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Introduction
7KH�UDSLG�ULVLQJ�UHJLRQDO�HFRQRP\�RI�$VLD� LV�SUR-

MHFWHG� WR� LQFUHDVH�DXWRPRELOH�XVDJH�E\�PRUH� WKDQ�
WZR�IROG�LQ�PRVW�RI�WKH�PHPEHU�FRXQWULHV�LQ�������
,Q�IDFW��WKH�QXPEHU�RI�YHKLFOHV�LQ�&KLQD�DQG�,QGLD�
ZLOO� LQFUHDVH�E\� WKUHH��DQG�¿YH�IROG�� UHVSHFWLYHO\��
+HQFH��LW�KDV�EHHQ�HVWLPDWHG�WKDW�WKH�IXWXUH�WUDQVSRU-
WDWLRQ�IXHO�GHPDQG�LQ�$VLD�ZLOO�LQFUHDVH�E\���������
DW�WKH�HQG�RI�������+RZHYHU��WKH�$VLDQ�UHJLRQ�ODFNV�
QDWXUDO�JDV�DQG�RLO�OREELHV�IRU�SURGXFWLRQ�RI�IXHO�DW�
OHDVW�WR�FDWHU�WKH�SUHVHQW�WUDQVSRUWDWLRQ�IXHO�GHPDQG��
7KXV��PRVW�$VLDQ�FRXQWULHV�GHSHQG�RQ�IXHO�RU�QDWXUDO�
JDV�LPSRUWDWLRQ�WR�PHHW�WKHLU�RZQ�WUDQVSRUWDWLRQ�IXHO�
GHPDQG��0RUHRYHU��WKH�JDVROLQH�DQG�GLHVHO�H[KDXVW�

DUH�DVVRFLDWHG�WR�������RI�WRWDO�DLU�SROOXWLRQ�ORDG�LQ�
WKH�PHJDFLWLHV�DURXQG�$VLD��+HQFH��WKHVH�IDFWV�KLJK-

OLJKW�WKH�LPSRUWDQW�RI�FDUERQ�QHXWUDO�ELRIXHO�SURGXF-
WLRQ�WR�PHHW�WKH�IXWXUH�WUDQVSRUWDWLRQ�IXHO�GHPDQG�LQ�
$VLD�ZKLOH�PLWLJDWLQJ�WKH�DLU�SROOXWLRQ�LQ�WKH�UHJLRQ�
� $PRQJ� WKH� ELRIXHOV�� LQGXVWULDOL]DWLRQ� RI� ELR-

HWKDQRO�KDV�EHHQ�SURYHG�WR�EH�SUDFWLFDO��DQG�DQQXDO�
JOREDO�ELRHWKDQRO�SURGXFWLRQ�KDV�UHDFKHG����ELOOLRQ�
OLWHUV��+RZHYHU�� WKH�FRQWULEXWLRQ�RI�$VLD�DFFRXQWV�
IRU�RQO\�DERXW����ELOOLRQ�OLWHUV��0RUHRYHU��WKH�FXUUHQW�
SURGXFWLRQ�V\VWHP�EDVHG�RQ�VWDUFK�RU�FDQH�VXJDU�LV�
QRW�VXI¿FLHQW�WR�KDYH�PDMRU�LPSDFW�RQ�SHWUROHXP�XVH��
EHFDXVH�RI�WKH�UDZ�PDWHULDO�OLPLWDWLRQ��)XUWKHUPRUH��
LW�FRPSHWHV�IRU�DUDEOH�ODQG�IRU�IRRG�SURGXFWLRQ�DQG�
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Biomass Utilization Technologies to Cope with 
Future Energy Demand in Asia:

Recent Advances in Engineering of a Yeast 
Strain Resistance to Glycolaldehyde

アジアにおける将来のエネルギー需
要増加に対処するため、バイオ燃料を
有効に利用する最新技術を提案する。

/DKLUX�1LURVKDQ�-D\DNRG\1, 2��.HQWD�+RULH1,  
1REX\XNL�+D\DVKL3��+LURVKL�.LWDJDNL3*

1 *UDGXDWH�VWXGHQW��8QLWHG�*UDGXDWH�6FKRRO�RI�$JULFXOWXUDO�6FLHQFHV,  
.DJRVKLPD�8QLYHUVLW\��-DSDQ
2�*UDGXDWH�VWXGHQW��)DFXOW\�RI�$JULFXOWXUH,�6DJD�8QLYHUVLW\��-DSDQ
33URIHVVRU��)DFXOW\�RI�$JULFXOWXUH,�6DJD�8QLYHUVLW\��-DSDQ
3$VVRFLDWH�SURIHVVRU��)DFXOW\�RI�$JULFXOWXUH,�6DJD�8QLYHUVLW\��-DSDQ�
&RUUHVSRQGLQJ�$XWKRU

Abstract

Hot-compressed water treatment is a promising pre-treatment technique to degrade cellulose for 
cellulosic ethanol production. However, further degradation of glucose, fructose and mannose yields 2-22 
mM glycolaldehyde through retro-aldol condensation. We have for the first time reported that 

glycolaldehyde is the key fermentation inhibitor in hot-compressed water-treated hydrolysate. Moreover, inhibitory 
effect is greater than those of 5-HMF and furfural. Recently, we elucidated that reduction of glycolaldehyde to less 
toxic ethylene glycol with yeast Adh1p significantly attenuates the toxicity of glycolaldehyde and remarkably 
improves the ethanol fermentation in hot-compressed water treated-cellulose hydrolysate. On the other hand, 
overexpression of GRE2 improves the yeast resistance to glycolaldehyde but it is lower than compared to the 
ADH1-overexpressing strain. However, the multiple overexpression of ADH1 and GRE2 genes in the yeast are 
shown to be notably hyper-resistant to glycolaldehyde. 

Keywords   Yeast; Glycolaldehyde; Hot-compressed water; ADH1; GRE2
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VXEVHTXHQWO\�LQWHQVL¿HV�WKH�IRRG�FULVLV��&RQVLGHULQJ�
DOO� RI� WKHVH� IDFWRUV�� FHOOXORVLF� HWKDQRO� SURGXFWLRQ�
IURP�DJULFXOWXUDO�DQG�IRUHVWU\�ELRPDVV�UHVLGXHV�KDV�
EHHQ�VKRZQ�WR�KDYH�D�PDMRU�LPSDFW�RQ�VXEVWLWXWLQJ�
SHWUROHXP�IXHO�LQ�$VLD��
� 7KH�GHJUDGDWLRQ�RI�ȕ����OLQNHG�'�JOXFRS\UDQRVH�
FRQWDLQLQJ� FHOOXORVHV� LQWR� IHUPHQWDEOH� VXJDU� LV� D�
NH\�VWHS�LQ�FHOOXORVLF�HWKDQRO�SURGXFWLRQ��+RW�FRP-

SUHVVHG�ZDWHU� WUHDWPHQW� LV� D� QRYHO� DQG�SURPLVLQJ�
SUH�WUHDWPHQW�PHWKRG�WR�UHFRYHU�VXJDUV�IRU�SURGXF-
WLRQ�RI�ELRHWKDQRO�IURP�FHOOXORVH�DQG�KHPLFHOOXORVH�
�1DNDWD�HW�DO��������.XPDJDL�HW�DO��������$GVFKLUL�
HW�DO��������%RQQ�HW�DO��������FRQWUDVW�WR�RWKHU�DYDLO-
DEOH�SUHWUHDWPHQW�PHWKRGV��,W�LV�GH¿QHG�DV�ZDWHU�LQ�
VXE�FULWLFDO�RU�D�VXSHU�FULWLFDO�VWDJH�RU�WKH�WHPSHUD-
WXUH�DERYH�����0&�ZLWK�YDULRXV�SUHVVXUHV��,W�EUHDNV�
GRZQ� FHOOXORVHV� LQWR� YDULRXV� FRPSRXQG� EDVLFDOO\�
WKURXJK� S\URO\WLF� FOHDYDJH�� VZHOOLQJ� DQG� GLVVROX-

WLRQ�RI�WKH�JO\FRVLGLF�ERQG�LQ�WKH�FHOOXORVH���<X�HW�DO��
������/X�HW�DO���������7KH�GHJUDGDWLRQ�RI�FHOOXORVH�

ZLWK�KRW�FRPSUHVVHG�ZDWHU�DW�WKH�WHPSHUDWXUH�UDQJH�
IURP����±����0&�PDLQO\�\LHOGHG�JOXFRVH��IUXFWRVH��
HU\WKURVH�� GLK\GUR[\DFHWRQH�� S\UXYDOGHK\GH�� FHO-
ORELRVH��FHOORWULRVH��FHOORSHQWDRVH�DQG�FHOORKH[DRVH��
7UHDWPHQW�RI�FHOOXORVH�ZLWK�KRW�FRPSUHVVHG�ZDWHU�
KDV�VHYHUDO�DGYDQWDJHV�VXFK�DV�QR�KD]DUGRXV�ZDVWHV�
DUH� SURGXFHG� LQ� WKH� SURFHVV�� WKH� UHDFWLRQ� UDWH� LV�
TXLWH� IDVW�� DQG�PDVV� VFDOH�SURGXFWLRQ� LV� HFRQRPL-
FDOO\�IHDVLEOH��.XPDU�HW�DO���������2QH�RI�WKH�PDMRU�
GUDZEDFNV�RI� WKLV�PHWKRG� LV� WKH�UHVXOWDQW�VROXWLRQ�
KDV�DQ�LQKLELWRU\�HIIHFW�RQ�HWKDQRO�IHUPHQWDWLRQ�E\�
\HDVW�FHOOV��%HFDXVH� WKH�JOXFRVH�\LHOGHG� LQ�K\GUR-

O\VLV�SURFHVV�RI�FHOOXORVH� IXUWKHU�GHFRPSRVHG�DQG�
IRUPV�IXUIXUDO����+0)��PHWK\OJO\R[DO��LW�KDV�EHHQ�
EHOLHYHG� WKDW� WKRVH� VXEVWDQFHV� DUH� UHVSRQVLEOH� IRU�
WKH�LQKLELWLRQ�RI�HWKDQRO�IHUPHQWDWLRQ��.OLQNH��������
+RZHYHU�� GXULQJ� WKH� WUHDWPHQW� RI� FHOOXORVHV�ZLWK�
SUHVVXUL]HG�KRW�ZDWHU��JO\FRODOGHK\GH� LV�SURGXFHG�
�)LJ�� ��� DW� WKH� FRQFHQWUDWLRQ� RI� ��P0� WR� ���P0�
WKURXJK� UHWUR�DOGRO�FRQGHQVDWLRQ�RI�JOXFRVH�� IUXF-
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Fig1 Glycolaldehyde is  a key inhibitor of  yeast Saccharomyces cerevisiae 

(a) S. cerevisiae BY4743 FHOOV ZHUH JURZQ DW 30 Ԩ in 96-well SODWHV FRQWDLQLQJ 100 µl of SC PHGLD VXSSOHPHQWHG ZLWK &60 DQG 

WKH GLIIHUHQW FRQFHQWUDWLRQ of JO\FRODOGHK\GH� *URZWK ZDV PRQLWRUHG DW OD600 DW GLIIHUHQW WLPH LQWHUYDOV� Cell GU\ ZHLJKWV ZHUH  
FDOFXODWHG EDVHG on OD600 of 1 HTXDO 0�45 mg of cell GU\ ZHLJKW� (b) BY4743 + pRS426 in PHGLD FRQWDLQLQJ 2�3 P0 

JO\FRODOGHK\GH, 3�3 P0 IXUIXUDO� 3�5 P0 5-+0) DQG WKHLU FRPELQDWLRQV� OD600 ZHUH PHDVXXUHG DW 24 h� The UHVXOWV DUH 
H[SUHVVHG DV WKH mean � 6(0 of WKH LQGHSHQGHQW WULSOLFDWH H[SHULPHQWV IURP WKH UHVSHFWLYH LQGHSHQGHQW VWDUWHU FXOWXUHV�  
 

   

Fig. 1  Glycolaldehyde is a key inhibitor of yeast Saccharomyces cerevisiae 
(a) S. cerevisiae BY4743 cells were grown at 30 °C in 96-well plates containing 100 µl of SC media supplemented with CSM and 
the different concentration of glycolaldehyde. Growth was monitored at OD600 at different time intervals. Cell dry weights were 
calculated based on OD600 of 1 equal 0.45 mg of cell dry weight. (b) BY4743 + pRS426 in media containing 2.3 mM glycolaldehyde, 3.3 
mM furfural, 3.5 mM 5-HMF and their combinations, OD600 were measuured at 24 h. The results are expressed as the mean ± SEM 
of the independent triplicate experiments from the respective independent starter cultures. 
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WRVH�DQG�PDQQRVH��.DWVXQREX�DQG�6KLUR�������/X�
HW�DO���������)RU�WKH�¿UVW�WLPH�ZH�KDYH�LGHQWL¿HG�WKH�
VLJQL¿FDQFH� RI� JO\FRODOGHK\GH� LQ� WKH� HWKDQRO� IHU-
PHQWDWLRQ��-D\DNRG\�HW�DO���������*O\FRODOGHK\GH�LV�
DQ�Į�K\GUR[\DOGHK\GH��ZLWK�D�K\GUR[\O�ERQG�QH[W�WR�
WKH�DOGHK\GH�ERQG��ZKLFK�GLIIHUHQWLDWHV�WKLV�PROHFXOH�
IURP�RWKHU�JHQHUDO�DOGHK\GHV��DQG�WKHUH�KDYH�EHHQ�
YHU\� IHZ�VWXGLHV�RI�JO\FRODOGHK\GH� LQ� WKH�¿HOG�RI�
IHUPHQWDWLRQ��*HQHUDOO\��DOGHK\GHV�DUH�FKDUDFWHUL]HG�
E\�WKHLU�SRODUL]HG�ʌ�HOHFWURQ�FORXGV�VXUURXQGLQJ�WKH�
FDUERQ\O�ERQGV�DQG�ORZ�S.D�RI�Į�FDUERQ�EHFDXVH�RI�
LQGXFWLYH�HIIHFW��+RZHYHU��VLQFH�Į�K\GUR[\DOGHK\GH�
EHDUV�D�K\GUR[\O�ERQG� LQ� WKH�YLFLQLW\�RI� WKHLU�FDU-
ERQ\O� ERQG�� LW� LV� FRQVLGHUHG� WR� IRUP� 6FKLII� EDVH�
ZLWK�DPLQR�EDVHV�RI�SURWHLQV�IROORZHG�E\�$PDGRUL�
UHDUUDQJHPHQW��FRQYHUVLRQ�WR�DOGRDPLQH��UHJHQHUD-
WLRQ�RI�FDUERQ\O�EDVH�DQG�FURVV�OLQNLQJ�RI�SURWHLQV�
�$FKDU\D�DQG�0DQQLQJ�������RU�IROORZHG�E\�IRUPD-
WLRQ�RI�FDUER[\PHWK\OO\VLQH�DQG� UHODWHG�DGYDQFHG�
JO\FDWLRQ�HQGSURGXFWV��*ORPE�DQG�0RQQLHU��������
*O\FRODOGHK\GH�LV�SHFXOLDU� LQ�Į�K\GUR[\DOGHK\GHV�
EHFDXVH�LW�KDV�RQO\���FDUERQV��WKXV�JHQHUDWLQJ�D�GUDV-
WLF�PROHFXODU� FKDUDFWHULVWLF� VXFK� DV� WKH� �����IROG�
LQFUHDVHG� DFWLYLW\� RI�0DLOODUG� UHDFWLRQ� UHODWLYH� WR�
JOXFRVH��+D\DVKL�DQG�1DPLNL��������
� 7KHUH�KDV�EHHQ�OHVV�LQIRUPDWLRQ�DERXW�GHWR[L¿FD-
WLRQ�PHFKDQLVP�RI�JO\FRODOGHK\GH�RU�WKH�PHWDEROLF�
IDWH�RI�JO\FRODOGHK\GH�LQ�D�UHGXFWLYH�HQYLURQPHQW��
+HQFH�� LQ� WKLV� VWXG\��ZH� SUHVHQW� WKH� RYHUYLHZ� RI�
JO\FRODGHK\GH�DV�WKH�SULPDU\�IHUPHQWDWLRQ�LQKLELWRU�
LQ�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH�K\GURO\-

VDWH�DQG�VWUDWHJ\�IRU�HQJLQHHULQJ�D�\HDVW�VWUDLQ�ZLWK�
LPSURYHG� WROHUDQFH� WR� WKH� KRW�FRPSUHVVHG�ZDWHU�
WUHDWHG�FHOOXORVH�E\�DWWHQXDWLQJ� WKH� WR[LFLW\�RI� WKH�
JO\FRODOGHK\GH�SUHVHQW�LQ�WKH�KRW�FRPSUHVVHG�ZDWHU�
WUHDWHG�FHOOXORVH�

Materials and Methods 
Construction of ADH1 and GRE2 overexpress-

ing plasmids

&ORQLQJ�DQG�UHVWULFWLRQ�HQ]\PHV�ZHUH�REWDLQHG�IURP�
7DNDUD�%LR� �.\RWR�� -DSDQ���7KH�ADH1 DQG GRE2 

JHQHV� IUDJPHQW�ZDV�REWDLQHG�E\�3&5� IURP� WKH�S� 
cerevisiae�%<�����JHQRPH�ZLWK�WKH�UHVSHFWLYH�IRU-
ZDUG�DQG�WKH�UHYHUVH�SULPHUV�RI�;KR,�ADH1

fw 
��¶�

&&&�&7&�*$*�$&7�*7$�*&&�&7$�*$&�77*�
$7$��¶����(FR5,�ADH1UY���¶�&&&�*$$�77&�**7�
$*$�**7�*7*�*7&�$$7�$$��¶��IRU�ADH1�DQG�
KpnI GRE2

fw 
��¶�&&&�**7�$&&�$7*�7&$�*77�

77&�*77�7&$�**��¶���6DO,�GRE2UY���¶�&&&�*$&�
&7$�&&$�777�7*7�*$$�7&$�$��¶��IRU�GRE2��7KH�
DPSOL¿HG�3&5�SURGXFW�ZDV�SXUL¿HG�XVLQJ�D�+LJK�3XUH�
3&5�&OHDQXS�0LFUR�.LW��5RFKH�'LDJQRVWLFV�*PE+��
0DQQKHLP��*HUPDQ\���7KH�SXUL¿HG�JHQH�IUDJPHQWV�
ZHUH� FOHDYHG� ZLWK� UHVSHFWLYH� UHVWULFWLRQ� HQ]\PHV�
DQG�OLJDWHG�LQWR�GHVLUHG�SODVPLGV�E\�XVLQJ�WKH�'1$�
OLJDVH��7DNDUD��.\RWR��-DSDQ��WR�IRUP�S56����ADH1 
DQG�S$85����GRE2��7KH�FRUUHFW� LQVHUWLRQ�RI� WKH�
3&5�IUDJPHQW�LQWR�WKH�SODVPLG�ZDV�FRQ¿UPHG�ERWK�
E\� D� UHVWULFWLRQ� HQ]\PH� WUHDWPHQW� DQG� VHTXHQFLQJ�
ZLWK�%LJ�'\H�7HUPLQDWRU�&\FOH�6HTXHQFLQJ�.LW��3HU-
NLQ�(OPHU��1RUZDON��&7��86$���7KH�S56����ADH1 

DQG�S$85����GRE2�ZDV�WUDQVIRUPHG�LQWR�%<�����
E\�D�KLJK�HI¿FLHQF\�\HDVW�WUDQVIRUPDWLRQ�WHFKQLTXH�
�*LHW]�HW�DO����������7KH�VXFFHVVIXO�WUDQVIRUPDQWV�RI�
ADH1 DQG�GRE2�ZHUH�VHOHFWHG�XVLQJ�PLQLPDO�PHGLD�
VXSSOHPHQWHG�ZLWK�FRPSOHWH�VXSSOHPHQWDU\�PHGLD�
ZLWKRXW� XUDFLO� DQG� PLQLPDO� PHGLD� VXSSOHPHQWHG�
ZLWK�FRPSOHWH�VXSSOHPHQWDU\�PHGLD�SUHVHQFH�RI�����
�J�PO� RI� DXUHREDVLGLQ� UHVSHFWLYHO\�� 7KH� PXOWLSOH�
JHQHV� RYHUH[SUHVVLRQ� VWUDLQ� RI�ADH1� DQG�GRE2 

ZHUH�VHOHFWHG�LQ�PLQLPDO�PHGLD�VXSSOHPHQWHG�ZLWK�
FRPSOHWH�VXSSOHPHQWDU\�PHGLD�ZLWKRXW�XUDFLO�SUHV-
HQFH�RI������J�PO�RI�DXUHREDVLGLQ�

Measurement of concentrations of glucose 

7KH�JOXFRVH�FRQFHQWUDWLRQ�ZDV�PHDVXUHG�DW�2'
505
�E\�

XVLQJ�D�89�VSHFWURSKRWRPHWHU��89�������6KLPDG]X�
6FLHQWL¿F�,QVWUXPHQWV��.\RWR��-DSDQ��ZLWK�D�*OXFRVH�
&,,�WHVW�NLW��:DNR�'LDJQRVWLF��2VDND��-DSDQ���

Measurement of concentrations of ethanol, eth-

ylene glycol, acetic acid, and glycerol 

7KH� HWKDQRO� FRQFHQWUDWLRQ�ZDV� TXDQWL¿HG� XVLQJ� D�
JDV�FKURPDWRJUDSK��*&����$��6KLPDG]X�6FLHQWL¿F�
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,QVWUXPHQWV�� .\RWR�� -DSDQ�� HTXLSSHG�ZLWK� D�'%�
:$;�FROXPQ��$JLOHQW�7HFKQRORJLHV��6DQWD�&ODUD��
&$��86$���OHQJWK� ����P��LQWHUQDO�GLDPHWHU� ������
PP��¿OP�WKLFNQHVV� ������ȝP��DQG�DQ�),'�GHWHF-
WRU��$FHWRQH� �¿QDO� ��� �Y�Y��ZDV� DGGHG� WR� ����ȝO�
RI�WKH�IHUPHQWHG�VDPSOH�DV�DQ�LQWHUQDO�FRQWURO��6L[�
PLFUROLWHUV�RI�WKH�SUHSDUHG�VDPSOHV�ZHUH�DSSOLHG�WR�
JDV�FKURPDWRJUDSK\�XQGHU�WKH�IROORZLQJ�FRQGLWLRQV��
LQLWLDO�FROXPQ�WHPSHUDWXUH�����0&��KROGLQJ�WLPH�IRU�
WKH�LQLWLDO�WHPSHUDWXUH����PLQ��¿QDO�WHPSHUDWXUH������
0&��UDWH�RI�WHPSHUDWXUH�LQFHUDVH�����0&��PLQ��GHWHFWRU�
DQG�LQMHFWLRQ�WHPSHUDWXUHV������0&��VSOLW�UDWLR��������
FDUULHU�JDV��KHOLXP��DQG�FDUULHU�JDV�ÀRZ�UDWH�������
PO�PLQ��7KH�UHWHQWLRQ�WLPH�IRU�WKH�SHDN�RI�HWKDQRO�
ZDV�LGHQWL¿HG�WR�EH�����PLQ��7KH�VWDQGDUG�FDOLEUDWLRQ�
FXUYH�H[KLELWHG�JRRG� UHSURGXFLELOLW\�DQG� OLQHDULW\�
ZLWK�D�FRUUHODWLRQ�FRHI¿FLHQW�RI��������7KH�UHWHQWLRQ�
WLPH�IRU�WKH�SHDN�RI�HWK\OHQH�JO\FRO�ZDV�LGHQWL¿HG�
WR�EH������PLQ�DV�UHSRUWHG�SUHYLRXVO\��<DR�DQG�3RU-
WHU���������7KH�VWDQGDUG�FDOLEUDWLRQ�FXUYH�H[KLELWHG�
JRRG�UHSURGXFLELOLW\�DQG�OLQHDULW\�ZLWK�D�FRUUHODWLRQ�
FRHI¿FLHQW�RI��������7KH�UHWHQWLRQ�WLPH�IRU�WKH�SHDN�
RI� DFHWLF� DFLG�ZDV� LGHQWL¿HG� WR� EH� �����PLQ��7KH�
VWDQGDUG�FDOLEUDWLRQ�FXUYH�H[KLELWHG�JRRG�UHSURGXFL�
ELOLW\�DQG�OLQHDULW\�ZLWK�D�FRUUHODWLRQ�FRHI¿FLHQW�RI�
�������*O\FHURO� FRQFHQWUDWLRQV�ZHUH�PHDVXUHG�E\�
XVLQJ�*O\FHURO�$VVD\�.LW� �&D\PDQ�&KHPLFDO�&R���
$QQ�$UERU��0,��86$�� DFFRUGLQJ� WR� WKH�PDQXIDF-
WXUHU¶V�LQVWUXFWLRQ�

Measurement of glycolaldehyde concentrations

7KH� FRQFHQWUDWLRQV� RI� JO\FRODOGHK\GH�ZHUH� TXDQ-

WL¿HG� XVLQJ� WKH� +3/&� PHWKRG� GHVFULEHG� HDUOLHU�
�$QGHUVRQ�HW�DO��������3D]�HW�DO��������ZLWK�PLQRU�
PRGL¿FDWLRQV��%ULHÀ\��WKH�GHULYDWLYH�RI�JO\FRODOGH-
K\GH�DQG�0%7+�ZDV�VHSDUDWHG�E\�D�UHYHUVH�SKDVH�
+3/&�XVLQJ�DQ�([FHOSDN�6,/�&����%�FROXPQ��<RN-

RJDZD��7RN\R��-DSDQ��ZLWK�D�JUDGLHQW�FRQVLVWLQJ�RI�
OLQHDU�VHJPHQWV��VROYHQW�$�FRQVLVWHG�RI����PHWKD-
QRO� DQG� ����� WULÀXRURDFHWLF� DFLG�� DQG� VROYHQW� %�
FRQVLVWHG�RI�����PHWKDQRO�DQG������WULÀXRURDFHWLF�
DFLG��6ROYHQWV�ZHUH�UXQ�WKURXJK�+3/&�LQ�WKH�IROORZ-

LQJ�VHULHV��VROYHQW�$�������RYHU���PLQ��VROYHQW�%��

�±����RYHU���PLQ��DQG�VROYHQW�%����±�����RYHU�
���PLQ��7KH�ÀRZ�UDWH�ZDV�����PO�PLQ�DQG�GHWHFWLRQ�
ZDV�DW�����QP��7KH�UHWHQWLRQ�WLPH�RI�JO\FRODOGHK\GH�
ZDV�LGHQWL¿HG�WR�EH������PLQ��7KH�VWDQGDUG�FDOLEUD-

WLRQ�FXUYH�ZDV�FDOFXODWHG�ZLWK�VWDQGDUG�JO\FRODOGH-
K\GH�VROXWLRQV�RI������������DQG����P0��7KH�VWDQGDUG�
FDOLEUDWLRQ� FXUYH� H[KLELWHG� JRRG� UHSURGXFLELOLW\�
DQG�OLQHDULW\�ZLWK�D�FRUUHODWLRQ�FRHI¿FLHQW�RI��������
6DPSOHV������O��ZHUH�DSSOLHG�WR�WKH�FROXPQ��DQG�WKH�
JO\FRODOGHK\GH�FRQFHQWUDWLRQV�LQ�WKH�VDPSOHV�ZHUH�
PHDVXUHG�DQG�FDOFXODWHG�IURP�WKH�REWDLQHG�VWDQGDUG�
FDOLEUDWLRQ�FXUYH� 

Preparation of hot-compressed water-treated 

cellulose 

)RU� WUHDWPHQW� RI� FHOOXORVH� ZLWK� KRW�FRPSUHVVHG�
ZDWHU�� WKUHH�LQGHSHQGHQW�H[SHULPHQWV�ZHUH�FDUULHG�
RXW� DQG� WKH� K\GURO\VDWHV�ZHUH� DSSOLHG� IRU� IXUWKHU�
PDQLSXODWLRQV� DQG� DQDO\VHV�� $� VROXWLRQ� FRQWDLQ-

LQJ� ���� �Z�Y��PLFURFU\VWDOOLQH� FHOOXORVH� �$YLFHO�
3+������ZDV�K\GURO\]HG�LQ�D���PO�YROXPH�UHDFWRU�
YHVVHO�ZLWK�KRW�FRPSUHVVHG�ZDWHU��7KH�UHDFWLRQ�ZDV�
FDUULHG�RXW�IRU���PLQ�DW�����0&�DW�DQ�LQWHUQDO�SUHV-
VXUH�RI���03D��7KHQ��WKH�UHDFWRU�YHVVHO�ZDV�LPPHGL-
DWHO\�FRROHG�WR�URRP�WHPSHUDWXUH�XVLQJ�D�ZDWHU�EDWK��
7KH�WUHDWHG�VDPSOH�ZDV�FHQWULIXJHG��DQG�WKH�OLTXLG�
IUDFWLRQ�ZDV�XVHG�LQ�IXUWKHU�H[SHULPHQWV�DV�WKH�KRW�
FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH��

Growth experiments 

)RU� DOO� JURZWK� H[SHULPHQWV�� WKUHH� LQGHSHQGHQW�
H[SHULPHQWV�ZHUH� FDUULHG� RXW� IURP� WKH� UHVSHFWLYH�
LQGHSHQGHQW�VWDUWHU�FXOWXUHV��7R�H[DPLQH�WKH�LQKLEL-
WRU\�HIIHFWV�RQ�WKH�JURZWK��\HDVW�ZDV�JURZQ�LQ���PO�
RI�PLQLPDO�PHGLD�VXSSOHPHQWHG�ZLWK�����PJ�O�RI�
FRPSOHWH�VXSSOHPHQWDU\�PHGLD��&60��LQ�WKH�SUHV-
HQFH�RI�GLIIHUHQW� FRQFHQWUDWLRQV�RI� LQKLELWRUV� LQ���
PO� JODVV� WHVW� WXEHV��7KH� LQLWLDO� FHOO� FRQFHQWUDWLRQ�
ZDV�VHW�DW������2'

600
� �FRUUHVSRQGLQJ� WR�����î���6 

FHOOV�PO��)LJ���D��RU�����2'
600
��FRUUHVSRQGLQJ�WR���

î���6�FHOOV�PO��)LJ���D��)LJ���D�DQG�)LJ������DQG�WKH�
JURZWK�ZDV�PRQLWRUHG�E\�PHDVXULQJ�2'

600 
DW�GLIIHU-

HQW�LQWHUYDOV��7R�LQYHVWLJDWH�WKH�JURZWK�RI�WKH�VWUDLQV�
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LQ� WKH�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG� FHOOXORVH�� WKH�
KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH�ZDV�VXSSOH-
PHQWHG�ZLWK�����PJ�O�&60�DQG�D��������Z�Y��\HDVW�
QLWURJHQ�EDVH�ZLWKRXW�DPLQR�DFLGV�DQG�DPPRQLXP�
VXOSKDWH��7KHQ����PO�RI�WKH�PHGLXP�LQ���PO�JODVV�WHVW�
WXEHV�ZDV�LQRFXODWHG�ZLWK�WKH VWUDLQV��

Statistical analysis 

$�RQH�ZD\�DQDO\VLV�RI�YDULDQFH��$129$��ZDV�SHU-
IRUPHG�WR�GHWHFW�WKH�VLJQL¿FDQFH�RI�WKH�GLIIHUHQFHV�
LQ� WKH� HIIHFWV� RI� LQKLELWRUV� RQ� WKH� IHUPHQWDWLRQ��
7XNH\¶V�post hoc�KRQHVW�VLJQL¿FDQFH�GLIIHUHQFH�WHVW�
ZDV� LPSOHPHQWHG� IRU� PXOWLSOH� FRPSDULVRQV�� )RU�
D�SDLU�ZLVH�FRPSDULVRQ�RI�WKH�GLIIHUHQFHV�EHWZHHQ�
WKH� VDPSOH� DYHUDJHV� RI� WZR� JURXSV�� D� RQH�WDLOHG�
6WXGHQW¶V� t�WHVW�ZLWKRXW�DQ\�NQRZQ�GHYLDWLRQV�ZDV�
DGRSWHG��$OO�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQGHSHQG�
HQWO\� LQ� WULSOLFDWH� IURP�WKH�UHVSHFWLYH� LQGHSHQGHQW�
VWDUWHU�FXOWXUHV��7KH�UHVXOWV�ZHUH�H[SUHVVHG�LQ�PHDQ�
YDOXHV�DQG�VWDQGDUG�HUURUV�RI�PHDQV��6(0��

Results and Discussions
Glycolaldehyde is a key growth and fermenta-

tion inhibitor of yeast 

*O\FRODOGHK\GH� VLJQL¿FDQWO\� LQKLELWV� FHOO� JURZWK�
RI�\HDVW�HYHQ�DW�D�FRQFHQWUDWLRQ�DV�ORZ�DV������P0�
�)LJ���D��7KH�,&

50
 YDOXH�RI�JO\FRODOGHK\GH�RQ�Sac-

charomyces cerevisiae� LV� DSSUR[LPDWHO\� ��� P0��
+HQFH�� WKH� FRQFHQWUDWLRQ� RI� JO\FRODOGHK\GH� FRQ-

WDLQHG� LQ� WKH� DFWXDO� SUHVVXUL]HG� KRW�FRPSUHVVHG�
ZDWHU�WUHDWHG�FHOOXORVH�K\GURO\VDWH� LV�KLJK�HQRXJK�
WR�LQKLELW�\HDVW�JURZWK��)XUWKHUPRUH��JURZWK�DQDO\-

VLV� LQGLFDWHG� WKDW� JO\FRODOGHK\GH� DIIHFWV� ERWK� FHOO�
JURZWK�UDWH�DQG�WKH�ODJ�SKDVH�RI�FHOO�JURZWK��0RUH-
RYHU��)LJ���E� VKRZV� WKDW� WKH� LQKLELWRU\�DFWLYLW\�RI�
JO\FRODOGHK\GH� LV� JUHDWHU� WKDQ� WKH�PDMRU� UHSRUWHG�
LQKLELWRUV�RI���+0)�DQG�IXUIDUDO�DW���P0�FRQFHQ-

WUDWLRQ��LQ�DGGLWLRQ�WKH�VSHFL¿F�JURZWK�UDWH�DQG�WKH�
FHOO�GU\�ZHLJKWV�RI�JO\FRODOGHK\GH�WUHDWHG�FHOOV�DUH�
VPDOOHU� WKDQ� WKRVH� RI� ��+0)�DQG� IXUIXUDO�WUHDWHG�
FHOOV�� )XUWKHUPRUH�� VWDWLVWLFDOO\� VLJQL¿FDQW� JUHDWHU�
FRPELQDWLRQDO�LQKLELWRU\�DFWLYLW\�RI�JO\FRODOGHK\GH�

H[KLELWV�ZLWK���+0)�DQG�IXUIXUDO�DW�WKH�FRQFHQWUD-
WLRQ�SUHVHQW�LQ�DFWXDO�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�
FHOOXORVH��)LJ���E��$129$��F�YDOXH� �������GHJUHHV�
RI�IUHHGRP� ��������p�YDOXH� ����������7XNH\¶V�post 
hoc�KRQHVW�VLJQL¿FDQFH�GLIIHUHQFH�WHVW��p����������
� *O\FRDOGHK\GH� QRW� RQO\� LQKLELWV� \HDVW� JURZWK�
EXW�DOVR�JUHDWO\�UHGXFHV�WKH�HWKDQRO�SURGXFWLRQ��WKH�
FRQFHQWUDWLRQ�RI�JO\FRODOGHK\GH�KLJKHU�WKDQ���P0�
VLJQLILFDQWO\� GHFUHDVHV� HWKDQRO� SURGXFWLRQ�� 7KH�
DQDO\VLV�RI�JOXFRVH�DQG�HWKDQRO�SUR¿OH�GXULQJ�IHU-
PHQWDWLRQ�ZLWK�JO\FRODOGHK\GH�IXUWKHU�UHYHDOV�WKDW�
LW¶V�VLJQL¿FDQWO\�GHFUHDVHV�WKH�JOXFRVH�FRQVXPSWLRQ�
DQG�HWKDQRO�\LHOG�E\�\HDVW��$IWHU����K�RI�IHUPHQWD-
WLRQ�DW�WKH�FRQFHQWUDWLRQ�RI���P0�JO\FRODOGHK\GH��
HWKDQRO�FRQFHQWUDWLRQ�LV�DURXQG��������������Y�Y��
DQG� JOXFRVH� FRQVXPSWLRQ� LV� ������������ �Z�Y���
ZKHUH� WKH�XQWUHDWHG�FHOOV� HWKDQRO� FRQFHQWUDWLRQ� LV�
����������� �� �Y�Y�� DQG� JOXFRVH� FRQVXPSWLRQ� LV�
DURXQG��������������Z�Y���0RUHRYHU��JO\FRODOGH-
K\GH�UHGXFHV�WKH�HWKDQRO�\LHOG��J�SURGXFHG�HWKDQRO�J�
FRQVXPHG�JOXFRVH���WKH�YDOXH�RI�XQWUHDWHG�FHOOV�ZDV�
��������������ZKLOH�WKDW�RI���P0�JO\FRODOGHK\GH�
WUHDWHG� FHOOV� ZDV� ������������� 7KH� HWKDQRO� \LHOG�
RI� FHOOV� WUHDWHG� ZLWK� �� P0� JO\FRODOGHK\GH� ZDV�
VLJQL¿FDQWO\�ORZHU�WKDQ�WKDW�RI�XQWUHDWHG�FHOOV��p� �
��������$V�D�FRQFOXVLRQ�JO\FRODOGHK\GH�VLJQL¿FDQWO\�
GHFUHDVHV� HWKDQRO� SURGXFWLRQ�� JOXFRVH� FRQVXPS-

WLRQ�DQG�HWKDQRO�\LHOG�E\�\HDVW��7KHVH�UHVXOWV�¿UPO\�
HVWDEOLVK�WKDW�JO\FRODOGHK\GH�LV�NH\�JURZWK�DQG�IHU-
PHQWDWLRQ�LQKLELWRU�LQ�KRW��FRPSUHVVHG�ZDWHU�WUHDWHG�
FHOOXORVH�K\GURO\VDWH� 

Genome-wide analysis of glycolaldehyde toxicity 

*HQRPH�ZLGH�VFUHHQLQJ�RI�JHQHV� LV�SRZHUIXO�ELR-

WHFKQRORJ\�WHFKQLTXH�LQ�RUGHU�WR�JDLQ�LQVLJKW�LQWR�WKH�
PROHFXODU�PHFKDQLVP�RI�\HDVW�IHUPHQWDWLRQ�LQKLEL-
WLRQ�E\�JO\FRODOGHK\GH��
� 2QH�KXQGUHG�DQG�VHYHQW\�JHQHV�ZHUH�LGHQWL¿HG�
DV�JHQHV�UHTXLUHG�IRU�JO\FRODOGHK\GH�WROHUDQFH��7KH�
PXWDQWV�ZKLFK�DUH�PRUH�WKDQ�����VHQVLWLYH�UHODWLYH�
WR�WKH�ZLOG�W\SH�DQG�ZKRVH�VHQVLWLYLW\�LV�VLJQL¿FDQW�
DW�p ��������E\�VFUHHQLQJ�WKH�FRPSOHWH�PXWDQW�FRO-
OHFWLRQ�RI�Saccharomyces cerevisiae BY4743 com-
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SULVLQJ�RI������KRPR]\JRXV�GLSORLG�GHOHWLRQ�VWUDLQV�
ZLWK� ����� P0� JO\FROHDOGHK\GH� �-D\DNRG\� HW� DO��
������7KH� FDWHJRULHV� LQYROYHV� LQ� JO\FRODOGHK\GH�
UHVLVWDQFH�REWDLQHG�E\�VXEPLWWLQJ�WKH�OLVW�RI�JHQHV�
WKDW�LV�UHTXLUHG�IRU�UHVLVWDQFH�WR�JO\FRODOGHK\GH�WR�
WKH�*2�\HDVW�GDWDEDVHV�RQ�WKH�)XQ6SHF�ZHE�EDVHG�
FOXVWHULQJ�WRRO��5RELQVRQ�HW�DO���������
� 7KLV�VWXG\�VKRZV�WKDW�SURWHLQ�FURVV�OLQNLQJ�LV�RQH�
RI�WKH�PDMRU�WDUJHWV�RI�WKH�JO\FRODOGHK\GH�WR[LFLW\��
EHFDXVH�PXWDQWV�GHIHFWLYH�LQ�XELTXLWLQ�OLJDVH�FRP-

SOH[�DQG�SRO\VRPHV�ZHUH�VLJQL¿FDQWO\�VHQVLWLYH�WR�
JO\FRODOGHK\GH��*O\FRODOGHK\GH�KDV�EHHQ�UHSRUWHG�
WR�FURVV�OLQN�SURWHLQV�WKURXJK�LWV�HOHFWURSKLOLF�DWWDFN�
WRZDUGV�WKH�ORQH�HOHFWURQ�SDLU�RI�WKH�QLWURJHQ�DWRP�
RI� DPLQR� JURXSV� RI� SURWHLQV� �*ORE� DQG�0RQQLHU�
������ DQG� WKLRODWH� DQLRQ� RI� F\VWHLQH� RI� SURWHLQV�
�+D\DVKL� DQG�1DPLNL� �������0RUHRYHU�� JO\FDWLRQ�
KDV�EHHQ�UHSRUWHG�WR�GHFUHDVH�WRWDO�FHOOXODU�SURWHD-

VRPH�DFWLYLW\�LQ�KXPDQ�¿EUREODVW�DQG�NHUDWLQRF\WHV��
ZKLFK�LV�VXJJHVWHG�WR�KDYH�D�FULWLFDO�UROH�LQ�DJLQJ��
7KH� REVHUYHG� VHQVLWLYLW\� RI� PXWDQWV� LQYROYHG� LQ�

WKHVH�V\VWHPV�VXJJHVWV�WKDW�JO\FRODOGHK\GH�DWWDFNV�
SURWHLQV�WKDW�DUH�EHLQJ�WUDQVODWHG�IURP�P51$�DQG�
KLQGHU�SURSHU�IROGLQJ�RI�SURWHLQV��ZKLFK�LV�DOOHYLDWHG�
E\�XELTXLWLQ�OLJDVH�FRPSOH[�

Reduction of glycolaldehyde to ethylene glycol

%DVHG�RQ�WKH�UHVXOWV�RI�JHQRPH�ZLGH�DQDO\VLV�DQG�
WKH�PROHFXODU�VWUXFWXUH�DQG�IXQFWLRQ�RI�JO\FRODOGH-
K\GH�� LW�ZDV�VXJJHVWHG� WKDW� WKH�SOXV�FKDUJH�RI� WKH�
Į�FDUERQ� RI� WKH� JO\FRODOGHK\GH�PROHFXOH� SOD\V� D�
NH\�UROH�LQ�WKH�LQKLELWLRQ�RI�\HDVW��EHFDXVH�HOHFWUR-

SKLOLF�DWWDFN�RI�WKH�SOXV�FKDUJH�RI�FDUERQ\O�FDUERQ�
RI�JO\FRODOGHK\GH�WR�QHJDWLYHO\�FKDUJHG�PROHFXOHV�
LQVLGH�FHOOV�LV�WKH�PDLQ�FDXVH�RI�WKH�WR[LFLW\��+HQFH��
WKH�UHGXFWLRQ�RI�SOXV�FKDUJH�RI�WKH�FDUERQ\O�FDUERQ�
RI�JO\FRODOGHK\GH�PROHFXOH�E\�1$'+�ZDV�LPSOH-
PHQWHG�DV�WKH�SULQFLSOH�VWUDWHJ\�WR�GHYHORS�D�UHVLVW�
DQW�VWUDLQ��$OWKRXJK�QRW�GHWHFWHG� LQ� WKH� IXQFWLRQDO�
FDWHJRULHV� RI� JO\FRODOGHK\GH� UHVLVWDQW� JHQHV� LQ�
*2�EDVHG�VWDWLVWLFDOO\�DQDO\VLV��D�PXWDQW�GHIHFWLYH�
LQ�DOGHK\GH�GHK\GURJHQDVHV�VXFK�DV�adh1� ��������
�������IROG��ZDV�REWDLQHG�DV�VHQVLWLYH�JHQHV�LQ�WKH�
JO\FRODOGHK\GH�VFUHHQ��-D\DNRG\�HW�DO���������7KLV�
UHVXOW�VXJJHVWV� WKDW� WKHVH�GHK\GURJHQDVHV�IXQFWLRQ�
WR� FRQIHU� JO\FRODOGHK\GH� WROHUDQFH�� DQG� WKDW� JO\-

FRODOGHK\GH� IXQFWLRQV�DV�DQ�DOGHK\GH�ZLWKLQ�FHOOV�
DQG�WKH�HQ]\PHV�WKDW�UHGXFH�WKH�JO\FRODOGHK\GH�WR�
HWK\OHQH�JO\FRO�LV�HIIHFWLYH�WR�PLWLJDWH�WKH�GDPDJH��
7KLV�UHVXOW�LV�FRQVLVWHQW�ZLWK�WKH�SUHYLRXV�VWXG\�WKDW�
UHSRUWHG�WKH�UROH�RI�DOGHK\GH�GHK\GURJHQDVH�$GK�S�
DJDLQVW���+0)��3HWHUVVRQ�HW�DO���������0RUHRYHU��
HWK\OHQH�JO\FRO�ZDV� QRW� WR[LF� WR� \HDVW� FHOOV�ZKHQ�
LW�ZDV�DGPLQLVWHUHG�ZLWK�WKH�VDPH�FRQFHQWUDWLRQ�DV�
JO\FRODOGHK\GH��-D\DNRG\�HW�DO���������6LQFH�adh1 

ZDV�VHQVLWLYH�WR�JO\FRODOGHK\GH�DQG�$GK�S�LV�FDSD-
EOH�RI�UHGXFLQJ�VKRUW�FKDLQ�DOGHK\GHV�VXFK�DV�DFHW-
DOGHK\GH�DQG� IRUPDOGHK\GH�E\�XVLQJ�1$'+�DV� D�
FRIDFWRU��/HVNRYDF�HW�DO��������*UH\�HW�DO���������LW�
ZDV�VHOHFWHG�IRU�ELRFKHPLFDO�UHGXFWLRQ�RI�JO\FRODO-
GHK\GH�LQWR�HWK\OHQH�JO\FRO��-D\DNRG\�HW�DO���������
7KLV�K\SRWKHVLV�ZDV�YHUL¿HG�E\�FRQVWUXFWLQJ�ADH1-
RYHUH[SUHVVLQJ�VWUDLQ� 

Table 1  Functional categories those are overrepresented in 
the sensitive mutants

Category
a

p value
b

Gene name

*2�&HOOXODU�&RPSRQHQW
0LWRFKRQGULDO�UHVSLUDWRU\�
FKDLQ�FRPSOH[�,9

������� COX9 COX6 
COX5B

8ELTXLWLQ�OLJDVH�FRPSOH[ ������� SLX8 BUL2 
<1/���F

3RO\VRPH ������� PBP1 CTK1 SSB2
(ORQJDWRU�KRORHQ]\PH�
complex

������� ELP2 IKI3

*2�%LRORJLFDO�3URFHVV
5HVSRQVH�WR�DFLG ������� BCK1 MID2 RLM1

*ROJL�WR�YDFXROH�WUDQVSRUW ������� VPS54 VPS45 
APS3 APL2

0LWRFKRQGULDO�HOHFWURQ�
WUDQVSRUW��F\WRFKURPH�F�WR�
oxygen

������� COX9 COX6 
COX5B

*2�0ROHFXODU�)XQFWLRQ
&KURPDWLQ�'1$�ELQGLQJ ������� GON7 RED1
3KRVSKROLSDVH�DFWLYLW\ ������� PLB1 YOR022c

a Gene functions were identified by addressing the GO 
database with the FunSpec statistical evaluation program. 
b Probability of the functional set occurring as a chance 
event is shown.
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ADH1-overexpressing strain increases the con-

version of glycolaldehyde into ethyleneglycol 

,W� WXUQHG� RXW� WKDW� D� VWUDLQ� RYHUH[SUHVVLQJ� ADH-
1GHPRQVWUDWHG� JURZWK� WKDW� LV� VLPLODU� WR� D� VWUDLQ�
KDUERULQJ�DQ�HPSW\�YHFWRU�LQ�WKH�DEVHQFH�RI�JO\FRODO-
GHK\GH��,Q�FRQWUDVW��LQ�WKH�SUHVHQFH�RI�JO\FRODOGHK\GH��
WKH�VWUDLQ�KDUERULQJ�ADH1�RYHUH[SUHVVLQJ�SODVPLG�
VKRZHG� VLJQL¿FDQWO\� �n�  � ��� p �� ������ LPSURYHG�
JURZWK�LQ�WKH�SUHVHQFH�RI�JO\FRODOGHK\GHV�FRPSDUHG�
WR�D�VWUDLQ�KDUERULQJ�DQ�HPSW\�YHFWRU��)LJ���D���7KH�
VWUDLQV�KDUERULQJ�ADH1�RYHUH[SUHVVLQJ�SODVPLG�DQG�
DQ�HPSW\�YHFWRU�SURGXFHG�VLPLODU�DPRXQWV�RI�HWKD-
QRO�DQG�FRQVXPHG�VLPLODU�DPRXQWV�RI�JOXFRVH�LQ�WKH�
DEVHQFH�RI�JO\FRODOGHK\GH��,Q�FRQWUDVW��LQ�WKH�SUHV-
HQFH�RI�JO\FRODOGHK\GH��WKH�VWUDLQ�KDUERULQJ�ADH1-

RYHUH[SUHVVLQJ� SODVPLG� SURGXFHG� D� VLJQL¿FDQWO\�
�n� ����p ��������LQFUHDVHG�DPRXQW�RI�HWKDQRO�DQG�
FRQVXPHG�D�VLJQL¿FDQWO\��n� ����p ��������LQFUHDVHG�
DPRXQW�RI�JOXFRVH� UHODWLYH� WR� WKH� VWUDLQ�KDUERULQJ�
DQ�HPSW\�YHFWRU��)LJ��E�DQG��F���)XUWKHU�DQDO\VLV�RI�
IHUPHQWDWLRQ�SUR¿OH�HOXFLGDWHG�WKDW�VWUDLQ�KDUERULQJ�
ADH1�RYHUH[SUHVVLQJ� SODVPLG� SURGXFHG� VWDWLVWL-
FDOO\�VLJQL¿FDQWO\��n� ����p ��������GHFUHDVHG�DPRXQW�
RI�JO\FHURO��)LJ��G���DQG�LQFUHDVHG�DPRXQW�RI�DFHWLF�
DFLG��)LJ��H��DV�FRPSDUHG� WR� WKH�FRQWURO�VWUDLQ�� ,Q�
DGGLWLRQ�� H[WUDFHOOXODU� FRQFHQWUDWLRQ� RI� JO\FRODO-
GHK\GH� RI� WKH�PHGLXP� LQRFXODWHG�ZLWK� WKH� VWUDLQ�
KDUERULQJ�ADH1�RYHUH[SUHVVLQJ� SODVPLG� VKRZHG�
VLJQL¿FDQWO\� �n�  � ���p �� ������ GHFUHDVHG� OHYHO� DV�
FRPSDUHG�WR�WKDW�LQRFXODWHG�ZLWK�WKH�VWUDLQ�KDUERULQJ�
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containing medium. 
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Fig. 2  Improved fermentation profile 
of ADH1-overexpressing strain in a 
glycolaldehyde-containing medium. 
The fermentation profiles of the ADH1-
overexpressing strain and the control strain 
in media containing 2.3 mM glycolaldehyde. 
(a) Growth of yeast cells monitored by OD600. 
(b) Glucose concentrations. (c) Ethanol 
concentrations. (d) Glycerol concentrations. 
(e) Acetic acid concentrations. The results 
are expressed as the mean ± SEM of the 
independent triplicate experiments from the 
respective independent starter cultures. 
The significance of differences between 
the ADH1-overexpressing strain and the 
control strain was evaluated by a one-tailed 
Student’s t-test (n = 3, **; p < 0.01, *; p < 0.05). 
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DQ�HPSW\�YHFWRU��)LJ���D���)XUWKHUPRUH��FRQVLVWHQW�
ZLWK� WKH�GHFUHDVHG�FRQFHQWUDWLRQV�RI� H[WUDFHOOXODU�
JO\FRODOGHK\GH�LQ� WKHADH1�RYHUH[SUHVVLQJ�VWUDLQ��
WKH�H[WUDFHOOXODU� FRQFHQWUDWLRQ�RI� HWK\OHQH�JO\FRO��
ZKLFK�LV� WKH�UHGXFHG�IRUP�RI�JO\FRODOGHK\GH��ZDV�
VLJQL¿FDQWO\��n� ����p��������LQFUHDVHG�LQ�WKH�ADH1-

RYHUH[SUHVVLQJ�VWUDLQ��)LJ���E���7KH�LQFUHDVHG�UDWLR�
RI�FRQYHUVLRQ�IURP�JO\FRODOGHK\GH�WR�HWK\OHQH�JO\-

FRO�DW����K��ADH1�RYHUH[SUHVVLQJVWUDLQ�����������
FRQWURO�VWUDLQ������������VWDWLVWLFDOO\�VLJQL¿FDQW�GLI-
IHUHQFH��n� ����p� ���������FRQYLQFHG�XV�WKDW�ADH1-

RYHUH[SUHVVLQJ�VWUDLQ�LV�KLJKO\�FDSDEOH�RI�FRQYHUWLQJ�
JO\FRODOGHK\GH�WR�HWK\OHQH�JO\FRO��)XUWKHUPRUH��WKH�
LQ�YLYR�DQDO\VLV�RI�FHOO�O\VDWH�SURWHLQ�RI�ADH1�RYHU-
H[SUHVVLQJ�VWUDLQ�H[KLELWV�1$'+�GHSHQGHQW�KLJKHU�
JO\FRODOGHK\GH�UHGXFLQJ�DFWLYLW\��GDWD�QRW�VKRZQ���

7RJHWKHU�� WKHVH� UHVXOWV�VXSSRUW� WKH�K\SRWKHVLV� WKDW�
ADH1-RYHUH[SUHVVLQJ�VWUDLQ�KDV�DQ�LPSURYHG�WROHU-
DQFH�WR�JO\FRODOGHK\GH�E\�UHGXFLQJ�JO\FRODOGHK\GH�
LQWR�HWK\OHQH�JO\FRO��)LJ���F��

ADH1-overexpressing strain Improves fermen-

WDWLRQ� SUR¿OH� LQ� KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�
cellulose

2Q� WKH� EDVLV� RI� WKH� DIRUHPHQWLRQHG� UHVXOWV�� ZH�
K\SRWKHVL]HG� WKDW� WKLV� VWUDLQ� ZRXOG� H[KLELW� DQ�
LPSURYHG�WROHUDQFH�WR�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�
FHOOXORVH��7R�YHULI\�WKLV�K\SRWKHVLV��KRW�FRPSUHVVHG�
ZDWHU�WUHDWHG�FHOOXORVH�K\GURO\VDWH��FHOOXORVH�WUHDWHG�
DW�����0&����03D�IRU���PLQ��ZDV�LQRFXODWHG�ZLWK�WKH�
ADH1�RYHUH[SUHVVLQJ�VWUDLQ�DQG�WKH�FRQWURO�VWUDLQ�
DV�WKH�PRGHO�VXEVWDQFH��7KH�JOXFRVH�FRQFHQWUDWLRQ�

Fig. 3  Novel strategy to reduce glycolaldehyde toxicity by reducing glycolaldehyde into ethylene glycol
The glycolaldehyde-reducing activity of the ADH1-overexpressing strain and the control strain was 
measured in media containing 2.3 mM glycolaldehyde. (a) Glycolaldehyde concentrations. (b) Ethylene 
glycol concentrations. (c) Principle pathway of glycolaldehyde reduction. The results are expressed as the 
mean ± SEM of the independent triplicate experiments from the respective independent starter cultures. 
The significance of differences between the ADH1-overexpressing strain and the control strain was 
evaluated by a one-tailed Student’s t-test (n = 3, **; p < 0.01, *; p < 0.05). 
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RI� WKH�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH�ZDV�
�������J�O��n� �����ZKLFK�ZDV�VXI¿FLHQW�WR�SHUIRUP�
HWKDQRO� IHUPHQWDWLRQ��7KH�JO\FRODOGHK\GH�FRQFHQ-

WUDWLRQ�LQ�WKH�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH�
ZDV����������P0��n� �����ZKLFK�ZDV�VXI¿FLHQW�IRU�
H[KLELWLQJ�DQ� LQKLELWRU\�HIIHFW�RQ� IHUPHQWDWLRQ�� ,Q�
PHGLD�FRQWDLQLQJ�WKH�KRW�FRPSUHVVHG�ZDWHU�WUHDWHG�
FHOOXORVH��WKH�ADH1�RYHUH[SUHVVLQJ�VWUDLQ�H[KLELWHG�
D� VWDWLVWLFDOO\� VLJQL¿FDQWO\� LPSURYHG�JURZWK� �)LJ��
�D���JOXFRVH�FRQVXPSWLRQ��)LJ���E���HWKDQRO�SURGXF-
WLRQ��)LJ���F���JO\FRODOGHK\GH�FRQVXPSWLRQ��)LJ���G��
DQG� HWK\OHQH� JO\FRO� SURGXFWLRQ� �)LJ�� �H�� DV� FRP-

SDUHG�WR�WKH�FRQWURO�VWUDLQ��7KH�UDWLR�RI�FRQYHUVLRQ�
RI�JO\FRODOGHK\GH�WR�HWK\OHQH�JO\FRO�ZDV���������
LQ�WKH�FDVH�RI�WKH�ADH1�RYHUH[SUHVVLQJ�VWUDLQ��ZKLOH�
LW�ZDV����������LQ� WKH�FDVH�RI� WKH�FRQWURO� VWUDLQ��

7KHVH�UHVXOWV�FOHDUO\�VXSSRUW�RXU�K\SRWKHVLV�WKDW�WKH�
ADH1�RYHUH[SUHVVLQJ�VWUDLQ�H[KLELWV�DQ� LPSURYHG�
IHUPHQWDWLRQ�SUR¿OH�LQ�D�PHGLXP�FRQWDLQLQJ�WKH�KRW�
FRPSUHVVHG�ZDWHU�WUHDWHG�FHOOXORVH�E\�UHGXFLQJ�JO\-

FRODOGHK\GH�WR�HWK\OHQH�JO\FRO��

Development of glycolaldehyde hyper resistance 

strain by engineering redox cofactor for glycol-

aldehyde-reducing reaction.  

7KH�GHYHORSHG�JO\FROGHK\GH�WROHUDQW�VWUDLQ�E\�RYHU-
H[SUHVVLQJ�ADH1� HQFRGLQJ� DQ�1$'+�GHSHQGHQW�
UHGXFWDVH�VKRZV�SDUWLDO�UHFRYHU\�LQ�KLJK�FRQFHQWUD-
WLRQ� JO\FRODOGHK\GH� FRQWDLQLQJ�PHGLXP��7R� RYHU-
FRPH� WKLV� WHFKQLFDO�EDUULHU��ZH� LQYHVWLJDWHG� UHGR[�
FRIDFWRU� SUHIHUHQFH� RI� JO\FRODOGHK\GH� GHWR[L¿FD-
WLRQ� UHDFWLRQ��*O\FRODOGHK\GH�UHGXFLQJ�DFWLYLW\�RI�

Fig. 4  Improved growth profile of the ADH1-overexpressing 
strain in hot-compressed water-treated cellulose.  
The fermentation profiles of the ADH1-overexpressing strain 
and the control strain in media containing the hot-compressed 
water-treated cellulose (a) growth of yeast cells (b) Glucose 
concentration (c) ethanol concentration (d) glycolaldehyde 
concentration (e) ethylene glycol concentration. The 
significance of differences between the ADH1-overexpressing 
strain and the control strain was evaluated by a one-tailed 
Student’s t-test (n = 3, **; p < 0.01, *; p < 0.05). 
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Fig. 5 Strain overexpressing both ADH1 and 

GRE2 shows remarkable resistance to 

glycolaldehyde The JURZWK SURILOHV of VWUDLQ  

RYHUH[SUHVVLQJ ERWK ADH1 DQG GRE2 DQG WKH 
FRQWURO VWUDLQV ZHUH FRQVWUXFWHG in WKH SC PHGLD 
FRQWDLQLQJ 10 P0 JO\FRODOGHK\GH� *URZWK of 

\HDVW FHOOV PRQLWRUHG DW OD600 � The UHVXOWV DUH 
H[SUHVVHG DV WKH mean ± 6(0 of WKH 
LQGHSHQGHQW WULSOLFDWH H[SHULPHQWV IURP WKH 
UHVSHFWLYH LQGHSHQGHQW VWDUWHU FXOWXUHV� The 

VLJQLILFDQFH of GLIIHUHQFHV EHWZHHQ WKH VWUDLQ   

RYHUH[SUHVVLQJ ERWK ADH1 DQG GRE2 DQG WKH 
FRQWURO VWUDLQ wDV HYDOXDWHG E\ a one-WDLOHG 

6WXGHQW¶V t-WHVW �n   3, **� p < 0�01, *� p < 0�05��  
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Fig. 5  Strain overexpressing both ADH1 and GRE2 
shows remarkable resistance to glycolaldehyde 
The growth profiles of strain overexpressing both ADH1 
and GRE2 and the control strains were constructed 
in the SC media containing 10 mM glycolaldehyde. 
Growth of yeast cells monitored at OD600. The results 
are expressed as the mean ± SEM of the independent 
triplicate experiments from the respective independent 
starter cultures. The significance of differences 
between the strain overexpressing both ADH1 and 
GRE2 and the control strain was evaluated by a one-
tailed Student’s t-test (n = 3, **; p < 0.01, *; p < 0.05). 

Fig. 6 Change of fermentation metabolic flux and its product s distribution due to glycolaldehyde—reducing reaction 
Fermentation product distribution calculated for 100 mol of consumed glucose with or without glycolaldehyde. 
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ADH1�RYHUH[SUHVVLQJ�VWUDLQ�ZDV�1$'+�GHSHQGHQW�
EXW�QRW�1$'3+�GHSHQGHQW��-D\DNRG\�HW�DO���������
0RUHRYHU��JHQHV�HQFRGLQJ�FRPSRQHQWV�RI�SHQWRVH�
SKRVSKDWH� SDWKZD\�� ZKLFK� JHQHUDWHV� LQWUDFHOOXODU�
1$'3+��ZDV�XSUHJXODWHG�LQ�UHVSRQVH�WR�KLJK�FRQ-

FHQWUDWLRQV�RI�JO\FRODOGHK\GH��0XWDQWV�GHIHFWLYH�LQ�
SHQWRVH�SKRVSKDWH�SDWKZD\V�ZHUH�VHQVLWLYH�WR�JO\-

FRODOGHK\GH��-D\DNRG\�HW�DO���������*HQRPH�ZLGH�
VXUYH\�LGHQWL¿HG�GRE2�HQFRGLQJ�DQ�1$'3+�GHSHQ-

GHQW�UHGXFWDVH�DV�WKH�JHQH�WKDW�FRQIHUV�WROHUDQFH�WR�
JO\FRODOGHK\GH��-D\DNRG\�HW�DO���������2YHUH[SUHV-
VLRQ�RI�GRE2�LQ�DGGLWLRQ�WR�ADH1�IXUWKHU�LPSURYHG�
WKH�WROHUDQFH�WR�JO\FRODOGHK\GH��)LJ������1$'3+�
GHSHQGHQW� JO\FRODOGHK\GH� FRQYHUVLRQ� WR� HWK\OHQH�
JO\FRO�DQG�1$'3+�FRQWHQW�RI�WKH�VWUDLQ�RYHUH[SUHVV-
LQJ�ERWK�ADH1�DQG�GRE2�ZHUH�LQFUHDVHG�DW���P0�
JO\FRODOGHK\GH��-D\DNRG\�HW�DO���������([SUHVVLRQ�
of GRE2�ZDV� LQFUHDVHG� LQ�UHVSRQVH� WR�JO\FRODOGH-

K\GH��&DUERQ�PHWDEROLVP�RI�WKH�VWUDLQ�ZDV�UHURXWHG�
IURP�JO\FHURO�WR�HWKDQRO��7KXV��LW�ZDV�FRQFOXGHG�WKDW�
WKH� RYHUH[SUHVVLRQ� RI�GRE2� WRJHWKHU�ZLWK�ADH1 

UHVWRUHV�JO\FRODOGHK\GH�WROHUDQFH�E\�DXJPHQWLQJ�WKH�
1$'3+�GHSHQGHQW�UHGXFWLRQ�SDWKZD\�LQ�DGGLWLRQ�WR�
1$'+�GHSHQGHQW�UHGXFWLRQ�SDWKZD\��

Glycolaldehyde causes metabolic shift in gly-

colysis pathway

7KH�DQDO\VLV�RI�WKH�IHUPHQWDWLRQ�PHWDEROLF�SURGXFWV�
UHYHDOHG�WKDW�WKH�FHOOV�UHJXODWHG�WKHUH�PHWDEROLF�FDU-
ERQ�ÀX[HV�PD\�EH�DGDSWHG� WR� WKH�FKDQJLQJ� UHGR[�
VWDWXV� �)LJ������*O\FHURO�SURGXFWLRQ�E\� WKH� UHGXF-
WLRQ�RI�GLK\GUR[\DFHWRQH�SKRVSKDWH� LV� UHSRUWHG� WR�
XWLOL]H�1$'+�DQG�FRPSHWHV�ZLWK�WKH�SURGXFWLRQ�RI�
HWKDQRO�E\� WKH� UHGXFWLRQ�RI�DFHWDOGHK\GH� �&RUGLHU�
HW� DO�� �������7KHUHIRUH�� WKH� GHFUHDVH� LQ� WKH� JO\F-

HURO�SURGXFWLRQ�LQ�JO\FRODOGHK\GH�WUHDWHG�FHOOV�DQG�
ADH1�RYHUH[SUHVVLQJ� VWUDLQ� LV� H[SODLQHG� E\� WKH�
FRPSHWLWLRQ�RI�WKH�UHDFWLRQ�IURP�GLK\GUR[\DFHWRQH�
SKRVSKDWH�WR�JO\FHURO���SKRVSKDWH�ZLWK�WKH�UHDFWLRQ�
RI�JO\FRODOGHK\GH�WR�HWK\OHQH�JO\FRO�IRU�WKH�UHGXF-
WLYH�SRWHQWLDO�RI�1$'+��7KLV�UHVXOW�LV�DOVR�FRQVLV-
WHQW�ZLWK� WKH� GHFUHDVH� LQ� JO\FHURO� E\� WKH�PXWDWHG�
ADH1�RYHUH[SUHVVLQJ�VWUDLQ��$OPHLGD�HW�DO���������

,Q� FRQWUDVW�� LW� KDV� EHHQ� UHSRUWHG� WKDW� DFHWLF� DFLG�
LV� SURGXFHG� E\� WKH� R[LGDWLRQ� RI� DFHWDOGHK\GH� E\�
XVLQJ�PDLQO\�1$'3+�DQG�SDUWLDOO\�1$'+�DV�FRIDF-
WRUV��6DLQW�3UL[�HW�DO��������:DQJ�HW�DO���������7KH�
LQFUHDVH� LQ� DFHWLF� DFLG� LQ� JO\FRODOGHK\GH�WUHDWHG�
FHOOV�FDQ�EH�H[SODLQHG�E\�WKH�DFFXPXODWHG�DFHWDOGH-

K\GH�EHFDXVH�RI�WKH�FRPSHWLWLRQ�EHWZHHQ�DFHWDOGH-
K\GH�DQG�JO\FRDOGHK\GH�IRU�$GK�S�DQG�1$'+��7KH�
LQFUHDVH�RI�DFHWLF�DFLG�LQ�WKH�JO\FRODOGHK\GH�WUHDWHG�
ADH1�RYHUH[SUHVVLQJ�VWUDLQ�FDQ�EH�H[SODLQHG�E\�WKH�
LQFUHDVH�LQ�1$'+�EHFDXVH�RI�WKH�LQFUHDVHG�UHDFWLRQ�
RI�$GK�S�FDWDO\]HG�UHGXFWLRQ�RI�DFHWDOGHK\GH�DQG�
JO\FRODOGHK\GH�FRXSOHG�ZLWK�R[LGDWLRQ�RI�1$'+��
7KLV�K\SRWKHVLV�LV�IXUWKHU�VXSSRUWHG�E\�VHYHUDO�RWKHU�
UHSRUWV�ZKLFK�REVHUYHG� DQ� LQFUHDVH�RI� DFHWLF� DFLG�
LQ� FHOOV� RYHUH[SUHVVLQJ�+

2
2�IRUPLQJ�1$'+�R[L-

GDVH��+HX[�HW�DO��������RU�1$'+�GHSHQGHQW�GPD1 

�5HPL]H�HW�DO��������0LFKQLFN�HW�DO���������

Conclusions
,Q�SUHFHGLQJ�UHVHDUFK�RQ�WKH�HWKDQRO�IHUPHQWDWLRQ�RI�
FHOOXORVH�DQG�KHPLFHOOXORVH�DIWHU�D�KRW�FRPSUHVVHG�
ZDWHU�WUHDWPHQW��RQO\���+0)�DQG�IXUIXUDO�KDYH�EHHQ�
IRFXVHG�XSRQ�DV�IHUPHQWDWLRQ�LQKLELWRUV��*O\FRODOGH-
K\GH�ZDV�QRW�FRQVLGHUHG�LQ�WKHVH�VWXGLHV��DOWKRXJK�
LW�ZDV�JHQHUDWHG� LQ� WKH� K\GURO\VDWH� DQG� H[KLELWHG�
LQKLELWRU\�HIIHFWV��+RZHYHU��WKH�UHFHQW�¿QGLQJV�DUH�
KLJKOLJKWHG� WKH� JO\FRODOGHK\GH� DV� WKH� NH\� WR[LF�
FRPSRXQG� LQ� ELRHWKDQRO� IHUPHQWDWLRQ��7KHUHIRUH��
WKH� WR[LFLW\� RI� JO\FRODOGHK\GH� DQG� LWV� GHWR[L¿FD-

WLRQ�PHFKDQLVP� LV� KLJKO\� HQFRXUDJHG� WKH� IXUWKHU�
UHVHDUFKHV� LQ� WKLV� ILHOG�� )XUWKHUPRUH�� WKH� QRYHO�
VWUDWHJ\�RI�UHGXFLQJ�JO\FRODOGHK\GH�WR�HWK\OHQH�JO\-

FRO�SURSRVHG� LQ� WKLV� VWXG\� LV� D�SURPLVLQJ� VWUDWHJ\�
WR� GHFUHDVH� WKH� WR[LFLW\� RI� KRW�FRPSUHVVHG�ZDWHU�
WUHDWHG�FHOOXORVH�K\GURO\VDWH��7KLV�QRYHO� LQIRUPD-
WLRQ�ZLOO�EH�FHUWDLQO\�YDOXDEOH�WR�GHYHORS�ELRFDWDO\VW�
IRU�VXVWDLQDEOH�FHOOXORVLF�HWKDQRO�SURGXFWLRQ�V\VWHP�
ZLWK�KRW��FRPSUHVVHG�ZDWHU� WUHDWPHQW� WR�FDWHU� WKH�
IXWXUH�ELRIXHO�GHPDQG�LQ�$VLD��
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