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C4àķŐ=ǦC3àķŐ8ş:KƔƇŷƊ8ŽŲĳǜŷƊ<�ūǞ<ŷƊO¦46�ƧźƯ

OÂ#+ǦŽŲĳǜŷƊ@ CO2Oŋſ-L C4à°ÏęOƗ46�L�C4à°Ïę7=ǦŁ

ì#J±46%1 CO2=ǦƔƇŷƊ7�ī C4ǈ<ċ7Ûñ*M1čǦŽŲĳǜŷƊ@ƽ>MǦ

ƍŌǈǇŶ;IKŽŲĳǜŷƊ7 CO2$ĥ¸*ML�))7śę+1 C3ǈ=¶?ƔƇŷƊ;

ƽ>M¶Ć CO2ÛñÈĔ;¦NMLâƪ8:L�)< C4×Ư8Õ>ML�ƧźƯ;IKǦŽ

ŲĳǜŷƊ< CO2 ¹ÝOǢEL)8$7%L��ĪǦC3 à°Ïę;"�6ƔƇŷƊ7 CO2

ÛñOƗ46�L�y��e 1,5-ve��ǈX�}Zc��g/WZc^p�gǤRuBisCOǥ

=ǦC4àķŐ7=ǦŠŗǝá$ŽŲĳǜŷƊ@ǒñÃ*ML�Ď46ǦC3à°Ïę7=°Õ

Ò;I46°ÏęÁŖ$ 20ǣǧ50ǣ£�-L$ǦC4à°Ïę7=°ÕÒ;IL°ÏęÁŖ<

£�OǑ')8$7%L�)<1EǦC4à°Ïę=ǦǢňGł¹ļ�Śä;IKƔ´< CO2

ŋĆ$£�-LĴ��7ǦC3à°ÏęIKİ¼;&(Long 1999)� 

ßŘ�;= 19<ú;N1Lŵ 7500ū< C4àķŐ$íÞ-L�Ŵżîơĵ;IKǦ0MJ

= 66Ŵż<œů< C3àŧ¯ū#JŠś+18ƅ!JM6�L(Sage 2012)�B1ǦC3-C4�Ǐ

à;¹Ǟ*MLķŐ$ 21ŴżíÞ+Ǧ)< 3 12Ŵż;"�6 C3-C4�Ǐū8 C4ū$³Ƹ

<ŧ¯Oĝ5)8$ãÓ*M6�L(Christin et al. 2011, Sage et al. 2011)�)<)8#JǦC4

à°Ïę=ǦC3-C4�ǏàOź6Šś+18ƅ!JM6�L�C3-C4�Ǐà°Ïę7=Ǧ°Õ

Ò7ś,1]�c�OŽŲĳǜŷƊ@ƽP7 CO2Oĥ¸-L�]�c�c�n��;I46

CO2<ŋſOƗ �)<�]�c�c�n��7= C4×Ư8ÐĹ;ƔƇŷƊ8ŽŲĳǜŷƊ

<�ūǞ<ŷƊO¦46 CO2Oŋſ-L)8#JǦC3-C4�Ǐà7=ǦC4à°Ïę<Ŋ¬Ŀ

ǔ<ċĘG�ƧźƯ$ĸų*M6�L8ƅ!JML�ĲŬ7Ÿ�-LZ\Ũ Flaveria úķŐ

;=ǦC3ūǦC4ū2(7:&ǦC3-C4�Ǐū8 C4Ĺū$çĦíÞ-L�)MJƻÃš;Ƶ&

Ð,^s�ƉĮOF5ū<ŀƳơĵ#JǦƵĂǂ ë�{�7Ĺ�:ŗƩ$N#K55�L�
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ĲŬ7=ǦFlaveriaúķŐO�m�8+ǦĿǔš;ƻP2 C4à°ÏęęůB7<ƻÃƾŪ;

5�6ƅõ-L� 

 

IG��9 Flaveria'14�?3�!F 
C4àķŐ$ßŘ�;¸ŗ+1<=ŵ 3300�Ă7�L8Ġŉ*M6�LǤSage et al. 2012ǥ�

)M;ö+ Flaveriaú< C4Ŵż=ƻÃš;ĩ+&Ǧŵ 300�Ă¾;¸ŗ+18Ġŉ*M6�

LǤChristin et al. 2011ǥ�Flaveriaú<ç&=R��XÏƖÜ<ÅǄǦ�Zc_"I?ƝS�

oƦý;¹Ā+6"KǦŗÞ C3#J C4ūO

ÑE6 23 ūíÞ-L)8$ťƣ*M6�L

ǤPowell 1978, McKown et al. 2005ǥ�Ŵżîš

ơĵ;IKǦ)MJ= C3ū7ĸę*MLâą

ƃǦClade AǦClade B;¹Ǟ*MLǤ))7

=Ě�$ơĵ;¦ŝ+1 8ū<COŦ-ǦÚ

1ǥ�B1Ǧ)<ơĵ#J Flaveria ú7=ǦC3

ū#J C3-C4 �Ǐū$Šś+1čǦ2 5<

Clade ;¹#M6 C4Ã$ƻP2)8$N#L

(McKown et al. 2005ǥ�Clade A;= C3-C4�Ǐà, C4ĹàǦC4àū$ÑBML<;ö+ǦClade 

B7įF C4Ã+1ū=ǦC4Ĺū< F. brownii<C7�L� 

C3#J C4àB7<°ÏęiSz=Ǧ0MJ<ķŐ$F5 CO2ƛ®ō8ǦWZc^p�g

ÈĔ;IL°Ïę£�ŖǤO2 inhibition, %ǥ;I46¹(J6"KǦC3à=ŵ 50 µl/l, C3-C4

�Ǐà= 30-10 µl/l, C4Ĺà= 10-5 µl/lǦC4à= 5 µl/l��<CO2ƛ®ōOŦ-ǤKu et al. 1991ǥ�

12+ C3-C4�ǏūG C4Ĺū;"�6Ǧ0MJ< C4ÃĆÏǤ9M2( C4à;Ƶ�ĕƪOF

5#9 #ǥ=ū;I46Ĺ�7�L� 

 

JG;�),� Kranz2B�8D 
Flaveria úķŐ;"�6ǦC3ū8 C4ū7=ā<Ą�Ɣ$ċę*ML<;ö+ǦC3-C4�Ǐ

ū<�ǄG C4Ĺū=ŷǍ�Ɣ$ċę*MLǤÚ 2ǥ)8#JǦƔ<ċ= C4à8ǐ¨+:�8

ƅ!JML��ĪǦÎ Flaveria ū<Ɣƌui

��OƠõ-L8ǦC3à7=ǦƔƌǏƭǙ$

Ą�<;ö+ǦC3-C4 �Ǐū7=GGŔ&Ǧ

C4 Ĺū"I? C4 ū7=įFŔ&:46�L

ǤÚ 3,� Mckwon & Dengler 2007ǥ�)<I 

:ŽŲĳôĆ<�Ĭ=ǦƔƇŷƊ8ŽŲĳǜ

ŷƊOǨǫǨ7ǅƁ*/L1E;ǉƞ7�L

)8$ãÓ*M6�LǤDengler and Nelson 

1999ǥ�Flaveria úķŐ7=ǦC3à#J C3-C4

�ǏàǦC4Ĺà@<ƻÃ<ƾŪ7ǦĿǔš;

ŽŲĳôĆ$�Ĭ+6�L)8$N#L� 
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C4àķŐ7=Ǧ�Ƒ;ƓŚOėÔ-L Kranz

ĸƹ8I>MLƔ<´Ǆ<ŹƀċĘ$Ơõ*M

L�Kranzĸƹ<ñƄ=��B�7�L$ǦǨǥ

ƔƇŷƊ;ö+6ŽŲĳǜŷƊ$è%&ƈèÃ

-L��Ƣ<ŽŲĳôĆ<�Ĭ;IKǩǥƔƇ

ŷƊ(M)$ŽŲĳǜŷƊ(BS);ǖğ+6ÐĒµ

Œ;ǨǫǨ7ǅƁ*MǦvein-BS-M-M-BS-vein

ui��Oċę-L�ǪǥŽŲĳǜŷƊ;"�

6Ɣž¤<ĦGè%*$åè+Ǧ0MJ$ŽŲ

ĳ;ö+ŃĒšB1=ǀĒš;ǅƁ*ML�8

� ċĘæÃ$ÑBMLǤDengler and Nelson 

1999ǥ�ÇëƔķŐ7=ŽŲĳ=Ɯǘ;ƫL1EǦï²: vein-BS-M-M-BS-veinui��Oċ

ę+:�$ǦǞ¡+1ċĘ$ƟJML�Flavera úķŐÎū<ƔĺĨºŏOƠõ-L8ǦC3

àū7=ŽŲĳǜŷƊ=ƔƇŷƊ;ö+6÷*�$ǦC3-C4�Ǐū7=ǦŽŲĳǜŷƊ8ƔƇ

ŷƊ=Ð,è%*7�KǦC4ĹūG C4ū7=Ž

ŲĳǜŷƊ<Ī$ƔƇŷƊIKFè%&ǦƔŹƀ

ĸƹ$Ŀǔš;æÃ+6�LĹë$ƟJMLǤÚ

4ǥ�B1ǦC3-C4 �Ǐū7=ǦC3 ū8ŀƳ+6Ž

ŲĳǜŷƊ<Ɣž¤G�n_�o�R<Ħ$å

¿+Ǧ0MJ<ç&=ŃĒš¢Ɓ;ǅƁ*ML�

C4ĹūG C4ū7=ǦŽŲĳǜŷƊ;"(LƔž

¤<Ħ$*J;å!ǦƔž¤<è%*Fåè-L

ǤÚ 4ǦNakamura et al. 2013ǥ�)<I :ǦC3-C4

�Ǐū#JƟJMLŽŲĳǜŷƊ;"(LW�

Yr�<Šƿ=ǦƔƇŷƊ8ŽŲĳǜŷƊ<�5

<ŷƊO¦41�ƧźƯ<Šƿ8ôğ;ǐ¨+

6�L8ƅ!JML� 

 

KG���������8D� C4%@�6* 
C3-C4�Ǐū<ƔƇŷƊ7=ǦC3ū8ÐĹ; RuBisCO$íÞ+ǦC3×Ư$×46�L�C3-C4

�Ǐū7=Ǧ]�c�c�n�;IL CO2ŋſĻƋ$&1EǦC3ūIKF£� CO2ƛ®ō

Oĝ5)8$ãÓ*M6�LǤBauwe 2011, Keerberg et al. 2014ǥ�ƔƇŷƊ7 RuBisCO<W

Zc^p�gÈĔ;IKś,1]�c�=ǦŽŲĳǜŷƊ@ƽ>MǦ0)7<ƍŌǈÈĔ;

IK CO2$ĥ¸*MLǤÚ 5ǥ�ŽŲĳǜŷƊ<Ɣž¤=�n_�o�R<Ƶ«;¢Ɓ+Ǧ�

n_�o�R7ĥ¸*M1 CO2OƔž¤$ÁŖI&n�kz7%L�ƍŌǈ<Ǖ;ś,1f

��=ǦƷ;ƔƇŷƊ@ƽ>ML�C3à°Ïę#J C3-C4�Ǐà<]�c�c�n�$ŕď

*MLƾŪ=ǦŀƳšc�z�:æÃ7Ƥĭ*M6�L�ǉƞ:~S�n=Ǧ�n_�o�

R7ƍŌǈÈĔOƗ ]�c�mX�}Zc��gǤGDCǥ<Šŗǝá$ǦŽŲĳǜŷƊ;
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ǒñ*ML)8�KǦ�ƧŜŐ<ũÂ=ŋ

Ć§íš;Ƭ)L8ƅ!JM6�L

ǤEngelmann et al. 2008, Sage et al. 2013ǥ�
]�c�c�n�<ŕď;IKǦķŐ=Ɣ

ƇŷƊ8ŽŲĳǜŷƊ<�5<ŷƊO¦4

1�ƧźƯOǠÂ-L)88:L�C3-C4

�Ǐū7=)<źƯ<ŕď8³;ŽŲĳǜ

ŷƊ7<W�Yr�<ƕŭ$©*M18ƅ

!JML�]�c�c�n�OF5 C3-C4�Ǐà#J9<I ; C4×Ư$Šƿ-L<#=Ǧ

B2ơĭ*M6�:�$ǦFlaveraúķŐOŝ�1ŀƳơĵ#JƐÔņ��Ʃ$ĭJ#;:4

6�L�]�c�c�n�Oĝ5 C3-C4�Ǐū<ç&=ǦĻƋš: C4×ƯOĝ1:�)8$

ãÓ*M6�LǤBauwe 2011ǥ$ǦFlavera C3-C4�Ǐū7=Ǧ
14CO2< C4ǈ@<ÊKƴC$

£��{�7Ơõ*M6�LǤMonson et al. 1986ǥ�B1ǦFlavera C3-C4�Ǐū7=ǦC4×Ư

7&ǇŶƃǦ|e|Vs��w�v�ǈX�}Zc��gǤPEPCǥǦw�v�ǈ��ǈd

Zp�gǤPPDKǥǦNADP-��k\V�bS�ǤNADP-MEǥGR�q�R�sn��ex

U��g<Šŗ$ǦC3ū8ŀƳ+6Ǣ�)8$ãÓ*M6�LǤMallmann et al. 2014ǥ�)M

J<�Ʃ=�Ǐū;"�6FǦC4�ƧǇŶO¦41�ƧźƯ$Ǆ¹š;ĻƋ-L)8OƺĖ

*/L�MallmannJ=Ǧ]�c�c�n�7�ǈÃŌŶ8³;ĥ¸*MLR��qRO�Ƨ

-L1E;ǦC4�ƧǇŶƃ$¦NM1ÍƋĕOĞģ+6�L�òǕ;ǦRuBisCO<Šŗ$Ɣ

ƇŷƊ;ľL C4Ĺū F. brownii7=Ǧ]�c�c�n�;¿!ĻƋš: C4×Ư$&)8$

ãÓ*M6"KǤCheng et al. 1988, Monson et al. 1988, Shulze et al. 2013, Sage 2014ǥ�]
�c�c�n�;§í+1 CO2ŋſ#J C4×Ư;IL CO2ŋſ@Ŀǔš;ũƗ+1ÍƋĕ

$ƅ!JML� 

 

LGC4& $-�-:� $-#+�/E" 
� C4°Ïę<ęů;=Ǧ�ƧǇŶƃ<Šŗ�Ĭ2(7:&Ǧ0MJ<Šŗǝá$ƔƇŷƊB

1=ŽŲĳǜŷƊ@ǒñÃ*ML)8$ǉƞ:elkz8:L�)<ùÞÃ<elkzFB

1ǦC3-C4�Ǐà#J C4ĹàǦC4à@<ƻÃƾŪ7Ŀǔš;ƻDǤTaniguchi et al. in preparationǥ� 

FlaveriaúķŐ;= PEPCO_�o-Lǂ ë$Ǧ6ūíÞ-L$Ǧ0MJ< 3 PPCA<Š

ŗ<C$ C3ū#J C3-C4�ǏūǦC4ĹūǦC4ū;"�6Ŀǔš;�Ĭ-L��ĪǦŠŗǝá

OƥAL8ǦPPCA=ǦC3-C4�Ǐū F. floridana7=ǦƔƇŷƊ8ŽŲĳǜŷƊ<ÇĪ7Šŗ

+6�L<;ö+ǦC4Ĺū F. brownii 7=ǦPPCA <Šŗ=ƔƇŷƊ7Ċ&ŽŲĳǜŷƊ7

ĉ�ǤTaniguchi et al. in preparationǥ�B1ǦC4ū Flaveria7=ǦPPCAŠŗǝá=ï²;ƔƇ

ŷƊ;ǒñÃ*ML�PPCA<ƔƇŷƊőşš:Šŗ=ǦPPCA<z�―��i��;íÞ-

L MEM18Õ>MLceǅ»$ǐ�-L)8$ãÓ*M1ǤAkyildiz et al. 2007ǥ�+#+:

$JǦClade B;ú-L F. floridana8 F. browniiǏ7=ǦMEM1ǅ»;þş$:&ǦB1)

MJ<�ǘ F2ǗÙOŝ�1Ǧƙŗà8ǂ ëà<ƺǌơĵ#JǦPPCA <ùÞÃ;z�―�

�i�ǅ»$ǐ�+:�)8$ĭJ#8:41ǤMunekage et al. in preparationǥ�Ď46ǦPPCA
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<ùÞÃ=Ǧn��eØë;I46Ĉ%Ƭ)*M1ÍƋĕFƅ!JML�PEPC2(7:&Ǧ

PPDK,� NADP-ME<ŠŗǝáF mRNA�{�7½Đ*MǦ�Ǐà#J C4Ĺà@<ƻÃ<ƾ

Ū7ŷƊőşĕ$ŕď*MLǤTaniguchi et al. in preparationǥ�C4�ƧǇŶƃ<Šŗǝá$ǒ

ñÃ*MLū8ǦĻƋš: C4×Ư$&)8$ãÓ*M6�Lū$�Ə-L)8#JǦŠŗ

ǝá<ǒñÃ$ǦC4×ƯOǠÂ-L�5<ƞØ7�L8ƅ!JMLǤÚ 6ǥ��ĪǦ RuBisCO

<ŠŗǝáFB1ǦĿǔš;ǦŽŲĳǜŷƊ@ǒñÃ*M)8$ǦFlaveria úķŐ<ơĵ#

JĭJ#;:46�LǤMoore et al. 1988, Moore et al. 1989ǥ�C3-C4�Ǐū7=ǦRuBisCO=

ƔƇŷƊ8ŽŲĳǜŷƊ<ÇĪ7Šŗ-L<;ö+ǦC4Ĺū7=ǦƔƇŷƊ7<Šŗ$è%

&Ĝ½*MǦC4ū7=ï²;ŽŲĳǜŷƊ@ǒñÃ*ML�RuBisCO <Šŗǝá$ï²;Ž

ŲĳǜŷƊ@ǒñÃ*ML)87ǦƔƇŷƊ7<WZc^p�gÈĔ$Ĝ½*MǦ£� CO2

ƛ®ōOF5 C4à°Ïę$ęů-LǤÚ 6ǥ�RuBisCO <Šŗ;=Ǧĸęay�qkn7�

LĶ;_�o*ML RBCS8Ɣž¤;_�o*ML RBCL<�Ī<Ʋ·"I?Ʋ·č½ĐĻ

ĸ$ǐNL)8$ţJM6�LǤPatel and Berry 2008ǥ�C4ū Flaveria bidentis7= RBCS< 5’ 

UTR "I? 3’UTR ǅ»$ŽŲĳǜŷƊ@<Šŗǝá<ǒñÃ;è%&##NL)8$ãÓ

*M6�LǤPatel et al. 

2006ǥ�Flaveria úķŐ

OÑEǦĹ�:ķŐ;"

�6ǦRBCS=ƜĦ<ǂ

 ë;_�o*M6�

L)8$ãÓ*M6"

KǦ0<ŠŗǊF�ǂ 

ë;§í+:��)<I ;ƜĦ<ǂ ëć;_�o*MLxQ���ǂ ëŠŗOĜ½-

L1E;=ǦUTRsO¦41 mRNA�{�7<½Đ$İÁ7�L8ƅ!JML� 

� C4à°Ïę=ǦCO2ŋſĻĸOŕď+1)8;IKǦC3°ÏęIKFIKç&<Vr�[

�O0<�ƧÈĔOǠÂ-L1E;ēƞ8-L�1¹ë< CO2Ûñ;ǦC3à°Ïę7= 3¹

ë< ATP8 2¹ë< NADPH$ēƞ7�L<;

ö+ǦC4à°Ïę7= 5¹ë< ATPǦ2¹ë<

NADPH$ēƞ7�L�)< ATPÏęOƛ 1

E;ǦƔž¤đŚàǚë ƿ$ĻƋ-L)8$

ŦÖ*M1ǤKanai and Edwards 1999ǥ�Flaveria

úķŐ7=ǦđŚàǚë ƿńĕ=ǦC4×Ư$

ĻƋ+6�L C4Ĺū8 C4ū7ǟưš;Ǣ&:

KǦB1 C4Ĺ F. palmeri "I? C4ū7=ŽŲ

ĳǜŷƊ<Ɣž¤<j�_SoƎĸƹ$è%&

æÃ+Ǧ°ÃîŴ II$ùÞ-L]�pĸƹ$Ň

ø-LǤÚ 7ǦNakamura et al. 2013ǥ�ŽŲĳǜ

ŷƊ7=ǦATP8 NADPH<ÇĪOśŜ-LŢ

ǌàǚë ƿńĕ$Ĝ½*MǦƷ; ATP<C<
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śŜ;ó�-LđŚàǚë ƿńĕ$©ƻ*ML)87ǦC4à°Ïę;ēƞ:Vr�[�Ǜ

Żt��e$ª1ML8ƅ!JML�12+ǦC4ū Flaveria 7=ǦPEPC ;Ûñ*M1WZ

a�ǆǈ<�Ǆ$Reu�[�ǈ@æġ*MǦ��`ǈ8Reu�[�ǈ<ÇĪ$ŽŲĳǜ

ŷƊ@ƽ>ML)8$ãÓ*M6�LǤMoore and Edwards 1986, Meister et al. 1996ǥ�ŽŲĳ

ǜŷƊ7Reu�[�ǈ#J��`ǈ@<ƶǃ; NADPH $ēƞ7�L1EǦnT��_c

Gh�Y�8ŀƳ+6 C4ū Flaveria7=ǦŽŲĳǜŷƊƔž¤<]�pĸƹ=ï²;=Ņé

+6"J.°ÃîŴ II ńĕ$ľ*M6"KǦŢǌǚë ƿ$&)8$ŦÖ*M6�L

ǤMeister et al. 1996ǥ�)<I ;Ǧǚë ƿÈĔ=�ƧÈĔ8ƺÂ+6½ĐOË(Ǧ°Ïę

ÈĔ<įǁÃ$ƗNM6�L� 

 

MG	���

�	 à°Ïę=ƚëķŐ<çü;N1Lú7ŕď*M6�L)8#J�ƚëķŐ$ǢňGÄ

�ŎĴ�;ǁĔ+6�&ƾŪ7Ĉ%Ƭ)*M1ÉħƻÃċ<�57�L8ƅ!JML�Ď4

6 �	à@<ƻÃ=�¥# ��àķŐ$³Ƹ+6F5cel�O¼ŝ+6Ĉ%Ƭ)*M1ÍƋĕ

$ƅ!JML$�)<ƻÃ;ǐNLZ�8:LØë=ĭJ#;:46�:����������ú=

ŀƳšç&<�Ǐàū$ŗí+6"K�ƾÆ<śřîš�śÃîšơĵ�Źƀîšơĵ�0

+6ƵĂǟưš;ƻP2ǂ ë�{�7<ơĵ;IK�	àƻÃ;"(LĹ�:ƾŪ$ĭJ#

;:K55�L��č�^s��{�7<ơĵ$ƻD)87�ƻÃ<ƱƮ$ĭJ8:L)8

OıČ-L��

�

NG>A�

ĲŬ7Ÿ�+1űƆJ<ŤŮ=�¯ŰŤŮÀęâǋÀęǋ�į¯Ű�Ľ��ŤŮǎŠĤĢz

�]��Ǥ����
ǥ"I?^s�ĤĢ �������������������������<ĤĢOď6ƼƗ+1��

�
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