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Ʊƛ�ņŊ�(ȗç�'àÇȗƹ¡ȏďǻ"ŽĈ 0.2 µm ,$'ďƝ%ũŤ'ǞŞ#�!ǅ
ó�76�1980ÿ�35ȗ�'�Ć�&ŕż�!Ʊƛ�ņŊ�:Ŭ½íŹ&Ɩǁ�6Ǌ.
ȗ
ĳľ:�Đ#�!Ɩ·Ź&ƻ97!�� (Satoh and Kuroiwa, 1991)�-�ƝƬ�4Ʊƛ�:Ɩ
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ǁ�ȗƌ2�%Ųȋŗēµ«Ū (Nonidet P-40%$)&3�!Ʊƛ�:ƄƃȗPiwnO{2N
tƗ:Ë/bXe<}:ŭ�6%$�!ņŊ�'ĆŤ:��  Ɩǁ����'ĆŤ:Ɩǁ

'ÆPYXg"ŕĖŚ�Ɔǌ�%
4Ɩǁ�7�Ʊƛ�ņŊ�(ȗDNAǂǁŗē2ǯ�ëǛ
©ŗē-"�ġ�!�� (Sakai et al., 1991)��	�!Ɩǁ�7�Ʊƛ�ņŊ�'Ŭ½íŹǆ
Ł:ǖŞ#�!ȗ�� �'Ʊƛ�ņŊ�U{cGǕ
Èð�7!�� (Nemoto et al., 1988)�
A{\@mp'ƷƤ�ņŊ�'�ǄŉĘU{cGǕ#�!Èð�7��ƅǵǰ�Ǵƛ(Sulfite 
Reductase: SiR) (Sato et al., 2001)ȗgyY=}Sŗē:Ĺ�ȗƷ'Ʃ½2ǛŘ&ǿ96#1Ħ
ð�76 Chloroplast Nucleoid DNA binding protein (CND) 41 (Nakano et al., 1997; Murakami et al., 
2000; Nakano et al., 1993)ȗƯ&={C}�6U{cGǕ#�97!�6 Plastid-envelope DNA-
binding protein (PEND)%$"�6 (Sato et al., 1998, 1993)� 

2000ÿ�&%5ȗJaoĔß
²ŭ"�63	&%�!�6#ȗƝƵ'ņŊ�U{cGǕ'
ǳ¯Ĕß#'ŐǝǆŁ%$&35ȗƱƛ�ņŊ�U{cGǕ'ĥƜ2Ǫ½ǭƊ'ƪó
Åƭ

#%�����"ƷƤ�ņŊ�'ƖǁěƼ#JaoĔß(Matsuzaki et al., 2004):ÞŻ#�!ȗ
ƚƸCyanidioschyzon merolae&��!ƝƵ'�ǄņŊ�U{cGǕ'~ "�6Heat unstable 
(HU)'žÈǯ�ë
ƷƤ�ņŊ�'ŉĘÔë:K}\�!�6�#
ǉĴ�7� (Kobayashi 
et al., 2002)�ĉ'ǥǯ�íŹǆŁ&35ȗHU(ƤƸ Chlamydomonas reinhardtii&��!1Ʒ

Ƥ�ņŊ�'�ǄŉĘÔë"�6�#
ƈ�7� (Karcher et al., 2009)����~ıȗǚǜƸ
GxfTwnZ>@o Klebsormidium flaccidumȗƳȐS^LI Marchantia polymorpha2ȃ�

ŇŢ&��! HU ǯ�ë(ň¬�7%����GxfTwnZ>@o(ȃ�"1Ŝā'ȓ�
ūâ"�7)ƧŬ�ȗS^LI(ÞǱȃ�ŇŢ#�!ŇŢ'ȃ�½°Ļ'Ťė:3�Âĵ�

!�6#�976�ŇŢ'ȃ�½´ĉ"ƝƵůŀ' HU (ƷƤ�ņŊ��4é97ȗſņŬ
Ţůŀ'ņŊ�Ôë&ƥ�Ĩ9�!���Åƭē
�6 (Kobayashi et al., 2016b)� 

SiR & �!(ȗ�'ĉ in vitro ǆŁ&35ÅǥŹ% DNA ­ë'ĝ5��.ŗē
�6�
#ȗǛ©Ĝ³ƭ
�6�#
ǉĴ�7� (Sekine et al., 2002)�����'Ʊƛ�ņŊ�+'÷
Ø& �!(ȗA{\@mp2S^LI&��!Ɔǌ�7�1''ȗNy?_]Q]2[@

qyKN"(Ɔǌ�7�ȗŇŢƋ&3�!-�-�"������"Ŋ %ŇŢƋ' SiR '
=naǵǳ¯:çǶǳ¯Į¯&3�!ǆŁ��#�8ȗƷƤ�ņŊ�÷Ø�6#ßÌ�7�

SiR&( CĽƏ&ƙ 50=naǵƊā'Ɓ�ȍÜ C-terminally encoded peptide (CEPȖ
ţųŹ
&ìØ�6�#
Ĵ4�&%���#�4ȗCEP'Ĺş
 SiR 'Ʊƛ�ņŊ�+'÷Ø:Œ
ð�6#ƪ
47����"ƷƤ�ņŊ�Ȋ÷ØÛ'Ny?_]Q] SiR &S^LI' CEP
:ƺÇ��Epu SiR:ŷŨ���#�8ȗ�ĕǧ5ƷƤ�ņŊ�+'÷Ø
Ɔǌ�7ȗCEP

Ʊƛ�ņŊ�÷Ø&ǶǄ"�6�#
ƈ�7� (Kobayashi et al., 2016a)� 
�	��Ř7#�ƻ�!ȗŎƓ"(Ʊƛ�'�Ǜ©ōŉ�&ŕż�ȗǛ©ŗē:ƈ�Ʊƛ�

DNA-RNA-U{cGǕǂÇ�: Plastid Transcriptionally Active Chromosome (pTAC)#�!Ŭ½
íŹ&Ɩǁ�ǆŁ�6Ƃƍ
ƻ97!�� (Hallick et al., 1976; Melonek et al., 2016; Pfalz and 
Pfannschmidt, 2015)�Ʊƛ�&��6Ǜ©ƿƥ(è�� 2 &­�476�1 (Plastid-encoded 
RNA polymerase (PEP)#Ï)76ƝƵÛ RNAlvpu}S"�6��'Ǵƛ'K=Mfs^
X[(Ʊƛ�Jao&K}\�7!�6
ȗƝƬņ&K}\�76NHmÔë&3�!gy
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q}U}ǮĞē'³č:Ã�6�1	~ (ȗNuclear-encoded plastid RNA polymerase (NEP)#
Ï)76bGYvBe<}OÛ RNAlvpu}S"�5ȗƝƬņ&K}\�7!�6��7
4'Ǵƛ&35Ǜ©�76Ʊƛ�ǯ�ë'ŷŨŊĂ(ǂȇ"�5ȗç�(lvNP[y^X

G&Ǜ©�7�ĉȗ5’/3’ĽƏ'gyRN{HȗPYow}gŉǩ'ĆĘȗŊ % RNAƠÇU
{cGǕȕPentatricopeptide repeat (PPR) U{cGǕ%$Ȗ&36îð½:Ɵ!ȗĘš��
mRNA#%6���!~ıȗmRNA'�îð½( 3’Ə'lv(A)Ǻ�¹&3�!ă�ǖ��7
6 (Stern et al., 2010; Komine et al., 2002; Nishimura et al., 2004)��7�æ&1ȗDNAOr?x
}P
ǿ��6 DNA 'Ǘ4�;ŉǩā'å½%$1Ʊƛ�ǯ�ëǛ©³č&�Ø�6#Ǉ
976 (Salvador et al., 1998)�pTACǆŁ(ȗ�	��ǂȇ"çø&9�6Ʊƛ�ǯ�ë'Ǜ
©³čÔëƧ:ȗƣƦŹ&Èð�3	#�6ǷĐŹǊ."�5ȗǕǸ­ŁŔ'ȑǙŹǪŏ&

#1%�!Ũñ&Åƭ#%��� 
ÀȈ�7� pTAC ű­(Ʊƛ� DNA :Ë;"�5ȗ�7:ǹÛ#��Ǜ©ŗē:ƈ�
(Hallick et al., 1976; Pfalz et al., 2006)�ñȄȗȉëȏďǻ" pTACű­:ǅó�6#ȗǱ­Ź
&ǆ��Ʊƛ� DNA 
U{cGǕ&3�!ĝ5��-7!�6Ŋë
ǅó�7� (Briat et 
al., 1982)� -5 pTAC ű­&(Ʊƛ�Ǜ©ƿƥ��"%�ȗƱƛ� DNA'ĝ5��.ȗ
ǂǁ2�Ď:ğ	ÔëƧ1ĭç�Ë-7!����'�0Ʊƛ�ņŊ�'�Ć�#�Ǜ©ƿ

ƥ�#�	� 'ų%6¼ō:ŝ#�6Ƃƍ'Ř7(ȗƱƛ�&��6 DNAǂǁ|�Ď|
Ǜ©|ƨǈ'�Ń#�!'Ʊƛ�ņŊ�'ñ�:ģ
6#�	~ 'L}w&Ê�!ÇŘ�

!���##%6� 
2006 ÿ&ŷƽ�7� Pfalz 4&36Ny?_]Q]#mPU}\:1��� pTAC ǆŁ"
(ȗ18'U{cGǕ (pTAC1-18)
Èð�7� (Pfalz et al., 2006)��'	� pTAC1#�!È
ð�7�U{cGǕ(ȗ1#1#ƝƬņ'Ǜ©Ôë#�!Èð�7�ųƱ'ƫĸ:1 Ʊƛ

�ņŊ�U{cGǕ"�6��'gyiuŤ'ŉǩ�4 Whirlyȕśû�ŊȖ#É��47�
�'U{cGǕ(ȗ~ľǺ(ss)DNA +'ƠÇƭ:ƈ��ą°(Ny?_]Q]&��!ŶÁ
Ƶ&ĒƑ�6Ǜ©Ôë(AtWHY1)#�!Èð�7 (Desveaux et al., 2002)ȗ-�Yyp='³č
Ôë#�!ōƭ�6#�	ßÌ
���(Yoo et al., 2007)����ƹ¡U{cGǕ:1���
ƝƬ§÷ØǆŁ&35ȗNy?_]Q]&K}\�76Ț 'žÈǯ�ë'%�" AtWhy1
# 3(Ʊƛ�ȗAtWhy2(n[K{\v=&÷Ø�6�#
ƈ�7 (Krause et al., 2005)ȗ2008
ÿ&([@qyKN&��!Whirly(Ʊƛ�ǯ�ë atpF 'Hw}g II?{[y{'Pgu
?N{H&ǿ96Ôë#�!Èð�7� (Prikryl et al., 2008)�2009ÿ&(Ny?_]Q]&
��!Ʊƛ�Jao'îðē³č&ǓŦ�!�6�#
ƈ�76 (Maréchal et al., 2009)�
Whirly (Ʊƛ��6�(ƝƬņ&��!�%5çŊ%ć¶:ł��!�6#Ħð�7ȗ�4
&(ƷƤ��4ƝƬņ+'ǵ½ǰ�Ťė&Ē��NH]w­ë#�!ōƭ�6#�	�ǎ1

ħÑ�7!�6 (Foyer et al., 2014)�pTAC3#�!Èð�7�U{cGǕ(ȗưÎŚ��#&
¡�ìŹ& PEP#ž��ŭ�!�'ŗē:³č�6�#&35ȗƱƛ�ǯ�ë'¡ĒƑēŷ
ŨǍõ&ǿ96�#
ƈ�7!�6 (Yagi et al., 2012)� 

2012ÿ&(ȗ[@qyKN'Ʊƛ�ņŊ�'ƕƖǁű­#ȗ�4&Ĳƀ'Ʊƛ�ņŊ�ŉĘ
U{cGǕ (ZmWHY1)&ô�6£ŵœȀ:��%�!Ɩǁ��Ʊƛ�ņŊ�ű­:1��
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!Ʊƛ�ņŊ�'ƣƦŹ%gyYB}oǆŁ
ƻ97� (Majeran et al., 2012)��'ǆŁ&�
�!ȗĲƀ'Ʊƛ�ņŊ�U{cGǕƧ&¹
ȗDNAǂǁ2�Ď&ǿ96 DNAOr?x}
P2ȗǛ©2Ǜ©ĉ³č&ǿ96 RNAlvpu}SȗPPRU{cGǕƧȗƨǈ%$&ǿ96
vkT}o2vkT}o=XR{fv}Ôë%$ȗçø&9�6U{cGǕƧ
Ʊƛ�ņŊ

�'ŉĘÔë#�!Èð�7ȗƱƛ

�ņŊ�
Ʊƛ�&��6�74'

gyRP'ōƭŹ�Ń"�6�#


ȗ­ëxhw"ǀ��476�#

#%��� 
��! 2012ÿȗMelonek4( pTAC
'gyYB}oǆŁ�4ȗƱƛ�ņ

Ŋ�'�K=Ôë�#�! SWIB\p
?{U{cGǕƧ:ßÌ�� 
(Melonek et al., 2012)�SWIB\p?{
U{cGǕ(n[K{\v=ņŊ�

&1÷Ø�ȗn[K{\v='ōƭ

2Jaoîðē:�ȅ�!�6#ƪ


476 (Blomme et al., 2017)�SWIB
\p?{(ȗ1#1#ƝƬņ'ńƱ

�vqZv{HÔë'\p?{ 
(SWI/SNF)#�!Èð�7�1'"
�5 (Bennett-Lovsey et al., 2002)ȗƤ
Ƹ%$'Ʊƛ�ņŊ�"(ň¬�7

%��2(5Ʊƛ�ņŊ�'K=Ô

ë(ȗŇŢ'Ǫ½'%�"ȗHU%$
'ƝƵůŀ'U{cGǕ�4ȗſņ

ŬŢůŀ' SWIB U{cGǕ%$+
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� 7 % �  (Melonek et al., 2012; 
Kobayashi et al., 2016b)� 
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Ĵ4�&%�!�����

��'ǂȇ%­ëŉĘ&1ǿ94�ȗƱƛ�

ņŊ�(Ʊƛ�­ƾ2­½%$&#1%�

!V?]nXG&�'ĭȗ­ýȗĆŤ:å½

��6 (Kuroiwa, 1991)�ƤƸ C.reinhardtii&

(ȗș 'ƷƤ���5ƙ 80 Kd}'ƷƤ
�Jao (ƙ 205 kbp)
ìØ� (Gallaher et 
al., 2018)ȗ�74
ǾĻ&( 5-10�,$'ũ
Ť'ƷƤ�ņŊ�#�!-#047!�6�

���ƝƬÍĻ'�-�-%ĶŞ"ƷƤ�

ņŊ�'Ć:Őǝ�6#ȗ�74'ĭ2Ć

Ť
è��ų%�!��  (Ehara et al., 
1990)� 
ƷƤ�ņŊ�'¼ė:u?f?p}O{

H"ģ
6&(ȗ-�Ȍő"Ŗ�Ó6ƤƸ

ƝƬ:ȗȏďǻôŢx{Q'ŠŞȋ&Ŭ�

�--ǼĶǾ&9��!×ð�6đǄ
�

����'�0ȗę (ǦĴ%ŌƮ"ĆĘ�

7�ť�FrXg&ƝƬ:Ģ.ǟ.  ȗİȔ%ÝÙ:þĶ�Ƣ"�6�m?GyŘ�Zb

?P�:Ĥŭ�6�#&����4&ȗŬ��ƝƬ"ƷƤ�ņŊ�:ǼĶǾǣǘ�6�"ȗ

ċŀŭ�47!��ŬƝƬǦǭē' DNAţųŹƹ¡Ʊƛ SYBR Green I(ǤƱ�2��ȗ-
�ƝƬņ2n[K{\v=ņŊ�-"ÈĶ&ńƱ�!�-	�0ȗƷƤ�ņŊ�:ǐ±�&

��#�	ÒȎŞ
������"´Ǣ�� C.reinhardtii'ƷƤ�ņŊ�'�ǄK=Ôë HU 
(Karcher et al., 2009):ƹ¡U{cGǕȕYFPȖ"ŋǐ�6�#"�'ÒȎ:¢ĺ����74
'ƠłȗŬ��ƝƬ&��6ƷƤ�ņŊ�'­ƾǭƊ:ģ
6�#&�Ų"°0!Ę¸���

ǾĻ&(ŽĈ 0.2 µm ,$'ũŤŉǩ"ȗ��4�WuK?\Ư&={C}�7!�6�0ȗ
,#;$¼�:.�%�ƷƤ�ņŊ�
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Ťŉǩ
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ƔëŤŉǩÈä: %�3	&ƷƤ�¤�&Ā
�!��ȗ­
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�5:�
6åų�
����ƤƸGun\q]P'

monokaryotic chloroplast (moc)åų�"�6 (Misumi et al., 1999)��'åų�"(ȗƷƤ�ņ
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ȕ Holliday Junction 
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ǉĴ�7� (Kobayashi et al., 2017)��%9�ȗũŤƷƤ�ņŊ
�'ǆ�(ȗHJR&36DNA~ľǺ®į (single strand break: SSB)#Holliday junction'ǆȈȗ
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ǆ�&3�!ă�ǖ��7!�6Åƭē
ƪ
476ȕÖȚȖ� 
ƷƤ�&��6 HJR 
Èð�7�'(�7
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35ȗƷƤ�Û HJRȕMOC1Ȗ(ȗ=naǵǳ¯xhw"(,#;$žÈē
%�&1ǿ94
�ȗƝƵÛ' HJR#ŉǩŹ&Ȋþ&�ǧ�!�6�#
ƈ�7� (Yan et al., 2020; Lin et al., 
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ƈ�7!�5 (Kobayashi et al., 2020)ȗ�'ǶǄē
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&ȁ4�Ny?_]Q]"1 DNA gyrase (Cho et al., 2004; Itoh et al., 1997)2 RNaseHåų�  
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<ƛ�GewM}@�<�&
%�(�(;ɕ8
$,ŪŹ�$�

3	�>	����ɕà;@Ǳ=-CVkBwa@¾!$ĹȲ�<ȢǠ8ɕ¶!$7¶!$

7�/$�<ě+ǝ('ɕ�@ņ�=-Lv
(�2'ůƒ� ,ŕƣ)ǎǟ�$�<�Ȼ

�+ůƒ��%,(�ɕƄ8Ɗž('%7ȍƌɕOv}{FH}Z}ɕżɆ@ǰ�ĉ��2

'+ƂǠ@Ƥ)�<�&�:7ɕĤ:
ôȼ+©)ċ�$�<9	),Ǳ
(���=,ɕ

æƘ+©ÒĹƛƒ,©ȶĩ&Ü-=<ğ©ȥĮrJdWq@¥
$�;ɕ©ƚí)Į�$ȥ

µ(©ÒĹÁƖ@ǌń�$�<�6%�<�ŢƵ%,ɕƻǒ
�=3%ƫƷţŎ&�$��

ÆǅǓǍǥ@�Ĭ&�$©ȶĩŴŲ@ǆ��""ɕ�ħ+ƫƷČŞ@Ǒ
��&į	� 

 

HF!C24��2!�P2��

Ȭǃơƛç©ÒĹ,ɕ��9� 28§ĕ¼)Ǽƛ��&Ǒ
:=$�<��+ÊĮ+ŮĖ,ɕ
©GewM}@ºƜ��©ÄúÊĮ%�;ɕ�"+©ÄúǁǬÒ� (Photosystem [PS] I �9
/ PSII) %ɏÂ�=<�©ÄúÊĮ@ȳö�<�6+©ňɀȡƳ%,ɕ©GewM}@ØË
��NyykDw´÷+ÀȎ
��ɕNyykDwǉÒçZ{hNȌ®ɕZ{hNȌȴ@ȑ

��NyykDwÓï+ÀȎGewM}�ȣ
ơƛ�<�ŜǇƢ),©Äúǁ+ÊĮ�Ĭ)

�ǐ�<Ɠ¹(NyykDw´÷0&GewM}
Í�ƈ�=<�&%ɕ�ȸ+©ÄúÊĮ
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ȟ5� 
©ÄúÊĮ+Z}{I}g}
ȴ)Ò	ƳĚ+©GewM}ÍāɕÀȎGewM}�ȣ%�

=-ßɋ,(�
ɕ~"+NyykDw´÷
�+NyykDw´÷0&ÀȎGewM}@

Í�ƈ�9;7Ŕ�)©@Í�Ì<&ɕNyykDw,éęƔķ0&àē�<�&
%��

)ȡ½ÀȎƔķ)Ⱥ!$�3	�ȡ½ÀȎƔķ%,ɕ~ȭɈȬǃ+ơƛ@ǽȎ�ɕNyyk

Dw´÷
ǉÒ�<Z{hNȌ�+7+@Ƭî��*(��Ɠ)ɕ©ÒĹǁ+�%7Ǖ�&

ǵ?=< PSII,ȡ½(©+7&%Ƭî�=8��ɕ£Ī
ȴ)Ò?(�xnw%î�=<&
©ÒĹ+ÊĮǁ
Đî� (țƱ “©ȷĀ” (Takahashi and Murata 2008))ɕŜǇƢ),ǅǓŹ)Ǐ

<�ůƒ8ǥɍ,ɕ�+9	(NyykDw+ȡ½ÀȎ@Ŀ»�<�6)ɕɅ©ÄúƢƅ

© (Non-Photochemical QuenchingɕțƱ NPQ) &Ü-=<©ȶĩŴŲ (ã 1) @¥
$�< 
(Horton, Ruban, and Walters 1996; Niyogi 1999)� 

NPQ+Ǻǅ(´÷ŴŲ)"�$, 2016ĕ)ĂƵ��©ÒĹƫƷ (Ĩƀ 2016) )ȇ;ɕ��
%,�+óũ@ǶȖ�<)&'6$���NPQ,ɕNyykDw
ȡ½ÀȎƔķ)Ⱥ!�Ⱦ 
(�<�,Ą¼) )ɕ�+ÀȎGewM}@�:�+Ġ%ü«(ƐGewM}0&ðŊ�<r
JdWq&�$ƪ:=$�<��+rJdWq)9;ɕ©ÒĹƛƒ,ğ��<©+7&%7

�´(©GewM}@²ƙ�ɕĭǯ(´��©GewM}@ºƜ�$ÁƖƢ(©ÒĹÊĮ@

ÿƗ�$�<� 
�

IF
�� 4D��'*�

NPQ ,©ÒĹ+ƛƙƁİ@Ư��ǩƢhur}Z+~"&�$ǻȅ�=$�<�Ɨå3%
)ɕò�+ůƒưúǒ
NyykDwǦ©Ɖþſ@�!$u{ǥ8ƨŭǥɍɕȻ�+ůƒ�

�$ NPQ@Ǹ��$�; (Demmig-Adams and Adams 1992; El Bissati et al. 2000; Wilson et al. 
2006; Peers et al. 2009; Bailleul et al. 2010; Alboresi et al. 2010)ɕ©ÒĹƛƒ)śȠƢ(©ƚíȥ
ĮrJdWq%�<�&
´�!$�<�ŢɈ%,ɕ�)Ǎǜǁ+ƨŭ©ÒĹƛƒ%�<Ǎ

ǥ&Ȼ�ůƒ+ NPQ)ȵ?<á÷@ǆ��<� 
1990ĕ�ħÅ)ª;ɕ´÷ȧ�ú+ɑƠƢ(ơČ)��ɕs`wůƒ (Arabidopsis thaliana) 
@�!�u{[qðƠ�VNv}d{O
ÿő�= (Niyogi, Grossman, and Bjorkman 1998)ɕ 
PsbS&Ü-=<\uQEbǗĊåZ{hNȌ@ŵŋ��ůƒ%, NPQ
ŷĔ)ɏÂ�(�

(  ��!C24�.�!E-$L�.A0�

©ÒĹÊĮ+Ƿāȯ@ȏ
<©+7&%,©ȷĀ
Ȏ�<�©ȶĩ (NPQ) ,©ȷĀ
¡

ȟ���(�9	)�´(©GewM}@²ƙ�<rJdWq%�<� 
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�&
�ƞ%¸6$ëÙ�=� (Li et al. 2000)��œ3%)ɕPsbS+Ǻǅ(´÷Ŵǔ,Š�Ȇ
ȃ
ĉ��=$�(�7++ɕò�+¨ǧƫƷ)9; PsbS,\uQEbǗw}r{¤+Ȭİ
Ä@Ķƪ�ɕNPQ+ƁİÄ@So}a�<&Ǒ
:=$�<� 

PsbS ,Ǎǜǁ+©ÒĹƛƒ)ė�¢ù�=$�;ɕÆǅǓǍǥ8QPůƒ)7¢ù�=$
�< (Alboresi et al. 2008; Bonente et al. 2008)�����=:+ƛƒƴ)��$ PsbS,ɕǌƾ
Ťůƒ+�=9;7 NPQ0+Ă�,Ĉ��9	%�< (Bonente et al. 2008; Tibiletti et al. 2016; 
Alboresi et al. 2010)�%,ɕǍǥ8QPůƒ%,'+9	(á÷
 NPQ+ƁİÄ@ŀ!$�<
+�>	�ɖ 2009ĕ)ǍǥNupbscV% (Peers et al. 2009)ɕ2010ĕ)ir^vKeR
P% (Alboresi et al. 2010) ƦŶ�%ơǱ�=�+
ɕLHCSR &Ü-=< NPQ á÷%�<�
LHCSR, PsbS&Óų\uQEbǗĊåZ{hNȌ%�;ɕǍǥ), LHCSR1& LHCSR3ɕ
ir^vKeRP), LHCSR1 & LHCSR2 
ùå�<� (4)ɕir^vKeRP+
LHCSR1&Ǎǥ+ LHCSR1,ȧ�÷|CpfȬȫ·ɕ´÷ŴǔƼ)��$ȵ İ
ɒ�?�
%,(�ɕ��3%ir^vKeRP+ 2"+ LHCSR
 LHCSR1& LHCSR2ɕǍǥ+ 2"
+ LHCSR
 LHCSR1& LHCSR3&Ô#�:=���%�< (Alboresi et al. 2008)�ǿ4ȟ6
$���%Ƈ�@ł��7�=(�
ɕŢƵ)��$7©ȶĩ+ƫƷ´Ȯ%�?=$�<ǩ

Ƕ@Ȓǭ���&į	�ǹ@Ļ�&ɕǍǥ%,��=+ LHCSR@ŵŋ��ìÒ%7 NPQ+
ƁİÄ)Ɍǣ(Ģɇ
³<+)Ć� (Peers et al. 2009; Allorent et al. 2016)ɕir^vKeRP
%,LHCSR1
9;Ɍǣ)NPQƁİÄ)Ģɇ�<�&
ëÙ�=$�< (Alboresi et al. 2010)� 
ǚÛƆ��&) LHCSR,ǍǥɍɕQPůƒ)¢ù�=$�<~ŐɕǌƾŤůƒ�:,Ǳ"
�!$�(� (Alboresi et al. 2008; Niyogi and Truong 2013)�Ǎǥ&QPůƒ
 PsbS& LHCSR
+�Ő@ń!$�<�&@Ǒ
<&ɕȟÄ

Ƣ),Ɨù�<ǌƾŤůƒ+Ǽƛ�¼)

LHCSR 
õ?=�+�&Ĵ¦%�< (ã
2)�3�ɕu{ǥ, LHCSR7 PsbS 7ŝ�
$�:�ɕ«�Ơ(<á÷ɓ Orange 
Carotenoid ProteinɕOCPɔ
 NPQ)Ă��
<�&
?�!$�< (Wilson et al. 2006; 
Wilson et al. 2007)��=:+�&�:ɕ~Ŷ
¬ƛ)�	ǍǜǁǊ+ƨŭ©ÒĹƛƒ+Ǽ

ƛřƍ% PsbS�9/ LHCSR@Ɯ��NPQ
ƁİÄŴŲ+ɁĠ
ƭƸ�=ɕȻ�0+ȟ

³)��ŜǇƢ) PsbS �ù+ NPQƁİÄ
ŴŲ@ơȣ���+�&į?=<� 
�

JF!�N)�":�1 
�� '*�;8�

¼Ɉ)Ư��9	)ɕǍǜǁ+©ÒĹƛƒ+ NPQ@ŀ	á÷&�$ɕPsbS& LHCSR 
ù
å�<�ŢɈ%,ɕ(ŜǇƢ)ÆǅǓǍǥ+Ɠī@ǆ��<�&)(<
) �=:+ NPQá÷
+ơƗ)"�$ǆ����� 

( ���9S<C4�.� 
��'*�B��
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�=3%+¨ǧƫƷ�:ɕǌƾŤůƒ8QPůƒ)��< PsbS ,“ıĔƢ)”ơƗ�$�<
�&
´�!$�< (Li et al. 2000; Alboresi et al. 2010)�3�ɕQPůƒ+ LHCSR7“ıĔƢ
)”ơƗ�$�< (Alboresi et al. 2010)��+~Ő%Ǎǥ%, PsbS7 LHCSR7©)9!$ǽ
ć�=<�&
´�!$�< (Allorent and Petroutsos 2017)� 
Ǎǥ@ĝ�©+�%èɎ�<& NPQá÷,ơƗ��ɕ�=)�!$ NPQ+ƁİÄ7Ȏ�(
�����ɕ.&�/ğ©)Ś�& NPQá÷+Ȕ°Ɓİ
�Ŗ�ɕǉŨ&�$ÿɐƢ)Ű³
Ïǔ(xnw%Z{hNȌ
Ǥƶ�< (Peers et al. 2009; Maruyama, Tokutsu, and Minagawa 
2014)��+9	)ğ©)9!$ơƗǽć�=<Ǎǥ+
NPQ á÷%�<
ɕȘĕ)(;�'+9	(ğ© (©ĳ
ë)�
ȵ��$�<+�
ŗ:�)(!$���­�Ƣ
),ɕLHCSR+	 +~" LHCSR3,�)Ʉǜ©)9<
Phototropin �ùTOcw�ȣ& (ȍǜ©%7¡ȟ�=<) 
©ÒĹ�ù+TOcw�ȣ
�!��&(;ơƗǽć�

=< (Petroutsos et al. 2016)�~Ő+ LHCSR18 PsbS,Ï
ǲ©9;7�)Ǆñ©)ÊĮ�$ơƗǽć�=ɕ�+ǅǓ

®TOcw�ȣ),Ǆñ©Íā�%�< UVR8 
Ă��
$�< (Allorent et al. 2016; Tokutsu et al. 2019b)��+9	
)ɕ��=+ NPQá÷+ơƗ7Ɠþ+©Íā)9<ǅǓ
®TOcw�ȣ+ƁİÄ
ȱ&(!$�; (ã 3)ɕǢǍ�
@×6�Ǭō+IwKeuíƞ@ȑ��ǅǓ«�+e]

az}N@ɏ���Įƽ%�<�&
�Ĵ�=�� 
ÿȾ)ɕ��ŜȘƻǒ:,�=:+ NPQ á÷+ơƗ,ɕǪ÷ůƒ+ǞĹZEp{O@»ĩ
�< CONSTANS8ƨŭƛƒ)¢ù�=<Ȕ°á÷ Nuclear Transcription Factor Y�:(<Ȕ
°á÷ǬÒ�)Q{ay}w�=$�<�&@ơǱ�� (Tokutsu et al. 2019a)��=)¿
$ɕ
©Íā&Ȕ°á÷ǬÒ�+ƁİÄ, E3 tjL\{vK}YǬÒ�)9!$Ȋ)»ĩ�=<
�&@ŗ:�)�� (Ǻǅ,©ÒĹƫƷ0+ĂƵǶ� (Ĩƀ 2020) @ÉƏ�$����=-
&į	)�Ǻǅ,�$��ɕ�+9	)~Î)ğ©ǽćİ&ǵ!$7ÿȾ),Ʉǜ©ƓƠƢ%
�!�;ɕğ©%7Ïǲ©%7(�ĝ�Ǆñ©)9!$ơƗǽć�=<ɕ&�	ǍǥƓŝ+

ǚÛƆ�©Įƽ
Ƃ�ġ;)(!$���ȡ½(©�:©ÒĹǁ@¢Ȉ�<�6)ĭǯ(

NPQá÷+ơƗ@ɕǢǍ�+4(:�ǅǓȌ+©Íā�)9<©Ȍ+Ȧ¹7��$«ȓƢ)
»ĩ�<ų÷,ɕÆǅǓ+Ǎǥǘȓ
3�)�rZIwKeu�Ŵǔ@�Ɨ�$�<&7ǵ


<� 
 (4)ɕ(�Ǎǥ+ LHCSR��
ŗƭ(©ǽćİ@ń"+�,ŗ:�%(��Ȼ�+ů
ƒ%�<ǌƾŤůƒ&Ż1$ɕż+�)ƛĲ�<Ǎǥɍ,ŻȕƢğ�©)Ś�=)��&�

	ƚíǯá
ȵ �$�<+�7�=(���ħ,Ȼ�ůƒ&Ǎǥ+©Įƽ)"�$ɕǅǓ

®TOcv{O+4(:�ɕ�=)9!$»ĩ�=<ǩƗç+¬țİ&ƓƠİ@Ȃ1$��

�&%ɕ�œ+Ǎǜǁ+©ÒĹƛƒ+ȟÄȡƳ
ǂǴ�=$���&@şĥ���� 
 

( ���?@4�.�!%H3


�� '*�;8�
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©ȶĩÊĮɕ"3; NPQ,æƘ+©ÒĹƛƒ)¢ù�=$�<ƚíȥĮĺƟ%�;(
:ɕ
�+Ǻǅ(´÷ŴŲ),Š�Ȅ
ź�=$�< (ó3�)¬ț�< NPQ �ƜŴĘ)"�$
,ɕƻǒ
ĂƵ��©ÒĹƫƷ (Ĩƀ 2016) @ÉƏ�$����=-&į	) ��
-ɕǌ
ƾŤůƒ%, PsbS 
 NPQ ƁİÄ)ȭǯ(ģ¾@ŀ	�&
?�!$�<
 (Li et al. 2000; 
Li et al. 2004)ɕPsbS�+7+
 NPQÊĮì%�<+�ɕ�<�, PsbS�ñ+ NPQÊĮì

ùå�<+�ɕ�+Ȇȃ,Š�ĉ�$�(��Ɨå+&�>ɕPsbS,\uQEbw}r{¤
+ȬİÄ@Ķƪ�ɕ\uQEbǗ®+ macro organization@ðÄ��<�&%ɕɀ©C{_c
Z{hNȌ (LHCII) +±ɀ)�	 NPQ ÊĮ@ǽć�<&�<Ǿ
Þ
:=$�< (Li et al. 
2004; Kiss, Ruban, and Horton 2008; Kereïche et al. 2010; Goral et al. 2012)����ɕ'+ LHCII

 NPQ @ŀ!$�<+�8ɕÿȾ) in vivo )��$ PsbS 
 LHCII +±ɀ@Ĝ�Ȏ��+
�ɕLHCII +±ɀ
 NPQ )ĭɊ(+�ɕò�+ƍ)"�$,ƥŉƢ(ǳăëÙ,(��6ɕ
Ĝ�ǋ�uElXwEr}U{Oɕin vitro)��<\uQEbǗ¯ŲĹɕǀǫZ{hNȌ+
ƛƒƒƙƢƓİ+ǀū@ț�$ɕǌƾŤůƒ)��<�NPQ+ÿ��@Ň
<9	(ƫƷČ
ȳ
şĥ�=<� 
ǌƾŤůƒ+ NPQƫƷ&Ż1$ɕQPůƒ+ NPQ)ȵ�<ƫƷ+ŸÐ,Ȳ�,(�
ɕŜ
Ș%, NPQ+ÿ�@Ň
�ƫƷǉŨ
ëÙ�=""�<��
-ɕQPůƒ+ NPQ@ŀ	
LHCSR1 ,ɕǌƾŤůƒ+ PsbS &,Ȥ�ɕ�=Æ�% NPQƁİ@ń"�&
ëÙ�=$�
< (Kondo et al. 2019; Kondo et al. 2017)��=:+ëÙ%,ɕ©ÒĹZ{hNȌ)Ć�< 1´
÷´©Ɖþ|Ǵŧ@ɏ��$�;ɕ (Ȁ)%7ƿÆ)%�<�&%,(�
) �ħ+ in vitro
ǁ NPQǸ�ſ+ŅȰ&(<+%,(��&şĥ�$�<��+9	)ɕQPůƒ+ NPQ)
ĭɊ%�< LHCSR1,ɕ�=ǘȓ
 NPQǔ@ń"�&
ƯÝ�=$�<� 
%,ɕǍǥ+ LHCSR,'	�>	�ɖLHCSR3@ in vitro¯ŲĹ�ɕ�+´÷Ŵǔ@Ǵŧ�
�¨ǧƫƷ
�<��=:+¨ǧƫƷ%,ɕin vitro)��$NyykDw@×5Ǭō+ǜǃ
´÷@óǖǡ)ơƗ��� LHCSR3 &¯ŲĹ�<�&%ɕLHCSR3 Æ�
 NPQ @ɏÂ�Ĩ
<�&@ëÙ�$�< (Bonente et al. 2011; de la Cruz Valbuena et al. 2019)���ŜȘɕQPů
ƒ+ LHCSR1@Ȃ1�ř&Óų+ÿɐǁ@ºƜ�ɕóǖǡ%ơƗ��Ǎǥ+ LHCSR3)ȵ�
< NPQǸ�)"�$ɕmxmv{aëÙ�=$�< (Troiano et al. 2020)���=+ëÙ)�
�$7ɕLHCSR3,�=ǘȓ
 NPQÊĮì&�$Ŵǔ�<�&@ƯÝ�$�<� 
�=:+¨ǧëÙ)¿
$ɕ2013 ĕ)ƻǒ:,\uQEbǗ)��< LHCSR3 +Ċåɕ´
÷ŴǔǴŧ@ǧ!� (Tokutsu and Minagawa 2013)��+ǉŨɕLHCSR3 ,©Äúǁ+�%7
PSII )ǉÒ�ɕPSII-LHCSR3 ȏ´÷ǬÒ�@ĠĹ�<�&% NPQ @ɏÂ�<�&@Ǳ³�
��ƻǒ:
ǀǫ�� PSII-LHCSR3ȏ´÷ǬÒ�®)��$ɕLHCSR3
'+9	) NPQ)
Ă��<+��3�,!�;&�$�(�7++ɕBonente:)9<ëÙ (Bonente et al. 2011) 
&��$Ǒ
<&ɕPSII-LHCSR3 ȏ´÷ǬÒ�®)��$7ȡ½(ÀȎGewM}

LHCSR3 0&�ȣ�=<�&%ü«)ƅ©�=$�<7+&�Ĵ%�<�Ř�+Ųȝƛƒú
ƢǴŧĽſ+ǣ��ơČ@Ǒ
<&ɕ�ħ, PSII-LHCSR3ȏ´÷ǬÒ�+ŲȝƪǱ+Ǥƶ

ȟ4ɕLHCSR3�ùƢ( NPQ´÷ŴŲ+ý«ƙǴ
şĥ�=<� 



�������� 
��
��	���

� �

R. Tokutsu - 6 
����������� 
��
�� 	���

� �

&�>%ɕǍǥ,Ǆñ©+Íā)9!$ PsbS& LHCSR1@ɕ��$Ʉǜ©+Íā)9!$
LHCSR3@ơƗ��$ NPQ@ƁİÄ��<
ɕ(�Ơ(<ǜ+©@ºƜ�<ĭǯ
�<+�
>	�ɖ ��=+ NPQ á÷7ɕNyykDwǦ©Ɖþ%ǳăÏǔ(CFam]a%�<
NPQƗȉ)ȋƕ�<�&,ȴȤ�(���+Ȅ+~ƹ@Ǿŗ%��	(ƫƷëÙ
�<� (�
@ȿ�	ƻǒ
ļč�<ƫƷOw}m+ĹŨ%�<
) LHCSR1 & LHCSR3 +´÷Ŵǔ,ɕ
'	8:Ơ(<9	�� 
ƻǒ:,ɕLHCSR3
 PSII)ǉÒ�<�&@Ǳ³��ħɕLHCSR1)"�$7Óų+Ǵŧ@
ǧ!���+ǉŨɕLHCSR1 ,��=+©Äúǁ)7ğä)ǉÒ�$�:�ɕLHCSR1 @ŭ
&�� NPQ+ÿ�@Ň
<�&,³Ŧ(�!����%ƻǒ:,ɕ©ÒĹɅ�ùƢ)èɎÏ
ǔ(Ǎǥ+ºƍ@Ɓ��ɕPSI �9/ PSII @�=�=ɕ�<�,�Őŵŋ���ðƠ�@Ɯ
�$ LHCSR1�ùƢ( NPQ@Ǹ��� (Kosuge et al. 2018)��<&ɑ��&)ɕPSI@ń�
(�ðƠŬ%,ɕȮƛŬ8 PSII +4@ŵŋ��ðƠŬ&Ż1$ɕɌǣ) NPQ Ɓİ
���
$�<�&
ŗ:�)(!���=,�LHCSR1�ù+ NPQ, PSI@Ȑì&�$ơƛ�$�
<��&@ƯÝ�$�<� 
�+~Ȟ+ƫƷ+�%ɕƻǒ:
 LHCSR1@®Ã�<Æɂ\uQEbǗ@Ɯ�$ NPQƁİ
Äť��%řȴ´ǴNyykDwǦ©Ǵŧ@ǧ!�&�>ɕPSII+ɀ©C{_c (LHCII) �
: PSI 0&GewM}�ȣ
¡ȟ�=$�<�&@Ǳ³����+Ɨȉ,ɕLHCSR1 @ŵŋ
��ðƠŬ+\uQEbǗ%,ǳă�=(�!��&�:ɕLHCSR1ƓƠƢ( NPQŴŲ%�
<�&
Ƃ�ġ;&(!��PSI
ĭǯ%�<�&ɕPSII+ɀ©C{_c�: PSI0&ÀȎG
ewM}ƲÂ
Ȏ�<�&ɕPSI , PSII 9;7GewM}ðŊÁƖ
Ǜ�êƑ(©ÄúǁǬ
Ò�%�<�& (Krieger-Liszkay 2005; Savikhin 2006; Croce and van Amerongen 2013)ɕ�+ 3ƍ
@Ǒĸ�<&�LHCSR1,LHCII%ƛ��ÀȎGewM}@�
$êƑ( PSI0&Í�ƈ�ɕ
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 ɣūƓ-MgdA8MgdE8ń *��¶ĂǎǙŰȈŤ+:=(ɣūƓ,MGD1ȶ�Ă-ǜ
ǲ­ÕĽǓǵ,ń$ȶ�Ă+Ơţ�ɣȮÇȞɑ,ňĈ�;ɣ�ų±Ɯ,��=�¾+ɣūƓ

-�'+�,ȶ�ĂAƗĬ�&� (ňƇ�>&�= (Sato, 2020)�ǻɜ9ūƓ-ɣǜǲ­Õ
ĽǓǵ,8,(ɜ�� ȶ�ĂAMGD1,�+8Őú�ń#&�=
ɣ�>;,ȶ�ĂA)
,:	+ƗĬ� ,�ɣūƓ,ȮÇAǡ
=	
'ǰÛƄ�Ǝ'�=� 

 


 2. 6-�[��!Z19\�= 
R1, R2; �'D 15 `SQ] 17\i�p�CJa; a@��β; β@�J 
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DGDG ,ÕĽ+Ƀ�&-ɣūƓ'8TDefM^yD'8ɣMGDG ,ŭĵɚȸ+JxM_
�VA8	 1¶ĂȡƸ�=�('ǽ@>=ɡæ 3ɢ�$4<ɣ)";,ƜƓ8×�ÏĲ+:<
DGDG AÕĽ�=
ɣ�>Aȉā�= DGDG ÕĽȺǒȶ�Ă,ȝƉ-TDefM^yD
ɡdgdAɢ(ɉ�ūƓɡDGD1ɢ('ƥ*= (Awai et al., 2007; Dörmann et al., 1999; Sakurai et al., 
2007)�TDefM^yD-ūƓZFj, DGD1Ań#&�;�ɣɉ�ūƓ9ǜǻ-TDef
M^yDZFj, dgdA Ań#&�*��ūƓ,ƞ�= DGD1 ,ȝƉ-�,fM^yDƠţ
'�=Óǩĵ
ɟ� (Sato, 2020)ɡæ 4ɢ�ǰÛƄ��(+ɣɉ�ūƓ(×�D�OjxV\[
+Ĕ�=ÍĀǐǻ(ƍǲǻ-)";8ɣūƓZFj, DGD1Ań *��ÍĀǐǻ-TDe
fM^yDƠţ, dgdA AǶǜ�Per+Q�`�ɣƍǲǻ-ũPer+Q�`�=ɡǌ�ɣ
2015ɢ��œɣƀƝ,ǐǻɜ-ǜǻ9ɉ�ūƓ(×ů+ūƓZFj, DGD1,5Aũ+ń$�
(�;ɣǐǻ,ƶ¬ɣ8��-8#(�¾,ǻɜ±ȩ,ƶ¬-ɣTDefM^yDƠţ, dgdA
(�,fM^yDƠţ, DGD1AȼȂ�&ń#&� Óǩĵ
ǡ
;>= (Sato, 2020)� 

 
 
 
 
 
 
 
 
 
 
 
 


 3. ��Yti��q}�i\$19��+:YUe[FfdA' 
��[��\+:g-"�X�ti��q}�i��\+:gH"�X��/[�<Td+:gI"

�X#TJ_W���\A'g-��X�ti��q}�i\A'gH��X8TJ19\�E�a

�)��]�3\�|qvX#TJGlc; r�s�v, Gal; o�q~�v, SQ; v��p���v, GlcA; 
r�q��BJ 


 4. ��Yti��q}�i\$19��A'\%,F� 
ti��q}�i\ SQD1 Y SQD2\���r]UeVe SqdB Y SqdX XKdJ&7\ SQD1]�-
7a��\ SQD1 Y]>QGeW�[�.Td�Sato, 2020�Jti��q}�i\�?]�SqdX Y]
�\ SqdD YLMA'g SQDG��[ LdP�SqdD\���r]��[]��SZLJ 
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ŝī+ɣSQDG,ÕĽ+��&-ɣUDP-VzmKen�V,ÕĽAǽ	ȺǒɡSQD1/SqdBɢ
(ɣ���;VzmKen�VA DAG+ȡƸ�=ȺǒɡSQD2/SqdX, SqdDɢ
Ƀ��=�ū
Ɠ,ƞ�= SQD19 SQD2-�>�>TDefM^yD, SqdB9 SqdX(±ȩ,ȝƉA8$

ɣTDefM^yD,M{�`(-ÿþǠAĦĽ�= 7ɡæ 4ɢɣ�ų±ƜƠţ'-*�
(ĳ@>= (Sato, 2020)�ĉɌɣȮÇȞɑ,ȋǇ�;ɣSQD1ȶ�Ă-įý'�=
ɣSQD2ȶ
�Ă-�ų±Ɯ:<�¾+ƗĬ�> Óǩĵ
ŅŌ�>&�=� 
��,:	+ɣTDefM^yD(ūƓ'-ɣ\xQF`ǬǪȜ,ǕĽ-ɔě+:��=
ɣ

MGDG,ÕĽǖȟ-�Ǣ'ƥ*<ɣ4 ɣūƓ
 DGDG9 SQDG ,ÕĽ+ƞ�=Ⱥǒȶ�
Ă-ɣTDefM^yD,�ų±ƜƠţ'-*�(ňƇ�>=��;+ɣ×ů,�(
 PG,
ÕĽǖȟ+��&8ƴÞ�>&�= (Sato, 2020)�ȶ�Ă
ƨƙ�=�(+:<ǪȜ
ÕĽ�
>=(�	ɘğAǡ
=(ɣŦ �&Ƕǜ�+ƔİƩ*ǪȜǕĽ-ɣ�ų±Ɯ+Ơţ�=(

Ȋ
=,!?	��Ɣ+ǡļ�1�-ɣūƓ,ƶ¬ǓǨ
ɣTDefM^yD,�ų±Ɯ:

<¾+ MGD19 SQD2AƗĬ�&� Óǩĵ'�=�$4<ɣTDefM^yD(,�ų±
Ɯ-ɣ�;��7»,fM^yD�;�>;,ǍǪȜÕĽȺǒȶ�ĂAƗĬ�&� ƮũǓ

Ǩ(,ɂ'ȝ�# ɣ(�	ȱǅ8É¶�<Ĭ=,'�=�8��	'�=*;ɣ±Ɯ�¾

�;�'+ǍǪȜA¼ƞ�&� ƮũǓǨ!�;��ɣTDefM^yD(,±Ɯ+ĽÂ�

 ɣ(�	ǡ
œ8Óǩ'�?	�ƙŗƎ'-�$,ûǥ*�ȑ+Ȱ�*�
ɣ�ī,ưƾ

,Ȯē+:<ɣŒ *Ưȅ
Ĭ;>=�(Aşĩ� �� 
 

a]&, �)U����9TX�C�?6 
¾ǁ'-ɣǶǜ�,ǪȜÕĽ+Ƀ@=ȶ�Ă
�ų±ƜȝƉ'-Ə�Óǩĵ+$�&ȖȔ�

 ����ɣ (
�	!# (�&8ɣƙă�=ǻɜ9ūƓ,Ƕǜ�-ɣTDefM^y

D(×ů,ǪȜ+:<\xQF`ǬAŮǉ�ɣTDefM^yD(×ů,ȻǒƨƜì,­Õ

ĽAǽ	���&ɣÔǪȜ
­ÕĽ+��&ł	ĨÀ8ɣ�Ǣ'��:�±ȩ�&�=:	

+5
=� 
Ƕǜ�+��&8TDefM^yD+��&8ɣ\xQF`ǬǪȜ'ŝ8ú�,-ɣMGDG
'�=��,\xQF`ǬǪȜ(ƥ*=MGDG,ȼȃ*Ɣİ(�&ɣŭĵɚȸ
JxM_�
V 1 ¶Ă(Đ�� 7ɣÊƖ'-xsxŮȫAĦĽ'��ɣ�@<+ȧkKSRazƭ(:
.>=ɔxsxŮȫAĦĽ�=Ǝ
ņ�;>= (Shipley et al., 1973)�MGDG
ĒĿƩ+¡=
ɔxsxŮȫ
\xQF`Ǭ,űǩ+ȼȃ'�=(ƴÞ�>&�< (Garab, 2014; Murphy, 
1982)ɣǶǜ�(TDefM^yD+±ȩ�& MGDG 
ú�,-ɣ�,:	*ɔxsxǪȜ
(�&,ıȃĵ
±ȩ�&�=�;�8�>*��ĉɌɣMGDG,ÕĽ
ȸ¶Ʃ+ɆĊ�>
 ūƓ'-­ÕĽ,űǩ
��� (Aronsson et al., 2008; Fujii et al., 2014; Wu et al., 2013)ɣ�;
+MGDGÕĽ,2(B)AŲŋ� T|FcaWaøƥ�'-ɣ­ÕĽɓĂ�Ȳ,ſĵ
Ć
°+Ƃü�=�(
¶�#&�= (Kobayashi et al., 2013, 2007)����ɣ��'žĹ�1�Ǝ
-ɣMGDG- DGDGÕĽ,îȜ'8�= 7ɣMGDGÕĽ,Ųŋ-×ŗ+ DGDG,ÕĽ+
8ħɖA�
=�('�=�4 ɣǶǜ�,ǬǪȜ,ûȸ¶AŲ��(+*= 7ɣ\xQ

F`Ǭ9Ƕǜ�ɣ�;+-ūƓ��,8,,ƨȲ
û�*ɆĊAÑ�=�((*< 
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(Kobayashi et al., 2007)ɣ­ÕĽ+��=MGDG,ƬŇƩ*ĨÀAŕ;�+�=,-ċŖ'-
*��×��(
TDefM^yD'8Ȋ
ɣMGDGÕĽAŲŋ� TDefM^yD-�
�;�ǯŶƩ* 7ɣ�,:	*øƥ�-Ĭ;>&�*����,�(�;ɣƙŗƎ+��

&ɣ­ÕĽ+��=MGDG¶Ă,ȎǓ*űǩ-2(B)¶�#&�*���œ'ɣTDef
M^yD Synechocystis sp. PCC 6803, GlcDGƥĵÇȺǒɡMgdEɢ,Ųŋøƥ�,ȈŤ�;ɣ
ǰÛƄ�ǗŦ
ïÚ�>&�= (Awai et al., 2014)��, mgdEøƥ�-ɣGlcDGAMGDG+
øŊ'�*� 7 MGDG ( DGDGA±+Ų�
ɣ�@<+ɣȽƜŨ+-2(B)ȅ;>*
� GlcDGAɟǹƽ�=��,øƥ�-ɣ­ÕĽſĵ9õŹ+�=ƹġ,ɆĊAƴ�
ɣ\x
QF`ǬAĦĽ�­ƖǀƩ+ƜǤ'�=�(�;ɣJxM_ǪȜ
Ə�&8ɣGlcDG AÕĽ
'�>.­ÕĽ9ƜǤAǽ
=�(
ŕ;�'�=�GlcDG8ŭĵɚȸ
NzQ�V 1¶Ă
,5(Đ�� 7ɣɔxsxǪȜ(�&,MGDG,ĨÀA�Ŝ'�=,�8�>*�� 

DGDG+Ƀ�&-ɣūƓ'8TDefM^yD, Synechocystis sp. PCC 6803'8ɣ�,ÕĽ
Aü	(­ÕĽ,ſĵ9­ÇĄǎ0,ɍĊ+Ď�=ǣĵ
���=
 (Dörmann et al., 1995; 
Hölzl et al., 2009; Mizusawa et al., 2009; Sakurai et al., 2007)ɣƜǤǭ�-Óǩ'�=� !�ɣ
Synechococcus elongatus PCC 7942'-DGDG
ƜǤ+ıə'�=�(
ƴ�>&�< (Maida 
& Awai, 2016)ɣ�,ȃżĵ-ƻ+:#&ƥ*=�T|FcaWa, DGDGŲŋøƥ�-ɣȽ
ƜŨ(×ů+ƨȲ� NxaAÙ6\xQF`ǬAĦĽ�=�(
'�=
ɣ\xQF`Ǭ

,Ƿ��ƈś
��= 7ɣ�,ǪȜ
\xQF`Ǭ,ŵě*ĦĻǚń+ıə'�=,-ɂ

ȳ�*� (Dörmann et al., 1995; Hölzl et al., 2009)��œɣSQDGÕĽ,Ųŋ-ɣT|FcaW
a,\xQF`Ǭ,ĦĽ+ŕ;�*ħɖA�
*� (Yu & Benning, 2003)����ɣǜǻ,M
xq`taVɡChlamydomonas reinhardtiiɢ'-ɣSQDG,Ųŋ+:<\xQF`Ǭ,ƥě*
ƈś
ȝ�=�(
ïÚ�>&�= (Sato et al., 1995)�4 ɣDGDG(×ůɣTDefM^y
D+��&- SQDGAıə(�=ƻɡSynechocystis sp. PCC 6803ɢ(Aoki et al., 2004) (ɣ�*
�ƻɡS. elongatus PCC 79429 Thermosynechococcus elongatus BP-1ɢ(Endo et al., 2016; Güler et 
al., 1996) 
�<ɣ�;+ÍĀƩ*TDefM^yD+ȥ�(�>= Gloeobacter violaceus PCC 
7421-�8�8 SQDGA8 *��(�; (Selstam & Campbell, 1996)ɣSQDG
)>2)Ɯ
Ǥ+ȼȃ�-ƻ+:#&�4�4'�=� 

DGDG9 SQDG(ƥ*<ɣPG-ɣ�>4'ȓ1;> �1&,ƻ+��&ɣ­ÕĽ9ƜǤ
+ıə'�=�(
ƴ�>&�= (Kobayashi, 2016)�Ƕǜ�, PG ÕĽAŲŋ� T|Fc
aWaøƥ�'-­ÕĽɓĂ�Ȳſĵ
ûĜ+���=
ɣ�>(×ŗ+ɣ\xQF`Ǭ,

ĦĽǭ�
Ƿ��ŋ*@>= 7ɣPG
­ÕĽ+ıə'�=,-Ƴ�'�=
ɣ�ųƩ*ħ
ɖ8û��ɣ­ÕĽ,ÔÏĲ+ƬŇƩ+),:	+Ƀ��=,�-Ĉ�'*���œɣTD

efM^yD-íë+�
 PGAǓǨ²+Ð<Ȥ6�(
'�= 7ɣPGŲŋøƥ�A PG
AÙ6íë'Ǥ& ,"+ɣíë�; PGAÐ<Ɉ��('ɣǓǨ², PG
ƅđ�&��Ɍ
,­ÕĽſĵ,øÇ*)
ȎǓ+ȓ1;>&� ��,ǗŦɣƔ+­ÇĄǎ+��= PG ,
űǩ
Őú�ŕ;�+*# �­ÇĄǎ,ÏĲűŮ-ūƓ(TDefM^yD'�*<±ȩ

�&�= 7ɣPG,űǩ,ú�-ɣūƓ+��&8§ă�>&�=(ǡ
;>&�=�­Õ
Ľ+��= PG,űǩ,ȎǓ+$�&-ɣȴǺ;ɡ2015ɢ,Ǜȑ*)AÎǡ+�> �� 
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�,ǁ,ŝī+ɣūƓ(TDefM^yD+±ȩ�=ɣPG( SQDG,ƭȁƩ*Ƀ¥+$�
&Ȧ1 ��y}ǪȜ'�= PG(ǍǪȜ'�= SQDG -(8+Ș+Ěɓ� ŭĵɚȸA8
"ɣȻĵǪȜ+¶ɜ�>=�¬+Ȧ1 :	+ɣT|FcaWa9 S. elongatus PCC 7942-
SQDGAŲŋ�&8Ɣ+ƜǤ+ŕ;�*ħɖA5��ɣMxq`taV9 T. elongatus BP-1-
­ÕĽſĵ+�=ƹġ,ħɖAƴ�8,,ɣƜǤ
û��ɆĊ�>=�(-*���>;,

SQDGŲŋøƥ�+±ȩ�=,-ɣSQDG
ƅđ�&�=�@<+ɣPG,ÀÕ
õÃ�&�
=Ǝ'�= (Endo et al., 2016; Güler et al., 1996; Sato et al., 1995; Yu et al., 2002)��,�(�;ɣ
×�ȻĵǪȜ'�= PG
 SQDG ,ƅđ¶Aȁ�ɣȻĵǪȜ,ǛȾA�Ĉ+§#&�=(ǡ

;>=�ĉɌɣSQDGÕĽ,Ųŋøƥ+Ã
ɣƎƿƐøƥ+:<Ƕǜ�, PGÕĽſĵ
�
�� T|FcaWa,�ȼøƥ�'-ɣƜǤ
Ƿ��ɆĊ�>=�(
¶�#&�< (Yu 
& Benning, 2003)ɣPG( SQDG
ƭȁƩ+©��(-Ƴ�*:	!�4 ɣT. elongatus BP-1
Aƞ� ǗŚŮȫȈŤ�;ɣ­ÇĄǎ IIȂÕ�², SQDG
Ì7&� ðĿAɣSQDGŲŋ
øƥ�'-�@<+ PG
Ì7&�=Óǩĵ
ƴ�>&�= (Nakajima et al., 2018)��,:	
*ƭȁƩ*Ƀ¥-ɣȶ�ĂŎø,:	*�ĖƩ*ƕŽ�!�'*�ɣĉɌ,ǭƐŢ�'8©

��(
¶�#&�<ɣ�,�Ǿ£
ɣƲɠŲ�9y}Ų�Ţ�'�=�ƲɠŲ�ŗ+-

SQDG ,¶Ȉ
¦Ȯ�>=
ɣ�>+�� PG ,ÙȾ
õÃ�ɣǗŦ(�&ȻĵǪȜ,ǛȾ
-§ >=�(
ɣMxq`taVAƞ� ưƾ+:<ïÚ�>&�= (Sugimoto et al., 2008)�
4 ɣ�>(-ȧ+ɣy}Ų�ŗ+-y}ǪȜ'�= PG,ÙȾ
ƅđ�=
ɣ�,ƅđ¶A
ȁ	:	+ɣSQDG,ÙȾ
õÃ�=��,Ĳǆ-ɣɉ�ūƓɣǻɜɣTDefM^yD'Ğ
�ȅ;>ɣSQDG ÕĽAŲŋ� Mxq`taV9TDefM^yD-y}Ų�Ţ��'Ƚ
ƜŨ:<8ƜǤ
Ķ�*=�(�;ɣSQDG +:= PG ,ƭȁ
ɣy}Ų�ŗ,�>;,Ɯ
Ɠ,ƜǤ+ȼȃ'�=�(
Ƴ�7;>&�= (Endo et al., 2016; Güler et al., 1996; Riekhof et 
al., 2003; Yu et al., 2002)���'�$ĥȓ� �,-ɣSQDG
ƭȁ'�= PG,űǩ-ɇ;
>=Ǝ'�=��>-ɣ�Ȧ,:	+ɣPGÕĽAŲŋ� ­ÕĽƜƓ
�1&ǯŶƩ'�=
�(�;8ŕ;�'�=�4 ɣ\xQF`ǬA2(B)ĦĽ'�*�T|FcaWa, PG
ÕĽŲŋøƥ�Ay}Ų�Ţ��'Ǥ& (�?ɣSQDG 9JxM_ǪȜ,ÙȾ
õÃ�\
xQF`Ǭ
ĦĽ�> �(�;ɣ�>;,ǍǪȜɣƔ+��;� SQDG
ɣ\xQF`Ǭ
ĦĽ+��= PG ,ĨÀAƭȁ� (ǡ
;>=
ɣ­ÕĽſĵ-ãĮ�=)�?�ɣ6�
?�;+ƅđ�&�4#  (Kobayashi et al., 2015)��,ǗŦ�;ɣSQDG-\xQF`ǬĦ
Ľ+��= PG,ĨÀ-ƭȁ'�&8ɣ­ÕĽÏĲ+��&-'�*��(Aƴ�&�=� 

 

b]FK�����<G�RTX3W 
��4'ȅ&� :	+ɣǍǪȜA�Ľ¶(�=Ƕǜ�,ǪȜǕĽ-TDefM^yD(:

��&�<ɣ4 ɣ�,:	*ǕĽ-ūƓǓǨ,�,Ǭǎ'-ȅ;>*��(�;ɣǍǪȜ

,ĨÀ-ɣǶǜ�9­ÕĽ,űǩ(ɃȬ��&ǡ
;>=�(
ú�# ������'ǔ

��=:	+ɣȥĝɣǍǪȜ
Ƕǜ�,²ù'­ÕĽ�ù+8ů *ĨÀAł	�(
ŕ;

�+*#&�&�=� 
 



�������� 
�����	���

�

K. Kobayashi & A. Yoshihara - 8 
����������� 
����� 	���

�

b�^]� � ���-1TX�3E 
y}Ų�ŗ+- SQDG ,ÕĽȾAõ9� PG ,ƅđAȁ	�Ǖ5
ɣTDefM^yD�
;ǻɜɣɉ�ūƓ+Ğ�±ȩ�&ăê�=�(Aǂ 4 ǁ'ȑŕ� ��;+ūƓ'-ɣy}
Ų�ŗ+ DGDG,ÕĽȾ8ɛǷ+õÃ�=�(
Ư;>&�=�Ȼĵ, SQDG
×�Ƕǜ�
,ȻĵǪȜ'�= PG Aƭȁ�=,+Ď�ɣDGDG -Ƕǜ�ɡǲǒ�ɢù'ƅđ� y}Ǫ
ȜAȁ	(ǡ
;>&�=�ĉɌɣT|FcaWa+��=ĉɞ�;ɣy}Ų�ŗ+-Ƕǜ

��ù,Ǭ+��= DGDG,ÙȾ
ûĜ+õÃ�=�(
ƴ�> (Härtel et al., 2000)ɣ�;
+ɣT|FcaWa,íɝǓǨAƞ� ȈŤ�;ɣȩě-2(B)q_Q}`yDǬ+ăê

�*� DGDG 
ɣy}Ų�ī+-�,°ǪȜ,Ǐ 20%AÌ7=�(
ïÚ�>  (Jouhet et 
al., 2004)�4 ɣy}Ų�Ţ��'Ǥ&;> 4 ȭƫ,H�_rL'-ɣTv�_�;Ĭ;
> ǓǨǬ,°NyX|ǪȜ,	"Ǐ 50%
ɣŪ,ǓǨǬ'-Ǐ 70%
 DGDG'Ì7;>=
�(8ŕ;�+*#  (Andersson et al., 2003)�ɜ�� ǗŦ
F}P}ps,Ū'8ȅ;>
&�=�(�;(Russo et al., 2007)ɣ�>;,ƙȗ-ɣđ*�(8ǿĂūƓ+Ğ�±ȩ�=8
,(ĳ@>=��>;,ƻ'-ɣDGDG ,õÃ+Ď�&y}ǪȜ-ƻɜAà@�°ǱƩ+ƅ
đ�&�=�(�;ɣDGDG-ƔƥƩ+)>� 1$,y}ǪȜA�Ŝ�=(�	:<-ɣǪ
Ȝ�ȼĕ,�ȃ*ŮĽȃǒ(�&ǬA°�Ʃ+ō
&�=,!?	� 
�,:	* DGDG+:=ǬǪȜȡŊ,ȼȃĵ-ɣT|FcaWa,MGDGÕĽȺǒȶ�Ă
,øƥ�ȈŤ�;ŕ;�+*# �T|FcaWa, MGD1ɡAtMGD1ɢ,mt|N'�=
AtMGD2( AtMGD3-y}Ų�ŗ+ƔƥƩ+ƨƙ�Ŕ�=,!
 (Kobayashi et al., 2004)ɣ�
>;,ȶ�Ă,�ȼøƥ�'-ɣy}Ų�ŗ+ȅ;>=Ū', DGDGÙȾ,õÃ
2(B)
ȝ�;*�#  (Kobayashi et al., 2009)�AtMGD2( AtMGD3,Ųŋ-MGDG,ÙȾ+-ħ
ɖ�*�#  7ɣ�>;,mt|N-ɣMGDGAǬŮĽȃǒ(�&'-*�ɣy}Ų�ŗ
, DGDGÕĽ,îȜ(�&¤ǘ�&�=(ĳ@>=��;+ȼȃ*ƨȅ(�&ɣAtMGD2(
AtMGD3 ,�ȼøƥ�'-ɣy}Ų�ŗ,ūƓ,Ľɀ
ȽƜŨ:<8Ķ��(
ŕ;�+*
#  (Kobayashi et al., 2009)��,ǗŦ�;ɣy}Ų�ŗ+�>;,ȺǒA��&ÕĽ�>=
DGDG-ɣ��;�y}ǪȜA�Ŝ�=�('ūƓ,ĽɀAÄ�&�=(ǡ
;>=� 

 

b�_]NI;=��	��,�(TX�?6 
y}Ų�ŗ, DGDGÕĽ+Č��=�(
¶�# T|FcaWa, AtMGD2( AtMGD3
'�=
ɣ�>;,ȶ�Ă,j|t�Z�ȈŤAǽ# (�?ɣy}Ų�ŗ�ù+8ɣǸ9

ǳǋɣ�;+-Ñǋī+ŧɚ²A�/ ǳǋǈ,�'ĥ�ƨƙAƴ��(
ŕ;�+*#  
(Kobayashi et al., 2004)�T|FcaWa,ǳǋ-Đ��ǪȜ¶Ť-åɒ* 7ɣ^]oGwy
,ǳǋǈA in vitro'�ɀ���,ǪȜǕĽAȓ1 (�?ɣǳǋǈ�ɀī+MGDG9DGDG
,ÙȾ
õÃ�=�(
ºŕ�  (Nakamura et al., 2009)��;+ɣDGDG+Ď�=Ł�Aƞ
� ®ƧǼ­ȈŤ�;ɣ�/ T|FcaWaǳǋǈ,ǓǨǬ+ DGDG
ǹƽ�=�(8ƴ
�>  (Botté et al., 2011)��Ȧ, AtMGD2( AtMGD3,�ȼøƥ�-ǳǋǈ�ɀ+ħɖAƴ
�*�# 
ɣ�ȃ* MGDG ÕĽȺǒȶ�Ă'�= AtMGD1 8ǳǋ'�=ƹġƨƙ�= 
7ɣAtMGD1
 AtMGD29 AtMGD3,ǳǋ',űǩAƭȁ� (ǡ
;>=�ĉɌɣMGDG
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ÕĽȺǒ+Ď�=ƔƥƩɆĊ¿Aƞ� ưƾ�;ɣMGDGÕĽA°�Ʃ+ɆĊ�=(T|F
caWa,ǳǋǈ�ɀ8ɆĊ�>=�(
ƴ�>&�< (Botté et al., 2011)ɣǳǋǈ�ɀ+�
�=JxM_ǪȜÕĽ,ȼȃĵ
Ƴ�7;>&�=�ǳǋǈ�ɀŗ+-ǳǋǓǨ�;ɔě+

ɀ�ǬA�.�*�>.*;*� 7ɣJxM_ǪȜ
ǓǨǬ,�ɀ+�ĨȚ#&�=,�

8�>*�� 
T|FcaWa, AtMGD2 ( AtMGD3 ,ȶ�ĂŲŋ-ƜŹȰƹ+ŕ;�*Ș,ħɖA�

*�# 
ɣFd'-ɣ�>;,HzY|N'�= OsMGD2ȶ�Ă,Ųŋ+:<ɣūƓ,Ľ
ɀ9Ƕ,M||iEzÙȾ+ȣį*ħɖA�
=�(
ïÚ�>&�= (Basnet et al., 2019b)�
�;+žƫ�1�ǗŦ(�&ɣOsMGD2 -Ǹ9ǧ�'ɟ�ƨƙAƴ�ɣ�,ȶ�Ă,űǩŲ
ŋøƥ-ǗĉƘ,��Aģ�ȝ���(
ŕ;�+�> �Fd+-ɣǸ'ƔƥƩ+ɟƨƙ

�= DGDGÕĽȺǒȶ�Ă,mt|NɡOsDGD2βɢ8ăê�=�Perǝɏ+:<�,ȶ�
ĂAƱö� Ũ'-ɣǳǋ,ƨȲ
ɆĊ�>ɣɎĵ�ƺ(*=�(
ƴ�>  (Basnet et al., 
2019a)�l\vbD,ȈŤ�;8ɣɎ��9ɐ��*),ƜŹâć+JxM_ǪȜ
ɟǹƽ�
=(�	ïÚ
*�>&�= (Nakamura et al., 2009)��>;,ǗŦ-ɣǶǜ�,ƨȲ�*�
ƜŹâć'8JxM_ǪȜ
ƪB+ÕĽ�>ɣȼȃ*ĨÀAŦ �&�=�(Aƴ�&�=� 

 

b�`]�-!�,�(TX
$(/$@Q 
MGDG9 DGDG+Ã
ɣ�;+úŐ,JxM_�V
ǗÕ� HyRJxM_ǪȜ
�4
�4*ūƓS}jz�;Ŭµ�>=�(
ɣÒ��;Ư;>&�  (Gasulla et al., 2019; Kelly 
& Dörmann, 2004)��,űǩ9ÕĽǖȟ-ɀ;�¶�#&�*�# 
ɣ2010 ĝ+ɣ´Ǘǣ
ĵ
��� øƥ� sfr2ɡsensitive to freezing 2),Íäȶ�Ă
ɣHyRJxM_ǪȜAÕĽ
�=Ⱥǒɡgalactolipid:galactolipid galactosyltransferase, GGGTɢAQ�`�=�(
ŕ;�+*
< (Moellering et al., 2010)ɣƚȈ
ĴȪ+ȮB'�=� 

MGDGÕĽȺǒ-ɣŝ¹,JxM_�VA βȹ�'ď¯�=�DGDGÕĽȺǒ-ɣ��+
2$ƫ,JxM_�VA αȹ�'ǗÕ�=
ɣGGGT-MGDGAîȜ+ɣβȹ�'JxM_
�VA 2 $ɡ ββ ȹ�, DGDGɢɣ 3 $ɡ trigalactosyldiacylglycerol, TGDGɢɣ 4 $
ɡtetragalactosyldiacylglycerol, TeGDGɢ(�Ã�&�� 7ɡæ 3ɢɣǗÕ� JxM_�V-
�1& β Dep�(�	Ɣİ
5;>=ɡæ 2ɢ�ǮȵŢ��'Ǥ# T|FcaWa+-ɣ
GGGT 
ÕĽ� ββ ì, DGDG -2(B)*�ɣTGDG 9 TeGDG 8Ŭµ�>*����
�ɣ´ǗV_{V+�;�> T|FcaWa'- DGDGÙȾ
õ
ɣTGDG9 TeGDG,
ǹƽ
5;>= (Moellering et al., 2010)�GGGT-MGDGAîȜ+¢	 7ɣHyRJxM
_ǪȜ,ǹƽ+�� MGDG ÙȾ-ƅđ�=�ǗŦ(�&ɣxsxŮȫAÐ<%;� MGDG
,ÀÕAƅ;�((8+ɣŻ(,ȇÝÁ
ĥ�HyRJxM_ǪȜAõ9��('ɣGGGT-
´Ǘ+:=Ƕǜ�Ǭ0,[s�UAɅ�(ňƇ�>&�=� 
T|FcaWa,´ǗĺÑĵøƥ�,Íäȶ�Ă(�&ȅ$�# SFR2'�=
ɣ´Ǘǣ
ĵ,ŞƏ+��@;�ɣɉ�ūƓ-ŘȯƩ+�,ȶ�Ă,mt|NAń$�(
Ư;>&�

= (Gasulla et al., 2019)��>'-ɣ�8�8´ǗǣĵAŞ�*�ūƓ'-ɣSFR2-),:	
*ĨÀAł#&�=,!?	���, 1$,ǆ

_p_,ưƾ+:<ƴ�> �´Ǘǣĵ
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Ań *�_p_'-ɣ�Ƒ9óV_{VAÑ� (�+HyRJxM_ǪȜ
ǹƽ�=�

(
¶�<ɣ4 ɣ_p_, SFR2ƨƙŀ½Ũ'-ɣ�,ǹƽ
2(B)ȝ�;�ɣ�Ƒ9ó
V_{V+Ĥ�*#  (Wang et al., 2016)�T|FcaWa,´Ǘŗ(×�:	+ɣ_p_'
-ɣ��;�MGDG,ƅđ(HyRJxM_ǪȜ,õÃ+:<ɣǫŻ9ƁȨéøÇ+:=Ƕ
ǜ�Ǭ,�ąĈÇAɅŴ�&�=,!?	�ǰÛƄ��(+ɣT|FcaWa'- SFR2-�
Ƒ9óV_{Vŗ+-©�*� (Wang et al., 2016)�),:	*(�+ SFR2
©��-ɣ�
,ƻ
),:	*ƛô'ȮÇ�&� ,�+:#&ƥ*=,!?	�SFR2-ɣQOūƓ�;
ǿĂūƓ4'Ğ�§ă�>&�<ɣǜǻ(ɉ�ūƓ,�ɂ+�ǟ�=ȠȢǻūƓɁ,

Klebsormidium nitensɡ�¾- K. flaccidum(×Ĉ�>&� ɢ,Per�;8ȅ$�#&�= 
(Hori et al., 2016)�ɉ�'Ɯ�=+-ɣ�Ƒ9ûĜ*ƆġøÇɣóƌġ9ƁȨé,øÇ*)ɣ
ů *V_{V+ȵĲ�=ıȃ
�=��	�# Ǧř�;ɣSFR2-ūƓ,ɉ�Ç+Ƀ��
=ȶ�Ă,�$'�=(ňƇ�>&�=� 
�,:	+ɣGGGTſĵAł	Ⱥǒ(�>AQ�`�= SFR2ȶ�Ă,ȈŤ+:<ɣβȹ�
'ǗÕ� HyRJxM_ǪȜ+$�&-ɣ�,ÕĽǖȟ9ĨÀ
¶�#&�&�=��œ

'ɣUuJFt,òǴ9Fd,ƻĂ*),ú�,ūƓǕǞ�;ɣαȹ�,JxM_�VAÙ6
HyRJxM_ǪȜ
ƨȅ�>&�= (Gasulla et al., 2019; Kelly & Dörmann, 2004)��>;,
ǪȜ- GGGT,ſĵ+:=8,'-*�(ĳ@>ɣ�,ÕĽǖȟ9űǩ+$�&ɣ�ī,ư
ƾ
ĩ >=(�?'�=� 

 

b�a]�.�0G".#�".�-%02.�:B
?6 
ūƓ, SQDGÕĽ-ɣSQD1+:= UDP-VzmKen�V,ÕĽ(ɣSQD2+:= DAG0
,VzmKen�VȡƸÏĲ+:#&ǽ@>=ɡæ 3ɢ�T|FcaWa'-)";,Ⱥǒȶ
�Ă8T}NzQh�, 7ɣSQD1 8 SQD2 8ɣe]MDG_øƥ�- SQDG A4# �
ÕĽ'�*��+8��@;�ɣy}Ų�Ţ��'-ɣsqd1øƥ�:<8 sqd2øƥ�,œ

:<ĥ�ƜǤɆĊAƴ� (Okazaki et al., 2013)��>-*����,ƦàAȈ�ȿ-ɣT|F
caWa'Œ +ƨȅ�> NzM|eTzUDTzNyX|�z (GlcADG) (�	Ȼĵ
,ǍǪȜ+�# �Okazaki et al.ɡ2013ɢ-ɣT|FcaWaȽƜŨ-y}Ų�ŗ+ SQDG,
2�+ GlcADGAǹƽ�=�(ɣsqd1øƥ�8ȽƜŨ(×ů+ GlcADGAǹƽ�=
ɣsqd2
-�*��(Aŕ;�+� ��,�(�;ɣsqd2øƥ�- SQDG!�'*� GlcADG8Ų
ŋ� ǗŦɣy}Ų��',ƜǤ
 sqd1 :<8ĥ�ɆĊ�> Óǩĵ
ŅŌ�> �SQDG
( GlcADG -ɣVzmî(IznKTzî(�	ȳ�-�=8,,ɣ)";8ŭĵɚȸ,N
zQ�V, 6�+Ȼĵ,ćǩîAń$�(�;ɣSQD2-VzmKen�VȡƸ+Ã
ɣUDP-
NzM|}ȻAîȜ+ɣDAG0,NzM|}ȻȡƸÏĲ8ȉā�=(�	�ȑ
ŉß�>&
�=�y}Ų�+Ĳǆ� GlcADG ,ǹƽ-ɣFd9_p_ɣ[FW'8Ƴȏ�>&�=,
' (Okazaki et al., 2015)ɣǿĂūƓ+Ğ�±ȩ�=�Ǖ5!(ǡ
;>=�¾Ȧ,:	+ɣ¶
ĂȮÇȈŤ�;ɣSQD2 -�ų±Ɯ�¾�;ūƓ,ƶ¬ǓǨ+¨@#&� (ňƇ�>&�
=��	!(�=(ɣGlcADG AÕĽ�=ſĵ-�$ɗƗĬ� ,!?	��SQD2 +:=
GlcADGÕĽſĵ,ƬŇƩ*ȌŃ-4!Ĭ;>&�*��(�;ɣGlcADGAÕĽ�=ƻ,
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¶ę,Ȉŕ+Ã
ɣ�>Ał	Ⱥǒ,ƜÇĄƩ*ȈŤ8ȼȃ(*=!?	� 
 

c]���� 
ǻɜ9ūƓ,Ƕǜ�-TDefM^yD(:�� ƔİƩ*ǪȜA8$�(�;ɣ�,:	

*ǪȜǕĽ-�ų±Ɯ+Ơţ�=!?	(�	ǡ

�ǱƩ'ɣǃǢ;8�	ǡ
&� �

���ɣǶǜ�9TDefM^yD,ǪȜÕĽ+Ƀ@=ȶ�Ă
ƿ�Ŵ7;>ɣ�,¶Ăǎ

ǙɃ¥
ŕ;�+*# �ɣ�,ǡ
A8	�ġȅƬ�ŗş+ţ&�=:	+ĳ	�8� Sato
ɡ2020ɢ'ŉß�>&�=:	+ɣMGD1 9 SQD2 
�ų±Ɯ,¾ɣ$4<Ƕǜ�AƗĬ�
=�¾+�'+ūƓ,ƶ¬(*=ǓǨ+¨@#&� (�>.ɣ�>;,ȶ�Ă-Ƕǜ�9

­ÕĽ(-ƏɃ¥+©�&� -�'�=�£
.ɣy}Ų�ŗ+y}ǪȜAǍǪȜ'ǟ�

Ŋ
;>=¼Ǝ-­ÕĽƜƓ+ɇ# ȍ'-*�ɣĉɌɣDN|fM^yGrɡAgrobacterium 
tumefaciens /Rhizobium radiobacterɢ-y}Ų�+Ĳǆ�& GlcDG9ɣDGDGɣGlcADG*)Ȃ
Őƻ,ǍǪȜAÕĽ�=�(
Ư;>&�= (Semeniuk et al., 2014)�×ů+ɣ�ų±Ɯ�¾
,ūƓ,ƶ¬ǓǨ+��&8ɣMGD1 9 SQD2 +:=ǍǪȜÕĽǎ-ɣy}Ų�Ĳǆ+��
=y}ǪȜ,�ŜA�*űǩ(�&� �8�>*��4 ɣ�¾+�,:	*�ȕǎAń

#&� �;��ɣūƓ,ƶ¬ǓǨ-TDefM^yD(±Ɯ�=�(
'� ,�8�>

*��ZFrpT}'8'�*�ɇ<ɣ�>;,ĸª+Ď�=ƬŇ,ȌŃ
Ĭ;>=�(-

*�
ɣƙă�=D�KD,ȈŤ�;ƮũƜƓ,ȝƉ
đ��$ŕ;�+*#&�&�=:

	+ɣ�ī8úƻúů*ƜƓ,ưƾ�;ɣŒ *ķï
8 ;�>=�(!?	� 
ŝī+ɣƔ+ĥȓ� �Ǝ-ɣƙê,ūƓ+��&8ɣǍǪȜ,ĨÀAǶǜ�,űǩ+ɇĈ

�=ıȃ-Ə�ɣ(�	�('�=�MGDG9 DGDG-­ÕĽâć!�'*�ɣƜŹȰƹ'
8ȼȃ*©�A�&�<ɣ4 ɣy}Ų�ŗ+-Ū'8y}ǪȜ,�Ŝ(�	ĨÀAł	�

�>4'ɣ�,:	*ƯȅAǔ��=Ɍ+-ɣ�ūƓ-TDefM^yD,�ų±Ɯ+:<Ɨ

Ĭ� ǍǪȜÕĽǎAɣ­ÕĽ9Ƕǜ�,űǩ�ù+ƞ�=:	+ȮÇ� ,!?	�ɣ(ȑ

ŕ�=�(8�# 
ɣ�>8�ī³ǡ�=ıȃ
�=!?	�×ů+ɣSQDG 9 GlcADG
8ɣǶǜ��ù'ȼȃ*ĨÀAł#&�&8ɣ�ĳȖ'-*���;+ɣɉ�ūƓ-ɣMGDG
Ašő+HyRJxM_ǪȜAÕĽ�=�ȕǖȟ8ƗĬ�&�=�SFR2+:=HyRJxM
_ǪȜÕĽǖȟ,ƗĬ
´Ǘ9�Ƒ*)0,ǣĵAɟ7ɣūƓ,ɉ�ȮµAÓǩ+� ,�

8�>*��SFR2
ł	 βDep�ì,HyRJxM_ǪȜ�ù+8úů*JxM_ǪȜ

ūƓ'ȅ$�#&�<ɣ�>;,ÕĽǖȟ9űǩ,Ȉŕ+Ø� ɣ�;*=ưƾ,Ȯē+8

şĩ� �� 
 

WY�
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865CzEbx��5�����ÐĤ9Ǡø~½ğ�5%&ȵĖ+ 3000ƝȰ#0�5ǎƴ
�V}eHǰ��5�ȵ�63�Ɲ %ſðòÇ#2���Ǜ#"��ïØ1ȴŜŗȂ%ę

Ĭ~Ʋĳ#ƊĐ�Ž6�ïØ&ȵȁ1
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�ȵ�6,�# 20 ƝȰ��ûê�5� �Ɣ36��5ǎƴ�j|[<�T��5�ŷ#
AAA+ (ATPases associated with diverse cellular activities) h;qy�#Ċ�5ClpȵFtsHȵLon&ȵ
ƫǍ
3ƓŒƁŶ%CzEbx,�ȄÇƎ#ȴĔ# û�6ȵATP �ûƎ"íǰ%ŗȂòÇ
 ­ě��V}eHǰ·ǟŧĥ9¦��j|SYOij|[<�T ��ȵǎƴ�V}eH

ǰ%ȔƎ½ğ àǰƧž#	���ĢƎ"ěÁ9Ŏ�� Ƽ�36��5�Ŋƞ�&ȵ�6

3ǎƴ�j|SYOij|[<�T%íŊƎ"ŗĬ1ŷĥ#���Ŗǧ�5  0#ȵCz

EbxħĐĥ#	�5ěÁȵ���ǺĒŦƏ�6���5�63j|[<�T%ƫǁ±OI

_z�ȉ*%ț84#���Ƭ����� 
 

GE><*$'���#$' �(�8?�

j|SYOij|[<�T%íŊŗȂ&ȵAAA+ëOum|}^s>} j|[<�T^s
>}
3"5(Gottesman, 1996; Gottesman and Maurizi, 1992) (æ 1A)�Oum|}^s>}#	
��ǥǬ�6�íǰ&ȵATP �ûƎ#ȴŜŗȂ�ǟ
6"�3ȵj|[<�T^s>}�ȍ
%ćú
3±ǅ* Ñ4Ǹ,65�j|[<�T±ǅ#&ȵǙľ%Ǡøȍ��ûê��	4ȵ

�%ơȚ�Ƹ#�û��íǰȏ¹±%ǙľƦĭ#	��A}^ë%¸ŀÐĤ�ôƍƎ#Ǳ�

5 (j|SYOi·ǟ)��%ƯŎȵôľ%mjX^Ș* ŀŵÇ��·ǟ�65�ƁĬ�6
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3ȫŜŀŵÇ�Ȅǔ�ȵ¸ŀÔǂ"Ʀĭ�¬�¸ŀ�6�%�mjX^ŀŵ%Ľ¶�ǔ86

5� 9Ĵ�� 
3 (Thompson et al., 1994)ȵOum|}Śǂ&ģ��0�6#Ư(���
�58��&"��ĀȢȵȨĐ#ƕ�mjX^%·ǟ#&Oum|}Śǂ&ģǛ"��,�ȵ

�5ƜĔ%N>R%V}eHǰ%·ǟ#���&ATP%ÂŤ·ǟAbzG��ģȬ "5�ȵ
ţǶƎƕ�oymjX^Ș#ț��&ȵATP%ƯØ%-�·ǟ��5� 

 
j|SYOij|[<�T%�ǕƎ"0% ��ȵƫǍ ƓŒƫǁ%CzEbx#ûê�

5 ClpȵFtsHȵLonȵÏ(ÓƫǍ1ƓŒƁŶ%ƫǁǰ"!#ûê�5j|[<U�r�ĵ�3
65�ǎƴ�#&ƫǍ9ǱŮ �5 3�%V>j%j|SYOij|[<�Tȵ�"8� Clpȵ
FtsHȵLon �ûê�5�ȵ�%ŗĬ1ŷĥ&ƫǍ�0�j|]V>j%j|SYOij|[
<�T ţǶ��Ǚȥ~ôŘÇ���5� 

GDFE��	 
Clp & ATP �ûƎ"Sy}j|[<�Tŧĥ9Ƙ�ôȔ�ŗȂ ��Śǂ��	4ȵOum

|}^s>} j|[<�TL<^s>}�źƢ%ǙØ� ��ûê�5Ų#	��FtsH1

Lon  &Ɗ"5 (æȷB)�,�dH[y< Clp %Oum|} j|[<�TL<�× Ë�

Niw`Y]
3"5ntǙØ���5%#Ą�ȵO<cdH[y<1ǎƴ��&��60

k[|ǙØ�9ęĬ���5 (Nishimura and van Wijk, 2015)��3#ǎƴ�%ïØ&ȵL<ŗ

Ȃ%ęĬ~Ʋĳ�5�&íǰǥǬ½ğ9Ĳ�çň%Niw`Y]9ŻĞ���5� 

ǎƴ� ClpOum|}&ȵClpC1/ClpC2/ClpD%ȸ�%Niw`Y]�ŗĬ�6�	4ȵ�

6�6�nt 6Ȕ� ��ûê�5� �Ƙá�6��5 (Nishimura and van Wijk, 2015)��

63 3�%Oum|}Niw`Y]%�� ClpC1%-Śǂśļ#2��ƁƿȅĖ9ė�Ǳ�

�� 
3ȵÙNiw`Y]��Ǜ"ŗĬĬ· Ƽ�365�ClpOum|}&�6ǇǴ�í

ǰ%ǥǬ�Ôǂ��5��
��%½ğ#&ȄÇƎ# û�6��5 ClpS1 Ï(�6 Ƒ�

�ƃ�5ǎƴ�ŷƊƎ" ClpF % 2 �%<WjV�V}eHǰ
3"5d>_y�tPv�
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Oum|}#�ư�5� �Ƙá�6��5 (Nishimura et al., 2013, 2015)�ƫǍ% ClpS&Ë
ź�íǰǥǬ½ğ9ǔ���5�ȵŷ#V}eHǰ% Nŉƣ<qcȑŠí �%V}eHǰ
%ýÿĥ9țȃ��5 N-end ruleƮǳ#ț��5� �Ɣ36��5 (Varshavsky, 2011)�N-
end rule Ʈǳ#	��ȵV}eHǰ%�ýÿÇ9ė�Ǳ�� N ŉƣ<qcȑŠí9 N-degron
 Þ)�ȵƫǍ% ClpS &�69ƐĸǥǬ�5� ���5�ǎƴ�#	��0Ȱ��� N-
end ruleƮǳ%ûê�Ƙá�6�	4 (Bouchnak and van Wijk, 2019)ȵĀȢƫǍ ClpS�ǥǬ�
5 N-degron %�
�
&ǎƴ� ClpS1 0ǥǬ�5� ���5  (Colombo et al., 2018; 
Montandon et al., 2019)�ClpS/F%śļòƊ�&��60ȓƁë ÙƤ%Ɓƿ��5� 
3ȵ
�ƽ	2(�63%ț��Ƙá�65ǎƴ� N-end rule Ʈǳ&œŶ%ȀĐƁƿ#&ģȬ�&
"� Ƽ�365 (Nishimura et al., 2015)� 

Clpj|[<�TL<&ȵClpP3/ClpP4/ClpP5/ClpP6% 4�%Niw`Y]� 1:2:3:1%Çü
ȔǪţ�ȏ��� Py}I ȵClpP1/ClpR1/ClpR2/ClpR3/ClpR4� 3:1:1:1:1%ţż�ŗĬ�6
5 Ry}I
3"5k[| 14Ȕ�9ęĬ�5 (Olinares et al., 2011)��%�� ClpP1& Clp
�â�ǎƴ�Kcr#L�^�65Niw`Y]��5 (Shikanai et al., 2001)�× ClpP/RN
iw`Y]%śļòƊ�%ǕŽë&ȵƁƿ%ȅĖ1£ŝȵǀĥǉş"!Ɗ"5�ȵNiw`

Y]%ûêţ Ƒț�5 (Nishimura and van Wijk, 2015)����ȵClpPNiw`Y]%ȏ¹�
#&ȵSy}ȶfQXP}ȶ<QexG}ȑ% 3 <qcȑŠí
3"5ŧĥȍ���5%#
Ą�ȵClpRNiw`Y]&�%ȍ��ś÷���5�/Ǡøǂ�"�������ȵǎƴ�
Clp %j|[<�TL<±#&ȎØ 10 Ʀĭ%ŧĥȍ��ûê���5�2 �%ȨĄƚ" P/R
y}I%�ØÏ(ýÿÇ#&ȵœŶŷƊƎ" 2�%<HSNy�V}eHǰ��5 ClpT1/T2
�ț85 (Clarke, 2012; Kim et al., 2015; Sjögren and Clarke, 2011)��"8�ȵËȔ� ClpT1�
Py}I#ƯØ��ǙØ�9ęĬ�ȵ�6�ËȔ� ClpT2 ƯØ�5� � Ry}I ƯØ
��ȵýÿÇ�5 Ƽ�36��5��ł ClpOum|}& Py}I�&"
 Ry}I#Ư
Ø�5 Ƽ�365�Oum|} j|[<�TL<�!%2�#ȃƯ���5
&ń3


�&"��ȵClpTNiw`Y]&Oum|}Niw`Y] 0ƯØ��5� �Ɣ36��
5 (Colombo et al., 2014)� 

GDGE �
��

FtsH& ATP�ûĥ%�Ȗ (Zn) ȏ�ësV|j|[<�TǙØ� ��Śǂ�ȵNŉƣ¥#
ǆǮȀ^s>}��5%�ŷġ��5�,�ƫǍ% FtsH�Ë�Niw`Y]�ŗĬ�6��
5%#Ą��ȵœŶ�&ȋ�ùȒǙ#24 12 ƝȰ%nt|I�ûê�ȵ�%��
FtsH1/2/5/6/7/8/9/11/12 % 9 ƝȰ�ǎƴ�ȵŠ4 3 ƝȰ�q]L}^y<#�6�6ĉê�5 
(Sakamoto et al., 2003)�ǎƴ� FtsH%��ȵFtsH1/2/5/8&XxL>^ǆȵFtsH7/9/11/12&Æ
ǆ#ûê�5� �Ɨǥ�6��5�ȵFtsH6#���&�ń��5 (Nishimura et al., 2017)� 
XxL>^ FtsH 9ŗĬ�5 4 �% FtsH Niw`Y]&�%ŚǂƎ�Ļĥ
3V>j A 

(FtsH1/5)  V>j B (FtsH2/8) #·Ȱ�6 (Yu et al., 2004, 2005; Zaltsman et al., 2005)ȵ�6�
6 2:4%ÇüȔǪţ�k[| 6Ȕ�9ęĬ�5 (Moldavski et al., 2012) (æȷB)��63 FtsH
Niw`Y]% Nŉƣ¥#&XxL>^ǆ#<}D��5�/%�äǆǮȀ^s>}�ûê
�ȵ6Ȕ�ęĬņ#&V}\r#�:�Oum|}^s>} j|[<�T^s>}&Q]
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|p¥#ȏÚ���5 (Nishimura et al., 2017)�FtsH5 FtsH2%ŚǂśļòƊ�&ȵ��60
Ŀ«4ǕŽë9Ƙ�� 
3�6�6 yellow variegated1/2 (var1/var2)  0Þ'65 (Kato and 
Sakamoto, 2018)��ł FtsH1 FtsH8%ïØ&ȓƁő ÙƤ%ǕŽë9Ƙ��ȵ�6&Niw
`Y]%ûêȔ9ÐŅ���5 �65�ȋ�üƎǟō
3ȵvar1,�& var2òƊ�%Ŀ«

4ǕŽë9Įé�5òƊ��ôľËȦ�6� (Putarjunan et al., 2013)��%ô
&ǎƴ� Clp
Niw`Y]�5�&ǎƴ�L�^% ClpP1 %ƍŽ#Ěȩ9���5òƊ������ 

3ȵClp-FtsH%ŚǂƎțȃĥ�Ƙá�65�FtsH%ýÿĥ&ȵƫǍ
3ƓŒƁŶ,�ȴĔ#
 û�65 GTPase h;qy�V}eHǰ% 1 ���5 EngA �½ğ���5 (Kato et al., 
2018)�EngA& FtsH5/2%Oum|}^s>}9���ƐĸƑ��ƃ�5�,� EngA%ȋ�
ùśļő&ǀĥǉş��5%#Ą��ȵȈÀƍŽ�& FtsHśļòƊ� ÙŘ#Ŀ«4ǕŽë
9Ƙ�ȵ
� FtsH Niw`Y]%ȈÀǐƟ ȴ·ùȔ FtsH ǙØ�%ýÿÇ�ė�Ǳ��6
5�EngA9���Śǂ�¬ FtsHǙØ�%·ǟ½ğt\z�ĺã�6��5�,� FtsH5/2N
iw`Y]&Ǚľ%N>]�y}ȑÇ½ğ9Ò�5� �Ɣ36�	4ȵFtsHǙØ�%ęĬ
1ýÿÇ#ț85� �Ƙá�6��5 (Kato and Sakamoto, 2019)� 
Æǆ FtsH11 &�%Æǆ FtsH  &ǙØ�9ęĬ�"�� 
3ntǙØ� ��ûê�5

� �Ƙá�6��5 (Adam et al., 2019)�,�Q]|p% CPN20 Oum|} Ƒ��ƃ�
5� 
3ȵ±Æǆ��Q]|p¥#ȏÚ�5 Ƽ�365�FtsH7 FtsH9&ȴ�ƑÙĥ9
Ƙ�� 
3ȵÙ�%k[|ǙØ�9ęĬ�5 �ŭ�6��5� (Wagner et al., 2012)ȵǤ
ƫ&�ń��5�ǊÝū�� #ȵFtsH12&±Æǆ#	��ȵ°ëƎ" FtsH%ŧĥȍ��ś
÷�� FtsHi1/2/4/5V}eHǰÏ(�63 ­Ȁ%ȄÇƎǱŮ90� Ycf2V}eHǰȵ��
� NADëy}MȑǄŤƪȐƪ
3"5 2-MD%k[|ǙØ�9ęĬ�ȵ±Æǆ% 1-MDǷǼ
ǗƸ��5 TICǙØ� Ƒ��ƃ�5� � ATP�ûƎ"ǆǷǼt�V� ��Śǂ�5�
 �ń3
 "�� (Kikuchi et al., 2018)�FtsH12% Znȏ�tX�h#ŲòƊ9Ć«�5�
 �sV|j|[<�Tŧĥ9Ū÷���0ǆǷǼÄż#&Ěȩ�"�� 
3ȵĘǣNi

w`Y]�ǷǼíǰ%Ÿė#Ă����5� �Ƙá�65��ł0���% FtsHi h;q
y�V}eHǰ��5 FtsHi3&ȵYcf2/FtsHiǙØ�1 TICǙØ� &źƢ��ȵ±Æǆ��
1-MD %ȴ·ùǙØ�9ęĬ��ǷǼíǰ Ƒ��ƃ�5� 
3ȵǆǷǼt�V� ��
Śǂ�5 Ƽ�36��5� 

GDHE����

Lon& ATP�ûĥ%Sy}j|[<�TǙØ���5 (Pinti et al., 2016)�ƫǍ
3ƓŒƁŶ
CzEbx��6#	��0ntôȔ� ��ûê�ȵ6 Ȕ�ŗȂ9 5 (æȷB)��ǋ#
Lon V}eHǰ& 2 �%V>j#·Ȱ�6ȵƫǍÏ(ƓŒƁŶ%q]L}^y< ǎƴ��
0� LonA &Oum|}^s>}�ũ% N ŉƣ#íǰƯØȭì��5%#Ą�ȵÓƫǍ%
LonB&Oum|}^s>}±ȍ#ǆǮȀȭì��5%�ŷġ��5 (Rotanova et al., 2004)� 
ǎƴ�#& 2ƝȰ% Lon (Lon1/4)�ûê�5 (Rigas et al., 2014)�O<cdH[y<#&¬

ș Lonj|[<�T#ƑĘ�5ȋ�ù&"
ȵ�84# LonA% Nŉƣ^s>}ȏ¹��

3"5V}eHǰ�L�^�6��5��% Lon% Nŉƣ^s>}%-
3"5V}eHǰ
&O|>a_R_Kcr�#0 4ƝȰûê�ȵ�%��Ĉ"
 0 3ƝȰ&ǎƴ�ĉê��
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5 (van Wijk, 2015)�Lon1/4#���&ȵ��60q]L}^y<#­ĉê�5� 
3ȵö
Ó% αj|[CdH[y<% Lon#ƅŌ�5 Ƽ�365�Lon1/4%ǎƴ�±�%ŞƗ"û
êƦĭ&ń3
�&"��,�ǎƴ�% Lon1%Śǂśļ�ƁƿȅĖ9ė�Ǳ��� &Ɣ3
6��5�ȵLon4śļ%ƁžƎĚȩ#���&·
���"� (Daras et al., 2014)� 

 

HE�C�"%�504��
�2.�

�6,�%ȋ�üƎ~ƁÇüƎǟō"!
3ȵǎƴ�j|[<�T#25V}eHǰ%ƁØ

Ĭȵ�5�&ȔƎ½ğ1àǰƧž#ț�5Ř "·ùsD`Rr�îÛ�6��5 (æ 2)�
�63&Ǚľ%j|[<�T#24šȠƎ,�&ÊǩƎ#ǔ8650%1ȵſðåù1ǘÃ

åù"!9���0%"!ôČ#8�4ȵCzEbx%ŚǂƲĳ#�Ôś��5�ŊȪ�&

�%��9�
�
Ƭ��5� 

 

ǎƴ�±#ûê�5ľÉƝȰ%V}eHǰ%õȍ·&ŒKcr#L�^�6ȵƫǁǰ� N
ŉƣ¥#ǎƴ�ƛǔOI_z (TP) 90�¾ȳ� ��ØĬ�6�ĝȵǎƴ�óÆǆ% TOC
ǙØ�#24ǥǬ�6ȵ±Æǆ% TIC-Ycf2/FtsHi9���Q]|p#ǷǼ�65 (Thomson et 
al., 2020)�Q]|p% ZnƯØA}^ëmjXW�T��5 SPP&ȵ����¾ȳ�V}eH
ǰ9ǥǬ�� TP9¸ŀ (j|SYO}I) �5 (Teixeira and Glaser, 2013)�TP9¸4Ȧ�6
�V}eHǰ&���ǟȦ�5�ȵTP &�%ĝ0 SPP ±#ƈ,�� C ŉƣ¥9]yq}I
�6�ĝQ]|p#Ľ¶�65 (Richter and Lamppa, 1999, 2002)�SPPƍŽĮ½ő&ƁƿȅĖ
 ƍȉƊĐ9ė�Ǳ��ȵśļòƊ�&ǀĥǉş9Ƙ� (Trösch and Jarvis, 2011; Zhong et al., 
2003)�SPPȈÀƍŽ�&ȓƁő ÙƤ%Ɓƿ��5�ȵǊÝū�� #ŒL�^%©ÇüƩ
II (PSII) <}[_ǙØ� (LHCII) Niw`Y]%ȋ�ùƍŽ� 10 ¢���Ń�ȵǽ#ƍŽ
Į½ő�&���5 (Yue et al., 2010)��łXxL>^ǆ±ǅ (z�s}) ĉêV}eHǰ�
&ȵTP %�ũ#ǷǼOI_z (TTS) �ûê�ȵTAT �ûƮǳ#2��ȴŜŗȂ9 ĳ��
Źīȵ,�& SEC�ûƮǳ#2��İ4��-�ǟ
6�Źī�z�s}±#ƛǔ�5 
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(Jarvis and Lopez-Juez, 2013)��% TTS&XxL>^ǆĉê%Sy}j|[<�T��5 Plsp1
#2��j|SYO}I�65 (Midorikawa et al., 2014; Shipman and Inoue, 2009)�Plsp1&ȑ
ÇȌ¨½ğ9Ò��	4ȵz�s}¥% 2 �%OQ[>}ŠíȚ%PQzh=^ƯØ#24
ŧĥÇ�5 (Midorikawa et al., 2014)�Plsp1śļő�& SEC�ûƎ#ǷǼ�65©ÇüƩǙØ
�Niw`Y]%jxQ]O<`}1 PsbO �j|SYO}Iǿ�%Źī�XxL>^ǆ±
#ƈ,��ǐƟ���,�  (Frielingsdorf and Klösgen, 2007; Midorikawa and Inoue, 2013; 
Shackleton and Robinson, 1991)��ł TATíǰ��5 PsbP%ïØ&ȵTTS¸ŀN>]9Ū÷
��5 ȵĦ3
 TATǾȈǗƸ±#ƈ,��Źī�ȵXxL>^ǆ�Ŕ¶�65�ȵPlsp19
śļ�5 j|SYO}I�Ț��tcp�Źī�Q]|p#ǐƟ�5 (Frielingsdorf and 
Klösgen, 2007; Midorikawa and Inoue, 2013; Shipman-Roston et al., 2010)� 
�ǫƂŶ1ųŚŐȲ%ØĬ1ħĐĥ#ț85Ȑƪ&ȵǎƴ�±%�ǫ~ŐȲſð%òÇ#

2��V}eHǰ·ǟ9���ȔƎ½ğ9Ò�5�H||h=z b (Chlb) 9ØĬ�5H||
h=y^ aCFOK_�T (CAO) &ȵƁĬŶ��5 ChlbȔ%�Ń#Ĥƥ�� Clp#2��
·ǟ½ğ�65 (Nakagawara et al., 2007; Yamasato et al., 2005)�CAO% Nŉƣȭì#&ƕȘș
%·ǟOI_z�ûê��	4ȵĦ3
�6� Chlb%"�Źī�& CAOŗȂ%±ȍ#�Ƹ
���5�ȵChlb%ǐƟ#��� CAO�ŗȂòÇ�5� �óȍ#ȧ¶�5�/ ClpCOu
m|}#24ǥǬ�6�·ǟ�65 Ƽ�36��5 (Sakuraba et al., 2007, 2009)�,�Ù�
[]xg|�zØĬƮǳ%IzVqz tRNAȌ¨Ȑƪ (GluTR) &ȵkrǐƟȔ��Ń�5 
ClpS1/F�ûƎ#·ǟ�65 (Richter et al., 2019)�ȀĐ GluTR& Nŉƣȭì GluTRƯØV
}eHǰ (GBP)  %Ƒ��ƃ9���XxL>^ǆ�#�ƈ���5 (Czarnecki et al., 
2011)��
� GBP&krƯØV}eHǰ�0�4ȵkrûê��& GBP-GluTRǙØ�%ę
Ĭ�ȝā�65 (Richter et al., 2019)������krǐƟȔ%�Ń#24ȵN ŉƣȭì
3
GBP�ǟȦ�ȵÙȭì�Q]|p#ȧ¶�5��%ȭì& ClpS1#2��0ǥǬ�65� 

3ȵGBP
3ȆȦ�� GluTR& Clp#24·ǟ�65��3#ȵXxL>^ǆĉê%ȗ]
x}Qo�V�PAA2&ȵz�s}%jxQ]O<`}#ȗ>C}9�ư�5�ȵǎƴ�±%
ȗ>C}űĔ�ȈÀ#"5 Clp #2��·ǟ½ğ�65 (Tapken et al., 2015)��%ȗűĔ
�ûƎ" PAA2%·ǟ# ClpS1&ģǛ"�� 
3ȵClpCOum|}�ƐĸǥǬ�5 Ƽ�
365�Ǥƫ"íǰǥǬŚŗ&�ń��5�ȵPAA2 % N ŉƣ¥#&ȕĊƯØtX�h��
5�/ȵ�6�ȗűĔ%�Ń#24ŗȂòÇ9ė�Ǳ��ȵCAO%ïØ ÙŘ# Clp#25
ǥǬ9�� Ƽ�36��5� 
©ØĬ"!ǎƴ�%�ǫƩ9ŞĐ#Ʋĳ�5�/#&ȵǎƴ�V}eHǰ%õȍ·9Ì/

5ŒL�^V}eHǰ%ǷǼ1×Ɲ�ǫȐƪƺǇ�%àǰƧž�ȒǛ "5�Clp %õȍ·
&Q]|p#ûê�5�ȵ�ȍ& Tic110 Þ'65ǲïV}eHǰ9���±Æǆ#ĉê�
��5 (Flores-Pérez et al., 2016; Sjögren et al., 2014)�¾ȳ�V}eHǰ�ǆǷǼ�#ǷǼXu
bz±�µȤ1£Ű��Ȣȵ�5�& TIC ǙØ�
3ǟȦĝ%j|SYO}I1ȴŜŗȂę
Ĭ#�¯Ø�Ɓ��Ȣ#·ǟķȟ�5� �ȵǆǷǼ%²ůÇ àǰƧž#Ă��5� �

Ƙá�6��5 (Flores-Pérez et al., 2016)�D|[c>^ƁØĬƮǳ%h=]A}ØĬȐƪ 
(PHY) &ȵTic1109���ǎƴ�±Æǆ#�ƈ�5 DnaJŘOum|}% ORANGE (OR) V
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}eHǰ ƯØ�5� �ȵ�%ȴŜŗȂ Ȑƪŧĥ�Ʋĳ�6��5� (Welsch et al., 2018; 
Yuan et al., 2020)ȵȴŜŗȂ%ęĬƊĐ9ė�Ǳ��� PHY& ClpS1/F1 ClpC/D9���·
ǟ½ğ9Ò�5 (Welsch et al., 2018)�>Uj{c>^ØĬƩ%sXzAyQy]�z 4-y}
ȑ (MEP) Ʈǳ%�Ǜ"ĜȁȐƪ��5\CFOFOz|�Q 5-y}ȑØĬȐƪ (DXS) %
àǰƧž&ȵJ20 <WjV�V}eHǰ Hsp70 Oum|}9��� ClpB3 �û%yhB�
z\=}Iŧĥ,�& Clp�û%·ǟŧĥ#24½ğ�6��5 (Pulido et al., 2016)�ȴŜŗ
Ȃ%ęĬƊĐ�5�&µȤ#24�ŧĥÇ�� DXS&ȵHsp40/DnaJV}eHǰ��5 J20#
24ǥǬ�6� Hsp70Oum|}#ė�Ŭ�65��6#24�ŧĥÇ DXS&ȵHsp70Ï(
ClpB3#25ÊǩƎ"yhB�z\=}IÐĤ9Ȁ��³ŧĥÇȵ�5�& Hsp70
3 ClpC1
*%íǰǷǼ9��·ǟ½ğ9Ò�5��%�ŧĥÇ DXS%ȇßťÿ&ȵClpB3 ClpC1%
ƑĄƎ"Ȕ#24ť,5 Ƽ�36��5�Hsp70 
3 ClpC1 *%íǰǷǼ&Ɛĸ,�&�
%½ğåù%�ê�Ĺă�6��5�Hsp70  Clp &��60ȑÇQ]{Qȣā9Ò��V
}eHǰ%àǰƧž#ț��5� 0Ƙá�6��5 (Pulido et al., 2017)�ȈÀ"©Ŵą#2
4ŧĥȑƪƝ�ƍƁ�5 ©ØĬǗƸ�©ȣā9ǖ5�ȵ�%�Ǜ"V�KY]& PSII%Ð
Ĥ�Ģ D1V}eHǰ��5 (Kato and Sakamoto, 2018)�©ȣā9Ò�� PSIIǙØ�&Ix_

3Q]|pXxL>^#ƛÅ�ȵ���ȍ·Ǝ#ǟȦ�5� � D1 V}eHǰ�óȍ#
ȧ¶�5��%Ȣ# D1 &XxL>^z�s} Q]|p#�6�6Ǚľûê�5Sy}V
>j%A}^mjXW�T��5 DEG #2��ȍ·¸ŀ�6�ŀŵÇ�ȵ�%ĝ FtsH#2
4mjX^* �3#·ǟ�6�ȟÎ�65��%ĝǎƴ�±�ŁǝØĬ�6� D1 � PSII
#Ķ«�6ȵ³�Ø��Ix_#ƛÅ�5��%©ȣā9Ò�� PSII%¡Ġ#&ÔǽƎ"y
}ȑÇ¡ȱ�ț���	4ȵy}ȑÇ%řƎ �� PSIIL<V}eHǰ% D1/D21 CP43ȵ
PsbH�ȵ,�y}ȑÇȐƪ Ǆy}ȑÇȐƪ �� STN8 PBCP��6�6Ɣ36��5 
(Kato and Sakamoto, 2014; Puthiyaveetil and Kirchhoff, 2013; Samol et al., 2012)�STN8& DEG�
ûƎ" D1ŀŵÇ9Į½�ȵPBCP& D1·ǟ9�Ȅ�5�ȵǤƫ"sD`Rr&�ń��5� 
�ǻ�� SPP#24ǷǼ¾ȳ�
3¸ŀ�6� TP1 Clp/FtsH#24·ǟ�6�V}eH

ǰƅŌmjX^&ȵQ]|pĉê% ZnƯØëA}^mjXW�Th;qy�#Ċ�5ȸ�%
CyMmjXW�T PreP1/2 OOP��3#ŀŵÇ�5 (Kmiec et al., 2014)�TP%N>R&
Ŗ$ 26ȹ146 aa��4 (Zybailov et al., 2008)ȵ�ǋƎ" Clp FtsH%·ǟƂŶ&�6�6 5
ȹ12 aa 10ȹ20 aa%ƕȘmjX^��5 (Choi and Licht, 2005; Ito and Akiyama, 2005) %#
Ą��ȵPreP1/2 OOP&�6�6 10ȹ65 aaÏ( 8ȹ23 aa%mjX^ŀŵ9·ǟ�5�/ 
(Kmiec et al., 2014; Moberg et al., 2003; Ståhl et al., 2005)ȵ�63mjX^9·ǟ��5��ł
PreP/OOP �ûƎ#·ǟ�6�mjX^&ȵ3ȹ4 aa ƜĔ "50%%<qcȑ*%·ǟ#&
ǈ3"��PreP/OOP%�ũ�&ȵ2�%ȕĊƯØĥ<qcmjXW�T��5M1 M17-20
� TP "!#ƅŌ�5ľ<qcȑƜĔ%mjX^9�3#·ǟ��ȆȦ<qcȑ9ƁĬ�5
 Ƽ�36��5 (Teixeira et al., 2017)� 

 

IE;=,��!CFB��CH�

ǎƴ�V}eHǰ·ǟ ­ě��ƫǁ±Ĩî�ȉƮǳ%��ŇǺ�
�
îÛ�6��5�
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�63&OI_z�ȉțȃåù%·ǟ½ğ1·ǟǗƸǇ�%ļ§#24ǦĆ�65Q]{Q

ĤƥŚŗȵ���·ǟƂŶ%ǐƟ�ǦĆ�5Ł�"ƫǁĤƥŚŗ"!đē�� 
ǎƴ�
3Œ*%OI_z ({]|I{�^OI_z) %�ȉŚŗ#	���ĢƎěÁ9

Ŏ��Q]|pĉêOI_zƱØåù ��Ɣ365 GENOME UNCOUPLED1 (GUN1) &
Clp#25·ǟ½ğ9Ò�5 (Wu et al., 2018)�GUN1&Q]|p#ĉê�5m}V]yLm
jX^yg�] (PPR) V}eHǰ%�Ɲ��5�GUN1&ȀĐƁƿſð��& Clp�ûƎ"
·ǟ#24ŕ/���ǐƟȔ#Į�36��5�ȵ{]|I{�^OI_z�ȳÅ�65Q

]{Qſð��&·ǟȁĔ����ȵQ]{QĤƥ�ė�Ǳ��65�ŷ#{]|I{�^

OI_z9ȳÅ�5Ǒ¿��5y}Lp>O} (LIN) "!#24ǎƴ�%ƻǢ9ȝā��
ïØ& GUN1%ȯǏ"ǐƟȔ%�Ń�ǜ365�ȵ�% �ǎƴ�L�^% ClpP1Niw`
Y]%ƍŽȔ%��0Ǟă�6��5�Clp �!%2�# GUN1 9ǥǬ���5
&ń3

�&"��ȵGUN1%ýÿĥ#& PPRtX�h�ț��5� �Ƙá�6��5�,� GUN1
&krƯØV}eHǰ��5� 0Ƙ�6��5 (Shimizu et al., 2019)��łȵŧĥȑƪƝ 
(ROS) %�Ɲ��5�ȒȪȑƪ (1O2) �ė�Ǳ��{]|I{�^OI_z�ȉƮǳ�&ȵ
XxL>^ǆĉê% FtsH  Ix_Üƶȍ#ĉê�5 1O2S}N���5 EXECUTER1 (EX1) 
�Êǩ��Śǂ�5 (Dogra et al., 2017; Wang et al., 2016)��"8�Ix_Üƶȍ% 1O2�ñõ

�5 EX1%ŷġƎ"]yj]h;}Ší�ȑÇ¡ȱ�65� � FtsH#25 EX1·ǟ�
ė�Ǳ��6ȵƯŎ ��ŒL�^%Q]{QĤƥȋ�ù%ƍŽ�ǦĆ�65 (Dogra et al., 
2017, 2019a)� 
ƓŒƁŶCzEbx±%V}eHǰħĐĥ#ƊĐ��5 ȵCzEbxĉê%Oum|}

1j|[<�TƤ9L�^�5Œȋ�ù%ƍŽ�ǦĆ�65��%Žǭ&ćǁ�Q]{QĤ

ƥ  (unfolded protein response)  Þ'6ȵȐŢ1ÅŶ%ćǁ�  (UPR) 1q]L}^y< 
(UPRmt) �ǜ365 (Haynes et al., 2013; Walter and Ron, 2011)�ƴǒ1œŶ%ǎƴ�#	��
0ȵRNAi 1 LIN 9»ƃ�� Clp %ƍŽ��#24ŒL�^% ClpB3 9&�/ �5Oum
|}ƺƤ%ƍŽ�ŃÏ(ǎƴ�V}eHǰ%ħĐĥ%äĠ"!�Ǟă�6ȵǎƴ�% UPR%
ûê�Ƙá�6��5 (cpUPR) (Llamas et al., 2017; Ramundo et al., 2014)��% cpUPR%ǦĆ
& GUN1Ȩ�ûƎ"OI_z�ȉƮǳ��4ȵǵ´åù��5 HsfA2�ț��5 Ƽ�36
��5 (Llamas et al., 2017)��łȵXxL>^ FtsH%ś÷#24 PSII"!%ǎƴ�V}eH
ǰ%ħĐĥ#ƊĐ�Ɓ��ïØ&ȵOum|}1j|[<�TȵROSŪÎƩȐƪ"!%V}
eHǰàǰƧžțȃåù%ǐƟ��Ń�5� �Ǟă�6��5 (Dogra et al., 2019b)��6
3åù%ǐƟ�Ń&ǵ´{lz�½ğ�6�	4ȵ�%Žǭ&�ǻ% UPR Ȱ����5�
 
3 UPRŘĤƥȵ�5�&ȑÇ¡ȱ9Ò��ļ§V}eHǰ�ǐƟ���5� 
3ļ§
V}eHǰĤƥ (damaged protein response, DPR)  Þ'65�,�ś÷ &Ɗ"5XxL>^
FtsH%Śǂļ§ȵ�"8�Oum|}^s>}%òƊ#2��íǰ%<}hB�z^ŧĥ%
-9ļ"��ƊĐ" FtsH �ûê�5ïØ&ȵþ¬ś÷�� �#0ǜ36� PSII V}eH
ǰ%ħĐĥȣā���"
ȵNyXzȑ (SA) Ĥƥĥȋ�ù%ƍŽ�Ń9��ŷġƎ"Q]
{QĤƥ9Ƙ� (Duan et al., 2019)��%Q]{QĤƥ#&ȵǎƴ��ØĬ�65 SA#25
Œȋ�ù%ƍŽ½ğȵ�"8�{]|I{�^OI_z ��%ěÁ�Ƙá�6��5��
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ł SAØĬ9Ĳ�>ULyQqȑƮǳȐƪƺ FtsHŚǂ %ț�#���0ǊÝ�0�65 
(Dogra and Kim, 2019)� 
CyMmjXW�T PreP/OOP9śļ�� 3ȒòƊ��& TPƅŌmjX^Ï(�%�ũ%

Śǂĥȭì#ƅŌ�5·ǟƂŶ%ǐƟ�Ɨǥ�6��5 (Kmiec et al., 2018)�·ǟƂŶ%ǐƟ
�Ŕ¶�6�V}eHǰ&ȵRubisco%õNiw`Y]1 Rubisco<HXl�QȵLHCIIȵD1ȵ
CP47ȵjxQ]O<`}"!ûêȔ�ţǶƎô�0%�����ǊÝū�� #ȵ�% 3Ȓ
òƊ�&ƌÍǍ#Īŏ���"�#0ț83�ȵƌāQ]{QĤƥțȃȋ�ù%ƍŽ�Ń�

Ǟă�6��5��%� 
3ȵǐƟ��mjX^�ƌÍĥAh@HV� ��ƫǁ±%Ȝ

ğĤƥOI_z�ȉƮǳ9ŧĥÇ���5� �Ƙá�65�ȵǎƴ�V}eHǰƅŌmj

X^�!��ǐƟ�ȵ!%2�#ĪƔ~�ȉ�6��5
&ń3
�&"���łfsZy

EbMJ#	��Ɓ�±mjX^%ƳƹƎǟō�ǔ86�	4ȵǎƴ�V}eHǰƅŌmj

X^�ƫǁ±���"
ƫǁó#	��0ôľŔ¶�6��5 (Fesenko et al., 2015; Mamaeva 
et al., 2020)� 
 

JE�����

ǎƴ�j|SYOij|[<�T&ȵƫǍƅŌ%·ùǗƸ
3ŨƁ���50%%ȵ­ƁȄ

Ç%ȈƜ�ôŘÇ~ȴĔÇ�5� �źǇ%·ǟOQ[r9ŗƨ�ȵǎƴ�V}eHǰ·ǟ

#	���ĢƎ"ěÁ9Ŏ��2�#"���ĀȢȵœŶ%�ǫſð1ŐȲŹīƤ%òÇ#

Ĥ��CzEbx%ħĐĥƲĳŚŗ1Q]{Q�#	�5ƫǁ±Ĩî�ȉƩ�%Śǂ&ôČ

#8�4ȵ
�Ǚľ%�ÃåùƤ9Ď�Ǹ:�Ǚȥ"·ǟ½ğƩ9ęĬ���5��%�/

j|[<�TŚǂ%ȣā&�ǫſð1OI_z�ȉƩ#ƀõ"Ěȩ9ė�Ǳ����%2�

"� 
3ȵǎƴ�j|[<�T&CzEbxħĐĥ ƫǁ±OI_z�ȉ%���ȵ�5

�&�%ðƇ#	���ƽ9ƱØ½ğ�5ûê ǡ�5%�&"��7�
��łȵCyM

mjXW�TòƊ�%ǟōƤ#24·ǟƂŶmjX^�Ł�"ěÁ9Ŏ��Ôǂĥ0¶��

���6&j|[<�T�ȵË#ěƏ9ƭ��V}eHǰ9ȟÎ���5%�&"
ȵ�Ǜ

V}eHǰ9ƕȘmjX^ ��Ł�"Śǂ·ùƝ#³Ɓ���5� 9ĩÝ���5%


0�6"��f]ćǁ�ǆ�#& TAP (transporter associated with antigen processing)  Þ'6
5mjX^]x}Qo�V��ûê�ȵ?=zQĪŏƤ#ƅŌ�5ƌÍ�V}eHǰ%·ǟ

ƂŶmjX^9ƫǁǰ
3ćǁ�±#Ñ4Ǹ. (Parcej and Tampé, 2010)��6#24ćǁ�
z�s}±%MHC (major histocompatibility complex) HxQ I·ù�mjX^ ƯØ�ȵMz
P�9Ʈ�ĪŏƫǁǕċ#ƛǔ�5 ȵĘǣmjX^9ƊŶ ��įÍĺƘ��ªƋĤƥ�

ė�Ǳ��65�,�ƵǓq]L}^y<% UPRmt�&ȵClp�ûƎ#·ǟ�6�p]yY
HQV}eHǰ%ŀŵ�HAF-1 Þ'65Æǆĉê%mjX^AHQo�V�#2��Ľ¶
�65 (Haynes and Ron, 2010)�ǊÝū�� #ȵO|>a_R_Kcr�#&f] TAP1Ƶ
Ǔ HAF-1%nt|I9L�^�5ȋ�ù� 2�ûê�ȵ�% 1�&j|[C�rǟō#24
ǎƴ�Æǆ#	��Ŕ¶�6��5 (Huang et al., 2013)��% TAPnt|I%ǟō9Ȁ��ȵ
ǎƴ�V}eHǰ·ǟ#ƅŌ�5mjX^ŀŵ��%ĝǹ5ȇß1Ŏ��ěÁȵ�5�&C

zEbxħĐĥ ƫǁ±OI_z�ȉ %ț�#���%žǟ#Ʒ�5
0�6"�� 
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%Şƃ*ƍ�ţɌ ƃ*ƍƎĦ&Ćķ)ȯ?!$�;Ɍ�*ǱƷ(Ƌǫ+ŞƃƤĀƟƫ*Ȥ

ǦǶɀ*�"%�<&ǭ�<  
�
�(�:Ĭ�+ɌǛǀ�¶ǫ*Ɵƫ)+ɌŞƃ*Ř)Ñ2:�)Ɍ9;ĖƲ(ƍƃĀ

¶ȥ*Ɵƫǉ)2%Ǯ�
�<�&*%�<Ě	Ɉ¿��<&ơ¨�$	< �*ƟƫčȮ

@ȑ�$ɌŞƃ*ƍ�ţ*Ƌǫ)À�ɌĖƲ(ƍƃĀƟƫ*Ɠč)2%ą��<�&�%�

=,ɌƟƫǓ�*ĀǠƔĨǆ&ɌS}lz(�6�>��9;ö�*%+(	
 2020 ĕ 9
Ŏ)ǟ?=�ņŒŞƃĀ�Ʈ 84 èû�)�	$Ɍ�ŞƃĀ�¬Ċ�<ě%Ɍƍƃ®ǖ)ŊȘ
Ɣ(ƊǼ7ȕÇ*�ƺ3('Ɍł�	Ɠǧ@Ė�Ɠ¨�$	�Āç@¾µ�<�5*�Ū@

ȅ3µ���&@Ɩĵ��Ǜǀ�Ā�ý�&ȩį!$ǟ?=�S}pTFs)ñ#�ïƯ�

<ŒƩ)�	$+Ɍ�ȏ*9
(ĔĖ	ƍƃĀɌƄ)ǥľ*ƍƃƨ)��<ƷǍƍƃĀƟƫ

*ƞǧ&6ůȈ�(�:Ɍōł*Ǜǀ�¶ǫŧŢ*īŗɌ�Ğ*ŃÜĦ@ǻǸ��$	��

��	  
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OMBA(�&����&
 ��"���$-�1+�

OLNM"���$%�#���&!?	�&����&�

whJ[}~l|]CY�sƴ+ɌƚŜƍƃ)

§ÿ�=<�Ǧ(ƷǍ²¶ǫƴ%�;ɌH�_j

BT�&�.�û¶ǫƴ&ƥ�=<�&6ú	 
(ê 1; Dikic, 2017) whJ[}~l|]CY�s
ƴ)ȯ�<īŗ� 2004 ĕ)e�mzÇĀȀ@Ɍ
H�_jBT�*īŗ� 2016 ĕ)e�mzƍƋ
Ā~ÉĀȀ@ÓȀ�$	<�&
:6Ɍ�=:Ʒ

Ǎ²¶ǫƴ*Ɵƫ�Āç*Ɠč)û��ą��

$���&�¶
< ±îƔ(H�_jBT�ƻ

Ȅ%�<�qL|H�_jBT��%+Ɍłƍ�

ȤǑċǍ%�<H�_jBPY�s�ƷǍȁ*

�Ƞ@ȵȸ�ɌȣĦHzIdx%�<ŶǍ (Şƃ
7ȢŮ) �<	+yYY�s (ÄƃƷǍ) )ȗA
%¶ǫ�< (ê 1B; Nakatogawa, 2020) �Ń*w
hJ[}~l|]CY�sƴ%+Ɍ¶þȦ 8.6 kDa
1'*ċ�(Z}fLȁwhJ[}�ɌwhJ[

}ųĦÇȢƵ E1ɌwhJ[}ƼØȢƵ E2Ɍwh
J[}ȇƦȢƵ E3 *ª�)9!$¶ǫĉǼZ}
fLȁ*	?,�ƖÌ�&�$���=< (ê
1A) Ɗí%+whJ[}Ç+Z}fLȁ¶ǫ)
ȱ:�ǥľ*ƷǍ²ƊǼ@ÂȂ�<SMaz)

(<�&�¶
!$	<�ɌƄ)whJ[}ǓȆ

* 48 ƑƖ*yS}@��$úľ*whJ[}�
ȔƼ�<pywhJ[}Ȫ�ěī�=�Z}f

Lȁ+ɌƷǍȁ*Z}fLȁ¶ǫǥØ�%�<

26S l|]CY�s)9;¶ǫ�=< (Chau et 
al., 1989) �ǖƔ)Ɍƍƃ+Š5$úţ(whJ
[}ȇƦȢƵ@ŏ�$�;Ɍ�=�=�ƄƒƔ(

whJ[}ÇZ�N\_@Ĵ"�5ɌwhJ[

}~l|]CY�sƴ+Ȼē)ñȁƄƒĦ*ɇ	

Z}fLȁ¶ǫ�Õǎ&�=$	<  (Dikic, 
2017) �*Ž)�	$ɌƷǍȁ*�Ƞ7HzId
x@�2&5$ȗA%¶ǫ�<�H�_jBT�

&+ĉƁƔ(¶ǫƴ%�;ɌƄĦ*ƒ(<�¶ǫ

ƴ��=�=*Ĝ½@Ĳ
�&)9;Ɍţ�(ƍ

áŧǎ@ļ�$	<6*&ǈ�:=<  
� �Ń%ɌƄ)ä�ɂƷǍ)��<ƷǍ²¶ǫSU]sƟƫ*ȕč)9;ɌwhJ[}Ç�

ê 1. whJ[}~l|]CY�sƴɌqL|H�
_jBT�ɌqE_jBT�*šǦê 
(A) whJ[}~l|]CY�sƴ%+ɌwhJ[
}ųĦÇȢƵ E1ɌwhJ[}ƼØȢƵ E2ɌwhJ
[}ȇƦȢƵ E3*ª�)9;ɌwhJ[}�¶ǫ
ĉǼZ}fLȁ)���=< 48 ƑƖ*yT}@
��$pywhJ[}Ȫ����=�Z}fLȁ
+ 26Sl|]CY�sǥØ�)9;¶ǫ�=<  
(B) qL|H�_jBT�%+ɌH�_jBT�ȯ
ȔZ}fLȁ (ATGZ}fLȁ) *ª�)9;Ɍł
ƍ�ȤǑċǍH�_jBPY�s�ěī�=Ɍ�
=)9;ȵȸ�=�ƷǍȁī¶�ŶǍ/yYY�s
)ȗ,=< ùǑ�ŶǍǑ/yYY�sǑ&ǞØ�Ɍ
²ǑŢȓ (H�_jBT\Lo^D) �¶ǫ�=
<  
(C) ä�ɂƷǍ%Ȃ�< PINK1/Parkin îqE_j
BT�%+Ɍǐ¶Š��r_O}`yCùǑ)r
_O}`yCƦǟJa�X PINK1�ǜƪ�ɌƷǍ
ȁ)ÿí�< E3ɌParkin)9<r_O}`yC*
whJ[}Ç@¦ȕ�< whJ[}�ǜƪ��
r_O}`yC+ɌH�_jBPY�s*ȞıƔ
¶ǫñȁ&(<  
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=�ñȁ�H�_jBT�*¶ǫĉǼ&(<¢�ƞ:=<9
)(!� (Shaid et al., 2013) 
Ƅ)Ɵƫ�ƕA)��(?=$��¢�Ɍä�ɂƷǍ)�	$ǐ¶Š��Ľȷr_O}`y

C@ȲÎ�<H�_jBT�%�< PTEN-induced kinase 1 (PINK1)/Parkin îqE_jBT�
%�< (ê 1C; Pickles et al., 2018) �*ƻȄ)"	$+Š5$úľ*ĀǠǸŀ�Ɠǡ�=$
�;ɌŒƩ%+�*ǵň+šǦ*3)&'5< r_O}`yC)Ʀǟ�<Ja�X PINK1
+Ɍũē(r_O}`yC%+r_O}`yC²Ƞ)2%Ʀǟ�l|]C�X* Ə%¶ǫ

�=<�Ɍǐ¶Š�GdzK�ƍƎ�%�(�(!�r_O}`yC%+ɌPINK1 �r_O
}`yCùǑ)ǜƪ�ɌƷǍȁ* E3 %�< Parkin )9<r_O}`yCùǑZ}fLȁ*
whJ[}Ç@¦ȕ�< whJ[}Ç��r_O}`yC+H�_jBPY�s*¶ǫñ

ȁ&(;Ȓ7
)ȲÎ�=< �*șƧ%ɌPINK1 )9<whJ[}*y}ȣÇ�ȤǦ(_
yI�&(<�&Ɍ¶ǫĉǼ&H�_jBPY�sǑ*Ŧź�@Ĳ
�H�_jBT�ÓĄ

���whJ[}Ȫ&ƼØ�<�&%H�_jBPY�s�r_O}`yC@ȵȸ�<�&�

('�ň:
)�=$	< (Koyano et al., 2014; Lazarou et al., 2015)  
 
OLOM"���$-	�##���&�

� r_O}`yC&Ú��Ⱥþ�ȚȪ@���l|_}Åȡ@ºƏ�$ ATP@ƍƎ�<Ǜǀ
�)�	$6ɌŧǎƠƿɌwhJ[}ÇɌH�_jBT�ǴĊ&	
¶ǫƊǼ�Ȃ�<�&

+ú�*Ɵƫǉ�Et�T�$	�
6�=(	 ��$ƣ� +ɌS|EcaVa)�	

$ɌĚ	ÕǨ­7ƶùǁ)9<­ȷăŉ)ɌǛǀ����&ŶǍ)ȲÎ�=<H�_jBT

�~L||jBT��Ȃ�<�&@Ɠǧ�� (Izumi et al., 2017) �:)�*ƻȄ+Ɍ�)Æ
Ǒȷă�ƍ��Ǜǀ�@Ȟ-Ò!$ȲÎ�<HzIdxȞıƔH�_jBT�%�<�&6

Ƣ�� (ê 2A; Nakamura et al., 2018) �ŃɌ�=:īŗ)¬A�$ɌųĦȣƵ*�ƨɌ�Ȥ
ȾȣƵ (1O2) �ș¼ǜƪ��Ǜǀ��ɌƷǍȁČí* E3%�< PLANT U-BOX4 (PUB4) )9
;whJ[}Ç�=�Ğ)ŵÇ�=<ƻȄ*ÿí�ĸæ�=� (ê 2B; Woodson et al., 2015) 
�=:*Ɠǧ)9;ɌPUB4 )9<whJ[}Ç�L||jBT�*_yI�&(<ÕǎĦ
�ħȂ�=�  

 

 
 
 
 
 

ê 2. Ǜǀ�¶ǫ@Ĳ
L||jBT�& PUB4)9<whJ[}Ç*šǦê 
(A) ȷăǛǀ�@ȲÎ�<L||jBT�*ťĘê Ě	ÕǨ­)9<­Ȱă)�:�=<&Ɍ�Ƞ*Ǜǀ�
�Ǒȷă)9;ǒę�< �*9
(Ǜǀ�+ɌH�_jBT�ȯȔZ}fLȁ*ª�)9;ŶǍ²Ƞ/ȲÎ
�=<  
(B) PUB4�ǴĊ�<Ǜǀ�¶ǫ*u^zê �ȤȾȣƵɊ1O2ɋ�ș¼ǜƪ��Ǜǀ�+ƷǍȁ* E3ɌPUB4
)9<whJ[}Ç@Ó�ɌōƹƔ)ŶǍ%ŵÇ�=< �*ƻȄ+Ɍ�ȤȾȣƵ*�șƔ(ș¼ǜƪ@ǴȂ
%�< FERROCHELATASE 2øƒś (fc2) )�	$ųƓ)Ȃ�<�&�óÞ�=$	<  
�
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� ��%Ĭ�+ɌPUB4)9<Ǜǀ�whJ[}Ç@ǧµ��Mz�l&6Ê¿�ɌPUB4*
S|EcaVaŽøƒś pub4-6@Ə	$L||jBT�ųĦ*āȦǰ¤@ǟ!� (Kikuchi et 
al., 2020) 2�­Ȱă´Ƌ@ń��S|EcaVaƍǛ*¯ſŽ{�R�ɁĠȫǩĈ)�	
$Ɍpub4-6øƒś%L||jBT��ȑē)Ȃ�<�&@ơǳ�� (ê 3A) ƍÇĀƔ(¶ǫ
ųĦǰ¤6Ɍpub4-6 øƒś%6ȥƍś&Úţ)L||jBT��Ȃ�$	<�&@ļĴ�� 
(Kikuchi et al., 2020) 2�ɌǛǀ�Z}fLȁ*whJ[}Ç@Ĳ
¹* E3&�$ Suppressor 
of PPI1 locus 1 (SP1) 6óÞ�=$	�� (Ling et al., 2012)Ɍsp1øƒśɌsp1 pub4-6�Ȥøƒ
ś)�	$6ɌL||jBT�ųĦ����<�&+ž
!� �=:*īŗ
:ɌPUB4Ý
4Ņƞ*Ǜǀ�whJ[}Ç+L||jBT�*ǴĊ_yI�%+(	�&�Ƣ�=� 
(Kikuchi et al., 2020) ƊƅɌŞƃH�_jBT�Ɵƫ)�	$+Ɍ¬ǟ�$	<ä�ɂ7ȢŮ
%*īŗ@Ïǈ)��_i\LĦ@6!$Ɵƫ�Ɠǡ�=<�&6ú	�Ɍ�è*Ĭ�*ǫ

Ŗ+ɌL||jBT�& PUB4*ȯ¥Ħ+Ɍä�ɂqE_jBT�& Parkin*ȯ¥Ħ&+ƒ
(<�&@ǯň��  
� �ȏ��Ǜǀ�)ȯ?< 2"* E3*
 ɌSP1+ɌǛǀ�*Z}fLȁȊȐǣǄ Translocon 
on the outer chloroplast membrane (TOC) Qkwb\_*whJ[}ÇɌ26Sl|]CY�s)
9<¶ǫ@Ĳ
�&�ň:
)�=$	< (Ling et al., 2012; Ling et al., 2019) �Ń%ɌPUB4
*°�Ɣ(ŧǎ+�ňƜ%�< ��%Ĭ�+ PUB4 &H�_jBT�*ȯ¥Ħ@9;úǪ
Ɣ)şǯ�<�5Ɍpub4-6&H�_jBT�ȯȔȟ�þ AUTOPHAGY5 (ATG5) *�Ȥøƒś
@ ī�ɌǡƊîǫŖ@ǟ!� (Kikuchi et al., 2020) �*ƼŗɌ�Ȥøƒś+Ɍǥľ*Čȼ

ê 3. L||jBT�& PUB4£ÿƔwhJ[}Ç
+Ɔƭ)ŧǎ�< 
(A) U_|qƦǟĦGFP (CT-GFP) @ƓƊ�<ěȁ
ȇĹS|EcaVa*ȥƍî�9- pub4-6 øƒś
*ǛǌƷǍ*ɁĠȫƐ« ǀǗ+Ǜǀ�U_|qɌ
qX}Z+L||jDzǝ­@Ƣ� Ě­´ƋÈ%
+Ɍȥƍî�9- pub4-6 *ŶǍ²)ǥľ*Ǜǀ�
�Čí�$	< (Ɲ�;) ŶǍ)ȗ,=�Ǜǀ�
+U_|qī¶@¬)ü
�5Ɍ[xOE`Ǒ)Č
í�<L||jDzǝ­��@Ƣ�Ǜǀ�&�$
ǩĈ�=<  
(B) ìǊŝð��S|EcaVaȥƍśɌpub4-6Ɍ
atg5Ɍpub4-6 atg5*ǡƊî H�_jBT�& PUB4
�ŧǎ�Ơƿ���ȤøƒŞƃ (pub4-6 atg5) %
+ɌǛ*řū�Ň2<  
�
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%�Ȥøƒ�9;6ShC(ǡƊî@Ƣ��&�¶
!� ¢�,ìǊ (ćŚɄŔ�) %ŝð
��ȶ)+Ɍ�Ȥøƒ�*Ǜ%9;ųĦȣƵ�ǜƪ�ɌɉÇ (L||�SU) �¦ȕ�� (ê
3B) 2�ƨþ*ěī�®6ǩĈ�=� ��$ɌZ}fLȁ¶ǫ)9<ŚɄƵyQELz�
ųĦÇ�=<ƬƵŨ�Ɍ�<	+żƵŨ� (ŋĮ) Ŕ�)�	$+ɌǛ~Şƃ�*řū�ȥƍ
śɌ�=�=*�Ȥøƒś9;6Ň�Ȃ�!� �=:�Ȥøƒ)9<ƘÀƔ(ǡƊî+®

$ɌH�_jBT�& PUB4 £ÿƔwhJ[}Ç�Ɔƭ)ŧǎ�$�;Ɍ�*�ǉ�¯)ŧ
ǎ�®&(<�&%Şƃ*īȬ7ɃɅȝĤ�9;Ě�Ȱă�=��&@Ƣ�$	<  
��ɌĬ�*Ɵƫīŗ+ɌPUB4)9<whJ[}Ç&L||jBT�+�=�=Ɔƭ)ŧ

ǎ�$	<�&@Ě�ļĴ�� Ŭĥ%+�<��%+��L||jBT�*_yI�¶þ

(*
�&	
ȁç)Ʊ�<īŗ@�+Ĵ Ø?�$	(	 őƞ* E3)9<whJ[}Ç
�ȯ?!$	<ÕǎĦ6Ŭ!$	<�ɌH�_jBT�ÓĄ�*ȯ�6ħā�=< �*9


(éþ@�ĞƛĂ)Úā�$	��&%ɌqE_jBT�&L||jBT�*ɂ�ĦɌď

ƒɌƍƃƨ@2�	�HzIdx~H�_jBT�*§ÿĦ)"	$9;ŷ�ũơ(ǻǸ@

ȕ5$	��	&ǈ�$	<  
 
PM �#�&����&�),76�

�H�_jBT��&	
ǭǛ�Ƣ�ƊǼ*Ĩß+ĳû�$	< 	?8<±îƔ(H�

_jBT�&�$Ɵƫ�ȕ5:=$���qL|H�_jBT���ù*ǥľ*H�_jB

T�ƻȄ*Ɵƫ6ƕA)ǟ?=<9
)(!$�$	< �*�%6ɌÔ�
:�*ÿí�

Ƣå�=$	�)6ȯ?:�ɌňƜ(�ƺ37āǆ�ő�ơƭ�=$	(	ƊǼ��rL|

H�_jBT��%�< qL|H�_jBT�%+�ȤǑċǍH�_jBPY�s�¶ǫ

ĉǼ@ȵȸ�<�ɌŶǍ~yYY�s*ǑǓȆ�¶ǫĉǼ*ȵȸ)ȯ?<�&�rL|H�

_jBT�*Ƅġ%�< (Oku and Sakai, 2018) qL|H�_jBT�)ģǦ(H�_jBT
�ȯȔȟ�þǅ (ATG ȟ�þǅ) �ģǦ(ZEl*rL|H�_jBT�&ɌATG ȟ�þ@
ģǦ&��Ɍ�) Endosomal Sorting Complex Required for Transport (ESCRT) éþ�ģǦ&� 
=<ZEl*rL|H�_jBT���<�&�óÞ�=$�; (ê 4AɌB)Ɍ¶ǫƻȄ&�

ê 4. ţ�(rL|H�_jBT�*šǦê 
(A) ESCRTîrL|H�_jBT�%+ɌESCRTZ}fL
ȁǅ�ōƹƔ(ŶǍǑ*·Ł~yu^y}M@Ĳ	Ɍ¶ǫ
ĉǼƃ�ŶǍ²/Ò;ȋ2=<&ǈ�:=$	<  
(B) ATG£ÿî*rL|H�_jBT�%+ɌATGZ}f
Lȁǅ*ª�)9;ěī�=�łƍǑ�ŶǍǑ&ǞØ�
<�&%Ɍ¶ǫĉǼƃ�ȵȸ�=<u^z�Ƣ�=$	
<  
(C) ­Ȱă)9;û��ǒę��Ǜǀ�*ǡȼ) ATG8@
Ý4Ţȓ��ǜƪ�ɌŶǍǑ)9!$ƗķÆ3ȋ2=< 
�*șƧ% ATG8Ţȓ��Ǒ*ȭ�ȋ3@Ĳ!$	<
Ɍ
�<	+¹*Ĝ½@Ĵ"
++!�;�$	(	  
�
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$*ƽ�ǧǫ*ŢƳ)ǔ!$	(	Ɗƅ��< (Schuck, 2020) (�ɌƄ)Şƃ)�	$+�q
L|H�_jBT��&�rL|H�_jBT��&	
àƥ+Ÿ�@à.�&�ú	 �

=+ɌŞƃƷǍ%+�ǖƔ)�ŶǍQEVɎH�_jBPY�s*QEV�%�<�&��

Ǧé�&ǈ�:=< �=+Ɍō¸)rL|H�_jBT�&	
ƊǼ�Ƣ�=�ä�ɂ*

ƷǍ)�	$+�H�_jBPY�s*QEVɎyYY�s*QEV�%�!��5)�r

L|�&	
ǭǛ�¡?=Ɍ�*Ûƥ�Ɗí2%¡Ə�=$	<&	
ƻǂ��<9
%�

<  
� Ĭ�+ɌȷăǛǀ�@ȲÎ�<L||jBT��ɌŶǍǑ�Ǜǀ�*ȵȸ)ȯ?<rL|

H�_jBT�ÄĪ@ƻ<�&@ň:
)�$	< (Nakamura et al., 2018) �*ƻȄ+ɌH
�_jBPY�sǑ*�ȬșƧ%Ȃ�< ATG8&y}Ǐȁ Phosphatidylethanolamine (PE) ƼØ
ÐĤ)ģǦ(ȟ�þ ATG5ɌATG7ư*ŨĻ)9;Ȃ�:(�(<�&
:ɌATGȟ�þ@ģ
Ǧ&�<ZEl*rL|H�_jBT�%�< L||jBT�*șƧ%ǀǗǝ­Z}fL

ȁ (GFP) -ATG8%xmz�=�û�(Ţȓ��¶ǫĉǼ*Ǜǀ�ǡȼ)Čí�<ţþ@Ķ�
$�;ɊNakamura et al., 2018ɋɌ�=:H�_jBT�ǑŢȓ�¶ǫĉǼ*ǳǺ7ȵȸ)�	
$ģȿ*ŧǎ@Ĳ!$	<&ǈ�:=<�Ɍ�*ǱƷ(ŧǎ*Úā)+ǔ!$	(	 (ê 4C) 
ATG ȟ�þ£ÿîrL|H�_jBT�&�$ňơ)ơƭ�=$��*+ɌtZe�zǿÇ
ĦȢŮ%��<nzHJSY�s¶ǫ~nJYjBT� (Oku and Sakai, 2018) ('�Ƞ)ȱ
:=$	<�5Ɍ�ĞL||jBT�)ģǦ(ȟ�þǅ@Úā�$	��&%ɌrL|H�

_jBT�*ɆÄ*�ƺ3*ǫňɌƍƃƨ@ȃ��ǻǸ@Ɠč��$	��5*ł�(ƞǧ

@ğ<�&�%�<&Őĝ�=<  
 

QMBA(J**D�&����&�.2*C�'@
�

�=2%+Ɍ­ȷăŉ)Ȃ�<ȷăǛǀ�*®¶ǫ~L||jBT� )"	$�)ȏ0$�
��ɌǛǀ�*�Ƞ@¶ǫ�<i�Ur�zZEl*H�_jBT��Ȃ�<�&�ǥľ*

Mz�l)9;Ƣ�=$	< Ƅ)Ĭ�+ɌǛǀ�U_|q&ÆǑ*�Ƞ@Ý4ċǍ Rubisco-
containing body �H�_jBPY�s*ƪǚ&�$ȗ,=<qL|H�_jBT�ƻȄ�Ɍ
­ØīȰăŉ*U_|qZ}fLȁ¶ǫɌCreȣ³ºƏ)ą��<�&@óÞ�$�� 
(Ishida et al., 2008; Izumi et al., 2015; Hirota et al., 2018) Ƅ)ŒƻȄ+·ȸǛ@ŋĮ%E}Jv
m�_��ȶ)ųĦÇ�Ɍ�*ȶɌŶǍî H+-ATPase*Ȱă»%�< Concanamycin A@ŹÀ
�ŶǍ¶ǫųĦ@Ȱă�<&ɌCO2ëāȢƵ Rubisco@Ý4 1 µmƧė*H�_jBT�ċǍ
�ŶǍ²)ǜƪ�<ţþ@ǩĈ�<�&�µŕ< (ê 5A) L||jBT�&	
Ǜǀ�@�
�&¶ǫ�<H�_jBT�&Ɍ®�+ƾĴ�""�Ȇ��@Ƞ¶Ɣ)¶ǫ�<H�_jB

T�*�ǉ�ÿí�<�&�ɌƌõøÇ7īȬŭȴ)Ĥ�$Ǜ*­Øīŧǎ~ŚɄºƏ@ȝ

·)O}_|�z�$	<ÕǎĦ��;Ɍ�ǉ* ÄÍƋ*ț	+Ȼē)Ǖßŷ	pE}_

%�<  
� �ŃɌ��%³-ȢŮ~ä�ɂqE_jBT�*ƞǧ)Ɩ@Ü�<&ɌqE_jBT�)

�	$6r_O}`yC*�Ƞ�H�_jBPY�s*ƓȚ)Ĥ�$� �;Ò:=<��
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&�óÞ�=$	< (Yamashita et al., 2016) qE_jBT�*u^z&�$+Ɍ�r_O}`
yC+ǞØ~¶Ǣ@ǃ;ȍ�$�;Ɍȷă@Ó��r_O}`yC+ŁƂÇ�$Ò;Ŭ�=Ɍ

qE_jBT�*¶ǫñȁ&(<�&	
šĥ�Ƣ�=$	�� (ê5B; Twig and Shirihai, 
2011)Ɍr_O}`yC¶Ǣ)ģǦ(éþDRP1 (Dynamin-related protein 1) �ŨĻ��g_Ʒ
Ǎ)�	$6Ɍ¶Ǣƒē)9;ĎûÇ��r_O}`yC*�Ƞ�H�_jBPY�s*�

Ȭ)�	 �;Ò:=<ţþ�ǩĈ�=ɌÚţ*ƊǼ+ȥƍśHelaƷǍ%6şµ�=� 
(Yamashita et al., 2016) �=:*ƊǼ+ɌqE_jBT�&ÚǷ�$Ȃ�<r_O}`yC¶
ǢŧŢ�ÿí�<�&@Ƣå�$	< (ê5C) (�Ɍǡɀ2%ȏ0�PINK1/ParkinîqE_j
BT�+ǐ¯Ĝ»)9<ǐ¶Šŉ)ųĦÇ�<�Ɍ��%ȏ0�qE_jBT�+ɌȣƵŨ

� (Hypoxia) 7ɌȨJ{�_»ŹÀ)9<ȨŨ�%ųĦÇ�<ƻȄ%�< �*9
(ƻȄ
%+Ɍr_O}`yCùǑ)Čí�<Z}fLȁFUN14 domain–containing protein 1 (FUDC1)Ɍ
�<	+ɌB-cell lymphoma 2 (BCL2) jBry�Z}fLȁ%�<BCL2 / adenovirus E1B 19 
kDa-interacting protein 3 (BNIP3), BNIP3L / Nixư�ɌH�_jBT�ÓĄ�&�$ŧǎ�<�
&�óÞ�=$	< (Bellot et al., 2009; Liu et al., 2012) 9!$�ȏ*9
(U_{Uŉ)+Ɍ
PINK1 / ParkinîqE_jBT�&+ƒ(<ZEl*qE_jBT��Ȃ�$	<6*&ǈ�
:=<  
� Ĭ�6ɌS|EcaVaƍǛ)��<Ǜǀ�Ƞ¶¶ǫH�_jBT�*xEkWzEt�

ê 5. �ȤǑHzIdx*ČĮ¶ǢŧŢ 
(A) GFP%xmz�� Rubisco (Rubisco-GFP) @ƓƊ�<S|EcaVaěȁȇĹ�*ǛǌƷǍ*ɁĠȫƐ« 
ǀǗ+ Rubisco-GFPǝ­ɌqX}Z+L||jDzǝ­@Ƣ� ŋ´Ƌ)9<żƵɃɅŔ�ɌŶǍî H+-ATPase
*Ȱă» concanamycin Aÿí�%+ɌŶǍ²) Rubisco-GFP@6"H�_jBT\Lo^D�úľǜƪ�<  
(B, C) Drp1£ÿ~Ȼ£ÿîqE_jBT�*ħāu^zê ä�ɂƷǍ7µǘȢŮ)�	$+Ɍr_O}`y
C¶Ǣ)ȯ?< Drp1ŨĻ)9;Ďûr_O}`yC�ƍ�<ƷǍ)�	$6ɌqE_jBT��Ȃ�<�&

:ɌH�_jBT�&ÊǷ�$ª�¶ǢŧŢ*ÿí�Ƣå�=$	<  



�������� 
�����	���

�

S. Nakamura & M. Izumi - 8 
����������� 
����� 	���

�

T}MǫŖ@ȕ5$�;Ɍ�ȏ*qE_jBT�Úţ)ɌǛǀ�ǡȼ%H�_jBPY�s

Ǒ�ƓȚ�Ɍ�=)�	Ǜǀ�*�Ƞ� Rubisco-containing body&�$ċǍÇ�<ţþ@�©
Ɣ)Ķ�$	< 9!$ɌǛǀ�)�	$6Ɍi�Ur�z(H�_jBT�&ÊǷ�$Ǜ

ǀ�@ČĮƔ)¶Ǣ��<�ƺ3�©?!$	<ÕǎĦ�ɇ	&ǈ�$	< �*�ƺ3)

Ǳ��Ȏ!$	��&%ɌǛǀ�&r_O}`yC*Ƞ¶¶ǫ*�ƺ3*¯ȑĦɌ��ȤǑ

HzIdx@ĉǼ&�<H�_jBT�ŧŢ)"	$Ɍł�(ƞǧ@ğ$	��	  
 

RM ��
�

��ɌŒƩ%+ɌĬ�*Ǜǀ�H�_jBT�Ɵƫ)ȯ�<ōȌ*ƞǧ&ɌȯȔ�<�*ƍ

ƃƨ%*ƞǧ@ƺ3�?�ɌŞƃƤĀ*Ř@���ǻǸ@čȮ�� ƊĂƔ)+ɌőƓǡ*

^�Z)"	$ŒƩ%ǱƷ)Ǭ=<�&�ȹ�	�&6�;Ɍ�ĖƲ(ƍƃĀƟƫ/*ǽƇ�

&	
ƖŤ)+ƧȜ	ċ�(ǻǸ)(!$�2!$	<�Ɍ�*9
(ô%*ǻǸ@�"*

�!
�&�ɌǓ¶� *Ɵƫ@ĿƋ�Ĩǧ@Ƚĭ�(�:ɌŌ(<Ɠč)"(�$	��

	 2�Ĭ�*ôØɌ�H�_jBT��&	
ţ�(ƍƃƨ)§ÿ�=$	<�&�¶
!

$	<ƊǼ)ƛƖ�$	<�&
:Ɍƍƃƨ@2�	�ǻǸ��7�	&	
Ž�ƊĂ)�

< �
�(�:Ɍ×��Ȼē)�6�>	ƍáƊǼ)ƛƖ�$	<ŞƃƤĀǉȚ�Ɍ�=

�=Ǔ¶*ǲ=<ƊǼ~ǦƵ@Şƃ*Ř@ȃ�$Ɠ¨�$	��&�ɌŞƃƤĀ*Ō(<Ɠ

č)6Ĝƭ"*%+(	
Ɍ&Ǚȉǉ(�:ĩ�$	< Ĭ�6�*9
(ŞƃƤĀ*Ɠč

*�Á&(<�&@Ɩĵ�Ɍ�:(<ƟƫƓč)Ò;ƺA%	��	  
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