehalose.	Total	RNA	was	extracted	from	roots	

and	used	for	microarray	analysis.	Rice	44k	microarray	(Agilent	Technologies)	was	analyzed	with	one	color	

detection	method.
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Name Description RAP ID 0 h 2 h 6 h 10 h 24 h

NAC4 NAC-domain containing protein 2 (ANAC002). Os01g0816100 1.00 26.09 12.41 4.14 1.87

JAmyb Myb, DNA-binding domain containing protein. Os11g0684000 1.00 11.56 25.54 8.65 9.47

TGAP1 Basic leucine zipper protein (Liguleless2). Os04g0637000 1.00 0.97 49.90 0.84 0.92

DPF bHLH domain containing protein. Os01g0196300 1.00 4.78 3.20 2.52 2.25

OsERF83 Ethylene responsive element binding factor 2. Os03g0860100 1.00 57.20 58.45 3.56 3.15

ZFP36 Zn-finger, C2H2 type domain containing protein. Os03g0437200 1.00 32.32 0.66 3.19 1.35

MYB30 MYB1 protein. Os02g0624300 1.00 13.66 0.66 3.94 2.56

LOX8 Lipoxygenase (EC 1.13.11.12). Os08g0509100 1.00 11.35 4.41 1.62 1.34

LOX11 Lipoxygenase (EC 1.13.11.12). Os12g0559200 1.00 20.18 7.76 1.22 1.74

AOS1 Allene oxide synthase (EC 4.2.1.92). Os03g0767000 1.00 5.39 2.36 1.31 1.15

AOC Allene oxide cyclase precursor (EC 5.3.99.6). Os03g0438100 1.00 2.40 1.14 0.98 0.87

PR1#072 PR-1a pathogenesis related protein (Hv-1a) precursor. Os07g0127500 1.00 20.98 16.90 5.38 2.92

PR1#073 Allergen V5/Tpx-1 related family protein. Os07g0127600 1.00 18.93 19.53 8.38 3.31

Gns5 Beta-1,3-glucanase (Fragment). Os01g0940700 1.00 7.74 64.34 143.59 36.67

Gns6 Beta-1,3-glucanase precursor. Os01g0940800 1.00 1.34 5.32 6.17 2.41

cht3 Endochitinase precursor (EC 3.2.1.14). Os06g0726100 1.00 10.53 11.25 6.06 1.96

cht8 Chitinase (EC 3.2.1.14) (Fragment). Os10g0542900 1.00 3.57 7.96 10.79 7.94

TLP Thaumatin, pathogenesis-related family protein. Os03g0663500 1.00 2.85 111.65 160.58 64.90

PR10a Probenazole-inducible protein PBZ1. Os12g0555500 1.00 1.17 9.35 12.59 9.39

PR10b Probenazole-inducible protein PBZ1. Os12g0555200 1.00 1.21 7.95 7.79 6.07

RIR1b RIR1a protein precursor. Os10g0569400 1.00 0.69 1.48 3.77 4.99

RIR1b-like RIR1b protein precursor. Os10g0569600 1.00 1.24 2.73 4.80 6.32

CPS2 Terpene synthase. Os02g0571100 1.00 1.10 6.09 51.18 45.64

CPS4 Copalyl diphosphate synthetase. Os04g0178300 1.00 4.59 14.01 8.90 4.61

KSL4 Terpene synthase. Os04g0179700 1.00 47.04 53.84 19.79 7.75

KSL7 Terpene synthase. Os02g0570400 1.00 1.14 10.89 32.31 9.30

KSL8 Terpene synthase-like domain containing protein. Os11g0474800 1.00 1.13 1.94 2.38 11.37

KSL10 Terpene synthase-like domain containing protein. Os12g0491800 1.00 3.63 35.61 29.34 19.23
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Fig. 1-5. The	disease	resistance	depending	on	duration	or	concentration	of	trehalose treatment.	
(A)	The	roots	of	the	21-d-old	plants	were	treated	with	5	mM trehalose for	0-5	days.	The	5th	

leaves	were	spotted	with	the	spore	suspension	of	rice	blast	fungus.	After	co-cultured	for	5	days,	

the	lesion	length	were	measured.	(B)	Twenty one-d-old	rice	plants	were	treated	with	0-10	mM

trehalose for	5	d.	The	5th	leaves	were	used	for	the	disease	resistance	assay.

A B
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Control Trehalose
(5 mM, 5 days)

��������

Fig.	1-6.	Rice	blast	resistance	of	trehalose treated	rice
Rice	plants	were	treated	with	5	mM trehalose for	5	days.	The	fifth	leaves	were	inoculated	with	rice	blast	fungus	

by	the	spot	inoculation	method.	After	5	days,	lesions	were	observed.
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Fig.	1-7.	The	schematic	model	of	trehalose-induced	systemic	resistance
Trehalose treatment	on	rice	roots	induces	the	expression	of	defense	related	genes	in	roots.	Disease	resistance	in	

shoots	are	regulated	by	an	unknown	signal	transduction	from	roots.
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ƾ 2Ƽ� TSR&
�7ţƘjvpyMH[v'ǽŘ 

 

ƾ 1ǃ� Ǔȇ 

� ţƘ(ƦÀǬ'ģś2¢ú%$'ìƨ´Ǝ;Æ�7#Ɏ¨ȏ,MH[v;�

ȡ�ɎȽ´Ǝȥ�&
�7ƦúĪĩğ;ȅĀ�7ɏ�'4�%¨ȏȅĀß'Ʀ

úĪĩğ#�!(Ɏ¨ȏƛęĪĩğɌsystemic acquired resistance, SARɍɎ¢

úȅĀ¨ȏĪĩğɌwound-induced systemic resistance, WSRɍɎ
4+ȅĀ¨

ȏĪĩğɌinduced systemic resistance, ISRɍ'ɑ �ȃǊ&ưƺ�8!�7ɏ 

� SAR (ƦÀǬ'ģś&46ɎÝ}ȥ'ģśǭ�5Ƚģśǭ&ȅĀ�87Īĩ

ğ"�7ɌFu et al., 2013ɍɏSAR"(Ɏģśȥ�&
�!ţƘjvpy"�7

LuTvȩɌsalicylic acid, SAɍ�ƞÉĥ�87ɏSA( PRSyaGȋ2 PA

'ƞƟ;ȅĀ�7##1&ɎȟĹģÃĞŭ;đ
Ȍ��Ɏƞ
�ǊǢ;ŝɅƈ

#�7 biotrophic%ƦÀǬ'ģśĮî;ȵ�ɌFu et al., 2013ɍɏ.� SA(Ɏ

ĵƧğƘȋ"�7 SAoTv&ëĴ�87�#"ƻų�&ĮĻ�Ɏ��ª'Ƚģ

śǭɎ�7�(ÍȔ'��&Īĩğ;ȅĀ�7ɌShulaev et al., 1997ɍɏWSR

(Ʀ¢ú;Æ��ǭ�5ȽƦ¢úǭ,ȅĀ�87Īĩğ"�6Ɏ�'MH[v

( JA 
4+ATwyɌethylene, ETɍ&³Ě�87#ǜ	58!�7ɏWSR

"(åâğ PR SyaGȋ'Ǯƹ�ȅĀ�8ɎèŭǊǢ;ŝɅƈ#�7

necrotrophic %ƦÀǬ'ģśĮî�Ĩ³�87ɏ|ł" ISR(ɎşÙ&ƞĠ�

7ȽƦÀğěƞƘ#'ƫ��Ơ�´Ǝ#%6Ɏşȥ�5Ý}ȥ,ȅĀ�87Ī

ĩğ"�7ɌChoudhary et al., 2007ɍɏISR( SA&Ƚ�ôƨ%Īĩğ"�6Ɏ

JA
4+ ETMH[v;��!³Ě�87Ɍvan Loon et al., 1998ɍɏISR�ȅ
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Ā�8�ţƘ"(ɎJA2 ET&þ�7ģÆğ�}Ň�7�0ɎƦÀǬģśŊ'

ȵĚĞǁ�șĈ461Ņ�Ɏ�7�(ē�Ƨ¹�87ɌVerhagen et al., 2004ɍɏ 

� TSR (şȥ,'Yw_x{O®Ɲ�Ɏşȥ"'ȵĚĞǁ#Ý}ȥ"'ƦúĪ

ĩğ;ȅĀ�7Ɯȉ"�7ɏ�'�0 TSR 'MH[v�ȡ1 SARɎWSRɎ


4+ ISR#Êŧ&ţƘjvpy&³Ě�8!�7Çǣğ�ɉ�ɏŒƼ"( TSR

�Yw_x{O&ƙƤƨ%Ɯȉ"�7�;ŤȀ�7##1&ɎTSR 'MH[v

�ȡ&ţƘjvpy�ȴ��7�;ǽŘ��ɏ  
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ƾ 2ǃ� øɈœŀ
4+łŵ�  

 

ƾ 1Ɂ� ţƘœŀ 

� ȬƞßŞ#�!Ɏ?]ɌOryza sativa L.ɍÑƸ�3
*�6�;�Ơ��ɏ

?]' JAƞÉĥëƤŞɌhebibaɍ
4+�'ÀÑƸ�\jylLu�(ɆȦî

õŖ�'āŜ©|ĺı46°�ɀ��ɏ�ńŒŌ�;ÀÑƸ#�7 SA°ǽȨǉ

ȟ¶ƧƜŞɌNahGɍ(ɎȓťzɄÑƟťħǴǒÉưƺũŦ'Ǹƍŷó¿ê46

°�ɀ��ɏ3
*�6Ɏ\jylLuɎ
4+ńŒŌ(Ɏ?]�1�ƦƬğ

ĪĩğȤ�óĐ Pia;į�Ɏ?]�1�ƦǬɌrace 007ɍ&ǚƦ�7ɏ 

 

ƾ 2Ɂ� ƸóƋǬ 

� Ƹó( 70ɋAS^{v�" 5°ȳɎǐ�! 2ɋū�åǉȩ[Yu@nŴƊſ

�" 30°ȳİƩ�7�#"ƋǬ��ɏƋǬė'Ƹó(ǇŴ;Ơ�!Ÿź��ɏ 

 

ƾ 3Ɂ� Ŵǝ
4+ÚǝŠá 

� ƋǬƸó;ɎǇŴ;§8�Mq{w}&ķƸ� 25˚CɎōĦ" 3ńȳËŴ��

�ɏËŴȲñń; 0 ńɊ#��ɏƧǪ�� 3 ńɊ'Ƹó;gtOTUGoUM

r}&Þ|&Č�Ɏ�8;C{YGw{fƋǬ��ŴȠŴ"Ƈ��8�`UY

&×÷��ɏ`UY( 25˚CɎțǐ¦&ȁ÷�8��ąųȉÓª&ȁǙ��ɏŴ

ǝŠá�(`GWu>2Dc'Ǘů;ȵ��0ɎƋǬŴȠŴ;Űń�Ĵ��ɏ 

� ÚǝŠá&�Ơ�7Ú(	»żȠȓťưƺQyS{ªØäơŕ'Úé 2.5 kg

&þ�!Ƴȩ>yp\@n 4.3 ɒɎȟuyȩƯƑ 5.0 ɒɎåºDu@n 1.5  g
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;¸	�1';Ơ��ɏƧǪ�� 3ńɊ'Ƹó;QvYw{Ɍ42 mm × 42 mm 

× 46 mmɍ�'Úé& 1 cm'ƀ�"à0�ɏQvYw{;ɎŴ;Ē��`UY

�&ȁǙ�7�#"ɎĎȾ�5ŴȠŴ;�ǎ��ɏƞǡ(Ǧƕ¦ƅù"ǳ�Ɏ

?]� 14 ńɊ&ȡ��#�9"ȗǟ#�! 2,000  ćȪ��_?k]GO

ɌHYPONeXɍŴƊſ;�	�ɏƅùª'ƅď(ŉ 25˚Cɐí 20˚C#��ɏ 

 

ƾ 4Ɂ� ŴǝŠá?],'ǅ®Ɲ 

� ŴǝŠá�� 14 ńɊ'ċǫ;Ơ��ɏċǫ;gtOTUGoUMr�# 5 

mM 'ǅŴƊſ"Ƈ��8�`UY,ƶ�Ɏşȥ'/;ǅŴƊſ&Ž��ɏş

ȥ;ǅŴƊſ&Ž��Ŋ;®Ɲ 0Ŋȳ#�Ɏ®Ɲ 24Ŋȳ."şȥ;ǅŴƊſ�

&�į��ɏǅȂǱ&(ɎOGx{OɌWakoɍɎD (+)-lvY{O|ŴÐƘɌWakoɍɎ

Yw_x{O�ŴÐƘɌWakoɍɎ
4+ D(-)-ly\Y{vɌWakoɍ;Ơ��ɏ 

 

ƾ 5Ɂ� ÚǝŠá?],'ǅ®Ɲ 

� şȥ,'ǅ®Ɲ&(Ɏ21ńɊ'?];Ơ��ɏQvYw{; 5 mM ǅŴƊſ

;Ē��`UY�&ƶ�ɎĎȾ�5ǅŴƊſ;�ǎ��ɏ�ǎȲñń;®Ɲ 0

ń#�Ɏ5 ńȳǅŴƊſ;�ǎ��ɏǅȂǱ&(ɎOGx{OɎD(+)-lvY{

O|ŴÐƘɎ
4+Yw_x{O�ŴÐƘ;Ơ��ɏ 

� Ý}ȥ,'Yw_x{O®Ɲ&(Ɏ21ńɊ'?];Ơ��ɏÝ}ȥ¨�&Ɏ

0.05% Tween 20"ȆĽ�� 5 mMYw_x{O 5 mL;ÔȺ��ɏÔȺ��ń

;®Ɲ 0ń#�Ɏ5ńȳ?];ɇº���ɏ 
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ƾ 6Ɂ� RNAī¯zcDNAÉĥ 

� ¨ RNA'ī¯(ɎRNeasy Plant Mini Kit (Qiagen) ;Ơ�Ɏl\r>v&

Ɖ�!ǳ��ɏ|ŒȰ cDNA'Éĥ( PrimeScript RT reagent kitɌTakaraɍ

;Ơ�!ǳ��ɏłŵ(l\r>v&Ɖ�Ɏgt?l{&( oligo dT# random 

hexamer 'ƁÉgt?l{;Ơ��ɏ 

 

ƾ 7Ɂ� ½÷φƨ RT-PCR 

� ƾ 6Ɂ'łŵ&Ɖ�!ȆǶ�� 1ŒȰ cDNAÃĞſ; 5 ćȪ�Ɏ�8;ȯ

ß#�! PCR;ǳ��ɏPCRȨǉ&( Ex taq (Takara) ;Ơ�ɎL{lvL

?Gt{( Veriti 96-well L{lvL?Gt{ɌApplied Biosystemsɍ;�Ơ

��ɏƠ��gt?l{ȧ²# PCRŔ�; Table 2-1&ƴ�ɏ 

 

ƾ 8Ɂ� ǢóĤƏſ'ȆǶ 

� ?]�1�ƦǬɌMagnaporthe oryzae, race 007ɍ'Ǭǆ;kWYXFOY

x{OáÝɌDifcoɍ&Ǚč�ɎōĦɎ25˚C" 3ȜȳáɅ��ɏáɅėgw{Y

&ƋǬŴ;Ŷ�§8ɎJyt{NŢ"Ǭǆ;ĳ
Å7�#"ǬǆĤƏſ;ȆǶ

��ɏǬǆĤƏſ;C{Ym{váÝɌDifcoɍ&Č�ɎōĦɎ25˚C" 3ńȳá

Ʌ�Ɏ�'ė BLBtygɌToshiba: FL15S, BLB 15WɍƖÿ~Ɏ25˚C&! 2

ńȳáɅ��ɏgw{Y& 0.05% Tween 20Ɗſ;Ŷ�§8ɎǏƿ;Ơ�!°

ƞǢó;ĳ
Å7�#"ǢóĤƏſ;ȆǶ��ɏǢóĤƏſ'Ɛď(Ɏ1.0×105 

spore/mL#��ɏ 
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ƾ 9Ɂ� ?]�1�ƦǬ;Ơ��ƦúĪĩğȂɈ 

� ÚǝŠá�� 21ńɊ'?];Ɏƾ 5Ɂ'łŵ&Ɖ�! 5ńȳǅ®Ɲ��ɏƾ

5ǭ'ǭȏ;±6Å6ɎŴ"Ž��i{a{SCv;ľ��ǯ�
gtOTUG

I{OɌ25 cm × 35 cm× 5 cmɍ�&�-�ɏgtOTUGTUg'¥ƽ"Ɏǭ

ȏ&ȑ�¢; �%�5ǢóĤƏſ; 3 µL� ƌ~��ɏ1ř'ǭȏ&þ�!

3 cm 'ȳȸ" 4ǂĦ&ƌ~��ɏgtOTUGI{O; 25˚CɎōĦ& 24Ŋȳ

ȼǙ�Ɏ�'ė 25˚CɎțǐ¦~" 4ńȳȼǙ��ɏĲƸė 5ńƪ&ǚƦğƦĿ

;Ƣ¤X{S#�!Å6ȕ/ɎƢ¤ǔȹReYɌImage Jɍ;Ơ�!ƦĿȱ;Ɔ

÷��ɏ 

 

ƾ 10Ɂ� ţƘjvpy'ī¯ 

� ŴǝŠá�� 14ńɊ'ċǫ;Ɏƾ 4Ɂ'łŵ&Ɖ�!Yw_x{O®Ɲ��ɏ

şȥ
4+Ý}ȥɌÈ 200-300 mgɍ;ÕÄ�ɎlvTc{PMsUD{Ɍö�

Óšɍ;Ơ�!­ǍƲƱ��ɏAS^{v 20 mL ;¸	ĸĭ�Ɏ4˚CɎōĦ&

24 ŊȳȼǙ��ɏǄī¯ſ&ȫŴǉthv�8�ªȥŨƉƘȋƁÉſɌTable 

2-2ɍ; 20 µL¸	Ɏ9ǈ;Ơ�!ǋǘŮƄ;Å6ȷ
Ɏ9ſ; SpeedVacƃÛ

ƐǖÓɌThermo Scientificɍ"�×��ɏ�×Ƙ; 80%oS^{v 6 mL"Ɗ

ǽ�Ɏ�8; Bond Elut C18 columnɌAgilentɍ&���#"ɎƥŴğ�ǇƘ

;ȷÁ��ɏƊ¯ſ;�×��'�Ɏ80%oS^{v 0.5 mL &«Ɗǽ�

UPLC-MS/MS&47°Ř&Ơ��ɏ  
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ƾ 11Ɂ� UPLC-MS/MS&47ţƘjvpy'÷φ 

� ţƘjvpy'÷φ(ŗŻ5'łŵɌMatsuura et al., 2009ɍ&Ɖ��ɏ

UPLC-MS/MS&(ɎAcquity UPLC systemɌWatersɍ#Micromass Quatro 

Premier tandem quadruple mass spectrometer (Waters) ;�Ơ�ɎDtn&

( Acquity ethylene-bridgedɌBEHɍC18 columnɌ1.7 µmɎ�2.1 × 100 mm, 

Watersɍ;Ơ��ɏUPLC-MS/MS '°ŘŔ�
4+ÈºÉƘ'Ť¯Ŕ�;

Table 2-3&ƴ�ɏ 

�  

ƾ 12Ɂ� u>vS?n PCR 

� cDNA'ȆǶ(ƾ 6Ɂ'łŵ&Ɖ��ɏPCRȨǉ&( SYBR Premix Ex taqII

ɌTakaraɍ;Ơ�ɎÃĞſ(l\r>v&Ɖ�!ȆǶ��ɏÃĞŔ�( 94˚CɎ

30Ƶȳ'ƗëğėɎ94°CɎ5Ƶȳ'ƗëğɎ60°CɎ31Ƶȳ'�ȱÃĞ; 40L

?Gvǳ��ɏL{lvL?Gt{( ABI7300 Real-Time PCR system

ɌApplied Biosystemsɍ;Ơ��ɏªȥŨƉȤ�ó#�! OsACT1;Ơ�ɎÈ

Ȥ�ó'ƧƜφ;ǵŬ��ɏÃĞ&Ơ��gt?l{'ȧ²; Table 2-4&ƴ�ɏ 
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ƾ 3ǃ� øɈǍŚ 

 

ƾ 1Ɂ� Yw_x{OƙƤƨ&ȅĀ�87Ȥ�óƧƜ 

� şȥ,'Yw_x{O®Ɲ(Ɏşȥ"'ȵĚȴțȤ�ó'ƧƜ;ȅĀ�7

ɌFig. 1-4ɍɏ��"Ɏ�'ȵĚȴțȤ�ó'ƧƜȅĀ�Yw_x{O�ì'ǅ

"1Ǽý�87�;ŤȀ��ɏŴǝŠá�� 14ńɊ'ċǫ'şȥ&Yw_x{

OɎOGx{OɎlvY{OɎ.�(ly\Y{vɌŽȘÛJyYx{vɍ;

®Ɲ�ɎYw_x{OȅĀğȤ�ó 4Ƹ'ƧƜ;½÷φƨ RT-PCR&46Ǽý

��ɏ�'ǍŚɎYw_x{O®Ɲ¼"( JAƞÉĥȤ�ó LOX8ɎƦúȴțȐ

¬ÖóȤ�ó NAC4ɎJAmybɎ
4+ PRSyaGȋȤ�ó PR1#073'ƧƜȅ

Ā�Ǽý�8�ɌFig. 2-1ɍɏOGx{O®Ɲ¼ɎlvY{O®Ɲ¼Ɏ
4+l

y\Y{v®Ɲ¼"(ɎŴ®Ɲ¼#űȒ�!Ȥ�óƧƜ&Ć�Ǻ58%���

ɌFig. 2-1ɍɏĘ�!Ɏ�85ȵĚȴțȤ�ó 4 Ƹ'ƧƜȅĀ(Yw_x{O"

'/Ǽý�87�#�ƴ�8�ɏ 

 

ƾ 2Ɂ� Yw_x{OƙƤƨ&ȅĀ�87ƦúĪĩğ 

� şȥ,'Yw_x{O®Ɲ(ɎÝ}ȥ"'?]�1�ƦĪĩğ;ȅĀ�7

ɌFig. 1-5ɍɏ��"Ɏ�'Ý}ȥĪĩğ��'�ǅ"1ȅĀ�87�;ŤȀ�

�ɏÚǝŠá�� 21ńɊ'?]'şȥ&Yw_x{OɎOGx{OɎ.�(l

vY{O; 5 ńȳ®Ɲ�ɎÝ}ȥ"'?]�1�ƦĪĩğ;Ǽý��ɏ�'Ǎ

ŚɎOGx{O®Ɲ¼#lvY{O®Ɲ¼"(ɎƔ®Ɲ¼#űȒ�!?]�1

�Ʀ'ƦĿȱ&ŐĢ%Ć(Ǻ58%���ɌFig. 2-2ɍɏ|ł"ɎYw_x{O
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®Ɲ¼"(ƦĜ'ȝĄ�Ĩ	58ɎƦĿȱ�Ʈ�%�!��ɌFig. 2-2ɍɏ�'

ǍŚ�5 TSR&
�7Ý}ȥ"'?]�1�ƦĪĩğ(ɎYw_x{O"'/

ȅĀ�87�#�ƴ�8�ɏ 

 

ƾ 3Ɂ� Īĩğƛęǋǘ&
�7ȵĚȴțȤ�ó'ƧƜ 

� TSR &46ƦúĪĩğ;ƛę��ǭ"(ɎȵĚȴțȤ�ó'ƧƜ�ȅĀ�8

7#�ġ�8�ɏ��"�'ƒ;ň5�&�7�0ɎÚǝŠá�� 21ńɊ'?

]'şȥ;Yw_x{O®Ɲ�ɎÝ}ȥ"'ȵĚȴțȤ�ó'ƧƜ;ǌŊƨ&

Ǽý��ɏTSR&
�!şȥ"ƧƜȅĀ�87Ȥ�ó 7Ƹ;ȣ÷�Ɏ½÷φƨ

RT-PCR &46ƧƜǽŘ;ǳ��ɏ�'ǍŚɎPR SyaGȋ;J{Z�7

PR1#073, Gns5Ɏcht1ɎTLPɎ
4+ PAƞÉĥȨǉ;J{Z�7 OsKSL7'

ƧƜ(ɎYw_x{O®Ɲ¼&
�!}Ň�!��ɌFig. 2-3ɍɏ.��'ƧƜ

ȅĀ(ɎYw_x{O®Ɲ 4ń�5 5ń&��!ŏ1ɉ�ɌFig. 2-3ɍɎYw_

x{O®Ɲ�Ý}ȥ"'ƦúĪĩğ;ȅĀ�7S?myHɌFig. 1-5ɍ#|ǧ�

�ɏĘ�!�85'ȵĚȴțȤ�ó'ƧƜȅĀ�ɎTSR &
�7Ý}ȥ"'Ʀ

úĪĩğ&ü��!�7#ǜ	58�ɏ|ł" PR SyaGȋ;J{Z�7

PR10b
4+ PR10'ƧƜ(Ɏő®Ɲ¼#Yw_x{O®Ɲ¼'ȳ"Ć(Ǻ5

8%���ɌFig. 2-3ɍɏ�'ǍŚ�5Ɏşȥ#Ý}ȥ"(Yw_x{O&ȅĀ

�87Ȥ�ó&Ȣ���7�#�ƴÒ�8�ɏ 

  

ƾ 4Ɂ� Ý}ȥYw_x{O®Ɲ&47ƦúĪĩğ'ƛę 

� şȥ,'Yw_x{O®Ɲ(ɎÝ}ȥ"'ȵĚȴțȤ�ó'ƧƜ#ƦúĪĩ
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ğ;ȅĀ�7�#�ň5�#%��ɏ��"Ý}ȥ,'Yw_x{O®Ɲ"1Ɏ

ƦúĪĩğ�ȅĀ�87�;ŤȀ��ɏÚǝŠá��?]'Ý}ȥ¨�& 5 mM

Yw_x{OŴƊſ;ÔȺ�Ɏ5ńȳ?];ɇº���ɏÝ}ȥ;Ơ�!ƦúĪ

ĩğȂɈ;ǳ��ǍŚɎYw_x{O®Ɲ¼#ÂƖ¼'ȳ&ƦĿȱ'ŐƓ%Ć

(Ǽý�8%���ɌFig. 2-4ɍɏĘ�!Ý}ȥ,'Yw_x{O®Ɲ(ƦúĪ

ĩğ;ȅĀ�%��#�ƴÒ�8�ɏ  

 

ƾ 5Ɂ� TSR&
�7ţƘjvpyªƞφ'ë¹ 

� Yw_x{O;®Ɲ�8�şȥ"(ɎJAƞÉĥȤ�ó LOX, AOSɎAOCɎ


4+ JAĞǁğȤ�ó JAmybɌLee et al., 2001ɍ'ƧƜ�ȅĀ�87ɌFig. 1-4, 

2-1ɍɏ.� SAĞǁğȤ�óWRKY45, WRKY76ɌShimono et al., 2007ɍ1Ɏ

Yw_x{O®Ɲ&46ƧƜȅĀ�87ɌFig. 1-4ɍɏĘ�!Yw_x{O;®

Ɲ�8�şȥ"(ɎJA
4+ SA'ªƞφ�æ¸�7#�ġ�8�ɏ��"Ŵ

ǝŠá�� 14ńɊ'ċǫ'şȥ&Yw_x{O;®Ɲ�Ɏşȥ#Ý}ȥ&
�

7 JAɃ# SAɃ'ªƞφ;÷φ��ɏ 

� JA#�'Źğß"�7 JA?Rx?MyɌJA-isoleucine, JA-Ileɍ'ªƞφ(Ɏ

şȥ"®Ɲ 2 Ŋȳ�ª'|ȟƨ%æ¸;ƴ��ėɎ÷Ĉwhv&."ƃĂ��

ɌFig. 2-5ɍɏ.�Ý}ȥ"(ɎJA
4+ JA-Ile'ªƞφ&î
%ëº(Ǽý�

8%���ɌFig. 2-6ɍɏSA'ªƞφ(Ɏşȥ&
�!®Ɲ 8Ŋȳ;d{G#�

7Ǖ2�%æ¸;ƴ��ɌFig. 2-6ɍɏ�'ėɎşȥ' SAªƞφ(ƃĂ&Ȑ��

�Ɏ®Ɲ 24Ŋȳ."űȒƨɉ�¡;Ǒį��ɌFig. 2-6ɍɏ|ł"ɎÝ}ȥ&


�7 SAªƞφ&(ŐĢ%Ć(Ǽý�8%���ɌFig. 2-6ɍɏ.� SA'Ȋǰß
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"�7 SAHvJMZɌSA-glucoside, SAGɍ'ªƞφ(Ɏşȥ
4+Ý}ȥ&


�!î
%ëº(Ǽý�8%���ɌFig. 2-6ɍɏ�}'ǍŚ�5şȥ,'Y

w_x{O®Ɲ(Ɏşȥ"' JAɎJA-IleɎ
4+ SA 'ªƞφ;æ¸��7�

#�ň5�#%��ɏ.�|ǩ&?]' SAªƞφ(Ɏşȥ&
�!��ɎÝ}

ȥ&
�!ɉ��#�ƭ587ɌChen et al., 1997ɍɏŒǽŘ&
�7 SAªƞ

φ(ɎYw_x{O®Ɲµ'şȥ" 0.17 nmol/gFWɎÝ}ȥ" 45.9 nmol/gFW

"���ɌFig. 2-6ɍɏĘ�!�'ǍŚ(ɎŃƭ'ƭǺ#4�|ǧ�!��ɏ 

 

ƾ 6Ɂ� şȥ"'Ȥ�óƧƜȅĀ&
�7ţƘjvpy'ȴ� 

� µɁ'ǍŚ�5ɎYw_x{O;®Ɲ�8�şȥ"( JAɎJA-Ile, 
4+ SA

'ªƞφ�æ¸�7�#�ƴ�8�ɏ��" TSR&
�7şȥ"'ȵĚȴțȤ

�ó'ƧƜȅĀ�Ɏ�85'ţƘjvpyMH[v&³Ě�87�;ŤȀ��ɏ

ŴǝŠá�� 14ńɊ' JAƞÉĥëƤŞ hebibaɎ
4+ SA°ǽȨǉȟ¶ƧƜ

Ş NahG'şȥ&ɎYw_x{O;®Ɲ�Ȥ�óƧƜ;Ǽý��ɏ 

� Yw_x{O®Ɲ 30°�ª&şȥ"ƧƜȅĀ�87Ȑ¬ÖóȤ�ó 10Ƹ;

ȣ÷�Ɏu>vS?n PCR ;Ơ�!ƧƜ;Ǽý��ɏ�'ǍŚ hebiba &
�

!(ɎOsERF83ɎZFP36ɎWRKY28ɎMYB30ɎOsERF91Ɏ
4+ WRKY40

'Yw_x{O&47ƧƜȅĀ�žï��ɌFig. 2-7ɍɏĘ�!�85'ƧƜȅ

Ā&( JAƞÉĥǌȍ��ÇŪ"�7�#�ƴ�8�ɏ.�NahG&
�!(Ɏ

MYB30ɎOsERF91ɎWRKY40ɎWRKY45ɎWRKY62Ɏ
4+WRKY76'Ƨ

ƜȅĀ�žï��ɌFig. 2-8ɍɏ�'ǍŚ(Ɏ�85Ȥ�ó'ƧƜȅĀ& SA'Ǯ

ƹ��ÇŪ"�7�#;ƴ�!�7ɏ.�MYB30ɎOsERF91Ɏ
4+WRKY40
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'ƧƜȅĀ( hebiba# NahG'��8&
�!1žï��ɌFig. 2-7, 2-8ɍɏ�

8(Yw_x{O®Ɲşȥ"ɎJAMH[v# SAMH[v�ƫ�ƨ&ũǣ�!

�7Çǣğ;ƴ�!�7ɏ|ł" DREB1A'ƧƜȅĀ(Ɏhebiba
4+ NahG

'��8&
�!1Ǽý�8�ɌFig. 2-7, 2-8ɍɏĘ�! TSR&
�7şȥ"'

ȵĚȴțȤ�ó'ƧƜȅĀ&(Ɏ JA
4+ SA�ì'MH[v1ȴ��7�#

�ƴÒ�8�ɏ  

 

ƾ 7Ɂ� Ý}ȥ"'ƦúĪĩğȅĀ&
�7ţƘjvpy'ȴ� 

� µɁ'ǍŚ�5ɎTSR&
�7şȥ"'ȵĚȴțȤ�ó'ƧƜȅĀ�ɎJA


4+ SA&³Ě�87�#�ƴ�8�ɏ��"ɎÝ}ȥ"'?]�1�ƦĪĩğ

1ɎJA
4+ SA&³Ě�87�;ŤȀ��ɏÚǝŠá�� 21ńɊ' hebiba


4+ NahG'şȥ&Yw_x{O; 5ńȳ®Ɲ�ɎÝ}ȥ"'?]�1�Ʀ

Īĩğ;ǽŘ��ɏhebiba ;Ơ��ǽŘ�5ɎȬƞßŞ# hebiba '��8&


�!1Yw_x{O®Ɲ&47ƦĿȱ'ŐĢ%ƃĂ�Ǽý�8�ɌFig. 2-9ɍɏ

.�Yw_x{O®Ɲė'ƦĿ'î
�(ɎÈÂƖ¼#űȒ�!ȬƞßŞ"

72%Ɏhebiba " 59%"���ɏĘ�! hebiba "(ɎȬƞßŞ#ÊƷďɎ�7

�(�8�}'ƦúĪĩğ�ȅĀ�8!��ɏ�}'ǍŚ46ɎTSR 'Ý}ȥ

&
�7ƦúĪĩğ&(ɎJA MH[v�ĝɂ"(%��#�ň5�#%��ɏ

|ł" NahG;Ơ��ǽŘ"(ɎȬƞßŞ
4+ NahG"Yw_x{O®Ɲ&

47ƦĿȱ'ƃĂ�Ǽý�8�1''ɎNahG &
�!(ɎƦĿȱ'ƃĂĉ'

Ʒď�ȬƞßŞ461ā��%�!��ɌFig. 2-10ɍɏ�8( NahG&
�!Ɏ

Yw_x{O&47ƦúĪĩğȅĀ�ƃĂ�7�#ƴ�!
6ɎTSR 'Ý}ȥ
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&
�7ƦúĪĩğ&( SAMH[v�ȫǹ%Ė·;Ś��Çǣğ;ƴ�8�ɏ 
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ƾ 4ǃ� ǜý 

 

� Yw_x{O#�'�ǅ;Ơ��ǽŘ�5ɎOGx{O®Ɲ
4+lvY{

O®Ɲ(Ɏşȥ"'ȵĚȴțȤ�ó'ƧƜɎ
4+Ý}ȥ"'ƦúĪĩğ;ȅ

Ā�%��#�ň5�#%��ɌFig. 2-1, 2-2ɍɏ�'ǍŚ(ɎTSR�Yw_x

{OƙƤƨ&đ
Ȍ��87Ɯȉ"�7�#;ƴ�!�7ɏ���Yw_x{

O�$'4�&�!TSR;đ
Ȍ��!�7'�(ő�ň5�&�8!�%�ɏ

ƾ 1 Ƽƾ 1 ǃ"1Ǿ8�4�&ɎYw_x{O(�'ǅ&(Ǻ58%�ƙĜƨ

%JyeBo{Msy;į�!
6ɌKuttel et al., 2005ɍɎ�8(Yw_x{O

&�ǻòƨ%ƙğ;�	ɎŴ°ó2ǤǠȩ#'ö÷ƨ%ǷÉ�ĕĥ;Çǣ&�

7ɌLerbret et al., 2005-2; Oku et al., 2005ɍɏ.� in vitro&
�!(ɎYw

_x{O�uyǤȋ�ȫǥ&ǍÉ�7#��ãÌ1%�8!
6ɌLuzardo et 

al., 2000; Lambruschini et al., 2000ɍɎYw_x{O�ǊǢǥ&ƘƝƨ&ĊƂ�

7�#� TSR'đ
Ȯ"�7Çǣğ1ǜ	587ɏ|ł"Yw_x{O(Ǧƕ

ƣ&Č�ôÜ�7�ǅ"�6Ɏņǲ2ěƞƘ&űȒƨɉƐď&Ǯƹ�87

ɌWatanabe et al., 2002; Brodmann et al., 2002ɍɏ�'�0Ʉúȥ�2ģśȥ

�&
�!(ɎţƘǊǢ�ɉƐď'Yw_x{O&ŎȻ�8!�7#ǜ	58Ɏ

ţƘ�ǊǢǥ}'Æû�;��!Yw_x{O;ȄȈ�!�7Çǣğ1ǜ	5

87ɏÆû�&ȄȈ�8ɎţƘ'ȵĚĞǁ;đ
Ȍ��°ó#�!(Ɏ

Damage-associated molecular patternsɌDAMPɍ2 Pathogen-associated 

molecular patternsɌPAMPɍ#Ï)87°óǛ�ȃǊ&ưƺ�8!�7ɏDAMP

(ţƘǊǢç'Ŧĥĥ°"�7CuKEtGVxyȩ%$�ƭ58ɎǬ'�§
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Ŋ&ƞ�7 DAMP;ȄȈ�7�#"ɎţƘ(ȵĚĞǁ;Źğº��7ɌFerrari 

et al., 2013ɍɏ.� PAMP(ƦÀěƞƘ&ŋȞƨ&ôÜ�7°ó"�6Ɏ� 

ţƘ�Ɵƞ�%�°ó"�7ɏȿŲSyaGȋơŕ'igTZ"�7 flg22

ɌFelix et al., 1999ɍ2ɎǆƚǬ'ǊǢçŦĥ¾�"�7FTyCuKl{

ɌShibuya and Minami, 2001ɍ%$�ƭ58ɎţƘ( PAMP;ȄȈ�7�#

"1ȵĚĞǁ;Źğº��7ɌGómez-Gómez and Boller, 2000; Kaku et al., 

2006ɍɏYw_x{O(ţƘǦȏ�Éĥ�7ǅ"�7##1&ɎěƞƘ�Éĥ�

7ǅ"1�7ɏ�'�0Yw_x{O( DAMP # PAMP '� 'Ė·;Ĭ�

Ł�%MH[v°ó"�7�1�8%�ɏ|łɎbY'ǞǊǢ"(Yw_x{

O®Ɲ�ǊǢ'C{Ye=N{;ȅĀ�7�#�ƴ�8!�7ɌMayer et al., 
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Table 2-1-2. PCR condiotion for RT-PCR
PCR condition

˚C sec ˚C sec ˚C sec
1 98 10 50 30 72 30 26
2 98 10 50 30 72 30 32
3 98 10 50 30 72 30 28
4 98 10 50 30 72 30 30

Cycle
Denature Annealing Elongation

Gene name Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3') PCR condition a

OsACT1 TCCATCTTGGCATCTCTCAG GTACCCTCATCAGGCATCTG 1
LOX8 CATGGAGAGGTTCCTGG CCATCAGATGGATGTGC 2
NAC4 GGCTGTACAACAAGAAG CATCACTCCTATTTCCG 3
JAmyb AGCTCATCTTCCGATTC CTAGACATCTAGAAGGC 3
PR1#073 ATCAACTGCGAGCTTGC CGCTTGCATCATGATGT 2
Gns5 CACTGGCATTGGTCCTTG CACCTTGATGTTGCCGAG 4
TLP AACACGCTGGCGGAGTTC GTGAAGGTGCTCGTCTGG 2
OsKSL7 CAAAGGCTTCCGCGTTAC ATAGGGCCTTCCTGTTCG 2
PR10b TGTGGAAGGTCTGCTTGG GTACGCCTCGATCATCTG 2
PR10 TCCAGGCACCATCTACAC AGGTACGCCTCCATCATC 2

Table 2-1-1. Primers used in RT-PCR

a: The numbers indicate PCR condition in Table 2-1-2.
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Conponent Consentration (ng/µL) Final conc. (pg/µL)

JA-d6 5 5

[2H6]JA-Ile 0.625 0.625

SA-d4 1.25 1.25

SAG-d4 10 10

Table 2-2. The composition of the internal standard
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Entry [M-H]-1(m/z) Transition ion (m/z) Cone voltage (V) Collision energy (eV)

JA 209 58.71 24 16

JA-d6 215 58.71 24 16

JA-Ile 322.03 129.68 45 24

[2H6]JA-Ile 328.03 129.68 45 24

SA 136.83 92.5 26 16

SA-d4 140.83 96.63 26 16

SAG 262.9 152.62 26 12

SAG-d4 268.9 155.62 26 12

Table 2-3-3. The condition of MS optimization for MRM mode

Time (min) Flow rate (mL/min) Buffer A (%) Buffer B (%)

0 0.25 100 0

0.2 0.25 100 0

17 0.25 20 80

17.1 0.25 0 100

18.5 0.25 0 100

19 0.25 100 0

20 0.25 100 0

��������������
����	��
����	�
������
����
����	����	����������

��������������
����	�
������
����
�����	���������

Table 2-3-2. The analytical condition for UPLC

Capillary voltage (kV) 3.5

Desolvation temprature (˚C) 300

Source temprature (˚C) 120

Cone gas (L/h) 50

Desolvation gas (L/h) 350

Table 2-3-1. The analytical condition for MS
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Gene name  RAP ID MSU ID Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3')
OsACT1 Os03g0718100 LOC_Os03g50890 TCTCTCTGTATGCCAGTGGTCG GTCGAGACGAAGGATAGCATGG
OsERF83 Os03g0860100 LOC_Os03g64260 AGCCACCACTCCATCTGATC TCAGAGCATGGAACCGGATC 
OsERF91 Os02g0654700 LOC_Os02g43790 TGGTGAGCTAAGTGGCGATG CGACCCATCAAGCAGCAATC 
MYB30 Os02g0624300 LOC_Os02g41510 ACTCCGGGATGGAGATGAG GATGAACAGCTTGAGCCAGA
WRKY28 Os06g0649000 LOC_Os06g44010 GAGTTGATCGATTTGCATGG GCACGTGTAGAGCGAGCTAA
WRKY40 Os11g0117500 LOC_Os11g02530 AACTCCAAACACCCAAGGAG GTGATCGCCATTGTAGCTGT
WRKY64 Os12g0116700 LOC_Os12g02450 TCTTCTGATTCTCCGCATGA TCTCTTGTGTTGGCGAAGAG
WRKY45 Os05g0322900 LOC_Os05g25770 CGGGTAAAACGATCGAAAGA TTTCGAAAGCGGAAGAACAG
WRKY62 Os09g0417800 LOC_Os09g25070 TCCCACACATTCCTGTTCAT CTTGCAAGCATTTTGGGATA
WRKY76 Os09g0417600 LOC_Os09g25060 AAAACATCGAGGCGCATTTCA AAGCAGCAGAAAAGCATTCG
DREB1A Os09g0522200 LOC_Os09g35030 ACCTGTACTACGCGAGCTTG TAGTAGCTCCAGAGTGGGAC

Table 2-4. Primers used in qRT-PCR
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Fig. 2-2.	Blast	resistance	of	sugar	treated	rice	plants
(A,B)		Twenty one-d-old	plants	were	treated	with	5	mM of	trehalose,	sucrose,	or	maltose	for	5	
d.	Blast	resistnace was	detected	using	the	5th	leaf	tissue.	Data	represents	means	�SE	(n=24).	
Asterisks	indicate	significant	differences	compared	with	values	without	trehalose (t	test,	p	<	
0.01).
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Fig. 2-3.	Soil	trehalose treatment	induces	defense	genes
Twenty one-d-old rice plants grown on soil were supplied with 5 mM of trehalose from bottom of
the pots.	Total	RNA	was	extracted	from	shoots	and	used	for	semi	quantitative	RT-PCR.
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Fig. 2-4.	Tissue	specificity	of	trehalose recognition
Twenty one-d-old soil grown plants were treated with 5 mM trehalose either by spraying aerial	
part (A) or	soaking	pots	to	the	solution	(B).	Five	days	after	the	treatments,	the	5th	leaf	tissue	
was	detached	and	spotted	with	the	blast	spore	suspension.	After	5days	of	inoculation,	lesion	
length	was	measured.	Data	represents	mean	�SE	(n=24).	Asterisks	indicate	statistically	
significant	differences	compared	with	values	without	trehalose (t	test,	p	<	0.01).
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Fig. 2-5.		Jasmonate accumulation	in roots and shoots during	TSR
Hydroponically	grown	14-d-old	seedlings	were	treated	with	trehalose by	replacing	water	with	5	mM trehalose solution.	
Hormones	were	extracted	from	roots	and	shoots	of	the	seedlings	at	0,	0.5,	1,	2,	4,	8,	16,	and	24	h	after	initiation	of	the	
treatment.	Data	represents	means	�SE	(n=4).
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Fig. 2-6.		Salycylate accumulation	in roots and shoots during	TSR
Hydroponically	grown	14-d-old	seedlings	were	treated	with	trehalose by	replacing	water	with	5	mM trehalose solution.	
Hormones	were	extracted	from	roots	 and	shoots	of	the	seedlings	at	0,	0.5,	1,	2,	4,	8,	16,	and	24	h	after	initiation	of	the	
treatment.	Data	represents	means	�SE	(n=4).
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Fig. 2-7.	Expression	analysis	of	trehalose inducible	transcription	factors	using	hebiba
Hydroponically	grown	12-d-old	seedlings	were	treated	with	5	mM trehalose in	roots.	Total	RNA	was	extracted	from	
the	roots	and	used	for	qRT-PCR.	Wild-type	plants	(WT)	and	the	JA	biosynthesis	mutant	plants	(hebiba)	were	uesd.	
Data	represents	means	�SE	(n=3)	and	ND	means	not	detectable.
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Fig. 2-8.	Expression	analysis	of	trehalose inducible	transcription	factors	using	NahG
Hydroponically	grown	12-d-old	seedlings	were	treated	with	5	mM trehalose in	roots.	Total	RNA	was	extracted	from	
the	roots	and	used	for	qRT-PCR.	Wild-type	plants	(WT)	and	the	SA	deficient	transgenic	plants	(NahG) were	uesd.	
Data	represents	means	�SE	(n=3).
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Fig. 2-9.	Disease	resistance	of	trehalose-treated	rice	using	hebiba
(A,B)		Twenty one-d-old	wild-type	and	hebiba plants	were	treated	with	5	mM of	trehalose for	5	
d.	Blast	resistnace was	analyzed	using	the	5th	leaf	tissue.	Data	represents	mean	�SE	(n=24).	
Different	letters	indicate	the	statisticaly differences	 (tukey test,	p	<	0.05).
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Fig. 2-10.	Disease	resistance	of	trehalose-treated	rice	using	NahG
(A,B)		Twenty one-d-old	wild-type	and	NahG plants	were	treated	with	5	mM of	trehalose for	5	d.	
Blast	resistnace was	analyzed	using	the	5th	leaf	tissue.	Data	represents	mean	�SE	(n=30).	
Different	letters	indicate	the	statisticaly differences	 (tukey test,	p	<	0.05).
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osKǕƏťĚ8���Ǚ���5�ÆŕĚ#��� TSRĢ$ŎƩ
ƚÕ�5

4	8Ʀ)�ǚ 
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Ū 2ů� ÒǔēĄ�1'ćı 

 

Ū 1Ǐ� z"¿½�1'ơƐ$ŷô 

N6D¿½ 

CHU N6 salts (Sigma)       4 g 
N6 vitamin (×100)      10 mL 
myo-Inositol      100 mg 
Casamino acid     300 mg 
Proline      2.8 g 
2,4-Dichlorophenoxyacetic acid      2 mg 
Sucrose       30 g 

NaOH� pH 5.8#°7��è, gellan gum 3 g8 �Ǚ1000 mL #Ʀă��ǚ

121˚CǙ20�ǆ?sTCnsa��ǚ 

 

N6 vitamin (×100) 

Glycine       20 mg 
Nicotinic acid        5 mg 
Pylidoxine, hydrochloride      5 mg 
Thiamine, hydrochloride     20 mg 
H2O          to  100 mL 

 

AB¿½ 

K2HPO4        3 g 
NaH2PO4 × 2H2O       1 g 
NH4Cl        1 g 
KCl       150 mg 
CaCl2 × 2H2O       12 mg 
FeSO4 × 7H2O      2.5 mg 
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Glucose        5 g 

NaOH � pH 7.2 #°7��èǙagar 15 g 8 �Ǚ1000 mL #Ʀă��ǚ 

121˚CǙ20�ǆ?sTCnsa�Ǚ1 M MgSO4 8 1.22 mL ��ǚ 

 

AAMĸ�¿½ 

1000×AA1        1 mL 
1000×AA2        1 mL 
1000×AA3        1 mL 
1000×AA4        1 mL 
1000×AA5        1 mL 
200×AA6        5 mL 
100×AA sol.       10 mL 
Casamino acid     0.5 g 
Sucrose            68.5 g 
Glucose       36 g 
L-glutamine      900 mg 
L-aspartate      300 mg 
KCl         3 g 

NaOH� pH 5.2 #°7��èǙ1000 mL#Ʀă��ǚ121˚CǙ20�ǆ?sT

C n s a � Ǚ 10 mg/mL : M T I l q G q Ǘ 3’, 5’-Dimethoxy-4’-

hydroxyacetophenoneǙin DMSOǘ8 1 mL ��ǚ 

 

AA stock solutions (10 mL) 

1000×AA1 

MnSO4 × H2O      100 mg 
H3BO4       30 mg 
ZnSO4 × 7H2O       20 mg 
CuSO4 × 5H2O            0.25 mg 
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CoCl2 × 6H2O            0.25 mg 
KI       7.5 mg 
H2O          to   10 mL 

 

1000×AA2 

CaCl2 × 2H2O      1.5 g 
H2O          to   10 mL 

 

1000×AA3 

MgSO4 × 7H2O     2.5 g 
H2O          to   10 mL 

 

1000×AA4 

Fe-EDTA      0.4 g 
H2O          to   10 mL 

 

1000×AA5 

NaH2PO4 × 2H2O     1.5 g 
H2O          to   10 mL 

 

1000×AA6 

myo-Inositol       10 g 
Nicotinic acid      100 mg 
Pyridoxine, hydrochloride    100 mg 
Thiamine, hydrochloride      1 g 
H2O          to  500 mL 
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100×AA sol. 

L-arginine      1.6 g 
Glycine       75 mg 
H2O          to  100 mL 

 

2N6AS¿½ 

CHU N6 salts (Sigma)       4 g 
N6 vitamin (×100)      10 mL 
myo-Inositol      100 mg 
Casamino acid     300 mg 
2,4-Dichlorophenoxyacetic acid      2 mg 
Sucrose       30 g 
Glucose       10 g 

NaOH� pH 5.2 #°7��èǙgellan gum 4 g8 � 1000 mL#Ʀă��ǚ

121˚CǙ20 �ǆ?sTCnsa�Ǚ10 mg/mL :MTIlqGq8 1 mL  �

�ǚ 

 

MSNK¿½ 

MS salts (Sigma)     4.3 g  
MS vitamin (×100)      10 mL 
myo-Inositol      100 mg 
Casamino acid       2 g 
KinetineǗ0.1 mg/mLǘ     20 mL 
NAAǗ0.2 mg/mLǘ       1 mL 
Sucrose       30 g 
Sorbitol       30 g 
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NaOH� pH 5.8#°7��è, gellan gum 3 g8 � 1000 mL#Ʀă��ǚ

121˚CǙ20�ǆ?sTCnsa�Ǚ250 mg/mL @mcWIlqǙ50 mg/mL [

<Doe<Iq8 1 mL�� ��ǚ 

 

MS vitamin (×100) 

Glycine       20 mg 
Nicotinic acid       50 mg 
Pyridoxine, hydrochloride    100 mg 
Thiamine, hydrochloride    100 mg 
H2O          to  100 mL 

 

Ū 2Ǐ� ĞŌēĄ 

� ǂŐ¾Ě ��Ǚ<YǗOryza sativa L.ǘ¶Ť�0�&	3	8�Œ��ǚ 

 

Ū 3Ǐ� EZgſǋFqKTkCT$�Ɨ 

� CRISPR/Cas9#14EZgſǋ8Ɠ��-ǙA<U RNA�1' Cas9Pq

]Cƪ8FsU�4FqKTkCT8�Ɨ��ǚEZgſǋģŘƼ�8FsU

�4ŚƖ"ǜĒǄ?lGesMRT8Ƭųĭ#Ńƛ�Ǚ95˚C �Ŋ�ŏ��èǙ

ÓĿ� 20�ǆǍƃ�4� � 2ĒǄ?lGes ��ǚƦƗ�5� 2ĒǄ?l

Ges8 Bbs I��ą�5� pU6gRNA#×���ǚ�$ pU6gRNA8 Pac I

�1' Asc I ��ą�ǙŗŎcCPspZDgRNA_Cas9 ver.2_HPT #×��4

� �EZgſǋFqKTkCT ��ǚ�Ɨ��FqKTkCT%

Agrobacterium tumefacience EHA105Ě#×��Ǚ<YæƪƮÿ#Œ��ǚE
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ZgſǋģŘƼ�% OsTRE1$>BOqy#ǝŭõƞÑ�Ǚ?lGesMRT

#%�v$ƽ�8Œ��ǚTarget2Ǚ 5’-GTTGACCCTGGGCAGGAACCCGGG-

3’ � 1 '  5’-AAACCCCGGGTTCCTGCCCAGGGT-3’; Target3 Ǚ 5’-

GTTGGCAGGTCGACGTAGAGCTTG-3’ � 1 ' 5’-

AAACCAAGCTCTACGTCGACCTGC-3’ǚpU6gRNA �1' pZDgRNA_Cas9 

ver.2_HPT %ǙưĠrǑ¶őĠöƔŻ°ŞŦĤġ$ƹƑśµ§Å13�þ��

����ǚ 

 

Ū 4Ǐ� ŤÌńƍ 

� Ū 2ŨǙŪ 2ů$ćı#ł��Ɠ��ǚ 

 

Ū 5Ǐ� æƪƮÿ<Y$�� 

� æƪƮÿ<Y$��% A. tumefacience8Œ��ģłŘ"ćı�Ɠ��ǗHiei 

et al., 1994ǘǚŪ 4Ǐ$ćı#ł��ƦƗ��ńƍŤÌ8 N6D¿½#ĀŤ�Ǚ

Ǟƶǆ¿ǒ�4� �@mK8Ƥ×��ǚƤ×�5�@mK% AAM ĸ�¿½

�ƦƗ�� A. tumefacienceóŅĸ#Ķ�� �ǙA. tumefacience#òę��

�ǚòęè$@mK8 2N6AS¿½u� 3ĉǆ�Î¿ǒ��ǚ�Î¿ǒèǙ@m

K8ńƍĭ�1�Ĳ�Ǚ50 µg/mL[<Doe<Iq�1' 250 µg/mL@mc

WIlq8², N6D¿½u#ƃá�Ǚ�2# 3ƶǆ¿ǒ��ǚÃĩ����@

mK%MSNK¿½#ţ�� ���£��Ǚ�Ő��ĞŌ�% 3ĉǆĭƅĝ¿

�Ǔ£���èǙ»(ţĞ��ǚ 
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Ū 6Ǐ� EZg DNAú� 

� EZg DNA$ú�%Â£cqJm8Œ��Ɠ��ǚ½uƼ8ĸ�ŧŴ�ïƴ

�Ź��ǙemQ^sLIjR@s8Œ��Šş��ǚŠşŷƂ#ƀƕĸ[100 

mM Tris-HCl (pH 9.0), 40 mM EDTA, 1.67% SDS] 300 µLǙÂ£cqJmǗWakoǘ

150 µL 8 �Ǚ50˚C � 15 �ǆŊ�ŏ��ǚŊ�ŏèǙ3 M ƾǀVTl=g

ǗpH 5.2ǘ150 µL8 �ǙĮu# 15�ǆǍƃ��ǚ�$èĺ°ĸ8 12,000×g, 

15 min $ƹì�ǌ#��uĻ8¹«��ǚuĻ# 2 �ǃ$>PZsm8 �

12,000×g, 15 min�ƹì�ǌ�4� �EZg DNA8įĪ���ǚįĪ��

DNA% 70%>PZsm�Ĳĵ�ǙƬųĭ#Ńƛ�4� �EZg DNAŃĸ 

��ǚ 

 

Ū 7Ǐ� EZg PCR�1'IsC>qKƛĖ 

� PCRƿŴ#% EX Taq8Œ��ǚªîĸ%eWi:m#ł��ƦƗ�ǙEZ

gſǋģŘƼ�8², OsTRE1$Ƽ�ƽ�8Ǚ�v$bk<esMRT8Œ�

� Ã Þ � � ǚ 5’-CTCCTCGTCCTCACAAAC-3’ � 1 '  5’-

TAGTAGACCTCCCGGAAC-3’ǚPCRĔ�% 98˚CǙ3�ǆ$ŊÆðèǙ98°CǙ

10Ţǆ$ŊÆðǙ55°CǙ30Ţǆ$:WslqDǙ72°CǙ30Ţǆ$�ǅªî8

30H<CmƓ��ǚÃÞ�5�ąŋ8 pGEM-T Easy VectorǗPromegaǘ#×

���ǚIsC>qKƛĖ% BigDye Terminator v3.1 Cycle Sequencing Kit

ǗApplied Biosystemsǘ ABI3130 Genetic AnalyzerǗApplied Biosystemsǘ

8Œ��Ɠ��ǚ 
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Ū 8Ǐ� ĭƅĝ¿ 

� Ū 2ŨǙŪ 2ů$ćı#ł��Ɠ��ǚ���|ÛĬƩ¸�$�Ĕ�% 16Č

ǆċďǛ8Čǆčď ��ǚ 

 

Ū 9Ǐ� RNAú�rcDNA°ô 

� Ū 2ŨǙŪ 2ů$ćı#ł��Ɠ��ǚ  

 

Ū 10Ǐ� ¥ÑǃŘ RT-PCR 

� Ū 2ŨǙŪ 2ů$ćı#ł��Ɠ��ǚOsTRE1$Ƽ�ƽ�$ÃÞ%Ǚbk

< e s  5’-GGGTATTTCCCTCACTGCTG-3’   5’-

GCGCGGTTCTGTGAGATAG-3’ 8Œ�ǙPCR Ĕ�% 98˚CǙ3 �ǆ$ŊÆð

èǙ98°CǙ10Ţǆ$ŊÆðǙ55°CǙ30Ţǆ$:WslqDǙ72°CǙ30Ţǆ$

�ǅªî8 30 H<CmƓ��ǚ*� OsACT1 $Ƽ�ƽ�$ÃÞ%Ǚbk<e

s 5’-TCCATCTTGGCATCTCTCAG-3’  5’-GTACCCTCATCAGGCATCTG-

3’ 8Œ�ǙPCRĔ�% 98˚CǙ3�ǆ$ŊÆðèǙ98°CǙ10Ţǆ$ŊÆðǙ55°CǙ

30Ţǆ$:WslqDǙ72°CǙ30Ţǆ$�ǅªî8 26H<CmƓ��ǚ 

 

Ū 11Ǐ� NaCl�ŏ 

� NaCl�ŏ%Ǚĭƅĝ¿�� 12ĉǖ$àƌ8bkKQRChRIi� Ǚ150 

mM NaClǗWakoǘ�Ł��5�\RT(ţ�ǙĜƼ8 NaClĭŃĸy# 24Č

ǆ�ü�4� �Ɠ��ǚ  
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Ū 12Ǐ� Tn[ksNĳðŀÑ 

� Ū 11Ǐ$ćı#ł��ǙNaCl�ŏ�Ǘ12ĉǖǘ�1' NaCl�ŏèǗ13ĉ

ǖǘ$àƌ$ĜƼ8¹«��ǚ¹«��ŷƂ8ĸ�ŧŴ�ïƴ�Ź��ǙemQ

^sLIjR@s8Œ��Šş��ǚŠş��ŷƂ# 50 mM MES-KOHǗpH 

5.7ǘ8 ��āû�Ǚ12,000×gǙ20�ǆ$ƹì�ǌ8Ɠ��ǚê25�uĻ8

�2# 14,000×gǙ10�ǆ$ƹì�ǌ#��� �ǙĨľ8Ï�#Ǌ©��ǚê

25�ŰPq]CƪŃĸ%ǙAmicon Ultra-0.5, 10 kDaǗMerckǘ8Œ��ņƁ

��ǚPq]Cƪņâ$ŀÑ% Takara Bradford Protein Assay KitǗTakaraǘ

8Œ��Ɠ�ǙģłŌƪ#%~Ú$=IƒĻ:mafq8Œ��ǚ 

� Tn[ksNĳð%ǙTn[osK ĭ�ƛ#13Ő�4Ʒǌ$DmFsK

8Ñǃ�4� �Ơ���ǚªîĸǟ50 mM MES-KOH (pH 5.7), 10 mM 

trehalose 999 (Hayashibara), crude protein 20 µgǠ100 µL8 30˚C� 60�ǆ

ªî��Ǚ�$è 100˚CǙ10�ǆ$Ŋ�ŏ�ªî8�Ħ���ǚªîĸy$D

mFsKǃ%ǙDmFsK CII-SKTpFsǗWakoǘ#13ŗƋªî8Ɠ��

èǙ505 nm #��4³�â8ŀÑ�4� �Ů���ǚĒĔ�� 1 �ǆ# 2 

nmol$DmFsK8x�4ƿŴǃ8 1 U ��ǚ 

 

Ū 13Ǐ� ®Ńðű$ú� 

� ĭƅĝ¿��12ĉǖ$àƌ8Œ��ǚĜƼ�1'½uƼ8�5�5¹«�Ǚ

ĸ�ŧŴ�ïƴ�Ź��ǙemQ^sLIjR@s8Œ��Šş��ǚŠş��

ŷƂ#0.1 mMkCTsKĭŃĸ8Hqbm100 mg#Ö�1 mL �Ǚ30�ǆŉ

İ��ǚ�$èĮu�ï��12,000×gǙ5�ǆ$ƹì�ǌ8Ɠ��ǚuĻ8¹«
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�Ǚ�2#14,000×gǙ10�ǆ$ƹì�ǌ8Ɠ�Ĩľ8Ǌ©��ǚê25�Ńĸ

%0.45 µmÍ`;mPs�ŇƸ�4� �ŀÑŒHqbm ��ǚ 

 

Ū 14Ǐ� ®Ńðű$ŀÑ 

� ®Ńðű$ŀÑ%Ǚ<?qCoeTDk`;sǗDIONEX ICS-5000+ǘ Ǚ

]mKU:qdohTlsğ�¸8Œ��Ɠ��ǚ@kg#% CarboPac PA1

8Œ�ǙŃ�% 40 mM NaOH� 40�ǆƓ��ǚDmFsKǙ`mCTsKǙ

KCosKǙTn[osKǙ�1'kCTsK$±Ñ%ģł¶$�üČǆ $ī

Ư#13Ɠ�Ǚ̄ űņâ%ģł¶8Œ���ô��ğǃž8. #Ů���ǚê

25�ņâ8�ƼģłŌƪǗkCTsKǘ$ņâ�Ɩħ�4� �ǙŐǁǃå�

3$űƏťǃ8Ů���ǚ 

 

Ū 15Ǐ� l:mP<g PCR 

� Ū 2 ŨǙŪ 2 ů$ćı#ł��Ɠ��ǚªî#Œ��bk<es$ƽ�%

Table 3-1#š�ǚ 
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Ū 3ů� ÒǔŹė 

 

Ū 1Ǐ� OsTRE1ÆŕĚ$�� 

� OsTRE1ÆŕĚ8���4�-ǙåƢƻ�Ì$Ū 1>BOq# 2ŭõ$EZ

gſǋģŘƼ�ǗTarget 2 �1' Target 3ǘ8ƞÑ��ǗFig. 3-1Aǘǚ

CRISPR/Cas98Œ��¯ģŘƼ�	2�5�51Ųź$OsTRE1ÆŕĚǗ2.15-

2 Ųź�1' 3.4-2 Ųźǘ8����ǚ¯ÆŕĚ	2EZg DNA 8ú��Ǚ

OsTRE1ƻ�Ì$ƽ�8ƛĖ�� �6Ǚ2.15-2Ųź�%ǂŐ¾ OsTRE1ƻ�

Ì īƯ�� 2ÂÀ$ĥÉǙ3.4-2Ųź�% 7ÂÀ$ĥÉ 1ÂÀ$ƃÿ
ƚÕ

�5�ǗFig. 3-1Bǘǚê25�ƻ�Ì¾	2Ǚ¯ÆŕĚ$ OsTRE1
FsU�

4Pq]Cƪ8ýÑ�� �6Ǚ2.15-2Ųź�% 100Ŕř$DlIqǙ3.4-2Ų

ź�% 40 Ŕř$lIq�ǉ$:fZǀƽ�
ǙǂŐ¾ OsTRE1  ŕ"���

�ǗFig. 3-2ǘǚ*�¯ÆŕĚ�%ǙýÑPq]Cƪ$�ǅ.ǂŐ¾ OsTRE1 

īƯ��ŝ�"����ǗFig. 3-2ǘǚ 

 

Ū 2Ǐ� OsTRE1ÆŕĚ#��4 OsTRE1$ŗŎ 

� EZg($Æŕ×�
ǙOsTRE1 $ŗŎ#çǎ8x�4	8ğƝ��ǚĭƅ

ĝ¿�� 12ĉǖ$àƌ$ĜƼ	2 RNA8ú��Ǚ¥ÑǃŘ RT-PCR8Œ��

OsTRE1 $ŗŎ8ƚÕ��ǚ*��$ČǙÃÞ�4Ƽ�ąŋ%Æŕ×�ŭõ1

3vĴ$ 3’đũ� ��ǚŗŎƛĖ$ŹėǙ2.15-2Ųź�1' 3.4-2Ųź�%ǂ

Ő¾Ě īƯ�� OsTRE1$ŗŎ
�v����ǗFig. 3-3ǘǚé��EZg(

$Æŕ×�#13ǙOsTRE1$mRNAƏťǃ
ĽØ�4� 
š�5�ǚ 
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Ū 3Ǐ� OsTRE1ÆŕĚ$Tn[ksNĳð 

� Ū 1Ǐ�1'Ū 2Ǐ$Źė	2ǙOsTRE1ÆŕĚ�%Tn[ksNĳð
�

v���4 {ñ�5�ǚ���ĭƅĝ¿�� 12ĉǖ$àƌ$ĜƼ	2ŰPq

]Cƪ8ú��Ǚin vitro�$Tn[ksNĳð8ŀÑ��ǚ�$ŹėǙOsTRE1

ÆŕĚ$Tn[ksNĳð%ǙǂŐ¾Ě īƯ�� 2.15-2Ųź� 29%Ǚ3.4-2Ų

ź� 18%*��v����ǗFig. 3-4ǘǚ*� OsTRE1% NaCl�ŏ#13ŗ

ŎƤ×�5ǙĜƼ�$Tn[ksNĳð8uĊ��4ǗIslam et al., 2018ǘǚ�

�� NaCl �ŏ8Ĉ��ĜƼ#���.Ǚ±Ģ$Tn[ksNĳðŀÑ8Ɠ�

�ǚĭƅĝ¿�� 12ĉǖ$àƌ$ĜƼ8 150 mM NaCl� 24Čǆ�ŏ��ǚ

�ŏè$ĜƼ	2ŰPq]Cƪ8ú��ǙTn[ksNĳð8ŀÑ��ǚǂŐ¾

Ě�%ǙNaCl�ŏ#13ĜƼ�$Tn[ksNĳð
 2.3�#uĊ��$#Ö

�Ǚ¯ÆŕĚ�% NaCl �ŏ#14Tn[ksNĳð$uĊ
ƚÕ�5"	�

�ǗFig. 3-4ǘǚ�u$Źė13ǙOsTRE1ÆŕĚ$ĜƼ�%Tn[ksNĳð


�v�4� 
š�5�ǚ 

  

Ū 4Ǐ� OsTRE1ÆŕĚ#��4®Ńðű$Əť 

� Tn[ksNĳð$�v#14űƏťǃ$Æ£8Ʀ)4�-Ǚĭƅĝ¿��

12ĉǖ$àƌ$ĜƼ�1'½uƼ8Œ��ǙTn[osKǙDmFsKǙ`m

CTsKǙ�1'KCosK$Əťǃ8Ñǃ��ǚĜƼ�$Tn[osKƏťǃ

%ǙǂŐ¾Ě
 64 µg/gFW����$#Ö�Ǚ2.15-2Ųź% 178 µg/gFWǙ3.4-

2Ųź% 240 µg/gFW����ǗFig. 3-5ǘǚ�5%ǂŐ¾Ě$Tn[osKƏ

ťǃ$ 2.8 ��1' 3.8 ���3ǙOsTRE1 ÆŕĚ$ĜƼ�%Tn[osK
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ǕƏť�4� 
ċ2	 "��ǚ*�ĜƼ#��4DmFsK `mCTs

K$Əťǃ%ǙǂŐ¾Ě OsTRE1ÆŕĚ$ǆ�Ü%ƙ25"	��ǚKCo

sKƏťǃ#���% 2.15-2Ųź�$+ĽØ
ƚÕ�5�ǗFig. 3-5ǘǚ 

� ½uƼ�$Tn[osKƏťǃ%ǙǂŐ¾Ě
 52 µg/gFW����$#Ö�Ǚ

2.15-2Ųź% 192 µg/gFWǙ3.4-2Ųź% 247 µg/gFW����ǗFig. 3-6ǘǚ�

5%ǂŐ¾Ě$Tn[osKƏťǃ$ 3.7 ��1' 4.8 ���3ǙOsTRE1 Æ

ŕĚ�%½uƼ#���.Tn[osK
ǕƏť����ǚ*�½uƼ#��

4`mCTsK KCosK$Əťǃ%ǙǂŐ¾Ě īƯ�� OsTRE1ÆŕĚ

�Ã ����ǚDmFsKƏťǃ#���% 2.15-2Ųź�$+Ã 
ƚÕ�

5�ǗFig. 3-6ǘǚ 

 

Ū 5Ǐ� Tn[osKǕƏť#14ǈëǇƻ�Ì$ŗŎÆ¢ 

� ��*�$Źė	2ǙOsTRE1 ÆŕĚ�%Tn[ksNĳð
�v�ǙĜƼ

�1'½uƼ#Tn[osK
ǕƏť�4� 
ċ2	 "��ǚ���

OsTRE1ÆŕĚ#���ǙTSR#ƙ254ĜƼ�$ǈëǇƵƻ�Ì$ŗŎƤ×


ƚÕ�54	8Ʀ)�ǚĭƅĝ¿�� 12ĉǖ$àƌ$ĜƼ8Œ��ǙTn[

osKƤ×ðƻ�ÌǙPR1#073ǙLOX8ǙJAmybǙOsKSL4, �1' OsKSL7$

ŗŎ8ƚÕ��ǚ�$ŹėǙLOX8 �1' OsKSL4 $ŗŎ%ǙǂŐ¾Ě 

OsTRE1ÆŕĚ$ǆ�Ü%ƚÕ�5"	��ǗFig. 3-7ǘǚtć�ǙPR1#073Ǚ

JAmybǙ�1' OsKSL7$ŗŎ%Ǚ2.15-2Ųź�$+uĊ��ǗFig. 3-7ǘǚ

é�� OsTRE1ÆŕĚ$ĜƼ�%Ǚ2.15-2Ųź�$+ǙtƼ$Tn[osKƤ
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×ðƻ�ÌǗPR1#073ǙJAmybǙOsKSL7ǘ$ŗŎ
Ƥ×�54
Ǚ2�$Ųź

#�Ƴ�4ǙTn[osKƤ×ðƻ�Ì$ŗŎƤ×%ƚÕ�5"	��ǚ 
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Ū 4ů� ƄÕ 

 

� ĜƼ($Tn[osK�ŏ% TSR8Ƥƫ�4ǚ�	�Tn[osK
!$1

�#�� TSR8Ƥƫ�4	%wċ��4ǚĒŨ�%ǙŵƆ�$Tn[osKƏ

ť
 TSR 8ä�ƫ��®Ƈð#���ğƟ��ǚCRISPR/Cas9 8Œ����

�� OsTRE1ÆŕĚ�%ǙTn[ksNĳð$�v ǙĜƼ�1'½uƼ�$

Tn[osKǕƏť
ƚÕ�5�ǚOsTRE1 ÆŕĚ$ĜƼ�%Ǚ2.15-2 Ųź�

$+ǙtƼ$Tn[osKƤ×ðƻ�Ì$ŗŎƤ×
ƚÕ�5�
Ǚ2�$Ųź

#�Ƴ�4ǙTn[osKƤ×ðƻ�Ì$ŗŎƤ×%ƚÕ�5"	��ǚ  

� mRNA$ƥ+Ę$Ʋy#Ć�"ŶĦFUq8Ő���4Æŕ8VqMqKÆ

ŕ ��ǚśěŐŌ�%ǙVqMqKÆŕ8ü�mRNA#14ŕÝPq]Cƪ

$ Ə ť 8 ǈ 
 � - Ǚ Æ ŕ ¾ mRNA 8 ƺ ø Ř # � ƛ � 4 Ÿ ƭ

ǗNonsense−mediated mRNA decay, NMDǘ
Î¼�4ǗMaquat, 2002ǘǚ�

��� 2Ųź$ OsTRE1ÆŕĚ�%ǙOsTRE1$ mRNA#`nsgI`T#

ƫº�4Ć�"ŶÊFUq
Ő�4 ýÑ�5�ǗFig. 3-2ǘǚ�$�-ÆŕĚ

#��4 OsTRE1$mRNAƏťǃ$ĽØ%ǗFig. 3-3ǘǙNMD#14�ƛĤ

ġ
����-��4 Ƅ�254ǚ 

� ŰPq]Cƪ8Œ��ƛĖ	2ǙOsTRE1 ÆŕĚ�%Tn[ksNĳð$�

v
ƚÕ�5�
Ǚĳð$Ï�"ķÉ%ƙ25"	��ǗFig. 3-4ǘǚOsTRE1

$ mRNA #���.Əť$Ï�"ķÉ%ƙ25�ǗFig. 3-3ǘǙ�5
ÆŕĚ

$ĨÎTn[ksNĳð$¨º#.ƙ�4ǚ�	�ƻ�Ì¾ƛĖ	2Ǚ̄ ÆŕĚ

#��� OsTRE1
ĤƇ8�ü���4®Ƈð%Ƅ�#��ǗFig. 3-1, 3-2ǘǚ
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�$�-ÆŕĚ�ğ��5�Tn[ksNĳð% OsTRE1 ŕ"4Pq]Cƪ

#œĕ�4®Ƈð
�4ǚTn[ksN%tƊŘ# GH15Ǚ37Ǚ�1' 65#�

ǐ�54
ǗShukla et al., 2015ǘǙ<Y#���% GH15�1' 658FsU

�4ƻ�Ì%ƙ��5��"�ǚé��<Y#%ǙĐŜ$Tn[osK�ƛƿŴ


Î¼�4®Ƈð
Ƅ�254ǚ  

� OsTRE1 ÆŕĚ#��4®Ńðű$ƛĖ	2Ǚ½uƼ�%Tn[osKƏť

ǃ
Ã �4���"�Ǚ`mCTsK�1'KCosK$Əťǃ.Ã �4

� 
ċ2	 "��ǗFig. 3-6ǘǚIo<XVLV�%ǙTn[osKŐ°ô

$yǆ���4 Tre6P$Əťǃ
ǙDmFsKǙ`mCTsKǙ�1'KCo

sK$Əťǃ Ǚħ$ŚǇǇ�#�4� 
š�5��4ǗYadav et al., 2014ǘǚ

�$�-Tn[osKƏťǃ.Ǚ}$űƏťǃ ħ$ŚǇǇ�#�4®Ƈð%

¤�#Ƅ�254ǚtć�ĜƼ#���%Ǚ½uƼ�ƚÕ�541�"ǙTn[

osKƏťǃ }$űƏťǃ $Ǉ�%ƙ��5"	��ǗFig. 3-5ǘǚĜƼ%

tƊ#IqC¸Ð��4 Ƅ�25Ǚňĭ£Ō$È�%żƎ"!$OsK¸Ð

	2ƮĴ���4KCosK#œĕ�4ǗWard et al., 1998ǘ. é���$Źė

%ǙTn[osK$ǕƏť
űƮĴ#çǎ8x�"�®Ƈð8š·���4ǚ 

� OsTRE1ÆŕĚ$ĜƼ8Œ��ǙTSR�Ƥ×�54ƻ�Ì 5Ť$ŗŎ8ƛĖ

��ŹėǙ2.15-2 Ųź�$+ PR1#073ǙJAmybǙ�1' OsKSL7 $ŗŎƤ×


ƚÕ�5�ǗFig. 3-7ǘǚ2.15-2Ųź 3.4-2Ųź%Ǚ��5.ĜƼ#Tn[

osK8ǕƏť���4ǚ�$�-Ǚ�$ŗŎƤ×$¨º
Tn[osKƏť�

�4 %Ƅ�#��ǙKCosKƏťǃ"!}$¨º8Ƅ�4íƘ
�4ǚ*�

LOX8�1' OsKSL4$ŗŎ%ǙǂŐ¾Ě OsTRE1ÆŕĚ$ǆ�Ü%ƙ25
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"	��ǗFig. 3-7ǘǚ�u$� 	2ǙOsTRE1ÆŕĚ�%Ǚ2�$Ųź#�

Ƴ�4Tn[osKƤ×ðƻ�Ì$ŗŎƤ×%ƚÕ�5�ǙTn[osKǕƏ

ť
 TSRĢ$ŎƩ8ä�ƫ��®Ƈð%�� Ƅ�254ǚTSR%ŵƆÇ$T

n[osK#1��Ƥƫ�54®Ƈð
Ǖ�ǚ 
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Gene name  RAP ID MSU ID Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3')
OsACT1 Os03g0718100 LOC_Os03g50890 TCTCTCTGTATGCCAGTGGTCG GTCGAGACGAAGGATAGCATGG
PR1#073 Os07g0127600 LOC_Os07g03590 TTATATATGTATGTTCGTATGTATGTATGC TGATGTACTTATTCCATCCGACAC
LOX8 Os08g0509100 LOC_Os08g39850 TGGGAGGACATCTACTTGC AACATCAACAACAACCACTTC
JAmyb Os11g0684000 LOC_Os11g45740 GCAAGAGGTTCAAGGATGCCA AGCTAGTCACCATGCTCGGA
KSL4 Os04g0179700 LOC_Os04g10060 CGCCTTTGTAACTCTAAGGTA ACGTAAAAGGCTTGTATATC
KSL7 Os02g0570400 LOC_Os02g36140 TTCATCTCTGTCACTTTTTCTTTTT ATCCCAACGAAGTCATCCAC

Table 3-1. Primers used in qRT-PCR



WT

2.15-2

WT

3.4-2

OsTRE1 genomic DNA

A

B

Fig. 3-1 . Creation of the ostre1mutants
(A) Structure of the OsTRE1 gene. UTR, exon, and intron were indicated by white box, gray box, and
black horizontal line, respectively. Edited genome site of two independent lines, 2.15-2 and 3.4-2,
locate on black and white triangle, respectively. (B) Edited genome sequence of line 2.15-2 and line
3.4-2.

200 bp
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Fig. 3-2 . Alignment of the cDNA sequences encoded by OsTRE1.
The	cDNA	sequences	of	OsTRE1 derived	from	wild-type	(AK108163),	2.15-2,	and	3.4-2	were	aligned.	
Deduced	amino	acid	sequences	were	indicated	below	nucleotide	sequence.	
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OsTRE1

OsACT1

Fig.	3-3.		The	expression	of	OsTRE1	in	the	ostre1mutants
Total	RNA	was	extracted	from	the	roots	of	12-d-old	seedlings.	Semi-quantitative	RT-PCR	was	
performed	using	OsTRE1-specific	primers. OsACT1 expression	was	used	as	the	endogenous	control.
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Fig. 3-4 . Trehalase activity of the ostre1mutants
Hydroponically grown 12-d-old seedlings were treated with 150 mM NaCl for 24 h. Crude protein was
extracted from roots tissue collected before the treatment (No treatment) and after the treatment.
Trehalose hydrolyzing activity was measured from the amount of glucose released from trehalose.
Data represent means� SE (n = 3). Different letters indicate statistically significant differences with
P < 0.05 (Tukey test).
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Fig. 3-5. Soluble sugar contents of roots in the ostre1mutants
Seedlings were grown under hydroponic conditions for 12 d. Soluble sugars were then extracted from
the roots and quantified using HPAEC-PAD. The data represent means� SE (n = 4). Asterisks indicate
statistically significant differences compared with the wild-type (t test, �: 0.01 < p < 0.05, ��: p <
0.01).
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Fig. 3-6. Soluble sugar contents of shoots in the ostre1mutants
Seedlings were grown under hydroponic conditions for 12 d. Soluble sugars were then extracted from
the shoots and quantified using HPAEC-PAD. The data represent means � SE (n = 4). Asterisks
indicate statistically significant differences compared with the wild-type (t test, �: 0.01 < p < 0.05, �
�: p < 0.01).
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Fig. 3-7. Expression analysis of trehalose-inducible genes in the ostre1mutants
qRT-PCR was performed using total RNA isolated from wild type (WT) and mutants (lines 2.15-2 and
3.4-2) grown under hydroponic conditions. The expression level of each defense-related gene was
normalized to the expression of OsACT1. The data represents mean� SE (n = 3). Asterisks indicate
statistically significant differences compared with the wild-type (t test, p < 0.05).
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ŧ 4ť� Xt_uxMƢÛôƮ�½Ñ OsERF83%ĥƁƛę 

 

ŧ 1Ū� ŷƤ 

 

� Ethylene response factorǡERFǢ&ǣAPETARA 2 (AP2)/ERFMxaxd;

mrx:ģú�6Jed;mrx% 1 � �5ǣ<m^ǂƿ¡}$ DNA ų²

Yo>v �6 AP2/ERF Yo>v: 1 �Ă��!$3��łñ��476

ǡNakano et al., 2006; Riechmann et al., 2000ǢǤERF&@TtvƢÛôƽ�

Ñ%fupxRxǘÃ$ų²�6RvaEƪ!��ǣR`HǡNicotiana 

tabacumǢ$
��¢/�Æ·�7�ǡOhme-Takagi and Shinshi, 1995ǢǤ�

7, $Í�%ġŁŠ ERF%ĥƁƛę�ƒ97ǣġŁispv%KFZs�

ƹǡOhme-Takagi and Shinshi, 1995ǢǣňŁwǓňŁMXtM)%óũǡGu et 

al., 2000; Liu et al., 1998; Dubouzet et al., 2003Ǣǣ�Ħ�ƥŉŁ%ň²úƣŪ

ǡvan der Fits and Memelink, 2000; Broun et al., 2004; Zhang et al., 2005Ǣǣ

ƍ1ƈƉ%êøêúǡvan der Graaff et al., 2000; Chuck et al., 1998Ǣ$Ǌ|

�6�!�Ŝ�7��6Ǥ 

� >]$
��&ǣG^nz$ 77 Hcx% ERF ƽ�Ñ�ƙ��7��6

ǡSharoni et al., 2011ǢǤ�7, %řţ�4ǣ����% OsERFƽ�Ñ�ǣ

~ĿǣÈǣ
3(�īMXtM#"%ǓňŁMXtMŽô$Ǌ|�6�!

ǡHattori et al., 2009; Jung et al., 2010; Lee et al., 2016; Schmidt et al., 2013; 

Wan et al., 2011; Yu et al., 2017; Zhang et al., 2013Ǣǣ,�Üš%êøêú:

£ï�6�!�Đ4�!#���6ǡKomatsu et al., 2003; Ren et al., 2013ǢǤ 
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� TSR :ƛę�6Ƹş ǣXt_uxM�ņ$35Ďē$ƢÛ�76Ʈ�½Ñ

ƽ�Ñ!�� OsERF83:ƙ���ǤOsERF83%Xt_uxM$36ŏŅƢÛ

&ǣJAň²úËōĝ$
��ĲÏ�6�!�4ǡFig. 2-7ǢǣOsERF83& TSR

$
�6 JA �ÒŐ#KF]s�ƹŲƬ$Ǌ|���6!ż	476Ǥĕť 

&ǣTSR$
�6 JAKFZs%ë¦:�4$ĢƜ�6�/ǣOsERF83%ĥƁ

ƛę:ƒ�ǣOsERF83�£ï�6{ıƽ�Ñ:ĭÔ��Ǥ 
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ŧ 2Ū� ÕǛĖĊ
3(ČĮ 

 

ŧ 1Ǘ� ġŁĖĊ 

� ǄňÂĝ!��ǣ>]ǡOryza sativa L.Ǣ¸Š	2
'�5�:�Ŋ��Ǥ2


'�5&>]�0�ŎŖôÿýôƽ�Ñé Pia :Ă�ǣ>]�0�Ŏƌ

ǡrace 007Ǣ$ŻŎ�6Ǥ  

 

ŧ 2Ǘ� ŠÑĹƌ 

� ŧ 2ťǣŧ 2Ū%ČĮ$ķ��ƒ��Ǥ  

 

ŧ 3Ǘ� īž
3(¾žĠÄ 

� ŧ 2ťǣŧ 2Ū%ČĮ$ķ��ƒ��Ǥ  

 

ŧ 4Ǘ� ƀÑùĺĳ%ƣƖ 

� ŧ 2ťǣŧ 2Ū%ČĮ$ķ��ƒ��Ǥ 

 

ŧ 5Ǘ� >]�0�Ŏƌ%MftxąŠ 

� īžĠÄ�� 12čǞ%æƊ%Àzƾ$ǣŧ 4Ǘ ƣƖ��ƀÑùĺĳ 3 mL

:Mftx:Ŋ��»ǐ�ņ��Ǥ�ņì%æƊ:ňſ`UX�!Øǈ°Ɓ#

ƲĐfqMTUEjUEM)�7ǣ25˚CǣĒü ǥčÄǚ��Ǥ�%ìfqM

TUEjUEM: 25˚CǣƵŵ�$ƝÔ�7��àĪƧº�$Ş�ǣ�4$ 5č

ǉÄǚ��Ǥ»ǐ�ņì&ǣ>]�0�Ŏƌ%Ŏĉêú:���/ǣfqMTU



 

 81 

EjUEM�:ǜĶè$���Ǥ  

  

ŧ 6Ǘ� ©²Ł�ņ 

� īžĠÄ�� 14čǞ%æƊ:Ŋ��ǤæƊ%Àzƾ)ǣ0.05% Tween 20 ĸ

ĳ ƣƖ��ǣ100 µM methyl jasmonateǡMeJAǢǡWakoǢǣ5 mM SAǡnacalai 

tesqueǢǣ,�& 1 mM ethephonǡSigma-AldrichǢ: 3 mL »ǐ��Ǥ,�

Mock!��ǣ0.05% Tween 20 ĸĳ 3 mL:»ǐ��ªŌ0Ɲ��Ǥ  

 

ŧ 7Ǘ� RNAĀ�wcDNA²ú 

� ŧ 2ťǣŧ 2Ū%ČĮ$ķ��ƒ��Ǥ 

 

ŧ 8Ǘ� «ÔǅŐ RT-PCR 

� ŧ 2ťǣŧ 2Ū%ČĮ$ķ��ƒ��ǤOsERF83%ƾ�ƿ¡%Êä&ǣfq

> l x  5’-CATGTCGCTTCATCCTCACC-3’ !  5’-

AGGTAGTCAGGTCCCAGGTC-3’ :Ŋ�ǣPCRė�& 98˚Cǣ3�ǉ%ľËô

ìǣ98°Cǣ10ŝǉ%ľËôǣ55˚Cǣ15ŝǉ%<[xrvFǣ68˚Cǣ30ŝǉ%

�Ǉ­ó: 33 J>Esƒ��Ǥ,� OsACT1 %ƾ�ƿ¡%Êä&ǣfq>l

x 5’-TCCATCTTGGCATCTCTCAG-3’ ! 5’-GTACCCTCATCAGGCATCTG-

3’ :Ŋ�ǣPCRė�& 98˚Cǣ3�ǉ%ľËôìǣ98°Cǣ10ŝǉ%ľËôǣ55°Cǣ

15ŝǉ%<[xrvFǣ68°Cǣ30ŝǉ%�Ǉ­ó: 26J>Esƒ��Ǥ  
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ŧ 9Ǘ� ůƀ�Þ¿ƛę 

� ůƀ�Þ¿ƛę$Ŋ�6ŏŅgERxpUC-GWGFP :ƣƖ��ǤpGWB5

ǡNakagawa et al,. 2007Ǣ$´,76 35SfupxRxǘÃ! sGFPHxYǘ

Ã:ǣHind III
3( Sac I:Ŋ�� 5��ǣpUC19ǡTakaraǢ$Û���Ǥ

ŵ�� pAct-ZH2ǡSentoku et al., 2000Ǣ$´,76^arvKvRxPRxm

]xRxǘÃ:ǣSac I
3( EcoR I:Ŋ�� 5��ǣ�+"% pUC19$Û

��6�! pUC-GWGFP!��Ǥ 

� MXUfHYv:Ǎ�OsERF83%ORF:�{%fq>lxOUX:Ŋ��

Êä��Ǥ 5’-AAAAAGCAGGCTATGCATTGCTGCATGTCG-3’ 
3(  5’-

AGAAAGCTGGGTAGATGGAGTGGTGGCTTG-3’ Ǥ Ê ä � 7 � ċ ŀ :

pDONR221ǡThermo Fisher ScientificǢ$Û��ǣ���� LR­ó$35ŏ

ŅgERx pUC-GWGFP $Û���Ǥ�Ɩ��HvMXqEX:1.0 µm Gold 

particleǡBio-RadǢ%Ɣǔ$HxW=vF�ǣPDS-1000 biolistic delivery 

systemǡBio-RadǢ:Ŋ��ǣRl]DƔőůƀ$Û���ǤRl]DƔőůƀ

$&ǣáƩ%Rl]D�4¯5Ì��ǝƋƍ%��%Ɣőůƀ:Ŋ��ǤêƪƮ

ćůƀ%ƚÙ&ǣ GFPd=sRx
3( Texas Red d=sRx:�	�Ɛ�

ǙðǆǡLeica DM6000BǢ:Ŋ��ƒ��Ǥ 

 

ŧ 10Ǘ� Transactivation activity ƠǛ 

� OsERF83 % ORF :�{%fq>lxOUX:Ŋ��Êä�ǣpEG202

ǡGyuris et al., 1993Ǣ$Û���Ǥ5’-GAATTCATGCATTGCTGCATGTCGC-

3’ 
3( 5’-CTCGAGTCAGATGGAGTGGTGGCTTG-3’Ǥ,�HvXuxsŊ
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HvMXqEX!��ǣƮ�İô©Yo>vǡB42ADǢ,�& OsACTǥ% ORF

: pEG202 $Û���Ǥ�Ɩ��HvMXqEX:ǀǂrT?nĮǡSchiestl 

and Gietz, 1989Ǣ:Ŋ��ǁĨǡSaccharomyces cerevisiaeǢEGY48ĝǡMATα, 

ura3, his3, trp1, LexA(op(x6))-LEU2Ǣ$Û���ǤêƪƮć�7�ǁĨ:?q

KsǣbMTLvǣXrfXd;v:Ǎ�� SDÄÀz ňſ���ǤƮ�İô

©Ɓ&êƪƮćǁĨ%u>KvƘĬô
3( β-galactosidase İô Ɵ���Ǥ 

 

ŧ 11Ǘ� űć	RvaEƪ%ƣƖ 

� OsERF83 % ORF :�{%fq>lxOUX:Ŋ��Êä��Ǥ5’-

GGATCCATGCATTGCTGCATGTCGC-3’ǡ{Ÿƾ&£ǌǁŭ BamH I %ơƦ

ƿ¡:Ŝ�Ǣ
3( 5’-CTCGAGAGATCAGATGGAGTGGTGG-3’ǡ{Ÿƾ&£

ǌǁŭ Xho I%ơƦƿ¡:Ŝ�ǢǤÊä��ƿ¡: BamH I
3( Xho I:Ŋ�

� pET28bǡNovagenǢ$Û��ǣ�7:Ŋ��ÎƂƌǡEscherichia coliǢ

BL21(DE3)ĝ:êƪƮć��Ǥî47�űć	ÎƂƌ: LB ĳ�ÄÀ ¤Äǚ

��ìǣÄǚĳ 100 µL: 100 mL% LBĳ�ÄÀ$ġƌ�ǣ37˚C 3đǉă

ŒÄǚ��ǤŰĻè 0.4 mM% IPTG:§	�4$ 16˚C 16đǉÄǚ�6�

! űć	RvaEƪ:ƢÛ��Ǥƺò�Ǐ$35¼®��ƌ�:ŹƓĳ [50 

mM rvǂZXr?nŹƓĳ(pH 8.0), 0.5 M NaCl] $ùĺ�ǣƫǖįśŚ�6

�! ļůƀĀ�ĳ:î�Ǥ�7: Ni-NTA ā�ǡQiagenǢ$Ƴ�ǣHis-tagƑ

² OsERF83:µŗ���Ǥ250 mM>mSQxsĸĳ: Ni-NTAā�$Ƴ�

�! œŐRvaEƪ:ĸ���Ǥ 
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ŧ 12Ǘ� GsKdXƠǛ 

� GCC fuxeǡ5’-TAAGAGCCGCCTAAGAGCCGCC-3’Ǣ!ËōÂ GCC

ǡmGCCǢfuxeǡ5’- TAAGATCCTCCTAAGATCCTCC-3’Ǣ&ǣŕƕŐ#DNA

ArIlxOUX: 98˚C 5�ǉľËô���ìǣ25˚C 15�<[xs��

6�! ƣƖ��ǤRvaEƪ!fuxe%ų²­ó&ǣfuxe 2.5 µg!ū

ƖRvaEƪ 1 µg:ų² Buffer [20 mM Hepes-NaOH (pH 7.6), 1 mM EDTA, 

10 mM (NH4)2SO4, 1 mM dithiothreitol, 2% Tween 20, 30 mM KCl] 50 µL}

 4˚Cǣ1 đǉǒź��6�! ƒ��Ǥ­óĳ}%RvaEƪ-fuxeƗ²

�& 8% TBE-PAGE ƷǏfuxe!�Ǐ�ǣfuxe:ƃ©@TL?něƇ

�6�! Ģ���Ǥ 

 

ŧ 13Ǘ� OsERF83Ƹ¥ŏŅĝ%�� 

� OsERF83 % ORF :�{%fq>lxOUX:Ŋ��Êä��Ǥ5’-

TCTAGATCTATTATTCGGCGGCGGC-3’ǡ{Ÿƾ&£ǌǁŭ Xba I%ơƦƿ¡

:Ŝ�Ǣ
3( 5’-GGTACCACATGTTAACCACTGCTAG-3’ǡ{Ÿƾ&£ǌǁ

ŭ Kpn I%ơƦƿ¡:Ŝ�ǢǤÊä��ƿ¡: Xba I
3( Kpn I:Ŋ��`>

ZrxgERxpAct-ZH2ǡSentoku et al., 2000Ǣ$Û���ǤêƪƮć>]&ǣ

ŧ 3ťǣŧ 2Ū%ČĮ$ķ������ǡHiei et al., 1994ǢǤ 

 

ŧ 14Ǘ� >]�0�Ŏƌ:Ŋ��ŎÖÿýôƠǛ 

� ŧ 2 ťǣŧ 2 Ū%ČĮ$ķ��ƒ��Ǥ���ŎÖÿýôƠǛ$Ŋ�6>]

&¾žĠÄ 25čǞ%0%!�ǣXt_uxM�ņ&ƒ9#���Ǥ 
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ŧ 15Ǘ� r<sR>n PCR 

� ŧ 2 ťǣŧ 2 Ū%ČĮ$ķ��ƒ��Ǥ­ó$Ŋ��fq>lx%ƿ¡:

Table 4-1$Ŝ�Ǥ 
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ŧ 3Ū� ÕǛųĚ 

 

ŧ 1Ǘ� OsERF83%ŏŅfud;>s 

� OsERF83 & AP2/ERF Yo>v: 1 �Ă� 24 kDa %RvaEƪ:HxY

�ǣ�ÑŬŴƛę%ųĚ�4Ku>\ZNZ%ŎÖóũôERF �6AtERF15, 

ORA59, 
3( ERF1!ǜ�ŕ³ô:Ŝ��ǡFig. 4-1ǢǤ�� OsERF830

ŎÖóũô%ƽ�Ñ �6�:ĢƜ��ǤīžĠÄ��æƊ%Àzƾ$>]�

0�Ŏƌ:»ǐ�ǣ÷ěƍ$
�6 OsERF83%ŏŅ:ŲđŐ$ƚÙ��Ǥ�%

ųĚǣOsERF83%ŏŅ&Ǔ÷ěƍ$
����tgs$��7��6%$Ú�ǣ

÷ěƍ &ąŠì 2 čœ�4ǙƎ$ƢÛ�76�!�Đ4�!#��ǡFig.4-

2AǢǤí��ǣOsERF83 &ŎÖóũô% ERF  �6�!�Ŝ�7�ǤĦ$

OsERF83%Ƴãňſđ$
�6±ºÓ %ŏŅ:ƣ*�Ǥ¾žĠÄ��>]%

ğƾǣƍǕǣƍƭǣæšǣƏǣ�ŢǣÌŢǣ
3(Ñû:Ŋ��ǣOsERF83%

ŏŅ:ƚÙ��Ǥ�%ųĚǣOsERF83&ƍǕǣƍƭǣ
3(æš ŏŅǅ��

���%$Ú�ǣğƾǣ�Ţǣ
3(ÌŢ &ǜŏŅ���6�!�Đ4�!#

��ǡFig. 4-2BǢǤ 

 

ŧ 2Ǘ� ġŁispv$36 OsERF83%ŏŅƢÛ 

� JAǣSAǣET #"%ġŁispv&ġŁ%ŎÖóũ$Ǌ|�6Ǥ�� 

OsERF83%ŏŅ�ġŁispv$35£ï�76�:ĢƜ��ǤīžĠÄ��

14 čǞ%æƊ%Àzƾ$ MeJAǣSAǣ,�& ethephon :»ǐ�ǣOsERF83

%ŏŅ:ƛę��ǡFig. 4-3ǢǤMeJA�ņ�7�>] &ǣOsERF83%ŏŅǅ
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��ņì 2đǉ�4zď�ǣ8đǉ cxE$ƹ��Ǥ,��%ŏŅzď&ǣ�

ņì 16 đǉ, ĩƯŐǜ�,,ŶĂ�7�ǤyČ SA �ņ�7�>] &ǣ

�ņì 4 đǉ, $ OsERF83 %ŏŅ�ưƴ$ƢÛ�7ǣ�%ì 8 đǉ, $

ÅçtgsƱ�$, �{��Ǥ ethephon�ņ>]$
��0ǣSA�ņ!³

�aRxv%ŏŅË¨�ƚÙ�7�Ǥ�74%ųĚ�4ǣ&>]�0�Ŏ÷ěđ

$
�6 OsERF83 %ŏŅƢÛ&ǣƗĈ%ġŁispv$3��£ï�76°

Ɓô�Ŝ¹�7�Ǥ 

 

ŧ 3Ǘ� OsERF83%ůƀ�Þ¿ 

� OsERF83& ERFd;mrx$ß�6Ʈ�½Ñ!��Ğ$Þ¿�6!ż	4

7�Ǥ,�ĞÞ¿KFZs�ĵfuFqnǡ cNLS Mapperǣhttp://nls-

mapper.iab.keio.ac.jp/Ǣ$36!ǣOsERF83& AP2/ERFYo>v%Ʊ�$Ğ

Þ¿ƿ¡:´-ǣĞ$Þ¿�6�!��ĵ�7�Ǥ�%°Ɓô:Ģƞ�6�/ǣ

GFPƑ²RvaEƪ:Ŋ��ůƀ�Þ¿ƛę:ƒ��ǤaxW=Esjv`x

YovXĮ:Ŋ��ǣRl]DƔőůƀ$ƷǏ GFP ,�& OsERF83-GFP :

yƸŏŅ���ǤƷǏ GFP%Ɛ�KFZs�ůƀ}%ůƀƪ
3(Ğ��$Á

y$�â����%$Ú�ǡFig. 4-4A-CǢǣOsERF83-GFP%Ɛ�KFZs&ǣ

ůƀ�%Ğ%- ƚÙ�7�ǡFig.4-4D-FǢǤí��ǣOsERF83 �ĞRvaE

ƪ �6�!�Ŝ¹�7�Ǥ 

 

ŧ 4Ǘ� OsERF83%Ʈ�İô©Ɓ 

� ERFd;mrx&ǣƮ�:ħ$£ï�6ƣŪ½Ñ!ǣƨ$£ï�6ƣŪ½Ñ
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:´.ǤOsERF83�ħ%ƣŪ½Ñ �6�ǣ�6�&ƨ%ƣŪ½Ñ �6�:

Đ4�$�6�/ǣǁĨVx_>erUYŬ:Ŋ��ǣƮ�İô©Ɓ%ƛę:ƒ

��Ǥ DNAų²Yo>v LexA% CĔŦ$ OsERF83:Ƒ²��CoqRv

aEƪ:ǁĨ$ŏŅ��ǣLexAAhtxRx{ı%tkxRxƽ�ÑǡLEU2


3( lacZǢ%ŏŅ:ǣűć	ǁĨ%ĜǚƘĬô
3( X-gal �ƛƁ Ɵ��

�ǡFig. 4-5AǢǤ�%ųĚǣLexA-OsERF83 :ŏŅ�6ǁĨůƀ&ǣǎôÚĽ

 �6 LexA-B42AD !³Ĥ$ǣu>KvǓÒ¿{ ƆÐ#ňſ:Ŝ�!!0$

β-BqEXKSxPİô$ŋĘ�6ǑƇ¶Ƈ:Ŝ��ǡFig. 4-5BǢǤ�%ųĚ�

4ǣOsERF83�ħ%Ʈ�ƣŪ½Ñ!��ĥƁ�6�!:Ŝ�7�Ǥ 

 

ŧ 5Ǘ� OsERF83% GCCjUEM)%ų² 

� AP2/ERFYo>v&ǣGCCjUEM$łōŐ$ų²�6ǡOhme-Takagi and 

Shinshi�1995ǢǤ�� OsERF830 GCCjUEM:ơƦ�6�:ĢƜ��Ǥ

ÎƂƌ:Ŋ��ŉň��űć	 His-OsERF83:ǡFig. 4-6AǢǣGCCjUEM

f u x e ǡ TAAGAGCCGCC Ǣ , � & mGCC j U E M f u x e

ǡTAAGATCCTCCǢ!­ó��ǣTBE-PAGE:Ŋ��RvaEƪ-fuxeƗ

²�:�Ǐ��Ǥfuxe!�� GCC jUEM:Ŋ��Ç²ǣRvaEƪ-f

uxeƗ²�$ŋĘ�6KdX`vY�ƚÙ�7�%$Ú�ǣfuxe$

mGCCjUEM:Ŋ��Ç²$&ǣKdX`vY&ƚÙ�7#���ǡFig. 4-

6BǢǤí���%ųĚ�4ǣOsERF83� GCCjUEM!ų²�6�!�Ŝ�

7�Ǥ 
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ŧ 6Ǘ� OsERF83Ƹ¥ŏŅĝ%ŎÖÿýô 

� OsERF83 �ŎÖÿýô:£ï�6�"��:ƣ*6�/ǣOsACT1 fup

xRx£ï{ OsERF83:Ƹ¥ŏŅ�6êƪƮć>]ǡOsERF83oxǢ:��

��ǤŃŤǦŬŴ% OsERF83ox:Ƽþ�ǡFig. 4-7AǢǣŧ 5ƍ%ƍƭ$>]

�0�Ŏƌ:ąŠ��Ǥêú�7�Ŏĉ:ƚÙ��ųĚǣ�*�%êƪƮćŬŴ

$
��ǣǄňÂĝ!ĩƯ��ŎĉǇ%ĴÝ�ƚÙ�7ǡFig. 4-7BǢǣ�%ş

è& 6-3ŬŴǣ20-6ŬŴǣ
3( 24-3ŬŴ 52Ǡǣ49Ǡǣ
3( 67Ǡ ��

�ǡFig. 4-7CǢǤ,�>]�0�Ŏƌ$Ú�6ÿýôńî%şè&ǣ±êƪƮ

ćŬŴ$
�6 OsERF83 %ŏŅtgs$ǊƵ���63� ���ǡFig. 4-

7A, CǢǤí��ǣOsERF83�>]�0�Ŏ$Ú�6ÿýô:ħ$£ï�6�

!�Ŝ�7�Ǥ 

 

ŧ 7Ǘ� OsERF83%{ıƽ�Ñ 

� OsERF83:���ǋïóũ&ǣƸ¥ŏŅĝ$
��õãŐ$İô©�7��

6!Ćĵ�7�Ǥ�� OsERF83 %{ıƽ�Ñ:³Ô�6�/ǣŧ 5 ƍ%ƍ

ƭ�4Ā��� RNA:Ŋ��l>Eu<t>ƛę:ƒ��ǤOsERF83oxǡ20-

6ŬŴǢ
3(ǄňÂĝ%Ʈ�ŉŁ:ĩƯ�ǣOsERF83ox$
��ŏŅzď�

��6ǋïǊƵƽ�Ñ:Đ4�$��ǡTable 4-2ǢǤ�%�� PRRvaEƪ

:HxY�6ƽ�Ñ$ŗœ�ǣ³Ĥ$ƣƖ��RNA:Ŋ��r<sR>nPCR

$35ŏŅƛę:ƒ��Ǥ�%ųĚǣƸ¥ŏŅĝ & PR1ǡLOC_Os07g03710: 

PR1ǟ074ǢǣPR2ǡLOC_Os01g71350: Gns6ǢǣPR3ǡLOC_Os04g41680: cht5, 

LOC_Os01g18400: cht10 Ǣ ǣ PR5 ǡ LOC_Os03g46070: TLP Ǣ ǣ PR10
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ǡLOC_Os12g36850: PR10bǢ:HxY�6ƽ�Ñǣ
3(ŎÖÿýô$Ǌ|�

6�!�Ř47��6�%ǋïǊƵƽ�ÑǣRIR1bǡLOC_Os10g41980Ǣǣ

RIR1b-likeǡLOC_Os10g41999ǢǡSchaffrath et al., 2000Ǣ%ŏŅǅ�zď�

���ǡFig. 4-8ǢǤí��ǣOsERF83&�74%ǋïǊƵƽ�Ñ%ŏŅ:ƣ

Ū�6�! >]�0�Ŏ$Ú�6ÿýô:£ï���6°Ɓô�ż	47�Ǥ 
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ŧ 4Ū� żÙ 

 

� ERF&ġŁ%úǇ
3(ŇÉƻó$Ǌ96Ʈ�½Ñ �5ǣKu>\ZNZǣ

XlXǡSolanum lycopersicumǢǣR`Hǣ
3(>]$
�6ŎÖÿýôń

î$0×|�6ǡBerrocal-Lobo et al., 2002; Gu et al., 2002; Guo et al., 2004; 

Liu et al., 2012ǢǤĕřţ &ǣXt_uxM�ņ$35 JA�ÒŐ$ƢÛ�7

6 OsERF83%ĥƁƛę:ƒ��ǤOsERF83&KM@tovX!�� GCCj

UEM:ơƦ�ǣPRRvaEƪƽ�Ñ%ŏŅ:ħ$ƣŪ�6Ʈ�İô©½Ñ!

��ĥƁ��Ǥ,� OsERF83Ƹ¥ŏŅĝ &ǣ>]�0�Ŏ$Ú�6ÿýô�

ńî�7�Ǥ 

� Ku>\ZNZ
3(>]% ERF &ǣAP2/ERF Yo>v%<m^ǂƿ¡$

Å�
 15%Fsxf$��476ǡNakano et al., 2006ǢǤFsxf IXc ERF

&ǣ8Hcx%Ku>\ZNZ ERF! 11Hcx%>] ERF:´-ǣOsERF83

0�%Fsxf$ß�6Ǥ�ÑŬŴƛę�4ǣOsERF83& 3�%Ku>\ZN

Z ERFǡERF1ǣAtERF15ǣ
3( ORA59Ǣ!EtxY:êú�6ǡFig. 4-1ǢǤ

�74% AtERF&��70ǣŎ¬ƌ%÷ě$35ŏŅ�ƢÛ�7ǣƸ¥ŏŅĝ

& PR RvaEƪƽ�Ñ%ŏŅƢÛ:���ŎÖÿýô:ńî�6ǡBerrocal-

Lobo et al.,  2002; Pre et al., 2008; Solano et al.,  1998; Zarei et al., 2011; 

Zhang et al., 2015ǢǤí��Fsxf IXc ERF&ǣKu>\ZNZ1>]:´

.ǜŨġŁ�ƅ$
��ǣŎÖÿýô$ǃƘ#ë¦:Ě��°Ɓô�ż	47

6Ǥ,�Ʊå%řţ�4ǣFsxf IXc ERF %ō#6EtxY$ß�6

OsERF87
3( OsERF136�ǣPRRvaEƪƽ�ÑǣRSOsPR10ǣ%fup
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xRxǘÃ$Ŕąų²�ǣ�%ŏŅ:İô©�6�!�Ŝ�7�ǡYamamoto et 

al., 2018ǢǤYamamoto 4& OsERF83$���0³Ĥ%ÕǛ:ƒ�ǣ�7�

RSOsPR10%ŏŅ:İô©�#��!0Ŝ���6Ǥí��>]%Fsxf IXc 

ERF&ǣƶ©%Ƹş ŎÖÿýô:£ï�6ĥƁ$ÍĤô:ńî���6!ż

	476Ǥ 

� Fsxf IXc ERF&ǣCĔŦ�$�Ò�7� EDLLpTxd:���Ʈ�Ɨ

²�$ų²�ǣƮ�İô©½Ñ!��ĥƁ�6ǡHuang et al., 2016ǢǤ�7&

ĕť Ŝ��ǣƮ�İô©ƁƠǛ%ųĚǡFig. 4-5BǢ!03�yƄ���6Ǥ

Ƹ¥ŏŅĝ:Ŋ�� OsERF83�£ï�6{ıƽ�Ñ:ĄŮ��!�8ǣ8�%

ǋïǊƵƽ�Ñ�ƙ��7�ǡFig. 4-8ǢǤG^nöÆ:Ŋ��ǣ�74 8ƽ�

Ñ%fupxRxǘÃ:ƣ*�-6!ǣPR1ǟ074ǣGns6ǣcht5ǣ
3( RIR1b

%fupxRxǘÃǡ�1000 bp , Ǣ$ GCCjUEM�Ò¿�6�!�Đ4

�!#��Ǥí�� OsERF83& PR1ǟ074ǣGns6ǣcht5ǣ
3( RIR1b%f

upxRxǘÃ$Ŕąų²�6�! ǣ�%ŏŅ:ƣŪ���6°Ɓô�ż	

476Ǥ ÚĽŐ$ cht5ǣTLPǣPR10bǣ
3( RIR1b-like%ƽ�Ñzıǡ�

3000bp, Ǣ$& GCCjUEM�Ò¿���#���Ǥl>Eu<t>ƛę

%ųĚ�4ǣ����%Ǔ ERFÂ TF� OsERF83ox$
��ŏŅzď�6�

!�Ŝ�7��6ǡTable 4-2ǢǤí�� OsERF83&ǣ�74%Ǔ ERFÂ TF

:��� cht5ǣTLPǣPR10bǣ
3( RIR1b-like%ŏŅ£ï:
�#���6

!ż	476Ǥ 

� >]ğƾ)%Xt_uxM�ņ&ǣGns6ǣTLPǣPR10bǣRIR1bǣ
3(RIR1b-

like%ŏŅ:ƢÛ�6ǡFig. 1-4ǢǤ,��74ƽ�Ñ%ŏŅƢÛ%cxE&X
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t_uxM�ņ 10 đǉ�4 24 đǉ �5ǣOsERF83 %ŏŅƢÛ%cxE 

�6�ņ 6 đǉ350ì �6Ǥí��Xt_uxM�ņ�7�ğƾ$
��

&ǣOsERF83:���ǣGns6ǣTLPǣPR10bǣRIR1bǣ
3( RIR1b-like%

ŏŅ£ï�ƒ976°Ɓô�ż	476Ǥ  
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Gene name  RAP ID MSU ID Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3')
OsACT1 Os03g0718100 LOC_Os03g50890 TCTCTCTGTATGCCAGTGGTCG GTCGAGACGAAGGATAGCATGG
PR1#074 Os07g0129200 LOC_Os07g03710 GTATGCTATGCTACGTGTTTATGC GCAAATACGGCTGACAGTACAG
Gns6 Os01g0940800 LOC_Os01g71350 GAACGTACGGCCAGCATATAGT CAAAGTGCCAAGGCAGAGTT
cht5 Os04g0494100 LOC_Os04g41680 CAGCGGCGTGTCTGTAGAGA ACGACTGTCGTGTGTAAAAGTTCTTG
cht10 Os01g0287600 LOC_Os01g18400 ACAACCGCATCGGCTTCTAC AGCAGCGACATGAGAAACGA
TLP Os03g0663500 LOC_Os03g46070 AGACGAGCACCTTCACTTGC TGCCAGCTAACAAGTCATCG
PR10b Os12g0555200 LOC_Os12g36850 TGTGGAAGGTCTGCTTGG GTACGCCTCGATCATCTG
RIR1b Os10g0569400 LOC_Os10g41980 CTCATCTGCACCCTGGAAAC CTCTCCGGCCTATGTAAGGTTC
RIR1b-like Os10g0569600 LOC_Os10g41999 AGAGCAGGAGCAGCAGATG CATCCGTATGCAACGGTG

Table 4-1. Primers used in qRT-PCR



Fig. 4-1. Phylogenetic analysis of the subgroup IXc ERFs in Arabidopsis and rice.
The	amino	acid	sequences	of	the	AP2/ERF	domains	were	aligned	using	ClustalW,	and	the	
phylogenetic	tree	was	created	using	the	neighbor-joining	method.	 The	bar	represents	the	
evolutionary	distance	between	the	proteins	expressed	as	the	number	of	substitutions	per	amino	acid	
residue.	The	bootstrap	values	(1000	replicates)	are	shown	in	percentage.
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OsACT1

OsERF83

B

A

Fig. 4-2. Expression profile of OsERF83.
(A)	Expression	of	OsERF83 under	rice	blast	infection.	Hydroponically	grown	seedlings	were	sprayed	
with	a	rice	blast	spore	suspension	(in	0.05%	Tween	20)	or	0.05%	Tween	20	(mock).	The	total	RNA	
was	extracted	from	the	shoots	at	the	indicated	time	points	after	inoculation.	(B)	Organ-specific	
expression	of	OsERF83.	Total	RNA	was	isolated	from	the	root,	leaf	sheath,	leaf	blade,	inflorescence,	
anther,	palea,	lemma,	and	ovary.	For	(A)	and	(B),	semi-quantitative	RT-PCR	was	performed	using	
OsERF83-specific	primers. OsACT1 expression	was	used	as	the	endogenous	control.
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Fig. 4-3. Induction of OsERF83 in response to exogenous phytohormones.
Hydroponically	grown	14-d-old	seedlings	were	sprayed	with	methyl	jasmonate (MeJA;	100	μM),	
salicylic	acid	(SA;	5	mM),	ethephon (1	mM),	or	a	mock	solution	(0.05%	Tween	20).	Total	RNA	was	
extracted	from	the	shoot	tissue	at	the	indicated	time	points.	Semi-quantitative	RT-PCR	was	
performed	using	OsERF83-specific	primers. OsACT1 was	used	as	the	endogenous	control.
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A B C

FED

Fig. 4-4. Subcellular localization of OsERF83 in onion epidermal cells.
Micrographs	of	onion	epidermal	cells	transiently	expressing	free	GFP (A,	B)	or	OsERF83-GFP (D,	E).	(C,	
F)	Merged	bright	field	and	fluorescence	images.	Scale	bars	represent	50	μm.
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Fig. 4-5. Transactivation activity of OsERF83.
(A)	Schematic	models	of	the	effector	and	reporter	genes.	LexA was	used	as	a	DNA-binding	domain.	
OsACT1 and	B42AD were	used	as	negative	and	positive	controls,	respectively.	(B)	Transactivation	
activity	of	OsERF83,	performed	using	a	yeast	two-hybrid	system.	Yeast	cells	carrying	each	effector	
plasmid	were	grown	on	SD	medium	lacking	uracil,	histidine,	and	leucine.	The	β-galactosidase	activity	
was	evaluated	in	yeast	cells	grown	on	SD	medium	supplemented	with	X-gal.
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Fig. 4-6. Electrophoretic mobility shift assays using recombinant OsERF83.
(A) SDS-PAGE analysis of the purified His fusion OsERF83. The molecular masses of standard proteins
were shown on the left. (B)Purified His-OsERF83 was incubated with GCC or mGCC probes. Protein-
probe complexes were detected using TBE-PAGE followed by ethidium bromide staining. The shifted
band and free-probe band are indicated by the black and white triangles, respectively.
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Fig. 4-7.M. oryzae resistance of in OsERF83-overexpressing (OsERF83ox) plants.
(A)	The	expression	levels	of	OsERF83 in	the	transgenic	overexpression	plants	(lines	6-3,	20-6,	and	24-
3).	Three	independent	lines	were	analyzed.	Semi-quantitative	RT-PCR	was	performed	using	OsERF83-
specific	primers.	OsACT1 was	used	as	an	endogenous	control.	Total	RNA	was	extracted	from	5th
leaves	of	wild	type	(WT)	and	transgenic	lines.	(B)	Disease	resistance	assay	against	M.	oryzae.	The	5th
leaves	of	the	wild-type	and	OsERF83ox	plants	were	inoculated	with	a	spore	suspension	and	
incubated	for	5	d,	after	which	the	disease	lesions	were	observed.	(C)	Measurement	of	the	lesion	
lengths	shown	in	(B).	The	data	represent	the	mean	� SE	(n	=	24).	Asterisks	indicate	statistically	
significant	differences	compared	with	the	wild-type	(t	test,	p	<	0.01).
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Table 4-2. Transcriptome comparison of WT versus transgenic plants

RAP ID MSU ID Description

Hormone associated gene

Os10g0419400 LOC_Os10g28350 Submergence induced protein 2 17.18 13.74
Os01g0757200 LOC_Os01g55240 Gibberellin 2-oxidase 19.22 19.30
Os08g0508700 LOC_Os08g39830 EIN3-like protein 7.34 8.70
Os06g0216300 LOC_Os06g11290 OPDA reductase 8.03 7.24
Os03g0180900 LOC_Os03g08320 ZIM domain containing protein 3.33 2.28
Os03g0402800 LOC_Os03g28940 ZIM domain containing protein 4.34 3.59
Os07g0153000 LOC_Os07g05830 ZIM domain containing protein 69.93 72.52
Os10g0392400 LOC_Os10g25290 ZIM domain containing protein 4.30 6.14

Transcription factor

Os04g0301500 LOC_Os04g23550 bHLH domain containing protein 10.56 4.63
Os03g0327800 LOC_Os03g21060 NAC domain containing protein 8.97 5.50
Os07g0683200 LOC_Os07g48450 NAC domain containing protein 8.84 5.46
Os07g0684800 LOC_Os07g48550 NAC domain containing protein 8.97 6.37
Os08g0200600 LOC_Os08g10080 NAC domain containing protein 17.56 21.35
Os11g0126900 LOC_Os11g03300 NAC domain containing protein 5.49 8.36
Os01g0734000 LOC_Os01g53260 WRKY transcription factor 3.36 2.51
Os03g0657400 LOC_Os03g45450 WRKY transcription factor 8.25 3.86

PR gene 

Os07g0129200 LOC_Os07g03710 PR1/ Pathogenesis-related protein/ OsPR1#074 3.98 3.66
Os01g0940800 LOC_Os01g71350 PR2/ Beta-1,3-glucanase/  Gns6 8.20 2.69
Os01g0287600 LOC_Os01g18400 PR3/ Chitinase/ cht10 3.14 3.27
Os01g0860500 LOC_Os01g64110 PR3/ Chitinase 4.78 4.91
Os04g0494100 LOC_Os04g41680 PR3/ Chitinase/ cht5 7.19 2.60
Os03g0663500 LOC_Os03g46070 PR5/ Thaumatin/ TLP 4.58 3.35
Os03g0300400 LOC_Os03g18850 PR10/ Pathogenesis-related protein 10.74 15.30
Os12g0555200 LOC_Os12g36850 PR10/ Pathogenesis-related protein/ PR10b 3.47 3.91

Other difence-related gene

Os04g0112100 LOC_Os04g02120 NB-ARC domain containing protein 5.50 5.89
Os12g0281600 LOC_Os12g18374 NB-ARC domain containing protein 3.57 3.42
Os08g0155900 LOC_Os08g05960 Pathogen-induced defense-responsive protein 5.79 3.09
Os02g0626400 LOC_Os02g41650 Phenylalanine ammonia-lyase 3.49 4.45
Os02g0627100 LOC_Os02g41680 Phenylalanine ammonia-lyase 3.28 3.27
Os04g0518400 LOC_Os04g43800 Phenylalanine ammonia-lyase 4.11 11.62
Os05g0427400 LOC_Os05g35290 Phenylalanine ammonia-lyase 11.40 14.87
Os10g0398100 LOC_Os10g25870 Plant disease resistance response protein family protein 8.35 5.77
Os11g0214400 LOC_Os11g10800 Plant disease resistance response protein family protein 3.68 4.51
Os10g0569400 LOC_Os10g41980 Rice pathogen-related protein/ RIR1b 6.45 16.74
Os10g0569600 LOC_Os10g41999 Rice pathogen-related protein/ RIR1b-like 5.84 12.43
Os10g0569800 LOC_Os10g42020 Rice pathogen-related protein 6.18 2.08
Os11g0559200 LOC_Os11g35500 Xanthomonas oryzae pv. oryzae resistance 21 3.83 2.51

                Fold change (#20-6/ WT)
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Fig. 4-8. Expression analysis of defense-related genes in OsERF83-overexpressing (OsERF83ox)

plants.
qRT-PCR	was	performed	using	total	RNA	isolated	from	the	5th leaves	of	the	wild-type	(WT)	and	
transgenic	(overexpression	lines	20-6	and	24-3)	plants	grown	under	non-stress	conditions.	The	
expression	level	of	each	defense-related	gene	was	normalized	to	the	expression	of	OsACT1. The	data	
represent	the	means	of	three	independent	experiments	� SE.
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 Œ 5Ő� [vawzO%ƀÑ�65e:=[;vDMxĺ±éƖ�Å&ŸĊ 

 

Œ 1Ŕ� Şƃ 

 

� đĴ'ƹŀ«Ŭ&çČ1đƱüŰ%25ƱÌ$#ƹÔ%ĕ�$ĺĴO[vO

%Ā�6 �5ƺ�&�/đĴ'ƹ�63&O[vO�3Ɗ9É5�/%�&

ĺĴ%'Ŷ36$�Ķũ&ƣÞãœ9ŁƓ�� �5ƺ§Èłìëä'đĴ


î�ƣÞãœ&{�!�4ƹëŬä&�ę�ƄĻĴ9ůŎ��5�%24ƹŀ

«Ŭ&çČ9ƣ�nB^Pm!�5ƺPA'§Èłìëä%Ƣ~�5§±Ĵ!�

4ƹŀ«Ŭ&çČ1 UV ĲÐƹ¾§Ɲ$#&@tMTz�ĸ9¯� ¦ł%ĺ

Ļ�65� ÅëŬ§±Ĵ&Ŝŋ!�5ƷPeters, 2006; Toyomasu, 2008Ƹƺ 

� =_'ƹđĴjuox!�5NhvtxƷgibereline, GAƸ"ĔƑł%ư��

�NYuix¸ PA9ĺĻ�5ƺ�6,!% 16ōư&NYuix¸ PA
ªƪ

�6 �4ƷPeters, 2006; Horie et al., 2015Ƹƹ�63'»Ćƴď&ĔƑ�3d

ksN@x¸&olsF[x A-BƹBKN@x¸&e:=[BKx A-FƹKx

UsIdksN@x¸&AtLvDMx A-FƹOYkvx¸&AtLvDMx Sƹ

BOhx¸&@x[-10-ADSZgvWMx% ư�65ƺGA�2( PA'H

s^uHs^u�txƚƷgeranylgeranyl diphosphate, GGDPƸ9�Ɛ&�Ł

ĴƇ"� ƹB¸NYuixĹ§ƙŖƷcopalyl diphosphate synthase, CPSƸ

�2( A¸NYuixĹ§ƙŖƷkaurene synthase, KS; KS-like, KSLƸ%2

5�ěƧ&Ĺ§­ã%2� ĺ±é�65ƷFig. 5-1AƸƷPeters, 2006; 

Toyomasu, 2008Ƹƺ�6,!%=_H`m|%' 4Idz& CPSƖ�Å" 11
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Idz& KS/KSLƖ�Å
Ç¶�5�"
Ŋ�6 �5ƷPeters, 2006; 

Toyomasu, 2005Ƹƺ 

� OsCPS1" OsKS1' GAĺ±é%Ƣ84ƹ�60ĘÃ�5"ēŅäÚƇ9Ŋ

�ƷSakamoto et al., 2004; Xu et al., 2004ƸƺUVĲÐ1@tMTz�ĸ%24

Łķ
ƀÑ�65 OsCPS2, OsCPS4, OsKSL4, OsKSL7, OsKSL8, OsKSL10

' ƹ � 6 � 6 ent-CDP, syn-CDP, syn-pimara-7,15-diene, 

ent-cassa-12,15-diene, syn-stemar-13-ene, ent-sandaraco-pimaradiene ±é

ƙŖ9Iz\� �4ƹPAĺ±é%Ƣ~�5ƷXu et al., 2007; Cho et al., 2004; 

Nemoto et al., 2004; Otomo et al., 2004; Wilderman et al., 2004Ƹƺ,� UVĲ

Ð1@tMTz�ĸ!ŁķƀÑ�6$�OsKSL5, OsKSL6�2(OsKSL11'

�6�6ƹent-pimara-8,15-dieneƹent-isokaurene, syn-stemod-13(17)-ene ±

éƙŖ9Iz\�5
ƷKanno et al., 2006; Morrone et al., 2005Ƹƹ�63§±

Ĵ&ĺĸėŧ'¨ %þ3�%�6 �$�ƺOsKSL2 'ƹƐÔĺťĈ�!Ł

ķ
*+Ē��6�ƹ·|Ɨ)& UV ĲÐ�2(ºƲŗŦ)&@tMTz�ĸ

%2� 0Łķ
ƀÑ�6$��"�3ƹ�Ơ cDNA 
®Ý�ĉ��Ɩ�Å!

�5"ţ
36 �5ƷFig. 5-1BƸƷHilwig et al., 2011; Sakamoto et al., 2004; 

Xu et al., 2007Ƹƺ 

� [vawzO9�ĸ�6�ĎƗ!'ƹPA ĺ±é%Ƣ85 KSL Ɩ�Å"�Ɩ

�Å"ţ
365 OsKSL2&Łķ
ƀÑ�65ƷFig. 5-2ƸƺĆŐ!'ƹ�& PA

ĺ±éƖ�Å&ŁķƀÑ
 JA MG]u%£Þ�65�9ĒŻ�5""0%ƹ

OsKSL2 
 PA ĺ±é%Ƣ85ėŧ¸&NYuixĹ§ƙŖ!�5"�æ�ƹ

�Ơ cDNA&®Ý"ƙŖġä&ŸĊ9ų��ƺ 
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Œ 2Ŕ� ËƳćö�2(ùğ 

 

Œ 1ƭ� đĴćö 

� Œ 2ŐƹŒ 2Ŕ%ĩ��ƺ 

 

Œ 2ƭ� ōÅīŬ 

� Œ 2ŐƹŒ 2Ŕ&ùğ%ĩ� ų��ƺ  

 

Œ 3ƭ� ĝŤĐº 

� Œ 2ŐƹŒ 2Ŕ&ùğ%ĩ� ų��ƺ  

 

Œ 4ƭ� [vawzO�ĸ�2(MeJA�ĸ 

� [vawzO�ĸ'Œ 2 ŐƹŒ 2 Ŕ&ùğ%ĩ� ų��ƺMeJA �ĸ'ƹ

ĝŤĐº�� 14ûƶ&Öū9gsOVWFnWMq�"ƹ100 µM MeJAĝĪ

Ĥ!Ĩ��6�bW[)Ō�ƹĎƗ9MeJAĝĪĤ�%�î�5�"!ų��ƺ 

 

Œ 5ƭ� RNAí�ycDNA±é 

� Œ 2ŐƹŒ 2Ŕ&ùğ%ĩ� ų��ƺ 

 

Œ 6ƭ� ©ÊƜł RT-PCR 

� Œ 2ŐƹŒ 2Ŕ&ùğ%ĩ� ų��ƺ­ã%ļ��gs=kz&Ƙ¢" PCR

Ĉ�9 Table 5-1%Ŋ�ƺ 
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Œ 7ƭ� t;uT=m PCR 

� Œ2ŐƹŒ2Ŕ&ùğ%ĩ� ų��ƺ­ã%ļ��gs=kz&Ƙ¢'Table 

5-2%Ŋ�ƺ 

 

Œ 8ƭ� 5’- and 3’- Rapid amplification of cDNA ends (RACE)  

� RACEğ%'ƹGeneRacer kit (Invitrogen) 9ļ��ƺ� RNA9 GeneRacer 

RNA oligo adapter "s=HzMrx��ƹGeneRacer oligo dT primer " 

Superscript 	 Reverse Transcriptase (Invitrogen)� 9ļ� 1Ćƞ cDNA9

±é��ƺOsKSL2 cDNA& 5’ąő&¿Õ%'ƹGeneRacer 5’-nested primer

" gene specific primer 1: 5’-AGAGGTCGCGCTCGGTGACGATCT-3’9ļ��ƺ

,� 3’ąő&¿Õ%' GeneRacer 3’-nested primer" gene specific primer 2: 

5’-GAGGCGCCGTTCCAAGGCCATGCA-3’9ļ��ƺ PCRĻĴ9;CwzO

Hu! ƪÛƹĂ0K=P&Á���ŵbx\9ĂƠFwzx"ţ
 5’-, 3’-ą

ő9ĞÊ��ƺ 

 

Œ 9ƭ� �Ơ cDNA&¿Õ 

� RACEğ%24Ý36� cDNAąő&å¼�3ƹø�%gs=kz9żź�ƹ

OsKSL2 &�Ơ cDNA 9¿Õ��ƺPCR ƙŖ%' PrimeSTAR GXL DNA 

Polymerase (Takara) 9ļ�ƹKzkuK=Fsz' Veriti 96-well Kzku

K=Fsz9�ļ��ƺļ��gs=kzQW[" PCRĈ�9 Table 5-1%Ŋ

�ƺ 
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Œ 10ƭ� řò
ƙŖ9ļ��ėŧŸĊ 

� OsKSL2 &�Ơ ORF 9 pGEX-4T-3ƷGE HealthcareƸ%Ñ��ƹ

pGEX-OsKSL29�Ŵ��ƺ�69ÁŨŬč BL21(DE3)%Ñ���ƺÚƇƋò

č' 37�ƹ2×YTĤ�º·�!ºƲ�ƹOD600
 0.7%$��"�7!Řĭ×ƻ

mM & IPTG 9ĥ¥��ƺ�&Û 17�! 24 ÿơºƲ�ƹřò
TxcFƇ9

ƀÑ��ƺ15,000 × gƹ4�!ƩŬ�ƹŬ�' 20 mM Tris-HCl (pH 8.0) %èĬ

�ƈƬĠňŇ��ƺřò
 OsKSL2TxcFƇ'ƹGlutathione Sepharose 4B 

BsmƷGE HealthcareƸ9ļ� ŕŴ��ƺ­ã»Ƈ!�5 ent-CDP�2(

syn-CDP'ƹřò
 OsCPS2�2(řò
 OsCPS49ļ� GGDP�3ƙŖ

ł%ĺĻƹƂŴ��ƺĺéĴ&ĞÊ%'ƹAgilent 6890N GC-5973N MSD9�

ļ�ƹGC-MS ĊĈ�'Á¬3&ùğƷOtomo et al., 2004-2Ƹ%ĩ��ƺ,

�ĺéĴ&ðÊ%'ƹƇƜOiF[uZzTs=fstƷWiley Registry 7thƸ

9�ļ��ƺ 

 

Œ 11ƭ� gw[gsO[&ƂŴ�2( PEG%25Ɩ�ÅÑ� 

� gw[gsO[&ƂŴ�2( PEG%25Ɩ�ÅÑ�' Yoo3&ùğƷYoo et 

al., 2007Ƹ%ĩ��ƺĝŤĐº�� 12ûƶ&Öū�3Œ 3ŭ"Œ 4ŭ9¡4®

4ƹKzNBunO9ļ� ŗ��¡÷��ƺ�69 0.02 g/mL&QuszR

R-10ƷpFu[Ƹ" 0.02 g/mL&kQwL=m R-10ƷpFu[Ƹ9³. 20 mM 

MES-KOH(pH 5.7)ĪĤ%Ģ�ƹ24�ƹāêƹ40 rpm! 4ÿơģ§��ƺŗŦ

9 77 µmÆ&]=wxnWMq9ļ� Įƒ��&�ƹ100 × g!ƕá ƪ�

|Ħ9®4Ʀ��ƺÝ36�gw[gsO['ƹ73 mg/mL &kx^[zu
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ƷWakoƸ9³. 10 mM MES-KOH(pH 5.7)%èĬ�ƹŗŦõ
 2.0×105 �/mL

%$52	%ƂŴ��ƺgw[gsO[ĪĤ 100 µL %gsOl\ĪĤ 10 µL

" 0.4 g/mL& PEG4000ĝĪĤ 110 µL9ĥ¥�ƹ25�! 10 ơƫš��ƺ�

&Û 100 × g!ƕá ƪ�|Ħ9Ʀ��ƺÝ36�ÚƇƋòŗŦ9ƹ73 mg/mL

&kx^[zuƷWakoƸ9³. 10 mM MES-KOH(pH 5.7)%èĬ�ƹ24�ƹ

āê! 16ÿơºƲ��ƺ 

 

Œ 12ƭ� ŗŦ�Ò¶ŸĊ 

� OsKSL2 &ŭŝ�ŌųMG]uigV\(TPksl2)Ʈ¹9�}&gs=kz9

ļ� ¿Õ��ƺ5’-GTCGACGATGCTGCCGTGCTTGTTCC-3’Ʒ}şƗ' Sal 

IſƅƘ¢9Ŋ�Ƹ�2( 5’-CCATGGAGCTGCAGTGCCGCATGGC-3’Ʒ}ş

Ɨ' Nco IſƅƘ¢9Ŋ�Ƹƺ¿Õ�6�÷ĳ9ŁķhFTzpUC-sGFP%ï�

�ƹpUC- TPksl2 -GFP9�Ŵ��ƺ�&IxO[sF[9Œ 10ƭ&ùğ%ĩ

� =_gw[gsO[%Ñ��ƹÝ36�ÚƇƋòŗŦ%Ľĉ�5ű�9ŷ

Î��ƺgw[gsO[&ŷÎ'ƹGFPe<uTz�2( Texas Red e<uT

z9�
�ű�ƯßƟƷLeica DM6000BƸ9ļ� ų��ƺ 
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Œ 3Ŕ� ËƳśċ 

 

Œ 1ƭ� [vawzO�ĸ%25 KS/KSLƖ�Å&ŁķƀÑ 

� k=Fw;v=ŸĊ�3ƹ[vawzO9�ĸ�6�ĎƗ!'ƹPAĺ±é%

Ƣ85 KSL Ɩ�Å" OsKSL2 &Łķ
ƀÑ�65�"
Ŋ�6 �5ƷFig. 

5-2Ƹƺ��!©ÊƜł RT-PCR 9ļ� ƹ�&śċ9�ŉſ��ƺĝŤĐº�

� 14ûƶ&Öū&ĎƗ%[vawzO9�ĸ�ƹĎƗ%��5 KS/KSLƖ�Å

&Łķ9ŷÎ��ƺ�&śċ PAĺ±é%Ƣ83$� OsKS1, OsKSL5, �2(

OsKSL6&Łķ%À§
Ŷ36$���&%Ï�ƹPAĺ±é%Ƣ85OsKSL4, 

OsKSL7, OsKSL8, �2( OsKSL10&Łķ'ƹ[vawzO�ĸ 8ÿơ��

%|ý��ƷFig. 5-3Ƹƺ,� OsKSL2&Łķ0[vawzO�ĸ 2ÿơ��%ƹ

{ƒł%|ý��ƷFig. 5-3ƸƺÜ� ƹ[vawzO�ĸ%25ĎƗ!& KSL

Ɩ�Å&ŁķƀÑ
�ŉſ�6�ƺ 

 

Œ 2ƭ� JA%25 OsKSL2&ŁķƀÑ 

� OsKSL4�2( OsKSL7&ĎƗ!&Łķ'ƹJA%24ƀÑ�65ƷYoshida 

et al., 2017Ƹƺ��! OsKSL2&Łķ0 JA%ƀÑ�65�9ĒŻ��ƺĝŤĐ

º�� 14ûƶ&Öū&ĎƗ%MeJA9�ĸ�ƹĎƗ�2(·|Ɨ!& OsKSL2

&Łķ9ŷÎ��ƺ�&śċƹ·|Ɨ!& OsKSL2&Łķ
Ē�ƥľ�}!�

��&%Ï�ƹĎƗ!& OsKSL2&Łķ'ƹ�ĸ 2ÿơ��%{×|ý�ƹ�

ĸ 8 ÿơ�Ƥ%�(|ý��ƷFig. 5-4Ƹƺ �&śċ�3ƹĎƗ!& OsKSL2

&Łķ0 JA%ƀÑ�65�"
Ŋ�6�ƺ 
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Œ 3ƭ� JAĺ±éÀĿč%��5 KSLƖ�Å&ŁķƀÑ 

� [vawzO�ĸ%25 KSL Ɩ�Å&ŁķƀÑ
ƹJA MG]u%£Þ�6

5�9ĒŻ��ƺĝŤĐº�� JAĺ±éÀĿč hebiba&ĎƗ%[vawzO

9�ĸ�, ĎƗ%��5 KSL Ɩ�Å&Łķ9ŷÎ��ƺ�&śċ OsKSL2ƹ

OsKSL4ƹ�2( OsKSL7&[vawzO%25ŁķƀÑ'ƹhebiba%�� 

ģÃ��ƷFig. 5-5ƸƺÜ� ƹ[vawzO%25 OsKSL2, OsKSL4, �2(

OsKSL7&ŁķƀÑ' JAMG]u%£Þ�65�"
Ŋ�6�ƺ 

 

Œ 4ƭ� OsKSL2&�Ơ cDNA&ªƪ 

� OsKSL2'ƹ�Ơ cDNA
®Ý!�$��"�3�Ɩ�Å!�5"ţ
36

 �5ƺ���ĎƗ)&[vawzO,�'MeJA�ĸ
ƹOsKSL2&Łķ9

ƀÑ�5�"
Ŋ�6�ƺ��!ƹMeJA �ĸ�6�ĎƗ9ļ�5�"!ƹ

OsKSL2&�Ơ cDNA9®Ý�ĉ5&!'$��"ţ
�ƺMeJA�ĸ 1ÿơ

&ĎƗ�3 RNA 9í��ƹ5’-�2( 3’-RACE %24 OsKSL2 & cDNA ąő

9ĞÊ��ƺĞÊ�6�Ƙ¢90"%ø�%gs=kz9żź�ƹ�Ơ cDNA

&¿Õ9Ž-�śċƹ2,460 bp&ORF9³.�Ơ cDNA9ªƪ��ƷFig. 5-6AƸƺ

H ` m ; ` Y z M r x g w N ? F [ Ʒ MSU-RGAP: 

http://rice.plantbiology.msu.edu/ƹIRGSP-RAP: http://rapdb.dna.affrc.go.jp/Ƹ

�3ƹOsKSL2&@DSx/=x[wxĔƑ�2( cDNAƘ¢
ĸƃł%ðÊ�

6 �5ƺðÊ�65 cDNAƘ¢"Ëƨ%ªƪ���Ơ cDNAƘ¢"Ĝƌ��

"�7ƹ����&ŃƔį
Ŷ��6�ƷFig. 5-6BƸƺ�$8�ƹø�$Œ 1@

DSx&ăİƹŒ 7 @DSx&Ogs=MxG�šƹŒ 11-12 @DSx&ĔƑ
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Ŀ$� ��ƺ,� OsKSL2&H`mƘ¢%�� 0ƹZzThzO|&¾

»å¼%Ɓ4
�5�"9þ3�%��ƷFig. 5-7Ƹƺ 

 

Œ 5ƭ� úń KSLs" OsKSL2&;l`ƚƘ¢&Ĝƌ 

� OsKSL2&;l`ƚƘ¢9úń& KS/KSLTxcFƇŢ&;l`ƚƘ¢"Ĝ

ƌ��ƺ�&śċƹOsKSL2 'úń& KS/KSL " 45-63%&Ń²ä9Ŋ��ƺ

,�đĴ&NYuixĹ§ƙŖŢ%Ƶ×%�Ç�65 SAYDTAWƹQXXDGSW

oVze
 OsKSL2%�� 0�Ç�6 �5�"ƹŹÄƗ�!�5 DDXXD

oVze
�Ç�6 �5�"
Ŋ�6�ƷFig. 5-8Ƹƺ�&�/ OsKSL2'ė

ŧ¸& A¸NYuixĹ§ƙŖ9Iz\�5"ţ
36�ƺ 

 

Œ 6ƭ� řò
TxcFƇ9ļ�� OsKSL2&ėŧŸĊ 

� OsKSL2 &ėŧ9ŸĊ�5�/ƹřò
TxcFƇ9ļ� in vitro %��

5ƙŖġäŽƳ9ų��ƺA¸NYuixĹ§ƙŖ&»Ƈ!�5 ent-CDP�2

( syn-CDP9řò
 OsKSL2"­ã��ƹ­ãĤ9 GC-MS%24ŸĊ��ƺ

�&śċ syn-CDP9»Ƈ"��½±%'ƹ­ãĤ�%NYuixĕ§±Ĵ&d

zF
ŷÎ�6$���&%Ï�ƷZzTĄñƍƸƹent-CDP9»Ƈ"��½±

%'ƹ­ãĤ�%NYuixĕ§±Ĵ"ţ
365 2 �&dzF
ŷÎ�6�

ƷFig. 5-9AƸƺĖĩĴƇ"&Ĝƌ�3ƹdzF B &�îÿơ"kOOiF[u

' ent-kaurene"{Ū��ƺ�&�/dzF B' ent−kaurene!�5"ţ
3

6�ƷFig. 5-9A,B,D,EƸƺ{ùdzF A %�� 'ƹƇƜOiF[uZzTs

=fstƷWiley Registry 7thƸ"&Ĝƌ�3ƹ17-noukaure-15ene 13-methyl 
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ƷbeyereneƸ!�5"ðħ�6�ƷFig. 5-9CƸƺ�|&śċ�3ƹOsKSL2 '

in vitro%�� ƹent-CDP9»Ƈ"� ent-kaurene" ent-beyerene9ĺé

�5ƙŖ!�5�"
Ŋ�6�ƷFig. 5-9FƸƺ 

 

Œ 7ƭ� OsKSL2&ŗŦ�Ò¶ 

� ent-CDP 'ƹŗŦ�!ŭŝ�%Ò¶�5ƺ�&�/ ent-CDP 9»Ƈ"�5

OsKSL2 0ŭŝ�%Ò¶�5�"
�æ�6�ƺ,�ŭŝ�Ò¶TxcFƇ�

ħXzu (ChloroP 1.1)9ļ��ŸĊ�30ƹOsKSL2
ŭŝ�%Ò¶�ƹNą

ő�& 58Ě»
ŭŝ�ƎƏigV\Ʒtransit peptide, TPƸ"� ėŧ�5"

ðÊ�6�ƺ��!�&į9þ3�%�5�/ƹGFP & N ąő% OsKSL2 &

TP 9Ų±��TxcFƇƷTPksl2-GFPƸ9ƹ=_gw[gsO[%{ƒŁķ

��ƹ�&ŗŦ�Ò¶9ŷÎ��ƺ�&śċ TPksl2-GFP 9Łķ���ÚƇƋ

òŗŦ!'ƹGFP MG]u
ŭŝ�&ũÍű�"ƛ$� ŷÎ�6�ƷFig. 

5-10D,E,FƸƺÜ� OsKSL2 'ŭŝ�%Ò¶� �5�"
Ŋ�6�ƺ{ùƹ

H`m;`YzMrxgwN?F[%24ðÊ�6�Ƙ¢ƷNP_001053842Ƹ

& TP 9 GFP %Ų±��TxcFƇ9gw[gsO[%{ƒŁķ��5"ƹ
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Ŋ
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24žŗ$ŸĊ9ų	âŵ
�5ƺ 
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aPrimers Sequence (5' to 3') PCR condition

OsKS1 Fw CAGTGAACCAGCTTGGAG 1

OsKS1 Rv ACCCTGTTCTCCAAGGAC 1

OsKSL2 Fw CTGGGTGAAAGAGAGCAGG 1

OsKSL2 Rv TCTGCCTCCACTCTACCTC 1

OsKSL4 Fw CAATGGCTTCCGCAGTAC 2

OsKSL4 Rv CCAACCGTAGCAACTCTC 2

OsKSL5 Fw GGAAGAGGTTTTCAGGAGCA 3

OsKSL5 Rv CTGCTGATGCCATCATCCCA 3

OsKSL6 Fw TGCCGTGGACTCCTTTGCTG 4

OsKSL6 Rv CCTCTGCCGTGAAATACCTA 4

OsKSL7 Fw CAAAGGCTTCCGCGTTAC 2

OsKSL7 Rv ATAGGGCCTTCCTGTTCG 2

OsKSL8 Fw ACATCCCGGCAACAATGG 2

OsKSL8 Rv GGAATGATGCTGCTGCTG 2

OsKSL10 Fw TTCTCGGGCTGAAACTGTCT 4

OsKSL10 Rv CTTCACTGTAGTAGAAC 4

Actin1 Fw TCCATCTTGGCATCTCTCAG 5

Actin1 Rv GTACCCTCATCAGGCATCTG 5

OsKSL2-full Fw CGCTACGTAACGCGATGACAGTG 6

OsKSL2-full Rv GCCTCTGTCGTTAGTTAGTCAC 6

Table 3-1-1. Primers for RT-PCR

�����������
�������������	�
����������������
����������

� sec � sec � sec

1 98 10 50 30 72 30 30

2 98 10 50 30 72 30 28

3 98 10 50 30 72 30 34

4 98 10 50 30 72 30 38

5 98 10 50 30 72 20 26

6 98 10 55 15 68 180 30

Condition
Denature Annealing Elongation

Cycle

Table 3-1-2. PCR condition for RT-PCR

Table 5-1-1. Primers for RT-PCR

Table 5-1-2. PCR condition for RT-PCR

a : The numbers indicate PCR condition in Table 5-1-2.
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Gene name  RAP ID MSU ID Forward primer sequence (5' to 3') Reverse primer sequence (5' to 3')
OsACT1 Os03g0718100 LOC_Os03g50890 TCTCTCTGTATGCCAGTGGTCG GTCGAGACGAAGGATAGCATGG
OsKSL2 Os04g0612000 LOC_Os04g52240 TGCATTTCCAGCCTCTGTCG GGTCTGCCACTTCTTCTACTCC 
OsKSL4 Os04g0179700 LOC_Os04g10060 CGCCTTTGTAACTCTAAGGTA ACGTAAAAGGCTTGTATATC
OsKSL7 Os02g0570400 LOC_Os02g36140 TTCATCTCTGTCACTTTTTCTTTTT ATCCCAACGAAGTCATCCAC

Table 5-2. Primers used in qRT-PCR



Name Locus Substrate Product

OsKS1 LOC_Os04g52230 ent-CDP ent-Kaurene

OsKSL2 LOC_Os04g52240 pseudo-gene ?

OsKSL3 LOC_Os04g52210 pseudo-gene 

OsKSL4 LOC_Os04g10060 syn-CDP syn-Pimaradiene

OsKSL5 LOC_Os02g36220 ent-CDP ent-iso-Kaurene

OsKSL6 LOC_Os02g36264 ent-CDP ent-iso-Kaurene

OsKSL7 LOC_Os02g36140 ent-CDP ent-Cassadiene

OsKSL8 LOC_Os11g28530 syn-CDP syn-Stemarene

OsKSL9 LOC_Os11g28500 pseudo-gene 

OsKSL10 LOC_Os12g30824 ent-CDP ent-Pimaradiene
OsKSL11 LOC_Os12g30800 syn-CDP syn-Stemodene

(Xu et al. 2007) 

A

B

Fig. 5-1. Function	of	the	kaurene synthase-like	gene	family		in	rice
(A)	Biosynthesis	pathway	for	diterpene phytoalexins and	gibberellins	in	rice.	(B)	A	list	of	kaurene synthase-
like	gene	in	rice.
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Name Accesion

0 2 4 10     24 (h)
OsKSL2 Os04g0612000 1.00 49.06 16.68 0.70 0.36

OsKSL4 Os04g0179700 1.00 51.42 54.30 21.03 8.13

OsKSL7 Os02g0570400 1.00 1.14 10.89 32.31 9.30

OsKSL8 Os11g0474800 1.00 1.13 1.94 2.38 11.37

OsKSL10 Os12g0491800 1.00 3.63 35.61 29.34 19.23

Relative expression

A

B

Fig. 5-2.	Trehalose up-regulates	several	OsKSL gene
Hydroponically	grown	seedlings	were	treated	with	5	mM trehalose.	Total	RNA	was	extracted	from	
roots	and	used	for	microarray	analysis.	Rice	44k	microarray	(Agilent	Technologies)	with	one-color	
detection	method	was	utilized	to	performe a	transcriptional	analysis	for	trehalose-induced	changes	
in	gene	expression.	(A) The	relative	expression	of	the OsKSL genes	during the trehalose treatment
are indicated. (B) A graph showing the data in (A).
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OsKSL2

OsKS1

OsKSL5

OsKSL7

OsKSL8

Actin
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Fig. 5-3. Expression of KS/KSL genes in response to trehalose
Hydroponically grown 14-d-old seedlings were treated with 5 mM trehalose. Total RNA was extracted
from roots at 0, 1, 2, 4, 8, 16, 32 h after initiation of the treatment. Semi-quantitative RT-PCR was
performed for the KS/KSL family genes including OsKSL2.
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OsKSL2

OsKSL2

Actin

Actin

0 1 2 4 8 12

Sh
oo
t

R
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(h)

Fig. 5-4.	Expression	of	OsKSL2 during	MeJA treatment
Total	RNA	was	extracted	from	shoot	and	root	tissues	of	14-d-old	seedlings.	Semi-quantitative	RT-PCR	
was	performed	with	primers	designed	to	amplify	partial	sequence	with	in	the	OsKSL2 cording	region.
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Fig. 5-5. Expression analysis of KSL genes in hebiba
Hydroponically	grown	12-d-old	seedlings	were	treated	with	5	mM trehalose in	roots.	Total	RNA	was	
extracted	from	the	roots	and	used	for	qRT-PCR.	Wild-type	plants	(WT)	and	the	JA	biosynthesis	mutant	
plants	(hebiba)	were	uesd.	Data	represents	mean	�SE	(n=3).
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5377>CATTGTATCTTGTTGG-ACCAAAGATCCCTGATTCTGTCATAAGAAGCCA>5425  
5533>CATTGTATCTTGTTGGGACCAAAGATGCCTGATTCTGTCATAAGAAGCCA>5582   
6151>CATTGTATCTTGTTGG-ACCAAAGATCCCTGATTCTGTCATAAGAAGCCA>6199 

MSU-RGAP
IRGSP-RAP
OsKSL2

Fig. 5-7.	Possible errors in OsKSL2 sequence from the rice genome database IRGSP-RAP
Alignment	of	the	genome sequence for OsKSL2 from rice genome databases,	MSU-RGAP	
(LOC_Os04g52240)	and	IRGSP-RAP	(NP_001053842),	are	aligned	with	the	Nipponbare genomic	
sequence	determined	in	this	study.
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Fig. 5-8.	Alignment	of	OsKSL2	and	representative	rice	KSL	sequences
Amino	acid	sequences	of	OsKS1(AB126933.1),	OsKSL4(Q0JEZ8),	OsKSL7	(Q0E088),	OsKSL8	(Q6BDZ9),	OsKSL10	
(Q2QQJ5),	and	OsKSL2	(LC033788)	are	aligned	using	ClustalW software	(http://clustalw.ddbj.nig.ac.jp/).	The	
regions	conserved	in	diterpene cyclases,	SAYDTAW,	QXXDGSW,	and	DDXXD	motifs,	are	boxed.
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Fig.	5-9.	Functional	analysis	of	OsKSL2
Gas	chromatograms	(m/z 272)	of	the	products	converted	from	ent-CDP	by	recombinant	GST-OsKSL2	
(A)	and	authentic	ent-kaurene (B).	Mass	spectra	of	peak	A	(C),	peak	B	(D),	and	authentic	ent-kaurene
(E).	Scheme	of	biosynthetic	pathway	for	the	synthesis	of	ent-beyerene and	ent-kaurene from	ent-CDP	
(F).
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A B C

D E F

G H I

Fig. 5-10.	Subcellular	localization	of	KSL2	in	rice	protoplasts
Fluorescence	microscopic	images	of	transformed	rice	protoplast	cells.	Images	of	a	cell	expressing GFP	
fused	with	a	putative	transit	peptide	from	the	full	length	OsKSL2	(A	to	C),	free	GFP	(D	to	F),	and	GFP	
fused	to	a	putative	transit	peptide	from	IRGSP-RAP-based	OsKSL2	(NP_001053842)	(G	to	I).	
Fluorescent	signals	of	GFP	(A,	D,	and	G)	and	chlorophylls	(B,	E,	and	H)	are	merged	(C,	F,	and	I).	Scale	
bar	is	5	μm.	

128



 

 129 

é 6è� ó« 

 

� <K@LN8�¡ÕÐ&Îø¿sÐ���í��ÕÐô�ān
+*Yî�

�)ĨĐþî&8<K8gĎÐđ���Ä÷�*ĦWyatt, 1967; Singer and 

Lindquist, 1998ħĩĥê¾Ð��	�%<K@LN8�kÕî������*

�Ĩ��ýæğ�Á¡ğ��)Ĩ¾ÐU���'��ÕÔÄ÷.­����	�

�R´�Í��	ĩ0?��Ĩ½Ĝ!�<K@LN8mÔ�Ĩ½Ĝ��Ģ ġė

ě`��ÜÓ.Ċ��*��ĦFig. 1-4ħĨ�PĜ��0?	%�Ûª©¤.Ċ

��*���ã
+�	*ĦFig. 1-5, 1-6ħĩ��<K@LN8�Ċ�
+*¾

Ðcjē��Ģ £ë� Trehalose-induced systemic resistance (TSR)�ä


+*ĦFig. 1-7ħĩTSR�Ĩ<K@LN8�	�úÏØ�¶ĘÝ����*Yî

�Ĩ¾Ð���*74>JÐđ���Ä÷�*y÷¤.ã��	*ĩ���$

TSR .ÔĄ�*���Ĩ¾Ð���*<K@LN8�ÕÔÄ÷��	�±��

áā.�(+*�·�
+*ĩ̧ âç��TSR�o�ÄÂ�Ą´.ÞÝ�ĨTSR

���*¾ÐDJHM�ġS.Ą¹�*��%�Ĩ<K@LN8���'��

TSR.ĊĒ�*��.Àą��ĩ  

 

TSR���*¾ÐDJHM�ġS 

� ¾Ð�­�jēĊ���Ģ £ë����ĨSA74>J.\��q 
+*

SAR�ĨJA/ET74>J.\��q 
+*WSRĨISR� 3��á(+*ĦFu 

et al., 2013; van Loon et al., 1998ħĩTSR�½Ĝ�(�PĜ�ª©¤�Ċ�


+*±Ă�jēª©¤��*ĩ���$ TSR�74>J`Ě%Ĩ¾ÐDJHM



 

 130 

�q 
+*���X¥
+�ĩ��� TSR���*¾ÐDJHM�ġS.Č

"*�$Ĩ<K@LN8mÔ��DJHMkÕğ.�ğ��ĩ<K@LN8mÔ


+�½Ĝ��ĨÛ�ġė�¾ÐDJHM��* JAĨJA-IleĨ�' SA �ý

æ�ă�
+�ĦFig. 2-5, 2-6ħĩ#��+(�ýæ� TSR.q �*�.À

ą�*�$ĨJAÕ{§�Ù» hebiba�' SAoĄĝïęrÜÓ» NahG.

×	�Ĩ¾ÐDJHMÅ°Ò¦�� TSR.ă���ĩ��ñºĨTSR���*

½Ĝ��Ģ ġėě`��ÜÓ� JA74>J� SA74>J�q 
+*��

ĦFig. 2-7, 2-8ħĨ�PĜ��Û�ª©¤� SA74>J�q 
+*���´

(�����ĦFig. 2-9, 2-10ħĩ 

� Oû� JA74>J� SA74>J�¬©Ý�d×�*�õ�(+�	*ĩ�

��zDJHMÌ��b	�{��ĨT74>J�ßWÝ�ě`�ÜÓ��.

q �*���ã
+�	*ĦMur et al., 2006ħĩTSR���*½Ĝ�� JA

�' JA-Ile�kÕğ�ĦFig. 2-5ħĨi�8<K8µ���kÕğ�Çĕ��

�����ĦWakuta et al., 2011ħĩ#�½Ĝ��ĨSAkÕğ���KCJ%

b	���(ĦChen et al., 1997ħĨTSR���*½Ĝ��Ģ ġėě`��

ÜÓ�OĜ�ĨJA74>J� SA74>J�ßWÝ�q ��	*�õ�(+

*ĩ½Ĝ���* JA74>J� SA74>J�ßZd×��	�ĨĄ¹.ò�

�	
¢Ā��*ĩO²�ĨTSR ���*�PĜ�Û�ª©¤� SA 74>J

�q 
+*���(ĨTSR� SAR�Ĥa�Óď��*y÷¤�õ�(+*ĩ

��� SAR�ås¤74>JÐđ� SAĤ��*���ã
+�	*����

ĦShulaev et al., 1997ħĨTSR�ås¤74>JÐđ�´(��
+�	�	ĩ

TSR�j�.´(���*�$��Ĩ[���Í.´(���*¢Ā��*ĩ 



 

 131 

<K@LN8�'* TSR�ĊĒ 

� <K@LN8�]�Yî.×	�Ą¹�(Ĩ83LN8&FJ<N8� TSR

.Ċ���	���´(�����ĦFig. 2-1, 2-2ħĩ���$ĨTSR�<K@

LN8�ÑÙÝ�Óď��*�õ�(+*ĩ���Ĩ<K@LN8���'��

�� TSR.ĊĒ�*���´(���	ĩTSR�ĊĒÃ����Ĩ̂ Q� 3�

�y÷¤�õ�(+*ĩ��-�Ĩðö��<K@LN8�ðöù�ÐÔÝ��

Ë�*��� TSR.�	Ē��y÷¤Ĩðö��<K@LN8�ðöùP�x

�c�ĉč
+*��� TSR.�	Ē��y÷¤Ĩðö��(w)Ė#+�<

K@LN8�ðök�ýæ�*��� TSR.�	Ē��y÷¤��*ĩ���

� 3 �Þ�y÷¤.ÀĆ�*�$Ĩ½Ĝ�<K@LN8.ĥýæ�*�Ù».

dn�ĦFig. 3-1, 3-5ħĨTSRÃ�Óď�ă�
+*�Č"�ĩ��ñºĨ�Ù

»�½Ĝ��Ĩ<K@LN8Ċ�¤ě`��ÜÓ��	��t�ă�
+��

��ĦFig. 3-7ħĩ���Ĩðök�<K@LN8ĥýæ� TSR.Ċ��*y÷

¤�b	�õ�(+*ĩx�c�ĉč
+*���¾Ð�Ģ £ë.Ċ��*

PAMP��Ĩ2:M& β-4J1M���îđ�|#+*ĦCheong et al., 1991; 

Kaku et al., 2006ħĩ���$¾Ð�<K@LN8ÑÙÝ�x�c.­�y÷¤

�uo�õ�(+*ĩO²�ĨPAMP � nM KCJ�¾Ð�Ģ £ë.Ċ��

*����ĦCheong et al., 1991; Kaku et al., 2006ħĨ<K@LN8�mMK

CJ�TSR.Ċ��*ĩ���$<K@LN8x�c����*�	�_ċ�Ĩ

���Ú~%Õ�*ĩ<K@LN8�ðöù�ÐÔÝ��Ë�*y÷¤��	

�%Ĩuo�Àą.ÿ�¢Ā��*ĩ  

 



 

 132 

TSR���* JA74>J�Ĉð�Ą¹ 

�  TSR���* JA74>J�Ĩ½Ĝ��Ģ £ë�ġS�*�X¥
+�ĩ

�����Í��	�Ĩ')Ĉð�Ą¹.ÿ��ĩ<K@LN8mÔ
+�½Ĝ

��	�ĨJAe�Ý�ÜÓĊ�
+*Ĕl��ě`� OsERF83�àÞ�Ĩ�

�Ä÷Ą¹.ÿ��ĩðök��Ą¹ĨĔlÉ¤t÷�ćfĨ¼Ğñ{÷�ćf

�(ĨOsERF83� GCCE;38.ĉč�*Æ�ĔlČì����*���ã


+�ĦFig. 4-4, 4-5, 4-6ħĩOsERF83�ęrÜÓ».dn�Ĩě`�ÜÓĄ

¹�( OsERF83 �q �*QÊě`�.È�����,Ĩ<K@LN8mÔ

�')½Ĝ�ÜÓ�Ċ�
+* PR 9MA3đě`� Gns6, TLP, PR10b, 

RIR1b, �' RIR1b-like�ān
+�ĦFig. 1-4, 4-8ħĩ���<K@LN8

mÔ
+�½Ĝ��ĨJA74>J� OsERF83.\��ĨOĜ� PR9MA3

đ�ÜÓq .ÿ�y÷¤�ã
+�ĩO²�Ĩ<K@LN8�') JAe�Ý

�Ċ�
+*Ĕl��ě`��ĨOsERF83^��%ān
+�ĦFig. 2-7ħĩ

TSR ���* JA 74>J�j�.´(���*�$��Ĩ�+(�Ĕl��

��	�%Ä÷Ą¹.ÿ�¢Ā��*ĩ  

� <K@LN8mÔ
+�½Ĝ��ĨPAÕ{§ě`��ÜÓ�P³�*ĦFig. 

1-4, 5-3ħĩ��� PAÕ{§ě`��ÜÓĊ��ĨJA74>J�q 
+*�

.Ą¹��ĩ��ñºĨPAÕ{§ě`� OsKSL4�' OsKSL7�<K@L

N8�'*ÜÓĊ���ĨJA74>J�RyÅ��*���ã
+�ĦFig. 5-

5ħĩOsKSL4� OsKSL7�Ĩ0?�VĀ� PA��*HGI3<MĤ�B/0

<16MĤ�Õ{§ĝï��*ĦToyomasu, 2008ħĩ��� TSR���* JA

74>J�ĨPAÕ{§.\����Ĩ½Ĝ�¨Ý�Û�ª©¤.q ��	*



 

 133 

y÷¤�õ�(+�ĩ#�<K@LN8mÔ
+�½Ĝ��ĨOsKSL2 �ÜÓ

� JAe�Ý�Ċ�
+*��%´(�����ĦFig. 5-5ħĩOsKSL2�jĠ

cDNA��(+�	���(Ĩhě`���*�õ�(+�	��ĦXu et al., 

2007ħĨ¸âç�')jĠ cDNA�p$�vģ
+�ĦFig. 5-6ħĩOsKSL2�

ent-CDP .�đ� ent-beyerene .{§�*Ä÷��9MA3đ.5N=��

	�ĦFig. 5-9ħĩent-beyerene���Ċ�c�©üÉ¤.­�����}
+

��)ĦDrewes et al., 2006; Tsiri et al., 2009ħĨTSR���* JA74>J

�Ĩ½Ĝ���* beyerene� PA�ÕÖ%q ��	*y÷¤��*ĩ 

 

TSR�®�o�ÄÂ 

� ¸âç�ñº�(ĨTSR �o�ÄÂ�®�
+�ĩ��-�Ĩ½Ĝ�mÔ


+�<K@LN8�Ĩðöù�ÐÔÝ��Ë�*���Ĩ�*	�ðöùP�x

��ĉč
+*���Ĩðök�74>J.`Ě�*ĩ��74>J�Ĩ½Ĝ�

� JAĤ� SA�ýæ.Ċ��*���Ĩ�+�+�DJHM74>J��¯


+Ģ £ë.q �*ĩJA 74>J�½Ĝ�¨Ý�Ģ £ë�ġ-)ĨPA Õ

{§&ĨOsERF83.\�� PR9MA3đ�ÕÖ.q �*ĩO² SA74>

J�Ĩ½Ĝ��Ģ ġėě`��ÜÓĊ���S�*����
Ĩ�PĜ�0?

	%�Ûª©¤.q �*���ĨTSR�jēĊ���Û�ª©Õ�ġ-*ĩ 

 



Ê� � Î 

 

� �®µ(¾��	�%âKXp�Æ´�$I�ÒZ^Z^ÜÏ^ÜB£Tª

^d�àRaA-�¹tÚ¨^Él���
Ð�@'����	â��p!w

D�rze�rÞ}(Í%���âI�ÒZ^Z^ÜÏ^®µÜ ��¼ �{

��
uÊ§�1���ã  

� ���È��r�Û(�� â®µ�U(|>��
�
&��!�â��

�rze�rÞ}(Í%���âÏ�-àR¤�y¿¸L®µ�� £¢�¹E

¥®µÕÙ 4h®µS 9580 KX��
uÊ§�1���ã 

� �È��r�Û(Í%âY
�rGÃ��JF(ß	���I�ÒZ^Z^

ÜÏ^®µÜ ��¼k �{âM®µÜ =CE6 G�â�uÊ§�1���ã 

� I�ÒZ^Ï^Õ £¢�¹H^² £¢H^Él��³¾�â�{����

�
Ð�@'�2
&��!�â®µ£��sq��Y
�rGÃ(Í%��

�âI�ÒZ^Z^ÜÏ^®µÜ �5KP NÅ�{�uÊ§�1���ã 

� �®µ�Ñ¾�	�%YZ�rJF�#�Ì×�+.*	&��Ä��|>

(ß	���âgoZ^Ï^Õ ËW­< �{âáÖZ^�7£O²^² f�

B/ bS�{âÏ�-àR¤�y¿¸L®µ�� Ó½¬Q KXâM�� À

 �] KXâ�uÊ§�1���ã 

� ®µ"±£��Ý�!»	«Ç«x����ß	���,� �n;¯),)®

µS ���0 KXâ¡¦�m KXâ�$��Ï�-àR¤�y¿¸L®µ�

� =��?[Ô KXâØ�\ KXâ�i�� KXâ_�v] KXâDr. 

Zornitsa LanzhovaâDr. Liu Yuelin�uÊº���ã  



� �p�â^££�(��
Á`%·�©â¶°©�~��2
��3Ââc

���
uÊº���ã 

2018j 12� 

xV Z: 



1@7> 
 

Bell, W., Sun, W., Hohmann, S., Wera, S., Reinder, A., Virgilio, C. De, Wiemken, A., Thevelein, 

J.M., 1998. Composition and functional analysis of the Saccharomyces cerevisiae 

trehalose synthase complex. J. Biol. Chem. 273, 33311–33319.  

Berrocal-Lobo, M., Molina, A., Solano, R., 2002. Constitutive expression of ETHYLENE-

RESPONSE-FACTOR1 in Arabidopsis confers resistance to several necrotrophic fungi. 

Plant J. 29, 23–32. 

Blázquez, M.A., Lagunas, R., Gancedo, C., Gancedo, J.M., 1993. Trehalose-6-phosphate, a new 

regulator of yeast glycolysis that inhibits hexokinases. FEBS Lett. 329, 51–54. 

Blázquez, M.A., Santos, E., Flores, C.L., Martínez-Zapater, J.M., Salinas, J., Gancedo, C., 

1998. Isolation and molecular characterization of the Arabidopsis TPS1 gene, encoding 

trehalose-6-phosphate synthase. Plant J. 13, 685–689. 

Bohlmann, F., Wegner, P., 1982. Ent-beyer-15-ene derivatives from Nidorella anomala. 

Phytochemistry 21, 1175–1177. 

Brodmann, A., Schuller, A., Ludwig-Müller, J., Aeschbacher, R. a, Wiemken, A., Boller, T., 

Wingler, A., 2002. Induction of trehalase in Arabidopsis plants infected with the 

trehalose-producing pathogen Plasmodiophora brassicae. Mol. plant-microbe Interact. 

15, 693–700.  

Broun, P., Poindexter, P., Osborne, E., Jiang, C.-Z., Riechmann, J.L., 2004. WIN1, a 

transcriptional activator of epidermal wax accumulation in Arabidopsis. Proc. Natl. 

Acad. Sci. 101, 4706–4711.  

Chary, S.N., Hicks, G.R., Choi, Y.G., Carter, D., Raikhel, N. V., 2007. Trehalose-6-phosphate 

synthase/phosphatase regulates cell Shape and plant architecture in Arabidopsis. Plant 

Physiol. 146, 97–107.  

Chen, Z., Iyer, S., Caplan, A., Klessig, D.F., Fan, B., 1997. Differential Accumulation of 

Salicylic Acid and Salicylic Acid-Sensitive Catalase in Different Rice Tissues. Plant 

Physiol. 114, 193–201. 

Cheong, J., Birberg, W., Füged, P., Pilotti, A., Garegg, P.J., Hong, N., Ogawa, T., Hahn, M.G., 

1991. Structure-activity relationships of oligo-β-glucoside elicitors of phytoalexin 

accumulation in soybean. Plant Cell 3, 127–136. 

Cho, E., Okada, A., Kenmoku, H., Otomo, K., Toyomasu, T., Mitsuhashi, W., 2004. Molecular 

cloning and characterization of a cDNA encoding ent-cassa-12, 15-diene synthase, a 



putative diterpenoid phytoalexin biosynthetic enzyme, from suspension-cultured rice 

cells treated with a chitin elicitor. Plant J. 37, 1–8.  

Choi, Y., Cho, K.W., Jeong, K., Jung, S., 2006. Molecular dynamics simulations of trehalose as 

a “dynamic reducer” for solvent water molecules in the hydration shell. Carbohydr. Res. 

341, 1020–1028. 

Choudhary, D.K., Prakash, A., Johri, B.N., 2007. Induced systemic resistance (ISR) in plants: 

Mechanism of action. Indian J. Microbiol. 47, 289–297.  

Chuck, G., Meeley, R.B., Hake, S., 1998. The control of maize spikelet meristem fate by the 

APETALA2-like gene indeterminate spikelet1. Genes Dev. 12, 1145–1154. 

De Virgilio, C., Burckert, N., Bell, W., Jeno, P., Boller, T., Wiemken, A., 1993. Disruption of 

TPS2, the gene encoding the 100-kDa subunit of the trehalose-6-phosphate synthase / 

phosphatase complex in Saccharomyces cerevisiae, causes accumulation of trehalose-6-

phosphate and loss of trehalose-6-phosphate phosphatase act. Eur. J. Biochem. 212, 

315–323. 

DeBosch, B.J., Heitmeier, M.R., Mayer, A.L., Higgins, C.B., Crowley, J.R., Kraft, T.E., Chi, M., 

Newberry, E.P., Chen, Z., Finck, B.N., Davidson, N.O., Yarasheski, K.E., Hruz, P.W., 

Moley, K.H., 2016. Trehalose inhibits solute carrier 2A (SLC2A) proteins to induce 

autophagy and prevent hepatic steatosis. Sci. Signal. 9, ra21.  

Delorge, I., Figueroa, C.M., Feil, R., Lunn, J.E., Van Dijck, P., 2015. Trehalose-6-phosphate 

synthase 1 is not the only active TPS in Arabidopsis thaliana. Biochem. J. 466, 283–90.  

Dempsey, D.A., Vlot, A.C., Wildermuth, M.C., Klessig, D.F., 2011. Salicylic acid biosynthesis 

and metabolism. Arab. B. 9, e0156.  

Dinnbier, U., Limpinsel, E., Schmid, R., Bakker, E.P., 1988. Transient accumulation of 

potassium glutamate and its replacement by trehalose during adaptation of growing 

cells of Escherichia coli K-12 to elevated sodium chloride concentrations. Arch. Microbiol. 

150, 348–357. 

Dowd, M.K., Reilly, P.J., 1992. Conformational Analysis of Trehalose Disaccharides and 

Analogues Using MM3. J. Comput. Chem. 13, 102–114. 

Drewes, S.E., Mudau, K.E., Vuuren, S.F. Van, Viljoen, A.M., 2006. Antimicrobial monomeric 

and dimeric diterpenes from the leaves of Helichrysum tenax var tenax. Phytochemistry 

67, 716–722. 

Dubouzet, J.G., Sakuma, Y., Ito, Y., Kasuga, M., Dubouzet, E.G., Miura, S., Seki, M., 

Shinozaki, K., Yamaguchi-Shinozaki, K., 2003. OsDREB genes in rice, Oryza sativa L., 



encode transcription activators that function in drought-, high-salt- and cold-responsive 

gene expression. Plant J. 33, 751–763.  

Eastmond, P.J., Graham, I.A., 2003. Trehalose metabolism: A regulatory role for trehalose-6-

phosphate? Curr. Opin. Plant Biol. 6, 231–235.  

Eastmond, P.J., Van Dijken, A.J.H., Spielman, M., Kerr, A., Tissier, A.F., Dickinson, H.G., 

Jones, J.D.G., Smeekens, S.C., Graham, I.A., 2002. Trehalose-6-phosphate synthase 1, 

which catalyses the first step in trehalose synthesis, is essential for Arabidopsis embryo 

maturation. Plant J. 29, 225–235. 

Felix, G., Duran, J.D., Volko, S., Boller, T., 1999. Plants have a sensitive perception system 

for the most conserved domain of bacterial flagellin. Plant J. 18, 265–276.  

Ferrari, S., Savatin, D. V, Sicilia, F., Gramegna, G., Cervone, F., Lorenzo, G. De, 2013. 

Oligogalacturonides: plant damage-associated molecular patterns and regulators of 

growth and development. Front. Plant Sci. 4, 1–9.  

French, A.D., Johnson, G.P., Kelterer, A.M., Dowd, M.K., Cramer, C.J., 2002. Quantum 

mechanics studies of the intrinsic conformation of trehalose. J. Phys. Chem. A 106, 

4988–4997. 

Fritzius, T., Aeschbacher, R., Wiemken, A., Wingler, A., 2001. Induction of ApL3 expression 

by trehalose complements the starch-deficient Arabidopsis mutant adg2-1 lacking ApL1, 

the large subunit of ADP-glucose pyrophosphorylase. Plant Physiol. 126, 883–889.  

Fu, Z.Q., Dong, X., 2013. Systemic acquired resistance: turning local infection into global 

defense. Annu. Rev. Plant Biol. 64, 839–863.  

Ge, L.F., Chao, D.Y., Shi, M., Zhu, M.Z., Gao, J.P., Lin, H.X., 2008. Overexpression of the 

trehalose-6-phosphate phosphatase gene OsTPP1 confers stress tolerance in rice and 

results in the activation of stress responsive genes. Planta 228, 191–201.  

Giaever, H.M., Styrvold, O.B., Kaasen, I., Strøm, A., 1988. Biochemical and genetic 

characterization of osmoregulatory trehalose synthesis in Escherichia coli. J. Bacteriol. 

170, 2841–2849. 

Gómez-Gómez, L., Boller, T., 2000. FLS2: an LRR receptor-like kinase involved in the 

perceptio of the bacterial elicitor flagellin in Arabidopsis. Mol. Cell 5, 1003–1011.  

Gu, Y., Wildermuth, M.C., Chakravarthy, S., Loh, Y., Yang, C., He, X., Han, Y., Martin, G.B., 

2002. Tomato transcription factors Pti4, Pti5, and Pti6 activate defense responses when 

expressed in Arabidopsis. Plant Cell 14, 817–831.  

Gu, Y.Q., Yang, C., Thara, V.K., Zhou, J., Martin, G.B., 2000. Pti4 is induced by ethylene and 



salicylic acid, and its product is phosphorylated by the Pto kinase. Plant Cell 12, 771–

786. 

Guo, Z.J., Chen, X.J., Wu, X.L., Ling, J.Q., Xu, P., 2004. Overexpression of the AP2/EREBP 

transcription factor OPBP1 enhances disease resistance and salt tolerance in tobacco. 

Plant Mol. Biol. 55, 607–618.  

Gyuris, J., Golemis, E., Chertkov, H., Brent, R., 1993. Cdi1, a human G1 and S phase protein 

phosphatase that associates with Cdk2. Cell 75, 791–803. 

Hardie, D.G., 2007. AMP-activated/SNF1 protein kinases: conserved guardians of cellular 

energy. Nat. Rev. Mol. Cell Biol. 8, 774–785. 

Hattori, Y., Nagai, K., Furukawa, S., Song, X.J., Kawano, R., Sakakibara, H., Wu, J., 

Matsumoto, T., Yoshimura, A., Kitano, H., Matsuoka, M., Mori, H., Ashikari, M., 2009. 

The ethylene response factors SNORKEL1 and SNORKEL2 allow rice to adapt to deep 

water. Nature 460, 1026–1030.  

Hengge-Aronis, R., Klein, W., Lange, R., Rimmele, M., Boos, W., 1991. Trehalose synthesis 

genes are controlled by the putative sigma factor encoded by rpoS and are involved in 

stationary-phase thermotolerance in Escherichia coli. J. Bacteriol. 173, 7918–7924.  

Hiei, Y., Ohta, S., Komari, T., Kumashiro, T., 1994. Efficient transformation of rice (Oryza 

sativa L.) mediated by Agrobacterium and sequence analysis of the boundaries of the T-

DNA. Plant J. 6, 271–282.  

Hillwig, M.L., Xu, M., Toyomasu, T., Tiernan, M.S., Wei, G., Cui, G., Huang, L., Peters, R.J., 

2011. Domain loss has independently occurred multiple times in plant terpene synthase 

evolution. Plant J. 68, 1051–1060.  

Horie, K., Inoue, Y., Sakai, M., Yao, Q., Tanimoto, Y., Koga, J., Toshima, H., Hasegawa, M., 

2015. Identification of UV-induced diterpenes including a new diterpene phytoalexin, 

phytocassane F, from rice leaves by complementary GC/MS and LC/MS approaches. J. 

Agric. Food Chem. 63, 4050–4059. 

Huang, P.Y., Catinot, J., Zimmerli, L., 2016. Ethylene response factors in Arabidopsis 

immunity. J. Exp. Bot. 67, 1231–1241.  

Iordachescu, M., Imai, R., 2008. Trehalose biosynthesis in response to abiotic stresses. J. 

Integr. Plant Biol. 50, 1223–1229. 

Ishikawa, E., Ishikawa, T., Morita, Y.S., Toyonaga, K., Yamada, H., Takeuchi, O., Kinoshita, 

T., Akira, S., Yoshikai, Y., Yamasaki, S., 2009. Direct recognition of the mycobacterial 

glycolipid, trehalose dimycolate, by C-type lectin Mincle. J. Exp. Med. 206, 2879–2888.  



Islam, M.O., Kato, H., Shima, S., Tezuka, D., Matsui, H., Imai, R., 2019. Functional 

identification of a rice trehalase gene involved in salt stress tolerance. Gene 685, 42–49.  

Jackson, A.J., Hershey, D.M., Chesnut, T., Xu, M., Peters, R.J., 2014. Biochemical 

characterization of the castor bean ent-kaurene synthase (-like) family supports 

quantum chemical view of diterpene cyclization. Phytochemistry 103, 13–21.  

Jung, K.-H., Seo, Y.-S., Walia, H., Cao, P., Fukao, T., Canlas, P.E., Amonpant, F., Bailey-Serres, 

J., Ronald, P.C., 2010. The submergence tolerance regulator Sub1A mediates stress-

responsive expression of AP2/ERF transcription factors. Plant Physiol. 152, 1674–1692.  

Kaasen, I., McDougall, J., Strøm, A.R., 1994. Analysis of the otsBA operon for osmoregulatory 

trehalose synthesis in Escherichia coli and homology of the OtsA and OtsB proteins to 

the yeast trehalose-6-phosphate synthase/phosphatase complex. Gene 145, 9–15.  

Kaku, H., Nishizawa, Y., Ishii-Minami, N., Akimoto-Tomiyama, C., Dohmae, N., Takio, K., 

Minami, E., Shibuya, N., 2006. Plant cells recognize chitin fragments for defense 

signaling through a plasma membrane receptor. Proc. Natl. Acad. Sci. U. S. A. 103, 

11086–11091.  

Kandror, O., DeLeon, A., Goldberg, A.L., 2002. Trehalose synthesis is induced upon exposure 

of Escherichia coli to cold and is essential for viability at low temperatures. Proc. Natl. 

Acad. Sci. 99, 9727–9732.  

Kanno, Y., Otomo, K., Kenmoku, H., Mitsuhashi, W., Yamane, H., Oikawa, H., Toshima, H., 

Matsuoka, M., Sassa, T., Toyomasu, T., 2006. Characterization of a Rice Gene Family 

Encoding Type-A Diterpene Cyclases. Biosci. Biotechnol. Biochem. 70, 1702–1710.  

Komatsu, M., Chujo, A., Nagato, Y., Shimamoto, K., Kyozuka, J., 2003. FRIZZY PANICLE is 

required to prevent the formation of axillary meristems and to establish floral meristem 

identity in rice spikelets. Development 130, 3841–3850.  

Krasensky, J., Broyart, C., Rabanal, F. a, Jonak, C., 2014. The redox-sensitive chloroplast 

trehalose-6-phosphate phosphatase AtTPPD regulates salt stress tolerance. Antioxid. 

Redox Signal. 21, 1289–1304.  

Kuttel, M.M., Naidoo, K.J., 2005. Ramachandran free-energy surfaces for disaccharides: 

Trehalose, a case study. Carbohydr. Res. 340, 875–879.  

Lambruschini, C., Relini, A., Ridi, A., Cordone, L., Gliozzi, A., 2000. Trehalose interacts with 

phospholipid polar heads in Langmuir monolayers. Langmuir 16, 5467–5470.  

Lederer, E., 1976. Cord factor and related trehalose esters. Chem. Phys. Lipids 16, 91–106.  

Lee, D.-K., Jung, H., Jang, G., Jeong, J.S., Kim, Y.S., Ha, S.-H., Do Choi, Y., Kim, J.-K., 2016. 



Overexpression of the OsERF71 transcription factor alters rice root structure and 

drought resistance. Plant Physiol. 172, 575–588.  

Lee, M.-W., Qi, M., Yang, Y., 2001. A novel jasmonic acid-inducible rice myb gene associates 

with fungal infection and host cell death. Mol. Plant-Microbe Interact. 14, 527–535.  

Lerbret, A., Bordat, P., Affouard, F., Descamps, M., Migliardo, F., 2005. How homogeneous are 

the trehalose, maltose, and sucrose water solutions? an insight from molecular dynamics 

simulations. J. Phys. Chem. B 109, 11046–11057.  

Lerbret, A., Bordat, P., Affouard, F., Guinet, Y., Hedoux, A., Paccou, L., Prevost, D., Descamps, 

M., 2005. Influence of homologous disaccharides on the hydrogen-bond network of water: 

complementary raman scattering experiments and molecular dynamics simulations. 

Carbohydr. Res. 340, 881–887. 

Li, H.W., Zang, B.S., Deng, X.W., Wang, X.P., 2011. Overexpression of the trehalose-6-

phosphate synthase gene OsTPS1 enhances abiotic stress tolerance in rice. Planta 234, 

1007–1018. 

Liu, D., Chen, X., Liu, J., Ye, J., Guo, Z., 2012. The rice ERF transcription factor OsERF922 

negatively regulates resistance to Magnaporthe oryzae and salt tolerance. J. Exp. Bot. 

63, 3899–3912.  

Liu, Q., Kasuga, Mi., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K., 1998. Two 

transcription factors, DREB1 and DREB2, with an EREBP/AP2 DNA binding domain 

separate two cellular signal transduction pathways in drought- and low- temperature-

responsive gene expression, respectively, in Arabidopsis. Plant Cell 10, 1391–1406. 

Luzardo, M. del C., Amalfa, F., Nuñez, A.M., Díaz, S., Biondi de Lopez, A.C., Disalvo, E.A., 

2000. Effect of trehalose and sucrose on the hydration and dipole potential of lipid 

bilayers. Biophys. J. 78, 2452–2458. 

Maquat, L.E., 2002. Nonsense-mediated mRNA decay. Curr. Biol. 12, 196–197. 

Matsuura, H., Aoi, A., Satou, C., Nakaya, M., Masuta, C., Nabeta, K., 2009. Simultaneous 

UPLC MS/MS analysis of endogenous jasmonic acid, salicylic acid, and their related 

compounds. Plant Growth Regul. 57, 293–301. 

Matsuura, H., Takeishi, S., Kiatoka, N., Sato, C., Sueda, K., Masuta, C., Nabeta, K., 2012. 

Transportation of de novo synthesized jasmonoyl isoleucine in tomato. Phytochemistry 

83, 25–33. 

Mayer, A.L., Higgins, C.B., Heitmeier, M.R., Kraft, T.E., Qian, X., Crowley, J.R., Hyrc, K.L., 

Beatty, W.L., Yarasheski, K.E., Hruz, P.W., Debosch, B.J., 2016. SLC2A8 (GLUT8) is a 



mammalian trehalose transporter required for trehalose-induced autophagy. Sci. Rep. 6, 

1–15.  

Miyake, Y., Toyonaga, K., Mori, D., Kakuta, S., Hoshino, Y., Oyamada, A., Yamada, H., Ono, 

K.I., Suyama, M., Iwakura, Y., Yoshikai, Y., Yamasaki, S., 2013. C-type lectin MCL is an 

FcRγ-coupled receptor that mediates the adjuvanticity of mycobacterial cord factor. 

Immunity 38, 1050–1062.  

Morrone, D., Jin, Y., Xu, M., Choi, S.Y., Coates, R.M., Peters, R.J., 2006. An unexpected 

diterpene cyclase from rice: Functional identification of a stemodene synthase. Arch. 

Biochem. Biophys. 448, 133–140.  

Mur, L.A.J., Kenton, P., Atzorn, R., Miersch, O., Wasternack, C., 2006. The outcomes of 

concentration-specific interactions between salicylate and jasmonate signaling include 

synergy, antagonism, and oxidative stress leading to cell death. Plant Physiol. 140, 249–

262. 

Nakagawa, T., Kurose, T., Hino, T., Tanaka, K., Kawamukai, M., Niwa, Y., Toyooka, K., 

Matsuoka, K., Jinbo, T., Kimura, T., 2007. Development of series of gateway binary 

vectors, pGWBs, for realizing efficient construction of fusion genes for plant 

transformation. J. Biosci. Bioeng. 104, 34–41.  

Nakano, T., Suzuki, K., Fujimura, T., Shinshi, H., 2006. Genome-Wide Analysis of the ERF 

Gene Family. Plant Physiol. 140, 411–432.  

Nemoto, T., Cho, E., Okada, A., Okada, K., Otomo, K., Kanno, Y., Toyomasu, T., Mitsuhashi, 

W., Sassa, T., Minami, E., 2004. Stemar-13-ene synthase, a diterpene cyclase involved in 

the biosynthesis of the phytoalexin oryzalexin S in rice. FEBS Lett. 571, 182–186.  

Ohme-Takagi, M., Shinshi, H., 1995. Ethylene-inducible DNA binding proteins that interact 

with an ethylene-responsive element. Plant Cell Online 7, 173–182.  

Oku, K., Kurose, M., Kubota, M., Fukuda, S., Kurimoto, M., Tujisaka, Y., Okabe, A., Sakurai, 

M., 2005. Combined NMR and quantum chemical studies on the interaction between 

trehalose and dienes relevant to the antioxidant function of trehalose. J. Phys. Chem. B 

109, 3032–3040. 

Oku, K., Watanabe, H., Kubota, M., Fukuda, S., Kurimoto, M., Tsujisaka, Y., Komori, M., 

Inoue, Y., Sakurai, M., 2003. NMR and quantum chemical study on the OH�π and CH�O 

interactions between trehalose and unsaturated fatty acids: implication for the 

mechanism of antioxidant function of trehalose. J. Am. Chem. Soc. 125, 12739–12748.  

Otomo, K., Kanno, Y., Motegi, A., Kenmoku, H., Yamane, H., Mitsuhashi, W., Oikawa, H., 



Toshima, H., Itoh, H., Matsuoka, M., Sassa, T., Toyomasu, T., 2004a. Diterpene cyclases 

responsible for the biosynthesis of phytoalexins, momilactones A, B, and oryzalexins A – 

F in rice. Biosci. Biotechnol. Biochem. 68, 2001–2006. 

Otomo, K., Kenmoku, H., Oikawa, H., König, W. a., Toshima, H., Mitsuhashi, W., Yamane, H., 

Sassa, T., Toyomasu, T., 2004b. Biological functions of ent- and syn-copalyl diphosphate 

synthases in rice: Key enzymes for the branch point of gibberellin and phytoalexin 

biosynthesis. Plant J. 39, 886–893. 

Peric-Hassler, L., Hansen, H.S., Baron, R., Hunenberger, P.H., 2010. Conformational 

properties of glucose-based disaccharides investigated using molecular dynamics 

simulations with local elevation umbrella sampling. Carbohydr. Res. 345, 1781–1801.  

Peters, R.J., 2006. Uncovering the complex metabolic network underlying diterpenoid 

phytoalexin biosynthesis in rice and other cereal crop plants. Phytochemistry 67, 2307–

2317. 

Polge, C., Thomas, M., 2006. SNF1/AMPK/SnRK1 kinases, global regulators at the heart of 

energy control? Trends Plant Sci. 12, 20–28. 

Pramanik, M.H.R., Imai, R., 2005. Functional identification of a trehalose 6-phosphate 

phosphatase gene that is involved in transient induction of trehalose biosynthesis during 

chilling stress in rice. Plant Mol. Biol. 58, 751–762.  

Pre, M., Atallah, M., Champion, A., De Vos, M., Pieterse, C.M.J., Memelink, J., 2008. The 

AP2/ERF domain transcription factor ORA59 integrates jasmonic acid and ethylene 

signals in plant defense. PLANT Physiol. 147, 1347–1357. 

Ramon, M., De Smet, I., Vandesteene, L., Naudts, M., Leyman, B., Van Dijck, P., Rolland, F., 

Beeckman, T., Thevelein, J.M., 2009. Extensive expression regulation and lack of 

heterologous enzymatic activity of the Class II trehalose metabolism proteins from 

Arabidopsis thaliana. Plant, Cell Environ. 32, 1015–1032. 

Reinders, A., Bürckert, N., Hohmann, S., Thevelein, J.M., Boller, T., Wiemken, A., De Virgilio, 

C., 1997. Structural analysis of the subunits of the trehalose-6-phosphate 

synthase/phosphatase complex in Saccharomyces cerevisiae and their function during 

heat shock. Mol. Microbiol. 24, 687–695.  

Ren, D., Li, Y., Zhao, F., Sang, X., Shi, J., Wang, N., Guo, S., Ling, Y., Zhang, C., Yang, Z., He, 

G., 2013. MULTI-FLORET SPIKELET1, which encodes an AP2/ERF protein, 

determines spikelet meristem fate and sterile lemma identity in rice. Plant Physiol. 162, 

872–884. 



Riechmann, J.L., Heard, J., Martin, G., Reuber, L., Jiang, C.-Z., Keddie, J., Adam, L., Pineda, 

O., Ratcliffe, O.J., Samaha, R.R., Creelman, R., Pilgrim, M., Broun, P., Zhang, J.Z., 

Ghandehari, D., Sherman, B.K., Yu, G.-L., 2000. Arabidopsis transcription factors: 

Genome wide comparative analysis among eukaryotes. Science. 290, 2105–2110.  

Robinson, D.R., West, C.A., 1969. Biosynthesis of cyclic diterpenes in extracts from seedlings 

of Ricinus communis L. I. identification of diterpene hydrocarbons formed from 

mevalonate. Biochemistry 9, 70–79. 

Rudloff, E.V.O.N., Lapp, M.S., Yeh, F.C., 1988. Chemosystematic study of Thuja plicata: 

multivariate analysis of leaf oil terpene composition. Biochem. Syst. Ecol. 16, 119–125. 

Sakakura, K., Okabe, A., Oku, K., Sakurai, M., 2011. Experimental and theoretical study on 

the intermolecular complex formation between trehalose and benzene compounds in 

aqueous solution. J. Phys. Chem. B 115, 9823–9830. 

Sakamoto, T., Miura, K., Itoh, H., Tatsumi, T., Ueguchi-Tanaka, M., Ishiyama, K., Kobayashi, 

M., Agrawal, G.K., Takeda, S., Abe, K., Miyao, A., Hirochika, H., Kitano, H., Ashikari, 

M., Matsuoka, M., 2004. An overview of gibberellin metabolism enzyme genes and their 

related mutants in rice. Plant Physiol. 134, 1642–1653. 

Sakurai, M., Murata, M., Inoue, Y., Hino, A., Kobayashi, S., 1997. Molecular-dynamics study 

of aqueous solution of trehalose and maltose: implication for the biological function of 

trehalose. Chem. Soc. Japan 70, 847–858.  

Schaffrath, U., Mauch, F., Freydl, E., Schweizer, P., Dudler, R., 2000. Constitutive expression 

of the defense-related Rir1b gene in transgenic rice plants confers enhanced resistance 

to the rice blast fungus Magnaporthe grisea. Plant Mol. Biol. 43, 59–66.  

Schiestl, R.H., Gietz, R.D., 1989. High efficiency transformation of intact yeast cells using 

single stranded nucleic acids as a carrier. Curr. Genet. 16, 339–346.  

Schmidt, R., Mieulet, D., Hubberten, H.M., Obata, T., Hoefgen, R., Fernie, A.R., Fisahn, J., 

San Segundo, B., Guiderdoni, E., Schippers, J.H.M., Mueller-Roeber, B., 2013. SALT-

RESPONSIVE ERF1 regulates reactive oxygen species-dependent signaling during the 

initial response to salt stress in rice. Plant Cell 25, 2115–2131. 

Sentoku, N., Sato, Y., Matsuoka, M., 2000. Overexpression of rice OSH genes induces ectopic 

shoots on leaf sheaths of transgenic rice plants. Dev. Biol. 220, 358–364.  

Sharoni, A.M., Nuruzzaman, M., Satoh, K., Shimizu, T., Kondoh, H., Sasaya, T., Choi, I.R., 

Omura, T., Kikuchi, S., 2011. Gene structures, classification and expression models of 

the AP2/EREBP transcription factor family in rice. Plant Cell Physiol. 52, 344–360.  



Shibuya, N., Minami, E., 2001. Oligosaccharide signalling for defence responses in plant. 

Physiol. Mol. Plant Pathol. 59, 223–233.  

Shima, S., Matsui, H., Tahara, S., Imai, R., 2007. Biochemical characterization of rice 

trehalose-6-phosphate phosphatases supports distinctive functions of these plant 

enzymes. FEBS J. 274, 1192–1201.  

Shimono, M., Sugano, S., Nakayama, A., Jiang, C.-J., Ono, K., Toki, S., Takatsuji, H., 2007. 

Rice WRKY45 plays a crucial role in benzothiadiazole-inducible blast resistance. Plant 

Cell 19, 2064–2076. 

Shukla, E., Thorat, L.J., Nath, B.B., Gaikwad, S.M., 2015. Insect trehalase: Physiological 

significance and potential applications. Glycobiology 25, 357–367. 

Shulaev, V., Silverman, P., Raskin, I., 1997. Airborne signalling by methyl salicylate in plant 

pathogen resistance. Nature 385, 718–721. 

Singer, M.A., Lindquist, S., 1998. Thermotolerance in Saccharomyces cerevisiae: the yin and 

yang of trehalose. Trends Biotechnol. 16, 460–468. 

Solano, R., Stepanova, A., Chao, Q., Ecker, J.R., 1998. Nuclear events in ethylene signaling: 

a transcriptional cascade mediated by ETHYLENE-INSENSITIVE3 and ETHYLENE-

RESPONSE-FACTOR1. Genes Dev. 12, 3703–3714. 

Styrvold, O.B., Strom, A.R., 1991. Synthesis, accumulation, and excretion of trehalose in 

osmotically stressed Escherichia coli K-12 strains: Influence of amber suppressors and 

function of the periplasmic trehalase. J. Bacteriol. 173, 1187–1192.  

Sugawara, M., Cytryn, E.J., Sadowsky, M.J., 2010. Functional role of Bradyrhizobium 

japonicum trehalose biosynthesis and metabolism genes during physiological stress and 

nodulation. Appl. Environ. Microbiol. 76, 1071–1081.  

Suzuki, N., Bajad, S., Shuman, J., Shulaev, V., Mittler, R., 2008. The transcriptional co-

activator MBF1c is a key regulator of thermotolerance in Arabidopsis thaliana. J. Biol. 

Chem. 283, 9269–9275. 

Thevelein, M., Hohmann, S., 1995. Trehalose synthase: guard to the gate of glycolysis in 

yeast? Trends Biochem. Sci. 20, 3–10. 

Toyomasu, T., 2008. Recent advances regarding diterpene cyclase genes in higher plants and 

fungi. Biosci. Biotechnol. Biochem. 72, 1168–1175. 

Tsiri, D., Graikou, K., Krauze-, M., Spyropoulos, C., Chinou, I., 2009. Chemosystematic value 

of the essential oil composition of Thuja species cultivated in poland—antimicrobial 

activity. Molecules 14, 4707–4715. 



van der Fits, L., Memelink, J., 2000. ORCA3, a jasmonate-responsive transcriptional 

regulator of plant primary and secondary metabolism. Science. 289, 295–297.  

van der Graaff, E., Dulk-Ras, A.D.D., Hooykaas, P.J.J., Keller, B., van der, G.E., 2000. 

Activation tagging of the LEAFY PETIOLE gene affects leaf petiole development in 

Arabidopsis thaliana. Development 127, 4971–4980.  

Van Houtte, H., Vandesteene, L., Lopez-Galvis, L., Lemmens, L., Kissel, E., Carpentier, S., 

Feil, R., Avonce, N., Beeckman, T., Lunn, J.E., Van Dijck, P., 2013. Overexpression of the 

trehalase gene AtTRE1 leads to increased drought stress tolerance in Arabidopsis and 

is involved in abscisic acid-induced stomatal closure. Plant Physiol. 161, 1158–1171. 

van Loon, L.C., Bakker, P.A.H.M., Pieterse, C.M.J., 1998. Systemic resistance induced by 

rhizosphere bacteria. Annu. Rev. Phytopathol. 36, 453–483. 

Vandesteene, L., Lopez-Galvis, L., Vanneste, K., Feil, R., Maere, S., Lammens, W., Rolland, 

F., Lunn, J.E., Avonce, N., Beeckman, T., Van Dijck, P., 2012. Expansive evolution of the 

TREHALOSE-6-PHOSPHATE PHOSPHATASE gene family in Arabidopsis. Plant 

Physiol. 160, 884–896. 

Vandesteene, L., Ramon, M., Le Roy, K., Van Dijck, P., Rolland, F., 2010. A single active 

trehalose-6-P synthase (TPS) and a family of putative regulatory TPS-like proteins in 

Arabidopsis. Mol. Plant 3, 406–419. 

Verhagen, B.W.M., Glazebrook, J., Zhu, T., Chang, H.-S., van Loon, L.C., Pieterse, C.M.J., 

2004. The transcriptome of rhizobacteria-induced systemic resistance in Arabidopsis. 

Mol. Plant. Microbe. Interact. 17, 895–908. 

Vogel, G., Fiehn, O., Jean-Richard-Dit-Bressel, L., Boller, T., Wiemken, A., Aeschbacher, R.A., 

Wingler, A., 2001. Trehalose metabolism in Arabidopsis: occurrence of trehalose and 

molecular cloning and characterization of trehalose-6-phosphate synthase homologues. 

J. Exp. Bot. 52, 1817–1826.  

Wahl, V., Ponnu, J., Schlereth, A., Arrivault, S., Langenecker, T., Franke, A., Feil, R., Lunn, 

J.E., Stitt, M., Schmid, M., 2013. Regulatio of flowering by trehalose-6-phosphate 

signaling in Arabidopsis thaliana. Science. 339, 704–708. 

Wakuta, S., Suzuki, E., Saburi, W., Matsuura, H., Nabeta, K., Imai, R., Matsui, H., 2011. 

OsJAR1 and OsJAR2 are jasmonyl-L-isoleucine synthases involved in wound- and 

pathogen-induced jasmonic acid signalling. Biochem. Biophys. Res. Commun. 409, 634–

639. 

Wan, L., Zhang, J., Zhang, H., Zhang, Z., Quan, R., Zhou, S., Huang, R., 2011. Transcriptional 



activation of OsDERF1 in OsERF3 and OsAP2-39 negatively modulates ethylene 

synthesis and drought tolerance in rice. PLoS One 6, e25216.  

Ward, J.M., Kuhn, C., Tegeder, M., Frommer, W.B., 1998. Sucrose transport in higher plants. 

Int. Rev. Cytol. 178, 41–71.  

Watanabe, M., Kikawada, T., Minagawa, N., Yukuhiro, F., Okuda, T., 2002. Mechanism 

allowing an insect to survive complete dehydration and extreme temperatures. J. Exp. 

Biol. 205, 2799–2802. 

Watanabe, M., Kikawada, T., Okuda, T., 2003. Increase of internal ion concentration triggers 

trehalose synthesis associated with cryptobiosis in larvae of Polypedilum vanderplanki. 

J. Exp. Biol. 206, 2281–2286.  

Wilderman, P.R., Xu, M., Jin, Y., Coates, R.M., Peters, R.J., 2004. Identification of syn-pimara-

7,15-diene synthase reveals functional clustering of terpene synthases involved in rice 

phytoalexin/allelochemical biosynthesis. Plant Physiol. 135, 2098–2105.  

Wingler, A., Fritzius, T., Wiemken, A., Boller, T., Aeschbacher, R.A., 2000. Trehalose induces 

the ADP-glucose pyrophosphorylase gene, ApL3, and starch synthesis in Arabidopsis. 

Plant Physiol 124, 105–114.  

Wyatt, G.R., Kalf, G.F., 1957. The chemistry of insect hemolymph: II. Trehalose and other 

carbohydrates. J. Gen. Physiol. 40, 833–847. 

Xu, M., Hillwig, M.L., Prisic, S., Coates, R.M., Peters, R.J., 2004. Functional identification of 

rice syn-copalyl diphosphate synthase and its role in initiating biosynthesis of 

diterpenoid phytoalexin/allelopathic natural products. Plant J. 39, 309–318.  

Xu, M., Ross Wilderman, P., Morrone, D., Xu, J., Roy, A., Margis-Pinheiro, M., Upadhyaya, 

N.M., Coates, R.M., Peters, R.J., 2007. Functional characterization of the rice kaurene 

synthase-like gene family. Phytochemistry 68, 312–326.  

Yadav, U.P., Ivakov, A., Feil, R., Duan, G.Y., Walther, D., Giavalisco, P., Piques, M., Carillo, P., 

Hubberten, H.M., Stitt, M., Lunn, J.E., 2014. The sucrose-trehalose 6-phosphate (Tre6P) 

nexus: Specificity and mechanisms of sucrose signalling by Tre6P. J. Exp. Bot. 65, 1051–

1068. 

Yamamoto, T., Yoshida, Y., Nakajima, K., Tominaga, M., Gyohda, A., Suzuki, H., Okamoto, T., 

Nishimura, T., Yokotani, N., Minami, E., Nishizawa, Y., Miyamoto, K., Yamane, H., 

Okada, K., Koshiba, T., 2018. Expression of RSOsPR10 in rice roots is antagonistically 

regulated by jasmonate/ethylene and salicylic acid via the activator OsERF87 and the 

repressor OsWRKY76, respectively. Plant Direct 2, e00049. 



Yoo, S., Cho, Y., Sheen, J., 2013. Arabidopsis mesophyll protoplasts: a versatile cell system for 

transient gene expression analysis. Nat. Protoc. 2, 1565–1573.  

Yoshida, Y., Miyamoto, K., Yamane, H., Nishizawa, Y., Minami, E., Nojiri, H., Okada, K., 2017. 

OsTGAP1 is responsible for JA-inducible diterpenoid phytoalexin biosynthesis in rice 

roots with biological impacts on allelopathic interaction. Physiol. Plant. 161, 532–544.  

Yu, Y., Yang, D., Zhou, S., Gu, J., Wang, F., Dong, J., Huang, R., 2017. The ethylene response 

factor OsERF109 negatively affects ethylene biosynthesis and drought tolerance in rice. 

Protoplasma 254, 401–408. 

Zang, B., Li, H., Li, W., Deng, X.W., Wang, X., 2011. Analysis of trehalose-6-phosphate 

synthase (TPS) gene family suggests the formation of TPS complexes in rice. Plant Mol. 

Biol. 76, 507–522.  

Zarei, A., Körbes, A.P., Younessi, P., Montiel, G., Champion, A., Memelink, J., 2011. Two GCC 

boxes and AP2/ERF-domain transcription factor ORA59 in jasmonate/ethylene-

mediated activation of the PDF1.2 promoter in Arabidopsis. Plant Mol. Biol. 75, 321–

331.  

Zhang, H., Huang, L., Dai, Y., Liu, S., Hong, Y., Tian, L., Huang, L., Cao, Z., Li, D., Song, F., 

2015. Arabidopsis AtERF15 positively regulates immunity against Pseudomonas 

syringae pv. tomato DC3000 and Botrytis cinerea. Front. Plant Sci. 6, 686.  

Zhang, H., Zhang, J., Quan, R., Pan, X., Wan, L., Huang, R., 2013. EAR motif mutation of rice 

OsERF3 alters the regulation of ethylene biosynthesis and drought tolerance. Planta 

237, 1443–1451.  

Zhang, J.Y., Broeckling, C.D., Blancaflor, E.B., Sledge, M.K., Sumner, L.W., Wang, Z.Y., 2005. 

Overexpression of WXP1, a putative Medicago truncatula AP2 domain-containing 

transcription factor gene, increases cuticular wax accumulation and enhances drought 

tolerance in transgenic alfalfa (Medicago sativa). Plant J. 42, 689–707.  

Zhang, Y., Primavesi, L.F., Jhurreea, D., Andralojc, P.J., Mitchell, R.A.C., Powers, S.J., 

Schluepmann, H., Delatte, T., Wingler, A., Paul, M.J., 2009. Inhibition of SNF1-related 

protein kinase1 activity and regulation of metabolic pathways by trehalose-6-phosphate. 

Plant Physiol. 149, 1860–1871. 

Zhang, Z., Li, J., Li, F., Liu, H., Yang, W., Chong, K., Xu, Y., 2017. OsMAPK3 phosphorylates 

OsbHLH002/OsICE1 and inhibits its ubiquitination to activate OsTPP1 and enhances 

rice chilling tolerance. Dev. Cell 43, 731–743.  

Zhou, K., Xu, M., Tiernan, M., Xie, Q., Toyomasu, T., Sugawara, C., Oku, M., Usui, M., 



Mitsuhashi, W., Chono, M., Chandler, P.M., Peters, R.J., 2012. Functional 

characterization of wheat ent-kaurene (-like) synthases indicates continuing evolution 

of labdane-related diterpenoid metabolism in the cereals. Phytochemistry 84, 47–55.  

����, -&0, H )3, !GE;, 8�#', 2011. 9=	��
�������I��


<C. 4@BK"* 1, 147–152. 

LJ.+%, 2017. 9=
D/M2=K��������
(:?-9=�D��
(:�6F

5=K�A$F	,6�
-. "*�?= 55, 547–552. 


