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Potential Roles of the Gut-Brain Axis in the Cognitive Evolution of Primates

Yumiko Yamazaki and Atsushi Iriki
/DERUDWRU\�IRU�6\PEROLF�&RJQLWLYH�'HYHORSPHQW��5,.(1�%'5

\XPLNR�\DPD]DNL#ULNHQ�MS

7KH�JDVWURLQWHVWLQDO�WUDFW�KDV�EHHQ�SURYHG�WR�LQÀXHQFH�EHKDYLRU�WKURXJK�WKH�LQWHUDFWLRQV�ZLWK�WKH�

brain by several pathways including symbiotic microbiota. Animals forage on prey using their cognitive 

and motor skills, and the gastrointestinal tract subsequently engages in nutritional intake together with 

the residential microbiota. The maintenance of adequate nutritional conditions enables the learning of 

QHZ�VNLOOV�DQG�WKH�DFTXLVLWLRQ�RI�FRJQLWLYH�DELOLWLHV�IRU�IXUWKHU�DGDSWDWLRQ�WR�GLৼHUHQW�HQYLURQPHQWV��7KH�

relationship among the brain, gut, and microbiota, the so-called “brain-gut axis”, formed during the 

evolution of each species. Using nonhuman primate species as models, we are analyzing the relationships 

EHWZHHQ�XQLTXH�IRUDJLQJ�EHKDYLRU�DQG�JXW�PLFURELRWD��ERWK�RI�ZKLFK�DGDSWHG�WR�WKH�VSHFL¿F�HQYLURQPHQWDO�

conditions of their habitats. By doing so, the historical steps of human civilization can be viewed from new 

perspectives involving behavioral acquisition through interaction between the gut and the brain.

6H�KD�GHPRVWUDGR�TXH�HO�WUDFWR�JDVWURLQWHVWLQDO�LQÀX\H�HQ�HO�FRPSRUWDPLHQWR�PHGLDQWH�ODV�LQWHUDFFLRQHV�

con el cerebro a través de varias vías, incluyendo la microbiota simbiótica.  Los animales se alimentan de 

sus presas utilizando sus habilidades cognitivas y motoras. Posteriormente el tracto gastrointestinal se 

encarga de la absorción nutricional junto con la microbiota residente en el organismo.  El mantenimiento 

de unas condiciones nutricionales adecuadas permite el aprendizaje de nuevas habilidades y la adquisición 

de habilidades cognitivas para una mayor adaptación a diferentes entornos.  La relación entre el cerebro, 

intestino y la microbiota, el llamado “eje cerebro-intestino”, se formó durante la evolución de cada 

especie.  Usando especies de primates no humanos como modelos, analizamos las relaciones entre el 

comportamiento de alimentación único y la microbiota intestinal, ambos adaptados a las condiciones 

DPELHQWDOHV�HVSHFt¿FDV�GH�VXV�KiELWDWV���$O�KDFHUOR��ORV�SDVRV�KLVWyULFRV�GH�OD�FLYLOL]DFLyQ�KXPDQD�VH�

pueden ver desde nuevas perspectivas que involucran la adquisición del comportamiento a través de la 

interacción entre el intestino y el cerebro.
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The Gut-Brain Axis Regulates Behavior

7KH�EUDLQ� LV�REYLRXVO\� WKH� ORFXV�RI� DGDSWLYH�DQG�

H൵HFWLYH�EHKDYLRU��5HFHQW�¿QGLQJV��KRZHYHU��VKRZ�WKDW�

RXU�EHKDYLRU� LV� LQÀXHQFHG�E\�RWKHU�RUJDQV� WKDW�ZHUH�

QRW�SUHYLRXVO\�WKRXJKW�WR�EH�LQYROYHG�LQ�EUDLQ�IXQFWLRQ�

�H�J���'XP�HW�DO���������������/HYLQWKDO�	�6WULFN���������

$PRQJ�WKH�RUJDQV��WKH�JXW�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�IRU�

digesting food items and absorbing nutrients necessary for 

PDLQWHQDQFH�RI�WKH�KRVW�ERG\��LQFOXGLQJ�WKH�EUDLQ��,Q�WKH�

JXW��ZH�KDYH�PLFUREHV�WKDW�FRORQL]H�XV�VRRQ�DIWHU�ELUWK�DQG�

SOD\�DQ�LPSRUWDQW�UROH�LQ�QXWULWLRQDO�LQWDNH�

,Q�DGGLWLRQ�WR�WKHVH�IXQFWLRQV��WKH�JXW�DQG�FRKDELWLQJ�

³PLFURELRWD´��D�FRQFHSW�IRU�WKH�FRPPXQLW\�RI�PLFUREHV�DV�

D�ZKROH��KDYH�SDWKZD\V�WR�FRPPXQLFDWH�ZLWK�WKH�EUDLQ�LQ�

VHYHUDO�PDQQHUV��ERWK�GLUHFWO\�DQG�LQGLUHFWO\��&ROOLQV�HW�

DO����������)RU�H[DPSOH��WKH�YDJXV�QHUYH�KDV�EHHQ�NQRZQ�

WR�FRPPXQLFDWH�ZLWK�WKH�EUDLQ��%RQD]�HW�DO����������DQG�D�

UHFHQW�VWXG\�GHVFULEHG�QRYHO�HQWHURHQGRFULQH�FHOOV�LQ�WKH�

VPDOO�LQWHVWLQH�UDSLGO\�VLJQDOLQJ�VHQVRU\�VWLPXOL�WR�WKH�EUDLQ�

VWHP��.DHOEHUHU�HW�DO����������2UDO�LQWDNH�RI�D�VSHFLHV�RI�

bacteria, Lactobacillus reuteri��LPSURYHG�WKH�PLFURELRWD�

FRPSRVLWLRQ�DQG� VRFLDO�EHKDYLRU�RI�PLFH�SUHYLRXVO\�

VKRZLQJ�G\VELRVLV��%X൶QJWRQ�HW�DO����������DQG�LW�KDG�

VLPLODU�SRVLWLYH�H൵HFWV�RQ�V\PSWRPV�RI�D�PRXVH�PRGHO�RI�

DXWLVWLF�VSHFWUXP�GLVRUGHU�WKURXJK�VWLPXODWLRQ�RI�WKH�YDJXV�

QHUYH�E\�WKH�EDFWHULD��LQGXFLQJ�DQ�LQFUHDVH�LQ�R[\WRFLQ�

OHYHOV�DQG�PRGXODWLRQ�RI�WKH�UHZDUG�V\VWHP��6JULWWD�HW�

DO����������&RPSDUHG�WR�WKH�VSHFL¿F�SDWKRJHQ�IUHH��63)��

SRSXODWLRQ��JHUP�IUHH�PLFH�VKRZHG�DOWHUHG�SHUIRUPDQFH��

VXFK�DV�DQ�H[DJJHUDWHG�KLSSRFDPSDO�SLWXLWDU\�DGUHQDO�

�+3$��UHVSRQVH�WR�PLOG�VWUHVV��6XGR�HW�DO����������LQFUHDVHG�

PRWRU�DFWLYLW\��DQG�UHGXFHG�DQ[LHW\��'LD]�+HLMW]�HW�DO���

�������DOO�RI�ZKLFK�ZHUH�UHYHUVHG�DIWHU�FRORQL]DWLRQ�RI�

PLFUREHV�LQ�WKH�JXW�

$OWKRXJK�PDQ\�RI�WKH�VWXGLHV�OLVWHG�DERYH�ZHUH�RI�

URGHQW�PRGHOV��LQWHUDFWLRQV�EHWZHHQ�WKH�EUDLQ�DQG�JXW�LQ�

YDULRXV�DVSHFWV��WKH�VR�FDOOHG�JXW�EUDLQ�D[LV��LV�H[SHFWHG�WR�

DOVR�EH�LPSRUWDQW�IRU�SULPDWH�VSHFLHV�WR�GHYHORS�YDULRXV�

EHKDYLRUV�UHTXLULQJ�PRWRU��FRJQLWLYH��HPRWLRQDO��DQG�

VHQVRU\�IXQFWLRQV��$PRQJ�WKHVH�VHWV�RI�EHKDYLRUV��IRUDJLQJ�

ZRXOG�EH�D�JRRG�H[DPSOH�WR�LQYHVWLJDWH�WKH�JXW�EUDLQ�D[LV�

EHFDXVH�VXFFHVVIXO�IRUDJLQJ�HQDEOHV�LQGLYLGXDOV�WR�WDNH�

LQ�QXWULHQWV�QHFHVVDU\�IRU�PDLQWHQDQFH�RI�WKH�KRVW�ERG\��

UHVXOWLQJ�LQ�QRUPDO�GHYHORSPHQW�RI�EUDLQ�IXQFWLRQV�DV�D�

VSHFLHV�

)RUDJLQJ�EHKDYLRU� LQ� HDFK� VSHFLHV� VKRZV�XQLTXH�

FKDUDFWHULVWLFV� WKDW� KDYH� EHHQ� GHYHORSHG� WKURXJK�

LQWHUDFWLRQV�EHWZHHQ�RUJDQLVPV�DQG�WKH�HQYLURQPHQW�RYHU�

D�ORQJ�SHULRG�RI�WLPH��%HFDXVH�HQYLURQPHQWDO�FRQGLWLRQV�

DUH�TXLWH�YDULDEOH��DFTXLUHG�IRUDJLQJ�EHKDYLRU�PXVW�EH�

DGMXVWHG�DQG�PRGL¿HG��7R�FKDQJH�EHKDYLRU�LQ�DQ�DGDSWLYH�

PDQQHU��RQH�PXVW�KDYH�H[FHOOHQW����VHQVRU\�RUJDQV�WR�

SURFHVV�WKH�HQYLURQPHQWDO�FRQGLWLRQV�����PRWRU�RUJDQV�WR�

H[HFXWH�UHVSRQVHV�WR�REWDLQ�IRRG�LWHPV�����VHQVRULPRWRU�

DELOLW\�WR�FRRUGLQDWH�WKHVH�RUJDQV��DQG����FRJQLWLYH�DELOLW\�

WR�UHPHPEHU�WKH�UHVXOWV�RI�WKH�H[HFXWHG�EHKDYLRU�DQG�WR�

LQWHJUDWH�DOO�LQIRUPDWLRQ�WKURXJKRXW�WKH�FRXUVH�RI�WKH�

LQWHUDFWLRQV�

6SHFLHV�PHHWLQJ�WKHVH�FRQGLWLRQV�PD\�KDYH�EHHQ�DEOH�

WR�VXUYLYH�LQ�WKHLU�HFRORJLFDO�QLFKHV�RYHU�WKH�FRXUVH�RI�WKHLU�

HYROXWLRQ��,Q�WXUQ��HQYLURQPHQWDO�PLFURELRWD�KHOSHG�WKHP�

GHYHORS�WKHLU�RZQ�PLFUREH�FRPPXQLWLHV�LQ�DQG�RQ�WKHLU�

ERGLHV��7KHVH�FDQ�EH�WUDQVIHUUHG�DFURVV�JHQHUDWLRQV�WKURXJK�

VRFLDO�WUDQVPLVVLRQ�E\�IDPLOLHV�DQG�VRFLDO�XQLWV��0RHOOHU�

HW�OD���������<DWVXQHQNR�HW�DO����������7KLV�PLFURELRPH�

FRPPXQLW\�LQÀXHQFHV�EUDLQ�GHYHORSPHQW�E\�VXSSO\LQJ�

QHXURWUDQVPLWWHUV�DQG�PHWDEROLWHV��DQG�WKH�GHYHORSHG�EUDLQ�

FDQ�OHDUQ�QHZ�EHKDYLRUV�WR�DGDSW�WR�YDULDEOH�HQYLURQPHQWDO�

FRQGLWLRQV�H൶FLHQWO\��7KXV��IRUDJLQJ�LV�RQH�RI�WKH�NH\�

EHKDYLRUDO�VHWV�WKDW�FDQ�PHGLDWH�WKH�ERG\��WKH�EUDLQ�DQG�LWV�

IXQFWLRQV��DQG�WKH�HQYLURQPHQW�RI�HDFK�RUJDQLVP��)LJXUH�

������
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Figure 11.1. 

Foraging is the Key Behavior at the Interface between the Host and the Environment.

Note. 2Q�WKH�RQH�KDQG��LQVLGH�WKH�KRVW�ERG\��WKH�JXW�LV�UHVSRQVLEOH�IRU�EUDLQ�GHYHORSPHQW�WKURXJK�QXWULWLRQDO�LQWDNH�DQG�WKH�UHFHSWLRQ�

RI�YDULRXV�VLJQDOV�IURP�FHOOV�DQG�PLFURELRWD��7KH�GHYHORSHG�EUDLQ�HQDEOHV�WKH�KRVW�WR�H[KLELW�FRJQLWLYH��VHQVRU\��PRWRU��DQG�HPRWLRQDO�

IXQFWLRQV��DOORZLQJ�IRU�HQKDQFHG�IRUDJLQJ�EHKDYLRU�WR�EH�DFTXLUHG��0HDQZKLOH��IRRG�LWHPV�HDWHQ�E\�WKH�KRVW�FRQWDLQ�PLFUREHV�WKDW�

DUH�LQWHJUDWHG�LQWR�WKH�JDVWURLQWHVWLQDO�PLFURELRWD�RI�WKH�KRVW��7KURXJK�WKH�DFTXLUHG�DELOLW\�RI�IRUDJLQJ��WKH�KRVW�FDQ�WDNH�LQ�QRYHO�

IRRG�LWHPV��DQG�QRYHO�PLFUREHV�FRQWDLQHG�ZLWKLQ�DUH�WUDQVIHUUHG�WR�WKH�KRVW¶V�JXW�DQG�EHFRPH�FRPPHQVDO��ZKLFK�LQ�WXUQ�VXSSRUWV�

DGGLWLRQDO�EUDLQ�IXQFWLRQ�WR�EH�H[KLELWHG�

7R� DGGUHVV� WKH� TXHVWLRQ� RI� KRZ� EHKDYLRUDO�

FKDUDFWHULVWLFV� UHODWHG� WR�IRUDJLQJ�FXVWRPV�XQLTXH� WR�

HDFK�VSHFLHV�KDYH�EHHQ�IRUPHG�ZLWK�WKH�KHOS�RI�WKH�JXW�

PLFURELRPH��ZH�IRFXV�RQ�WZR�SULPDWH�VSHFLHV��FRPPRQ�

PDUPRVHWV�RULJLQDOO\�IURP�%UD]LO�DQG�ORQJ�WDLOHG�PDFDTXHV�

OLYLQJ�LQ�7KDLODQG�

Impact of Food Intake on the Gut Microbiome in 

Marmosets

&RPPRQ�PDUPRVHWV�DUH�D�VSHFLHV�RI�1HZ�:RUOG�

PRQNH\�DQG�KDYH�EHHQ�ZLGHO\�XVHG�LQ�YDULRXV�¿HOGV�RI�

ELRORJ\�DQG�PHGLFDO�VFLHQFHV�IRU�GHFDGHV�E\�EUHHGLQJ�WKHP�

LQ�FDSWLYLW\��¶W�+DUW�HW�DO����������7KHUH�DUH�PDQ\�W\SHV�RI�

FRPSOHWH�IRRGV�FRPPHUFLDOO\�DYDLODEOH�IRU�PDUPRVHWV��EXW�

DGGLWLRQDO�IRRG�LWHPV�DUH�KLJKO\�UHFRPPHQGHG�LQ�RUGHU�WR�

VXSSOHPHQW�YLWDPLQV�DQG�PLQHUDOV�DQG�VWLPXODWH�DSSHWLWH�

�H�J���%DLUUmR�5XLYR��������1DWLRQDO�5HVHDUFK�&RXQFLO��

������5HQVLQJ�	�2HUNH���������:KLOH�FDSWLYH�PDUPRVHWV�

DFFHSW�PRVW�IRRG�LWHPV��LQFOXGLQJ�IUXLWV��YHJHWDEOHV��PLON�

products, and produce, control of balanced food intake for 

FDSWLYH�PDUPRVHWV�LV�HVVHQWLDO�QRW�RQO\�IRU�PDLQWDLQLQJ�

WKHLU�ERGLO\�KHDOWK�FRQGLWLRQ��EXW�DOVR�IRU�IXOO�H[SUHVVLRQ�

of brain function, including perception, motor control, and 

FRJQLWLRQ��,W�LV�QHFHVVDU\�WR�WKLQN�DERXW�IRRG�UHVRXUFHV�

IRU�PDUPRVHWV�REWDLQHG�LQ�ZLOG�KDELWDWV�EHFDXVH�WKH\�

PXVW� KDYH� GHYHORSHG� DQDWRPLFDO� DQG� SK\VLRORJLFDO�

FKDUDFWHULVWLFV�IRU�GLJHVWLQJ�WKRVH�IRRG�LWHPV�RYHU�WKH�

FRXUVH�RI�WKHLU�HYROXWLRQ�

7KH�KDELWDW�RI�ZLOG�PDUPRVHWV�LV�LQ�WKH�QRUWKHDVWHUQ�

SDUW�RI�%UD]LO��VSUHDGLQJ�LQWR�DUHDV�ZKHUH�IRRG�UHVRXUFHV�

DUH�QRW�DEXQGDQW��HVSHFLDOO\�LQ�WKH�GU\�VHDVRQ��$UUXGD�HW�DO���

�������7KH\�DUH�RPQLYRURXV�DQG�HDW�IUXLWV��LQVHFWV��VPDOO�

UHSWLOHV��HJJV��HWF���5\ODQGV�	�GH�)DULD��������6WHYHQVRQ�

	�5\ODQGV���������$V�D�VSHFLHV�RI�WKH�JHQXV�&DOOLWKUL[��

FRPPRQ�PDUPRVHWV�DUH�GLVWLQFW�LQ�WKDW�WKH\�DUH�KLJKO\�

H[XGDWLYRURXV��UHO\LQJ�KHDYLO\�RQ�JXP�RU�WUHH�H[XGDWHV��
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ZKLFK�DUH�UHODWLYHO\�VWDEOH�IRRG�UHVRXUFHV�WKURXJKRXW�WKH�

\HDU��)HUUDUL���������7KH\�KDYH�DQDWRPLFDO�FKDUDFWHULVWLFV�

DGDSWHG�DV�JXPPLYRUHV��VXFK�DV�GHQWLWLRQ�IRU�WUHH�JRXJLQJ�

�5HVLQJ�HW�DO���������DQG�ODUJH�LQWHVWLQHV�IRU�IHUPHQWDWLRQ�

RI�JXP�E\�FRPPHQVDO�PLFUREHV��)HUUDUL�HW�DO��������IRU�

VLPLODU�FKDUDFWHULVWLFV�LQ�D�VSHFLHV�RI�JHQXV�&DOOLWKUL[���

Insects are important protein resources, accounting for 

��±����RI�WKHLU�GLHW��1DWLRQDO�5HVHDUFK�&RXQFLO���������

7KH\�HDW�YDULRXV�LQVHFWV��VXFK�DV�JUDVVKRSSHUV��FULFNHWV��

FLFDGDV��DQG�FRFNURDFKHV��6WHYHQVRQ�	�5\ODQGV��������

Role of Intestinal Microbes in Common Marmosets

+RZ�GRHV� WKH�PLFURELRPH� LQWHUDFW�ZLWK� WKH�KRVW�

ERG\�V\VWHP�LQ�FRPPRQ�PDUPRVHWV"�/HZLV�HW�DO���������

H[DPLQHG�WKH�PLFURELRWD�RI�LQGLYLGXDOV�ZLWK�D�GLVHDVH�WKDW�

ZDV�XQLTXH�WR�FDSWLYH�PDUPRVHWV�NQRZQ�DV�³PDUPRVHW�

ZDVWLQJ� V\QGURPH´� �0:6�� RU� ³ZDVWLQJ� PDUPRVHW�

V\QGURPH´��:06���0:6�KDV�EHHQ�D�ZHOO�NQRZQ�KHDOWK�

SUREOHP� HQGHPLF� WR� FDSWLYH�PDUPRVHW� FRORQLHV� IRU�

VHYHUDO�GHFDGHV��&DEDQD�HW�DO���������6KLPZHOO�HW�DO���

������7XFNHU���������7KH�V\QGURPH�LV�TXLWH�SUREOHPDWLF�

EHFDXVH�D�VSHFL¿F�FDXVH�KDV�QRW�\HW�EHHQ�GHWHUPLQHG��

EXW�D൵HFWHG�DQLPDOV�VKRZ�YDULRXV�V\PSWRPV��VXFK�DV�

GLDUUKRHD��DQRUH[LD��DQG�DQHPLD��ZKLFK�FDQ�EHFRPH�IDWDO�

�&KDOPHUV�HW�DO���������-XDQ�6DOOHV�HW�DO����������2I�WKH�

VHYHUDO�VXJJHVWHG�FDXVHV�IRU�WKH�V\QGURPH��PDOQXWULWLRQ�

PLJKW�EH�RQH�RI�WKH�LPSRUWDQW�IDFWRUV��&DEDQD�HW�DO���������

6KLPZHOO��������/HZLV��������FRPSDUHG�WKH�PLFURELRWD�RI�

IHFDO�VDPSOHV�IURP�LQGLYLGXDOV�ZLWK�DQG�ZLWKRXW�0:6�DQG�

UHYHDOHG�GL൵HUHQFHV�LQ�WKH�DEXQGDQFH�RI�RQO\�DQDHURELF��

QRW�DHURELF��EDFWHULD��6KLJHQR�HW�DO���������UHSRUWHG�WKDW�WKH�

JURXS�ZLWK�D�KLJKHU�UDWH�RI�FKURQLF�GLDUUKRHD�KDG�D�ORZHU�

SURSRUWLRQ�RI�%L¿GREDFWHULXP�WKDQ�WKH�RWKHU�JURXS��EXW�

WKHUH�ZDV�QR�VLJQL¿FDQW�GL൵HUHQFH�EHWZHHQ�WKH�JURXSV�LQ�

WHUPV�RI�PLFURELRWD�GLYHUVLW\��7KHVH�VWXGLHV�FOHDUO\�LQGLFDWH�

WKDW�FDSWLYH�PDUPRVHWV�ZLWK�GLVHDVHV�ZRXOG�KDYH�GL൵HUHQW�

PLFURELRWD�FRPSRVLWLRQV�IURP�WKRVH�ZLWKRXW�GLVHDVHV�

'LVWULEXWLRQ�RI�0LFURELRWD�&RQVLGHUDEO\�$൵HFWV�WKH�

Bodily State of Common Marmosets

2XU�FDVH�VWXG\��<DPD]DNL�HW�DO���������FOHDUO\�VKRZHG�

VWULNLQJ�FKDQJHV�LQ�WKH�FRPSRVLWLRQ�RI�PLFURELRWD�RQ�

WKH�ZKROH�ERG\��:H�KDG�D�PDOH�FRPPRQ�PDUPRVHW�ZKR�

H[SHULHQFHG�FKURQLF�GLDUUKRHD�DIWHU�DQWLELRWLF�WUHDWPHQWV��

H[SHULHQFLQJ� VHYHUH�ZHLJKW� ORVV� GHVSLWH� KLV� QRUPDO�

DSSHWLWH��:H�IRXQG�WKDW�WKH�DQWLJHQ�RI�Clostridioides (C.) 

GL৽FLOH�DQG�LWV�WR[LQ�ZHUH�SRVLWLYH��EXW�FRXOG�QRW�FRQ¿UP�

WKH�SUHVHQFH�RI�SURWR]RD�DQG�JDVWURLQWHVWLQDO�SDUDVLWHV�IURP�

KLV�IHFDO�VDPSOHV��:H�¿UVW�DGPLQLVWHUHG�PHWURQLGD]ROH�

RUDOO\�EHFDXVH�LW�LV�WKH�¿UVW�FKRLFH�DQWLELRWLF�IRU�&��GL৽FLOH�

LQIHFWLRQV�LQ�ERWK�KXPDQV�DQG�VPDOO�DQLPDOV��-RKQVRQ�

'HODQH\���������$OWKRXJK�WKH�PHGLFLQH�ZDV�H൵HFWLYH�LQ�

VXSSUHVVLQJ�WKH�V\PSWRPV�RI�GLDUUKRHD�WR�VRPH�GHJUHH�

WKH�¿UVW�WLPH��LW�ZDV�QR�ORQJHU�H൵HFWLYH�ZKHQ�KH�VKRZHG�

UHFXUUHQFH� RI� WKH� V\PSWRPV�� 7KHQ�� ZH� GHFLGHG� WR�

DGPLQLVWHU�DQ�RUDO�IHFDO�PLFURELRWD�WUDQVSODQWDWLRQ��)07��

E\�IHHGLQJ�KLP�IUHVK�IHFHV�IURP�KHDOWK\�LQGLYLGXDOV�RI�

WKH�FRORQ\�PL[HG�ZLWK�WKH�PDUPRVHW�FRPSOHWH�IRRG�WKDW�

KH�XVHG�WR�HDW��)07�ZDV�FKRVHQ�EHFDXVH�LW�LV�DQ�HPHUJHQW�

WUHDWPHQW�IRU�GLDUUKRHD�FDXVHG�E\�YDULRXV�DJHQWV��H�J���

YDQ�1RRG�HW�DO���������DQG�D�VWXG\�UHSRUWHG�LPPHGLDWH��

VXFFHVVIXO�UHFRYHU\�IURP�UHFXUUHQW�&��GL৽FLOH infectious 

GLVHDVH��.DKQ�HW�DO����������$�IHZ�GD\V�RI�WUHDWPHQW�KDG�D�

FOHDU�H൵HFW�RQ�WKH�V\PSWRPV�RI�VHYHUH�GLDUUKRHD��DQG�WKH�

test for &��GL৽FLOH�EHFDPH�QHJDWLYH�IRU�ERWK�WR[LQV�DQG�

DQWLJHQV��7KH�V\PSWRPV�QHYHU�UHFXUUHG�DJDLQ�DIWHU�WKH�

WUHDWPHQW�DQG�KH�UHJDLQHG�ZHLJKW�WR�WKH�OHYHO�EHIRUH�WKH�

GLVHDVH��7R�RXU�VXUSULVH��DIWHU�WKH�WUHDWPHQW��WKH�PDUPRVHW�

DOVR�UHFRYHUHG�IURP�VLQXVLWLV�DQG�ELODWHUDO�GDFU\RF\VWLWLV��

ZKLFK�ZHUH�FRQFXUUHQWO\�HYLGHQW�ZLWK�WKH�VHYHUH�GLDUUKRHD��

7KHVH�FRQGLWLRQV�DOVR�GLG�QRW�UHFXU��7KH�LPSOLFDWLRQ�RI�

WKH�HYLGHQFH�LV�WKDW�G\VELRVLV�RI�PLFURELRWD�LQ�LQWHVWLQDO��
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Figure 11.2.  

5HVXOWV�RI�6HYHUDO�7UHDWPHQWV�IRU�&KURQLF�'LDUUKRHD�&DXVHG�E\�&��GL৽FLOH�,QIHFWLRQ�LQ�D�&DSWLYH�0DUPRVHW�

Note. 7KH�³�´�RQ�WKH�KRUL]RQWDO�D[LV�LQGLFDWHV�WKH�¿UVW�GD\�RI�WKH�¿UVW�WUHDWPHQW�XVLQJ�PHWURQLGD]ROH��ZKLFK�LV�WKH�¿UVW�OLQH�GUXJ�

IRU�WKH�GLVHDVH��7KH�IHFHV�ZDV�GLYLGHG�LQWR�IRXU�FDWHJRULHV�EDVHG�RQ�WKH�DSSHDUDQFH²QRUPDO��ORRVH��GLDUUKRHD��DQG�ZDWHU\²DV�

UHSUHVHQWHG�LQ�WKH�SLFWXUHV�QH[W�WR�WKH�YHUWLFDO�D[LV��6KDGHG�YHUWLFDO�OLQHV�VKRZ�WKH�WZR�SHULRGV�RI�PHWURQLGD]ROH�WUHDWPHQW�DQG�WKH�

IHFDO�PLFURELRWD�WUDQVSODQWDWLRQ��7KH�QXPEHUV�QH[W�WR�WKH�QDPHV�RI�WKH�WUHDWPHQWV�LQGLFDWH�WKH�SHULRG�LQ�GD\V��$GDSWHG�IURP<DPD]DNL�

HW�DO���������ZLWK�SHUPLVVLRQ�

WUDFWV²DW\SLFDO�LQFUHDVH�LQ�&��GL৽FLOH�ZLWK�WR[LQ�UHODWHG�WR�

SUHFHGLQJ�DQWLELRWLF�WUHDWPHQW²LQGXFHG�VHYHUH�V\PSWRPV�

TXLWH�VLPLODU�WR�WKRVH�RI�KXPDQ�SDWLHQWV�DQG�WKH�PDUPRVHW�

UHFRYHUHG�RQO\� WKURXJK� WUHDWPHQW�DLPHG�DW� LQGXFLQJ�

V\PELRVLV�RI� WKH� LQWHVWLQDO�HQYLURQPHQW��QRW� WKURXJK�

DQWLELRWLF�WUHDWPHQW��5HFRYHU\�IURP�VLQXVLWLV�DV�D�E\SURGXFW�

RI�WKH�WUHDWPHQW�VXJJHVWV�WKDW�V\PELRVLV�RI�PLFURELRWD�LQ�

WKH�JXW�RI�PDUPRVHWV�KDV�D�WUHPHQGRXV�UROH�LQ�LPPXQLW\�

UHJXODWLQJ�WKH�ZKROH�ERG\��)LJXUH������

Characterizing Microbiota of Captive Marmosets

7KH�PLFURELRWD�RI�FDSWLYH�PDUPRVHWV�GL൵HUV�LQ�HDFK�

IDFLOLW\��DV�WKH\�DUH�LQÀXHQFHG�E\�EUHHGLQJ�FRQGLWLRQV�

DQG�IRRG�UHJLPHQV��$V�D�UHVXOW��ZH�WULHG�WR�GHWHUPLQH�WKH�

FKDUDFWHULVWLFV�XQLTXH�WR�RXU�RZQ�FRORQ\��:H�FRQGXFWHG�

��6� U51$� VHTXHQFLQJ� RQ� IHFDO� VDPSOHV� WR� DQDO\]H�

SRVVLEOH� IDFWRUV� DIIHFWLQJ� WKH� VLPLODULW\�RI� LQWHVWLQDO�

PLFUREHV� RI� HDFK� LQGLYLGXDO�� )LJXUH� ����� VKRZV� WKH�

SULQFLSDO�FRRUGLQDWHV�DQDO\VLV�XVLQJ�WKH�%UD\�&XUWLV�LQGH[��

%HFDXVH�PLFUREHV�DUH�YHUWLFDOO\�WUDQVPLWWHG�IURP�PRWKHU�

WR�R൵VSULQJ��VRPH�LQGLYLGXDOV�ZHUH�FORVHO\�ORFDWHG�LQ�WKH�

JUDSK��DV�JURXSHG�E\�EOXH�FLUFOHV��$GGLWLRQDOO\��SDLUV�KDG�

VLPLODU�PLFUREH�GLVWULEXWLRQV��DV�VKRZQ�E\�\HOORZ�FLUFOHV��

7KHVH�REVHUYDWLRQV�DUH�LQ�DFFRUGDQFH�ZLWK�REVHUYDWLRQV�

LQ�RWKHU�SULPDWH�VSHFLHV�ZKHUH�VRFLDO�XQLWV�DQG�VRFLDELOLW\�

GHWHUPLQHG�PLFURELRWD�VLPLODULW\��KXPDQV��<DWVXQHQNR�HW�

DO���������FKLPSDQ]HHV��0RHOOHU�HW�DO����������0RUHRYHU��

ZH�IRXQG�WKDW�LQGLYLGXDOV�VKRZLQJ�FKURQLF�JDVWURLQWHVWLQDO�

SUREOHPV��VXFK�DV�YRPLWLQJ�DQG�ERZHO�GLVWHQVLRQ��ZHUH�

DOVR�FORVHO\�GLVWULEXWHG��DV�JURXSHG�E\�WKH�UHG�FLUFOH��7KXV��

RWKHU�WKDQ�YHUWLFDO�WUDQVPLVVLRQ�IURP�PRWKHUV��VHYHUDO�

DFTXLUHG�IDFWRUV��VXFK�DV�FRKDELWDWLRQ�DQG�JDVWURLQWHVWLQDO�

GLVHDVHV��FRXOG�PRGLI\�PLFURELRWD�LQ�FDSWLYH�FRPPRQ�

PDUPRVHWV�
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Figure 11.3.  

Individual Distribution of Microbiota Similarity in our Colony Using the Bray-Curtis Index.

Note. %OXH�FLUFOHV�LQGLFDWH�LQGLYLGXDOV�ZLWK�NLQVKLS�WLHV��<HOORZ�FLUFOHV�LQGLFDWH�SDLUV�RI�LQGLYLGXDOV��,QGLYLGXDOV�LQ�WKH�UHG�FLUFOH�

VKDUH�JDVWURLQWHVWLQDO�SUREOHPV��VXFK�DV�YRPLWLQJ�DQG�ERZHO�GLVWHQVLRQ��ZLWK�QR�NLQVKLS�RU�SDLU�UHODWLRQVKLSV�

:H�IRXQG�WKDW�DFTXLUHG�IDFWRUV�LQÀXHQFHG�WKH�PLFURELRWD�

FRPSRVLWLRQ�LQ�FDSWLYH�PDUPRVHWV��$FTXLUHG�IDFWRUV�PXVW�

LQWHUDFW�ZLWK�H[LVWLQJ�PLFUREHV�LQ�WKH�LQWHVWLQDO�WUDFW��7KXV��

WR�FODULI\�WKH�LQWHUDFWLRQ��ZH�IRFXVHG�RQ�WKH�LQVHFW�HDWLQJ�

KDELWV�RI�PDUPRVHWV�LQ�WKH�ZLOG�SRSXODWLRQ��:KLOH�ZLOG�

PDUPRVHWV�HDW�PDQ\�LQVHFWV�HYHU\�GD\��DV�GLVFXVVHG�DERYH��

FDSWLYH�PDUPRVHWV�GR�QRW�QHFHVVDULO\�HDW�LQVHFWV�LQ�WKH�

IDFLOLWLHV��DOWKRXJK�VRPH�JXLGHOLQHV�UHFRPPHQG�SURYLGLQJ�

WKHP�ZLWK�LQVHFWV�WRJHWKHU�ZLWK�FRPSOHWH�FRPPHUFLDO�

IRRG�DQG�SURGXFH��YHJHWDEOHV�DQG�IUXLWV���%DLUUmR�5XLYR��

������1DWLRQDO�5HVHDUFK�&RXQFLO���������$OWKRXJK�LQVHFWV�

VHHP�WR�SOD\�LPSRUWDQW�QXWULWLRQDO�UROHV�LQ�WKHLU�KHDOWK��WKH�

XQLTXH�LPSDFW�RI�LQVHFWV�RQ�WKH�SK\VLRORJLFDO�IXQFWLRQV�

RI�PDUPRVHWV�KDV�QRW�EHHQ�FODUL¿HG��7KXV��ZH�DLPHG�WR�

GHWHUPLQH�WKH�H൵HFW�RI�LQVHFW�IHHGLQJ�RQ�FDSWLYH�PDUPRVHWV�

E\�DQDO\]LQJ�WKH�PLFURELRPH�H[WUDFWHG�IURP�IHFDO�VDPSOHV�

�<DPD]DNL�HW�DO����������

:H�KDG�WZR�JURXSV��*URXS�,QVHFW�)HHGLQJ�DQG�*URXS�

&RQWURO��ZKLFK�GL൵HUHG�LQ�WKH�QXPEHU�RI�LQVHFWV��FULFNHWV�

DQG�PHDOZRUPV��SURYLGHG�LQ�WKH�VHYHQ�GD\�LQWHUYHQWLRQ�

SHULRG��%\�DQDO\]LQJ�PLFUREHV�DQG�WUDQVFULSWV�WDNHQ�IURP�

IHFHV�VDPSOHG�EHIRUH��GXULQJ��DQG�DIWHU�WKH�LQWHUYHQWLRQ�
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XVLQJ�WKH�WRWDO�51$�VHT�WHFKQLTXH��(OHNZDFKL�HW�DO���

������/L�HW�DO����������ZH�IRXQG�WKDW�WKH�LQWHUYHQWLRQ�PDGH�

GLVWLQFW�FKDQJHV�LQ�WKH�FRPSRVLWLRQ�RI�WKH�PLFURELRPH�LQ�

*URXS�,QVHFW�IHHGLQJ��:H�DOVR�IRXQG�FKDQJHV�LQ�WUDQVFULSWV�

FRLQFLGHQW�ZLWK� WKRVH� LQ�PLFUREHV��2XU� SUHOLPLQDU\�

H[SHULPHQW�VXJJHVWHG�WKDW�IRRG�LWHPV�WKDW�DUH�VLPLODU�WR�

WKRVH�RULJLQDOO\�HDWHQ�LQ�ZLOG�KDELWDWV�FDQ�GUDPDWLFDOO\�

FKDQJH� WKH�FRPSRVLWLRQ�RI�PLFURELRWD��$OWKRXJK� WKH�

IXQFWLRQDO�VLJQL¿FDQFH�RI�WKH�REVHUYHG�FKDQJHV�DIWHU�

LQVHFW�IHHGLQJ�RQ�WKH�ZKROH�ERG\�UHPDLQ�WR�EH�FODUL¿HG��

WKH�UHVXOWV�VXJJHVW�WKDW�LQIRUPDWLRQ�FRQFHUQLQJ�WKH�IHHGLQJ�

HFRORJ\�LQ�ZLOG�KDELWDWV�LV� LPSRUWDQW�WR�PDLQWDLQ�WKH�

KHDOWK�RI�FDSWLYH�PDUPRVHWV�E\�GHYHORSLQJ�IRRG�UHJLPHQV�

DSSURSULDWH�IRU�WKH�PLFURELRWD��%\�XVLQJ�WHFKQLTXHV�IRU�

SUHVHUYLQJ�IHFDO�VDPSOHV�DQG�DQDO\]LQJ�WKH�PLFURELRPH�

DQG�WUDQVFULSWRPH�GHYHORSHG�LQ�WKH�VWXG\��IXWXUH�VWXGLHV�

ZLOO�UHYHDO�UHODWLRQVKLSV�EHWZHHQ�WKH�PLFURELRPH�DQG�

RWKHU�YDULDEOHV��VXFK�DV�SK\VLFDO��ERG\�ZHLJKW��GHQWLWLRQ��

PHDVXUHPHQWV�RI�ERG\�SDUWV��HWF���DQG�EHKDYLRUDO��VRFLDOLW\��

DQ[LHW\��YRFDOL]DWLRQ��HWF���WUDLWV�RI�ZLOG�SRSXODWLRQV�RI�WKH�

common marmoset, and contribute to our understanding 

RI�WKH�HYROXWLRQDU\�KLVWRU\�RI�LQWHUDFWLRQ�EHWZHHQ�KRVW�

DQG�PLFUREHV�

Development of Novel Technology for Foraging Found 

in a Limited Population of Wild Macaques in Thailand

+XPDQV� XVH� GLIIHUHQW� NLQGV� RI� WRROV� IRU� YDULRXV�

SXUSRVHV��VRPH�RI�ZKLFK�QRQKXPDQ�DQLPDOV�KDYH�QHYHU�

XVHG��$VDQR��������<DPD]DNL�HW�DO����������6WRQH�KDPPHUV��

KRZHYHU��DUH�DOVR�XVHG�E\�VRPH�QRQKXPDQ�DQLPDOV��H�J���

+DVODP�HW�DO���������,QRXH�1DNDPXUD�	�0DWVX]DZD��������

0RXUD�	�/HH��������DQG�FDQ�EH�H[DPLQHG�IURP�PXOWLSOH�

SHUVSHFWLYHV��+RZ�WKH�WHFKQRORJ\�HYROYHV��D�YLHZ�IURP�

DQWKURSRORJ\���KRZ�WKH�XQGHUO\LQJ�FRJQLWLYH�DELOLWLHV�

GHYHORS��EHKDYLRUDO�DQG�GHYHORSPHQWDO�SV\FKRORJ\���

KRZ�VHQVRU\�PRWRU�FRQWURO�DQG�EUDLQ�VWUXFWXUHV�FKDQJH�

�QHXURVFLHQFH���KRZ�QHZ�IRRG�UHVRXUFHV�FRQWULEXWH�WR�KRVW�

PHWDEROLF�IXQFWLRQV��SK\VLRORJ\�DQG�PLFURELRORJ\���DQG�

KRZ�SUH\�UHVSRQG�WR�QRYHO�IRUDJLQJ�SUHVVXUHV��HWKRORJ\�

DQG�HYROXWLRQDU\�ELRORJ\��

$QFLHQW�KRPLQLQV�VWDUWHG�XVLQJ�WRROV�UHODWHG�WR�IRUDJLQJ�

DQG�IRRG�SURFHVVLQJ�DSSUR[LPDWHO\�����0<�DJR��+DUPDQG�

HW�DO���������DQG�VWRQH�KDPPHUV�KDYH�EHHQ�IRXQG�IURP�

PDQ\� DUFKDHRORJLFDO� VLWHV�ZRUOGZLGH�� ,Q� QRQKXPDQ�

SULPDWHV��HYLGHQFH�RI�VWRQH�KDPPHUV�LV�VFDWWHUHG�LQ�YDULRXV�

VLWHV�RQ�VHYHUDO�FRQWLQHQWV��)RU�H[DPSOH��FKLPSDQ]HHV��Pan 

troglodytes��OLYLQJ�LQ�*XLQHD�XVH�VWRQH�KDPPHUV�WRJHWKHU�

ZLWK�DQYLOV�WR�DLG�LQ�IRRG�SURFHVVLQJ��,QRXH�1DNDPXUD�	�

0DWVX]DZD���������1XWFUDFNHU�XVH�LQ�EHDUGHG�FDSXFKLQ�

PRQNH\V��Sapajus libidinosus��LV�VSUHDGLQJ�LQ�VHYHUDO�DUHDV�

LQ�%UD]LO��ZKLFK�PLJKW�EH�UHODWHG�WR�WHUUHVWULDO�KDELWV�RI�WKH�

SRSXODWLRQV��UDWKHU�WKDQ�IRRG�VFDUFLW\�LQ�WKH�UHJLRQV��2WWRQL�

	�,]DU��������

6WRQH�WRRO�XVH�LQ�ORQJ�WDLOHG�PDFDTXHV�ZDV�UHSRUWHG�

IRU� WKH� ILUVW� WLPH� RQ� DQ� LVODQG� LQ�7KDLODQG� LQ� �����

�0DODLYLMLWQRQG�HW�DO����������7KH\�XVH�VWRQH�KDPPHUV�

for processing oysters, snails, sea almonds, and palm nuts 

�)DOyWLFR�HW�DO���������*XPHUW�HW�DO���������3UR൶WW�HW�DO���

�������,W�LV�QRWHZRUWK\�WKDW�RQO\�WKH�PRQNH\V�OLYLQJ�RQ�

WKH�LVODQGV�VKRZ�VWRQH�WRRO�XVH��%XQOXQJVXS�HW�DO����������

DOWKRXJK�PRQNH\V�OLYLQJ�LQODQG�FDQ�DFFHVV�WKH�VDPH�IRRG�

LWHPV��7KH�WRRO�XVHUV�SURYHG�WR�KDYH�D�FRPPRQ�JHQHWLF�

RULJLQ��%XQOXQJVXS�HW�DO����������7KHVH�¿QGLQJV�OHDG�WR�

PDQ\�IXUWKHU�TXHVWLRQV��VXFK�DV�ZKR�ZDV�WKH�¿UVW�WR�VWDUW�

XVLQJ�VWRQH�WRROV��ZK\�VWRQH�WRROV�DUH�OLPLWHG�WR�WKH�LVODQGV��

KRZ�WKH�VNLOO�VSUHDG�WR�JURXSV�EH\RQG�WKH�IDPLO\��DQG�VR�RQ�

)URP� WKH� SHUVSHFWLYH� RI� WKH� JXW�EUDLQ� D[LV� LQ� WKH�

HYROXWLRQDU\�KLVWRU\�RI�SULPDWHV��ZH�FDQ�DVVXPH�WKDW�

WKH�VKDUHG�PLFURELRPH�DPRQJ�WKH�SRSXODWLRQV�RQ�WKH�

LVODQGV�KHOSHG�WR�HQKDQFH�WKH�OHDUQLQJ�RI�VWRQH�WRRO�

XVH�ZLWKLQ�JURXSV��0RHOOHU�HW�OD���������<DWVXQHQNR�HW�

DO����������%\�XVLQJ�VWRQH�WRROV�UHSHDWHGO\��PLFUREHV�
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WKDW�KDG�RULJLQDOO\�EHHQ�QRYHO�WR�WKH�PRQNH\V�ZRXOG�

KDYH�WUDQVIHUUHG�IURP�SURFHVVHG�IRRG�LWHPV�DQG�EHFRPH�

FRPPHQVDO�WR�WKHLU�JDVWURLQWHVWLQDO�WUDFWV��7KHVH�PLFUREHV�

FUHDWHG�D�QHZ�HFRV\VWHP�LQ�WKHLU�JXW��UHVXOWLQJ�LQ�VSHFLDO�

LQWHUQDO�IDFWRUV�VXSSRUWLQJ�VXVWDLQHG�OHDUQLQJ�RI�WRRO�XVH��

:KLOH�WKLV�K\SRWKHVLV�LV�VSHFXODWLYH��LW�LV�WHVWDEOH�WKURXJK�

DQDO\VLV�RI�WKH�PLFURELRPH�RI�WRRO�XVHUV��FRPSDULVRQ�

ZLWK�PLFURELRPHV�RI�QRQ�WRRO�XVHUV��DQG�GHWHFWLRQ�RI�

WKH�IXQFWLRQDO�VLJQL¿FDQFH�RI�REVHUYHG�GL൵HUHQFHV�LQ�WKH�

PLFURELRPH�

Conclusion

7KH� QRQKXPDQ� SULPDWH�PRGHOV� GLVFXVVHG� DERYH�

SURYLGH� LGHDV� WR� H[DPLQH� WKH� JXW�EUDLQ� D[LV� DORQJ�

DQ�HYROXWLRQDU\� WLPHOLQH��6SHFLILFDOO\��KRZ�IRUDJLQJ�

VWUDWHJLHV�DQG�WHFKQLTXHV�FRQVWUXFW�XQLTXH�KRVW�ERGLHV�

DQG�PLFURELRPHV��UHVXOWLQJ�LQ�WKH�GHYHORSPHQW�RI�YDULRXV�

NLQGV�RI�SV\FKRORJLFDO�IXQFWLRQV��%\�VWXG\LQJ�WKH�FXUUHQW�

UHODWLRQVKLSV�EHWZHHQ�WKH�EHKDYLRU�DQG�PLFURELRPH�RI�

WKHVH�VSHFLHV��ZH�FRXOG�UHVWUXFWXUH�WKH�HYROXWLRQDU\�KLVWRU\�

RI�WKH�DGDSWDWLRQ�RI�D�JLYHQ�VSHFLHV�LQ�D�JLYHQ�QLFKH��7KLV�

DSSURDFK�ZRXOG�DOVR�VKHG�OLJKW�RQ�WKH�HYROXWLRQ�RI�KXPDQ�

EHKDYLRU��ERWK�DQFLHQW�DQG�PRGHUQ��IURP�WKH�SHUVSHFWLYH�

RI�KRZ�WKH\�DWWHPSW�WR�PDLQWDLQ�WKHLU�ELRORJLFDO�DFWLYLWLHV�

WKURXJK�IRUDJLQJ�DQG�WR�HVWDEOLVK�V\VWHPV�IRU�EXLOGLQJ�

FRPPXQLWLHV�E\�LQYHQWLQJ�DQG�VSUHDGLQJ�WHFKQRORJLFDO�

VNLOOV�
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