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$EVWUDFW�ʹͷ�
�ʹ͸�
'HYHORSPHQWDO�SODVWLFLW\�KDV�EHHQ�SURSRVHG�WR�IDFLOLWDWH�SKHQRW\SLF�GLYHUVLILFDWLRQ�LQ�ʹ͹�
SODQWV�DQG�DQLPDOV��EXW�WKH�PDFURHYROXWLRQDU\�SRWHQWLDO�RI�SODVWLF�WUDLWV�UHPDLQV�WR�EH�ʹͺ�
REMHFWLYHO\�WHVWHG��:H�VWXGLHG�WKH�HYROXWLRQ�RI�IHHGLQJ�VWUXFWXUHV�LQ�D�JURXS�RI����ʹͻ�
QHPDWRGHV��LQFOXGLQJ�Caenorhabditis elegans��VRPH�VSHFLHV�RI�ZKLFK�KDYH�HYROYHG�D�͵Ͳ�
PRXWKSDUW�SRO\SKHQLVP��PRYHDEOH�WHHWK��DQG�SUHGDWRU\�IHHGLQJ��&RPSDUDWLYH�͵ͳ�
DQDO\VHV�RI�VKDSH�DQG�IRUP��XVLQJ�JHRPHWULF�PRUSKRPHWULFV��DQG�RI�VWUXFWXUDO�͵ʹ�
FRPSOH[LW\�UHYHDOHG�D�UDSLG�SURFHVV�RI�GLYHUVLILFDWLRQ�DVVRFLDWHG�ZLWK�GHYHORSPHQWDO�͵͵�
SODVWLFLW\��)LUVW��GLPRUSKLVP�ZDV�DVVRFLDWHG�ZLWK�D�VKDUS�LQFUHDVH�LQ�FRPSOH[LW\�DQG�͵Ͷ�
HOHYDWHG�HYROXWLRQDU\�UDWHV��UHSUHVHQWHG�E\�D�UDGLDWLRQ�RI�IHHGLQJ�IRUPV�ZLWK�͵ͷ�
VWUXFWXUDO�QRYHOWLHV��6HFRQG��WKH�VXEVHTXHQW�DVVLPLODWLRQ�RI�D�VLQJOH�SKHQRW\SH�͵͸�
FRLQFLGHG�ZLWK�D�GHFUHDVH�LQ�PRXWKSDUW�FRPSOH[LW\�EXW�DQ�HYHQ�VWURQJHU�LQFUHDVH�LQ�͵͹�
HYROXWLRQDU\�UDWHV��2XU�UHVXOWV�VXJJHVW�WKDW�D�PDFURHYROXWLRQDU\�³SXOVH´�RI�SODVWLFLW\�͵ͺ�
SURPRWHV�QRYHOWLHV�DQG��HYHQ�DIWHU�WKH�VHFRQGDU\�IL[DWLRQ�RI�SKHQRW\SHV��SHUPLWV�͵ͻ�
VXVWDLQHG�UDSLG�H[SORUDWLRQ�RI�PRUSKRVSDFH��ͶͲ�
� �Ͷͳ�
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0DLQ�WH[W�Ͷʹ�
�Ͷ͵�
'HYHORSPHQWDO��SKHQRW\SLF��SODVWLFLW\�KDV�EHHQ�SURSRVHG�WR�DIIHFW�HYROXWLRQ�E\�ͶͶ�
IDFLOLWDWLQJ�DGDSWLYH�FKDQJH��3LJOLXFFL��������6FKOLFKWLQJ��������:HVW�(EHUKDUG��Ͷͷ�
������0RF]HN�HW�DO���������EXW�WKH�UHOHYDQW�SURFHVVHV�UHVXOWLQJ�LQ�HYROXWLRQDU\�Ͷ͸�
GLYHUVLW\�UHPDLQ�HOXVLYH��,GHQWLILFDWLRQ�RI�D�VZLWFK�JHQH�IRU�D�GLPRUSKLVP�UHFHQWO\�Ͷ͹�
FRQILUPHG�WKH�OLQN�EHWZHHQ�GHYHORSPHQWDO�VZLWFKHV�DQG�PLFURHYROXWLRQDU\�Ͷͺ�
GLYHUJHQFH��5DJVGDOH�HW�DO����������DOWKRXJK�LQVLJKWV�IURP�JHQHWLF�PHFKDQLVPV�KDYH�Ͷͻ�
\HW�WR�EH�SXW�LQWR�D�PDFURHYROXWLRQDU\�FRQWH[W��)RU�H[DPSOH��ZKHWKHU�SODVWLFLW\�ͷͲ�
DFFHOHUDWHV�HYROXWLRQ�E\�DOORZLQJ�IDVWHU�HYROXWLRQDU\�UHVSRQVHV��%DOGZLQ��������ͷͳ�
:DGGLQJWRQ��������6X]XNL�DQG�1LMKRXW��������RU�KLQGHUV�LW�E\�DOORZLQJ�DGDSWDWLRQ�ͷʹ�
ZLWKRXW�WKH�QHHG�IRU�JHQHWLF�DVVLPLODWLRQ��:LOOLDPV��������LV�VWLOO�D�PDWWHU�RI�GHEDWH�ͷ͵�
�H�J��GH�-RQJ��������:XQG���������7R�NQRZ�WKH�PDFURHYROXWLRQDU\�SRWHQWLDO�RI�ͷͶ�
GHYHORSPHQWDO�SODVWLFLW\��REMHFWLYHO\�PHDVXUHG�SODVWLF�WUDLWV�PXVW�EH�FRPSDUHG�E\�ͷͷ�
GHHS�WD[RQ�VDPSOLQJ�LQ�D�UREXVW�SK\ORJHQHWLF�IUDPHZRUN��+HUH��ZH�WHVW�WKH�UROH�RI�ͷ͸�
GHYHORSPHQWDO�SODVWLFLW\�LQ�HYROXWLRQDU\�WHPSR�DQG�QRYHOW\�E\�PHDVXULQJ�FKDQJH�LQ�ͷ͹�
IHHGLQJ�VWUXFWXUHV�LQ�D�JURXS�RI����QHPDWRGHV��LQFOXGLQJ�Caenorhabditis elegans��RI�ͷͺ�
ZKLFK�VRPH�VSHFLHV�VKRZ�D�PRXWKSDUW�SRO\SKHQLVP��PRYHDEOH�WHHWK��DQG�SUHGDWRU\�ͷͻ�
IHHGLQJ��$V�D�UHVXOW�ZH�LGHQWLILHG�ERWK�WKH�JDLQ�DQG�ORVV�RI�D�GHYHORSPHQWDO�͸Ͳ�
GLPRUSKLVP�WR�EH�DVVRFLDWHG�ZLWK�UDSLG�HYROXWLRQDU\�GLYHUVLILFDWLRQ��:H�PDGH�WKH�͸ͳ�
VXUSULVLQJ�ILQGLQJ�WKDW�ZKHUHDV�WKH�DSSHDUDQFH�RI�SRO\SKHQLVP�FRLQFLGHG�ZLWK�͸ʹ�
LQFUHDVHG�FRPSOH[LW\�DQG�HYROXWLRQDU\�UDWHV��WKHVH�UDWHV�ZHUH�HYHQ�KLJKHU�DIWHU�WKH�͸͵�
DVVLPLODWLRQ�RI�D�VLQJOH�SKHQRW\SH��͸Ͷ�

7KH�HYROXWLRQDU\�DQG�HFRORJLFDO�VXFFHVV�RI�QHPDWRGHV�LV�UHIOHFWHG�E\�WKH�͸ͷ�
H[WHQVLYH�DGDSWDWLRQ�RI�WKHLU�IHHGLQJ�VWUXFWXUHV��LQFOXGLQJ�KRRNV�DQG�VW\OHWV�LQ�DQLPDO��͸͸�
DQG�SODQW�SDUDVLWLF�QHPDWRGHV�DQG�WHHWK�LQ�SUHGDWRU\�VSHFLHV��7KH�ODWWHU�DGDSWDWLRQ�LV�͸͹�
IRXQG�LQ�WKH�JHQHWLF�PRGHO�Pristionchus pacificus�DQG�RWKHU�QHPDWRGHV�RI�WKH�IDPLO\�͸ͺ�
'LSORJDVWULGDH��LQ�ZKLFK�FXWLFXODUL]HG�WHHWK�DQG�SUHGDWLRQ�DUH�VRPHWLPHV�DVVRFLDWHG�͸ͻ�
ZLWK�D�GLPRUSKLVP��)�UVW�YRQ�/LHYHQ�DQG�6XGKDXV���������'LPRUSKLF�VSHFLHV�H[HFXWH�͹Ͳ�
HLWKHU�D�³QDUURZ�PRXWKHG´��VWHQRVWRPDWRXV��6W��RU�³ZLGH�PRXWKHG´��HXU\VWRPDWRXV��͹ͳ�
(X��PRUSK��ZKLFK�GLIIHU�LQ�WKH�VL]H��VKDSH��DQG�FRPSOH[LW\�RI�WKHLU�PRXWKSDUWV�͹ʹ�
�)LJXUH�����,Q�P. pacificus� WKH�6W�DQG�(X�PRUSKV�DUH�DGYDQWDJHRXV�IRU�IHHGLQJ�RQ�͹͵�
EDFWHULD�DQG�QHPDWRGH�SUH\��UHVSHFWLYHO\��6HURE\DQ�HW�DO����������������7KH�͹Ͷ�
GLPRUSKLVP�UHVXOWV�IURP�DQ�LUUHYHUVLEOH�GHFLVLRQ�GXULQJ�GHYHORSPHQW��HQDEOLQJ�D�͹ͷ�
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UDSLG�RSWLPL]DWLRQ�RI�PRUSKRORJ\�WR�WKH�HQYLURQPHQW��%HQWR�HW�DO����������7KLV�͹͸�
UHVSRQVH�LV�PHGLDWHG�E\�VPDOO�PROHFXOH�SKHURPRQHV��H�J��GDVF����DVFU�����%RVH�HW�͹͹�
DO����������HQGRFULQH�VLJQDOLQJ��GDIDFKURQLF�DFLG�'$)������%HQWR�HW�DO����������DQG�D�͹ͺ�
VZLWFK�PHFKDQLVP�H[HFXWHG�E\�WKH�VXOIDWDVH�(8'����5DJVGDOH�HW�DO����������͹ͻ�

7R�VWXG\�WKH�WHPSR�DQG�PRGH�RI�HYROXWLRQ�LQ�QHPDWRGH�PRXWKSDUWV��ZH�DQDO\]HG�ͺͲ�
���VSHFLHV�RI�'LSORJDVWULGDH�����RI�ZKLFK�ZH�IRXQG�WR�EH�GLPRUSKLF��7KH�UHPDLQLQJ�ͺͳ�
���GLSORJDVWULG�VSHFLHV�ZHUH�LGHQWLILHG�DV�PRQRPRUSKLF��:H�DOVR�DQDO\]HG����VSHFLHV�ͺʹ�
RI�RWKHU�5KDEGLWLQD��'H�/H\�DQG�%OD[WHU���������ZKLFK�LQFOXGH�C. elegans DQG�WKH�ͺ͵�
FORVHVW�NQRZQ�RXWJURXSV�RI�'LSORJDVWULGDH��.LRQWNH�HW�DO���������YDQ�0HJHQ�HW�DO���ͺͶ�
�������,Q�FRQWUDVW�WR�'LSORJDVWULGDH��DOO�QRQ�GLSORJDVWULG�5KDEGLWLQD�ZHUH�ͺͷ�
PRQRPRUSKLF��ͺ͸�

7R�WHVW�ZKHWKHU�WKH�GLPRUSKLVP�ZKHUH�SUHVHQW�ZDV�D�SRO\SKHQLVP��DQG�QRW�WKH�ͺ͹�
UHVXOW�RI�JHQHWLF�SRO\PRUSKLVP��6FKZDQGHU�DQG�/HLPDU���������ZH�H[SRVHG�ͺͺ�
GLPRUSKLF�VSHFLHV�WR�FXHV�SRWHQWLDOO\�UHJXODWLQJ�WKHLU�GLPRUSKLVP��)RU�DVVD\V�ZH�ͺͻ�
VHOHFWHG�V\VWHPDWLFDOO\�LQEUHG�RU�JHQHWLFDOO\�ERWWOHQHFNHG�SK\ORJHQHWLF�ͻͲ�
UHSUHVHQWDWLYHV��:KHQ�H[SRVHG�WR�VLJQDOV�RI�VWDUYDWLRQ��FURZGLQJ��RU�WKH�SUHVHQFH�RI�ͻͳ�
QHPDWRGH��C. elegans��SUH\��DOO�VSHFLHV�WHVWHG�SURGXFHG�D�KLJKHU�QXPEHU�RI�(X�ͻʹ�
LQGLYLGXDOV�LQ�UHVSRQVH��P ��������)LVKHU¶V�H[DFW�WHVW��IRU�DOO�LQGXFWLRQ�H[SHULPHQWV��ͻ͵�
7DEOH����7DEOH���VRXUFH�GDWD�����7KXV��DOWHUQDWLYH�FRQVSHFLILF�PRUSKV�DUH�WKH�UHVXOW�RI�ͻͶ�
SRO\SKHQLVP�DFURVV�WD[D�RI�'LSORJDVWULGDH��ͻͷ�

7R�GHWHUPLQH�WKH�RUGHU�DQG�GLUHFWLRQDOLW\�RI�FKDQJHV�LQ�PRXWKSDUW�HYROXWLRQ��ZH�ͻ͸�
LQIHUUHG�WKH�SK\ORJHQ\�RI�'LSORJDVWULGDH�DQG�RXWJURXSV�XVLQJ����JHQHV�LQ�DQ�ͻ͹�
DOLJQPHQW�RI��������WRWDO�DQG������SDUVLPRQ\�LQIRUPDWLYH�VLWHV��)LJXUH��$���%HFDXVH�ͻͺ�
RXU�DQDO\VLV�LQFOXGHG�PDQ\�WD[D�SUHYLRXVO\�QRW�DQDO\]HG�E\�DQ\�PROHFXODU�FKDUDFWHUV��ͻͻ�
QHZO\�LQIHUUHG�DQG�KLJKO\�VXSSRUWHG�UHODWLRQVKLSV�DPRQJ�WD[D�DOORZHG�UREXVW�ͳͲͲ�
LQIHUHQFHV�RI�DQFHVWUDO�VWDWHV��7KH�LQIHUUHG�KLVWRU\�RI�WKH�PRXWK�GLPRUSKLVP�UHYHDOHG�ͳͲͳ�
WKDW�LW�HYROYHG�RQFH�EXW�ZDV�ORVW�DW�OHDVW����WLPHV��DQG�SRVVLEO\����JLYHQ�WKH�ͳͲʹ�
DPELJXRXV�SRVLWLRQ�RI�Leptojacobus dorci �)LJXUH��$���7KXV��WKH�PRUSKRORJLFDO�ͳͲ͵�
GLYHUVLW\�RI�GLSORJDVWULG�PRXWKSDUWV��)LJXUH��%��UHSUHVHQWV�D�UDGLDWLRQ�WKDW�ͳͲͶ�
DFFRPSDQLHG�WKH�RULJLQ�RI�SRO\SKHQLVP�LQ�WKRVH�VWUXFWXUHV�DQG�LQYROYHG�PDQ\�ͳͲͷ�
LQGHSHQGHQW�WUDQVLWLRQV�WR�D�PRQRPRUSKLF�SKHQRW\SH��ͳͲ͸�

1H[W��ZH�ZDQWHG�WR�NQRZ�ZKHWKHU�WKH�UDGLDWLRQ�RI�PRXWKSDUWV�LQ�'LSORJDVWULGDH�ͳͲ͹�
WKDW�KDG�GLPRUSKLVP�LQ�WKHLU�KLVWRU\�UHSUHVHQWHG�D�PHDVXUDEOH�LQFUHDVH�LQ�ͳͲͺ�
PRUSKRORJLFDO�YDULDQFH�ZLWK�UHVSHFW�WR�RXWJURXSV��:H�TXDQWLILHG�PRXWK�PRUSKRORJ\�ͳͲͻ�
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E\�UHFRUGLQJ����JHRPHWULF�ODQGPDUNV�RI�WKH�VWRPD�WKDW�ZHUH�FRQVLGHUHG�KRPRORJRXV��ͳͳͲ�
DV�LQIRUPHG�E\�ILQH�VWUXFWXUDO�DQDWRP\��DFURVV�'LSORJDVWULGDH�DQG�RXWJURXSV�ͳͳͳ�
�%DOGZLQ�HW�DO���������5DJVGDOH�DQG�%DOGZLQ���������)LJXUHV��$�%���$���$QDO\VLV�RI�ͳͳʹ�
ODQGPDUN�FRRUGLQDWHV�LQ�3URFUXVWHV�VSDFH�IRU�VKDSH�DQG�IRUP��WKH�ODWWHU�LQFOXGLQJ�ͳͳ͵�
VKDSH���ORJ�WUDQVIRUPHG�FHQWURLG�VL]H��'U\GHQ�DQG�0DUGLD��������0LWWHURHFNHU�HW�DO���ͳͳͶ�
�������VKRZHG�WKDW�QRQ�GLSORJDVWULG�5KDEGLWLQD�RFFXS\�RQO\�D�VXEVHW�RI�WKH�WRWDO�ͳͳͷ�
PRUSKRVSDFH�FRORQL]HG�E\�'LSORJDVWULGDH��)LJXUH��$��)LJXUH���ILJXUH�VXSSOHPHQW����ͳͳ͸�
)LJXUH���VRXUFH�GDWD�������7KLV�UHSUHVHQWHG�JUHDWHU�GLVSDULW\�IRU�'LSORJDVWULGDH�WKDQ�ͳͳ͹�
IRU�QRQ�GLSORJDVWULG�5KDEGLWLQD��ZKHWKHU�GLVSDULW\�ZDV�PHDVXUHG�DV�WKH�VXP�RI�ͳͳͺ�
YDULDQFHV��P �������ZKHQ�HLWKHU�6W�RU�ERWK�PRUSKV�UHSUHVHQWHG�GLPRUSKLF�WD[D��RU�E\�ͳͳͻ�
SULQFLSDO�FRPSRQHQW�DQDO\VLV��3&$��YROXPH��&LDPSDJOLR�HW�DO����������)LJXUH��%��ͳʹͲ�
)LJXUH���VRXUFH�GDWD�����+RZHYHU��WKH�GLVSDULW\�IRU�HLWKHU�PRUSK�RI�GLPRUSKLF�WD[D�ͳʹͳ�
ZDV�QRW�GLIIHUHQW�IURP�WKDW�RI�QRQ�GLSORJDVWULG�5KDEGLWLQD��,Q�FRQWUDVW��GLSORJDVWULGV�ͳʹʹ�
WKDW�ZHUH�VHFRQGDULO\�PRQRPRUSKLF�VKRZHG�KLJKHU�GLVSDULW\�WKDQ�HLWKHU�PRUSK�LQ�ͳʹ͵�
GLPRUSKLF�WD[D��P �������IRU�ERWK���)LJXUH��%��)LJXUH���VRXUFH�GDWD�����7DNHQ�ͳʹͶ�
WRJHWKHU��WKHVH�ILQGLQJV�VKRZ�FOHDU�GLVSDULW\�GLIIHUHQFHV�EHWZHHQ�QRQ�GLSORJDVWULG�ͳʹͷ�
5KDEGLWLQD��GLPRUSKLF�'LSORJDVWULGDH��DQG�VHFRQGDULO\�PRQRPRUSKLF�'LSORJDVWULGDH��ͳʹ͸�

:H�QH[W�WHVWHG�LI�WKH�REVHUYHG�PRUSKRVSDFH�RFFXSDWLRQ�GLIIHUHQFHV�ZLWKLQ�ͳʹ͹�
'LSORJDVWULGDH�DQG�DFURVV�5KDEGLWLQD�UHIOHFWHG�VKLIWV�LQ�HYROXWLRQDU\�WHPSR��ͳʹͺ�
VSHFLILFDOO\�ZLWK�WKH�JDLQ�RU�ORVV�RI�WKH�PRXWK�SRO\SKHQLVP��8VLQJ�WKH�LQIHUUHG�ͳʹͻ�
SK\ORJHQLHV�ZH�PHDVXUHG�WKH�UDWH�RI�FKDQJH�LQ�VKDSH�DQG�IRUP��3&���DV�D�%URZQLDQ�ͳ͵Ͳ�
UDWH�SDUDPHWHU�XQGHU�RQH���WZR���DQG�WKUHH�UDWH�SDUDPHWHU�PRGHOV��2¶0HDUD�HW�DO���ͳ͵ͳ�
�������:H�IRXQG�WKDW�WKH�WZR�UDWH�PRGHO�WKDW�DSSUR[LPDWHG�GLIIHUHQW�UDWH�SDUDPHWHUV�ͳ͵ʹ�
IRU�QRQ�GLSORJDVWULG�5KDEGLWLQD�DQG�'LSORJDVWULGDH�ZDV�IDYRUHG�RYHU�WKH�VLQJOH�UDWH�ͳ͵͵�
PRGHO�IRU�ERWK�IRUP��ǻ$,&F� �������P  �������DQG�VKDSH��ǻ$,&F� ��������P ���������ͳ͵Ͷ�
OLNHOLKRRG�UDWLR�WHVW���ZLWK�UDWHV�LQ�'LSORJDVWULGDH�EHLQJ�KLJKHU��)LJXUH��&�'��)LJXUH�ͳ͵ͷ�
��ILJXUH�VXSSOHPHQW����)LJXUH���VRXUFH�GDWD��������)XUWKHUPRUH��D�WKUHH�UDWH�PRGHO�ͳ͵͸�
WKDW�DVVXPHG�D�GLIIHUHQW�UDWH�SDUDPHWHU�IRU�HDFK�RI�WKH�WKUHH�QHPDWRGH�JURXSV�KDG�WKH�ͳ͵͹�
JUHDWHVW�ILW�FRPSDUHG�ZLWK�HLWKHU�D�VLQJOH�UDWH�PRGHO��ǻ$,&F� �������P  �������IRU�ͳ͵ͺ�
IRUP��ǻ$,&F� ��������P ��������IRU�VKDSH��RU�D�PRGHO�WKDW�DVVLJQHG�D�GLIIHUHQW�UDWH�ͳ͵ͻ�
FDWHJRU\�WR�GLPRUSKLF�GLSORJDVWULGV��ǻ$,&F� �������P �������IRU�IRUP��ǻ$,&F� �ͳͶͲ�
�������P ��������IRU�VKDSH���DQG�UDWHV�LQ�PRQRPRUSKLF�'LSORJDVWULGDH�ZHUH�WKH�ͳͶͳ�
KLJKHVW��)LJXUH��&���)RU�IRUP�HYROXWLRQ�LQ�SDUWLFXODU��D�WZR�UDWH�PRGHO�WKDW�DVVXPHG�D�ͳͶʹ�
GLIIHUHQW�UDWH�SDUDPHWHU�IRU�PRQRPRUSKLF�'LSORJDVWULGDH�ZDV�D�EHWWHU�ILW�WKDQ�DOO�RWKHU�ͳͶ͵�



� �

PRGHOV��LQFOXGLQJ�WKDW�ZLWK�D�VLQJOH�FDWHJRU\�IRU�'LSORJDVWULGDH��ǻ$,&F� ��������ͳͶͶ�
&RQJUXHQW�ZLWK�WKHVH�UHVXOWV��D�FRPSDULVRQ�RI�SRVWHULRU�GHQVLWLHV�RI�UDWH�HVWLPDWHV�ͳͶͷ�
IURP�WKH�%D\HVLDQ�VDPSOLQJ�RI�D�PXOWLUDWH�%URZQLDQ�PRWLRQ�SURFHVV��(DVWPDQ�HW�DO���ͳͶ͸�
�������ZKLFK�ZHUH�H[WUDFWHG�IRU�LQGLYLGXDO�QHPDWRGH�JURXSV��LQGLFDWHG�HOHYDWHG�UDWHV�ͳͶ͹�
RI�HYROXWLRQ�LQ�'LSORJDVWULGDH�UHODWLYH�WR�QRQ�GLSORJDVWULG�5KDEGLWLQD��ZLWK�UDWHV�LQ�ͳͶͺ�
VHFRQGDULO\�PRQRPRUSKLF�OLQHDJHV�EHLQJ�WKH�IDVWHVW��)LJXUH���ILJXUH�VXSSOHPHQW����ͳͶͻ�
)LJXUH���VRXUFH�GDWD�����7KXV��RXU�DQDO\VHV�RI�HYROXWLRQDU\�UDWHV�VKRZ�WKDW�ͳͷͲ�
GLYHUVLILFDWLRQ�RI�VKDSH�DQG�IRUP�LQ�'LSORJDVWULGDH�LQFUHDVHG�ZLWK�WKH�DSSHDUDQFH�RI�ͳͷͳ�
WKH�PRXWK�SODVWLFLW\�EXW�ZHUH�KLJKHVW�DIWHU�LWV�VXEVHTXHQW�ORVV��ͳͷʹ�

:H�WKHQ�ZDQWHG�WR�NQRZ�ZKHWKHU�GHYHORSPHQWDO�SODVWLFLW\�DOVR�FRUUHODWHG�ZLWK�ͳͷ͵�
WKH�FRPSOH[LW\�RI�PRXWKSDUWV�WKDW�GLVWLQJXLVKHV�'LSORJDVWULGDH�IURP�WKHLU�FORVHVW�ͳͷͶ�
UHODWLYHV��)LJXUH��%���:H�WDEXODWHG�FRPSOH[LW\�IRU�DOO�WD[D�E\�UHFRUGLQJ�WKH�QXPEHU�ͳͷͷ�
RI�VWRPDWDO�VWUXFWXUHV�RU�³FXVSV�´�DGDSWLQJ�D�FRQFHSW�RI�FRPSOH[LW\�FRPPRQO\�ͳͷ͸�
DSSOLHG�WR�WKH�GHQWLWLRQ�RI�YHUWHEUDWHV��+DUMXQPDD�HW�DO����������1DPHO\��ZH�VFRUHG�DOO�ͳͷ͹�
VWUXFWXUHV�RU�DUWLFXODWLRQV�WKDW�IRUPHG�D�������YHUWH[�ZLWK�WKH�ZDOO�RI�WKH�VWRPD�ͳͷͺ�
�)LJXUH���ILJXUH�VXSSOHPHQW����)LJXUH���VRXUFH�GDWD�����VXPPLQJ�WKH�WRWDO�WR�DQ�LQGH[�ͳͷͻ�
WKDW�ZDV�LQYDULDEOH�IRU�DOO�VSHFLPHQV�RI�D�JLYHQ�VSHFLHV�RU��LQ�GLPRUSKLF�VSHFLHV��D�ͳ͸Ͳ�
SDUWLFXODU�PRUSK��KHUH��(X���:H�WKHQ�WHVWHG�IRU�SK\ORJHQHWLF�FRUUHODWLRQV�RI�WKLV�ͳ͸ͳ�
FRPSOH[LW\�LQGH[�ZLWK�WKH�SUHVHQFH�RI�SODVWLFLW\��3ODVWLFLW\�ZDV�VWURQJO\�FRUUHODWHG�ͳ͸ʹ�
ZLWK�JUHDWHU�FRPSOH[LW\��DV�VKRZQ�E\�WKHLU�FRYDULDQFH�WHVWHG�HLWKHU�XQGHU�WKH�ͳ͸͵�
WKUHVKROG�PRGHO��)HOVHQVWHLQ���������U� �������FRQILGHQFH�LQWHUYDO������������RU�D�ͳ͸Ͷ�
FRQVWDQW�YDULDQFH�UDQGRP�ZDON�PRGHO��U� �������ORJ�%D\HV�IDFWRU� ������*LYHQ�WKH�ͳ͸ͷ�
FKDUDFWHU�KLVWRULHV�RI�NQRZQ�WD[D��)LJXUH�����WKLV�UHVXOW�UHYHDOV�WKDW�WKH�JDLQ�RI�WKH�ͳ͸͸�
SRO\SKHQLVP�ZDV�VLPXOWDQHRXV�ZLWK�WKH�RQVHW�RI�KLJK�FRPSOH[LW\��LQFOXGLQJ�WKH�ͳ͸͹�
RULJLQ�RI�RSSRVDEOH�WHHWK��,Q�FRQWUDVW��WKH�ORVV�RI�WKH�SRO\SKHQLVP�LQ�PRQRPRUSKLF�ͳ͸ͺ�
'LSORJDVWULGDH�ZDV�DVVRFLDWHG�ZLWK�D�VXEVHTXHQW�GHFUHDVH�LQ�FRPSOH[LW\��ͳ͸ͻ�

2XU�UHVXOWV�SURYLGH�RULJLQDO�VWDWLVWLFDO�DQG�SK\ORJHQHWLF�VXSSRUW�IRU�D�UROH�RI�ͳ͹Ͳ�
GHYHORSPHQWDO�SODVWLFLW\�LQ�HYROXWLRQDU\�GLYHUVLILFDWLRQ��7KH\�DUH�DOVR�FRQJUXHQW�ZLWK�ͳ͹ͳ�
D�VLPSOH�PRGHO�IRU�WKH�UROH�RI�SODVWLFLW\�LQ�WKLV�SURFHVV��)LUVW��WKH�DSSHDUDQFH�RI�ͳ͹ʹ�
ELPRGDO�SODVWLFLW\�FRLQFLGHV�ZLWK�D�EXUVW�RI�FRPSOH[LW\�DQG�LQFUHDVH�LQ�HYROXWLRQDU\�ͳ͹͵�
WHPSR��%\�WKLV�PRGHO��GHYHORSPHQWDO�SODVWLFLW\�FDQ�IDFLOLWDWH�QRYHO�VWUXFWXUHV�DQG�ͳ͹Ͷ�
WKHLU�DVVRFLDWHG�GHYHORSPHQWDO�QHWZRUNV��:HVW�(EHUKDUG���������DV�ZHOO�DV�QHZ�ͳ͹ͷ�
FRPSOH[LW\�LQ�EHKDYLRUDO�RU�HQ]\PDWLF�IXQFWLRQ��WKHUHE\�SURYLGLQJ�DGGLWLRQDO�ͳ͹͸�
VXEVWUDWH�IRU�IXWXUH�VHOHFWLRQ��)ROORZLQJ�WKLV�PDFURHYROXWLRQDU\�³SXOVH´�RI�SODVWLFLW\��ͳ͹͹�
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WKH�VHFRQGDU\�ORVV�RI�SODVWLFLW\�LV�DFFRPSDQLHG�E\�D�GHFUHDVH�LQ�FRPSOH[LW\�EXW�D�ͳ͹ͺ�
VWURQJ�DFFHOHUDWLRQ�RI�PHDVXUHG�HYROXWLRQDU\�UDWHV��ZKLFK�LQ�RXU�VWXG\�ZHUH�PRVW�ͳ͹ͻ�
SURQRXQFHG�LQ�IRUP�FKDQJH��7KH�VXUSULVLQJ�OLPLWDWLRQ�RI�UDWHV�LQ�GLPRUSKLF�UHODWLYH�WR�ͳͺͲ�
VHFRQGDULO\�PRQRPRUSKLF�OLQHDJHV�PLJKW�EH�H[SODLQHG�LQ�SDUW�E\�JHQHWLF�FRUUHODWLRQ�ͳͺͳ�
�&KHYHUXG���������RU�WKH�LQDELOLW\�RI�RYHUODSSLQJ�JHQHWLF�SURJUDPV�FRQWUROOLQJ�ͳͺʹ�
DOWHUQDWLYH�SKHQRW\SHV�WR�FRPSOHWHO\�GLVVRFLDWH��:H�VSHFXODWH�WKDW��ZKHUH�FRUUHODWHG�ͳͺ͵�
PRUSKRORJLHV�ZHUH�LQLWLDOO\�JRYHUQHG�E\�D�GLPRUSKLVP��DVVLPLODWLRQ�RI�D�VLQJOH�ͳͺͶ�
PRUSK�ZRXOG�WKHQ�JLYH�WKH�IUHHGRP�IRU�VLQJOH�SKHQRW\SHV�WR�VSHFLDOL]H�DQG�GLYHUVLI\��ͳͺͷ�
D�SKHQRPHQRQ�SURSRVHG�DV�GHYHORSPHQWDO�³FKDUDFWHU�UHOHDVH´��:HVW�(EHUKDUG���������ͳͺ͸�

$�FRPSOHPHQWDU\�PHDQV�E\�ZKLFK�HYROXWLRQDU\�UDWHV�LQFUHDVH�DIWHU�WKH�ORVV�RI�ͳͺ͹�
SODVWLFLW\�PD\�EH�WKURXJK�WKH�UHOHDVH�RI�JHQHWLF�YDULDWLRQ�EXLOW�XS�DV�D�E\�SURGXFW�RI�ͳͺͺ�
UHOD[HG�VHOHFWLRQ��.DZHFNL��������6QHOO�5RRG�HW�DO���������9DQ�'\NHQ�DQG�:DGH��ͳͺͻ�
�������7KLV�SRVVLELOLW\�PLJKW�EH�UHDOL]HG�WKURXJK�WKH�IROORZLQJ�VFHQDULR��,I�ͳͻͲ�
SRSXODWLRQV�H[SHULHQFH�IOXFWXDWLQJ�HQYLURQPHQWV�DQG�DOWHUQDWLYH�PRXWK�PRUSKRORJLHV�ͳͻͳ�
FRQIHU�ILWQHVV�DGYDQWDJHV�LQ�WKRVH�HQYLURQPHQWV��WKHQ�HQYLURQPHQWDO�VHQVLWLYLW\��L�H��ͳͻʹ�
SODVWLFLW\��ZLOO�EH�PDLQWDLQHG��0RUDQ���������7KH�SUHVHQFH�RI�SODVWLFLW\�QHFHVVDULO\�ͳͻ͵�
OHDGV�WR�UHOD[HG�VHOHFWLRQ�RQ�JHQHV�XQGHUO\LQJ�WKH�SURGXFWLRQ�RI�HLWKHU�WUDLW��ͳͻͶ�
SDUWLFXODUO\�WKRVH�GRZQVWUHDP�RI�D�GHYHORSPHQWDO�VZLWFK��IDFLOLWDWLQJ�WKH�ͳͻͷ�
DFFXPXODWLRQ�RI�JHQHWLF�YDULDWLRQ��9DQ�'\NHQ�DQG�:DGH���������,I�SRSXODWLRQV�WKHQ�ͳͻ͸�
HQFRXQWHU�D�VWDEOH��SUHGLFWDEOH�HQYLURQPHQW��SURPRWLQJ�WKH�ORVV�RI�SODVWLFLW\�ͳͻ͹�
�6FKZDQGHU�DQG�/HLPDU���������WKLV�YDULDWLRQ�FDQ�EH�VHOHFWHG�DQG�UHILQHG�E\�ͳͻͺ�
FRQVWLWXWLYHO\�H[SRVLQJ�D�VLQJOH�PRUSK�WR�WKDW�HQYLURQPHQW��7KLV�ZRXOG�DOORZ�PRUH�ͳͻͻ�
UDSLG�HYROXWLRQ�RI�QRYHO�SKHQRW\SHV�WKDQ�ZRXOG�EH�SRVVLEOH�WKURXJK�WKH�JHQHUDWLRQ�ʹͲͲ�
DQG�VHOHFWLRQ�RI�QHZ�JHQHWLF�YDULDWLRQ��%DUUHWW�DQG�6FKOXWHU��������/DQGH���������ʹͲͳ�
WKHUHE\�DOORZLQJ�UDSLG�VKLIWV�WR�DOWHUQDWLYH�QLFKHV�VXFK�DV�QRYHO�GLHWV��/HGyQ�5HWWLJ�HW�ʹͲʹ�
DO����������&RPELQHG�ZLWK�WKH�DELOLW\�RI�IL[HG�PRUSKV�WR�PRUH�HIILFLHQWO\�UHDFK�WKHLU�ʹͲ͵�
ILWQHVV�RSWLPD�DV�SHUPLWWHG�E\�FKDUDFWHU�UHOHDVH��YDULDWLRQ�DFFXPXODWHG�GXULQJ�SHULRGV�ʹͲͶ�
RI�SODVWLFLW\�ZRXOG�WKXV�HQDEOH�UDSLG�SKHQRW\SLF�VSHFLDOL]DWLRQ�DQG�GLYHUVLILFDWLRQ��ʹͲͷ�
$OWKRXJK�DFFHOHUDWHG�UDWHV�RI�GLYHUJHQFH�GXH�WR�EXLOW�XS�YDULDWLRQ�DQG�FKDUDFWHU�ʹͲ͸�
UHOHDVH�VKRXOG�XOWLPDWHO\�GHFOLQH�LQ�PRQRPRUSKLF�OLQHDJHV��:HVW�(EHUKDUG��������ʹͲ͹�
/DQGH���������WKH�QHW�UHVXOW�ZRXOG�EH�DQ�H[WUHPH�UDGLDWLRQ�RI�IRUPV��DV�KDV�RFFXUUHG�ʹͲͺ�
LQ�GLSORJDVWULG�QHPDWRGHV��ʹͲͻ�

,Q�FRQFOXVLRQ��WKH�KLVWRULFDO�SUHVHQFH�RI�SRO\SKHQLVP�LV�VWURQJO\�DVVRFLDWHG�ZLWK�ʹͳͲ�
HYROXWLRQDU\�GLYHUVLILFDWLRQ��7KH�GHJUHH�WR�ZKLFK�WKH�FRUUHODWLRQV�REVHUYHG�DUH�GXH�WR�ʹͳͳ�
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FDXVDWLRQ�LV�SUHVHQWO\�XQFOHDU��DOWKRXJK�UHFHQW�PHFKDQLVWLF�DGYDQFHV�LQ�P. pacificus�ʹͳʹ�
GHPRQVWUDWH�WKH�SURPLVH�RI�IXQFWLRQDO�JHQHWLF�VWXGLHV�WR�WHVW�WKH�FDXVDOLW\�RI�UDSLGO\�ʹͳ͵�
VHOHFWHG�JHQHV�GLUHFWO\��)XUWKHU�ZRUN�PLJKW�DOVR�UHYHDO�WKDW�DGGLWLRQDO�XQGHUO\LQJ�ʹͳͶ�
FDXVHV��VXFK�DV�SUHYLRXVO\�XQVHHQ�HFRORJLFDO�RSSRUWXQLWLHV�RU�VHOHFWLYH�SUHVVXUHV��PD\�ʹͳͷ�
KDYH�MRLQWO\�OHG�WR�ERWK�FRPSOH[LW\�DQG�SODVWLFLW\��+RZHYHU��WKH�VLPSOLFLW\�RI�RXU�ʹͳ͸�
UHVXOWV�PDNHV�RXU�SURSRVHG�PRGHO�VXIILFLHQW�WR�H[SODLQ�WKH�REVHUYHG�FRUUHODWLRQV��:H�ʹͳ͹�
WKHUHIRUH�K\SRWKHVL]H�WKDW�GHYHORSPHQWDO�SODVWLFLW\�LV�UHTXLUHG�WR�FURVV�D�WKUHVKROG�RI�ʹͳͺ�
FRPSOH[LW\�WKDW�DIIRUGV�WKH�GHJUHHV�RI�IUHHGRP�QHFHVVDU\�IRU�IXUWKHU�GLYHUVLILFDWLRQ�RI�ʹͳͻ�
IRUP��DQG�HYHQ�DIWHU�WKH�DVVLPLODWLRQ�RI�PRQRPRUSK\�WKLV�GLYHUVLILFDWLRQ�FDQ�FRQWLQXH�ʹʹͲ�
WR�EH�UHDOL]HG��7KH�GLIIHUHQFH�LQ�UDWHV�EHWZHHQ�DQFHVWUDOO\�DQG�VHFRQGDULO\�ʹʹͳ�
PRQRPRUSKLF�OLQHDJHV�VXJJHVW�D�GHFLGLQJ�UROH�IRU�D�KLVWRU\�RI�SODVWLFLW\�LQ�ʹʹʹ�
GLYHUVLILFDWLRQ��,W�LV�SRVVLEOH�WKDW�WKH�SURFHVVHV�LQIHUUHG�WR�DFFRPSDQ\�WKH�JDLQ�RI�ʹʹ͵�
SODVWLFLW\�DSSO\�DOVR�WR�RWKHU�V\VWHPV�ZLWK�WD[RQRPLFDOO\�ZLGHVSUHDG�SRO\SKHQLVP��ʹʹͶ�
ZKLFK�VRPHWLPHV�OLNHZLVH�VKRZ�D�JHQHUDO�FRLQFLGHQFH�RI�SODVWLFLW\�DQG�GLYHUVLW\��H�J��ʹʹͷ�
(POHQ�HW�DO���������3IHQQLJ�DQG�0F*HH���������,Q�SULQFLSOH��WKH�PRGHO�ZH�SURSRVH�ʹʹ͸�
FDQ�EH�JHQHUDOL]HG�WR�RWKHU�V\VWHPV�WKURXJK�GHQVH�WD[RQ�VDPSOLQJ��D�UHVROYHG�ʹʹ͹�
SK\ORJHQ\��DQG�TXDQWLILFDWLRQ�RI�DOWHUQDWLYH�PRUSKRORJLHV��ʹʹͺ�
�ʹʹͻ�
� �ʹ͵Ͳ�
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$FNQRZOHGJHPHQWV�ʹ͵ͳ�
:H�WKDQN�:DOWUDXG�5|VHOHU��$]L]D�$XVW��DQG�+DQK�:LWWH�IRU�KHOSLQJ�ZLWK�'1$�ʹ͵ʹ�
SUHSDUDWLRQ��0DWWKLDV�+HUUPDQQ�IRU�KHOS�ZLWK�QHPDWRGH�FROOHFWLQJ��DQG�5RELQ�*LEOLQ�ʹ͵͵�
'DYLV�IRU�SURYLGLQJ�VHYHUDO�QHPDWRGH�VWUDLQV��ʹ͵Ͷ�
�ʹ͵ͷ�

$XWKRU�FRQWULEXWLRQV�ʹ͵͸�
96��&RQFHSWLRQ�DQG�GHVLJQ��6DPSOH�FROOHFWLRQ��$FTXLVLWLRQ�RI�GDWD��3HUIRUPHG�ʹ͵͹�
H[SHULPHQWV��$QDO\VLV�DQG�LQWHUSUHWDWLRQ�RI�GDWD��:URWH�WKH�PDQXVFULSW�ʹ͵ͺ�
(-5��&RQFHSWLRQ�DQG�GHVLJQ��$FTXLVLWLRQ�RI�GDWD��,QWHUSUHWDWLRQ�RI�GDWD��:URWH�WKH�ʹ͵ͻ�
PDQXVFULSW�ʹͶͲ�
1.��6DPSOH�FROOHFWLRQ��$FTXLVLWLRQ�RI�GDWD�ʹͶͳ�
5-6��6DPSOH�FROOHFWLRQ��:URWH�WKH�PDQXVFULSW�ʹͶʹ�
�ʹͶ͵�

)RU�FRUUHVSRQGHQFH�ʹͶͶ�
UDJVGDOH#LQGLDQD�HGX��(-5��ʹͶͷ�
UDOI�VRPPHU#WXHELQJHQ�PSJ�GH��5-6��ʹͶ͸�
�ʹͶ͹�

&RPSHWLQJ�LQWHUHVWV�ʹͶͺ�
7KH�DXWKRUV�GHFODUH�WKDW�QR�FRPSHWLQJ�LQWHUHVWV�H[LVW��ʹͶͻ�
�ʹͷͲ�

)XQGLQJ�ʹͷͳ�
0D[�3ODQFN�6RFLHW\�ʹͷʹ�

•� 5DOI�-�6RPPHU�ʹͷ͵�
7KH�IXQGHU�KDG�QR�UROH�LQ�VWXG\�GHVLJQ��GDWD�FROOHFWLRQ�RU�LQWHUSUHWDWLRQ��RU�WKH�ʹͷͶ�
GHFLVLRQ�WR�VXEPLW�WKH�ZRUN�IRU�SXEOLFDWLRQ��ʹͷͷ�

�ʹͷ͸�
� �ʹͷ͹�



� ��

0DWHULDOV�DQG�0HWKRGV�ʹͷͺ�
�ʹͷͻ�

1HPDWRGHV�ʹ͸Ͳ�
7R�LQYHVWLJDWH�HYROXWLRQDU\�UDWHV��FRPSOH[LW\��DQG�FKDUDFWHU�KLVWRULHV��ZH�GHQVHO\�ʹ͸ͳ�
VDPSOHG�QHPDWRGHV�RI�5KDEGLWLQD�sensu�'H�/H\�	�%OD[WHU��������� �&ODGH�9�sensu ʹ͸ʹ�
%OD[WHU�HW�DO����������,VRODWLRQ�GHWDLOV�IRU�DOO�DQDO\]HG�QHPDWRGH�WD[D�IRU�ZKLFK�RULJLQDO�ʹ͸͵�
VHTXHQFH�GDWD�ZHUH�REWDLQHG�DUH�JLYHQ�LQ�)LJXUH���VRXUFH�GDWD����2XU�WD[RQRPLF�ʹ͸Ͷ�
QRPHQFODWXUH�IROORZV�SUHYLRXV�V\VWHPV��$QGUiVV\��������������6XGKDXV�DQG�)�UVW�YRQ�ʹ͸ͷ�
/LHYHQ��������ZLWK�DGGLWLRQDO�JHQHUD�GHVFULEHG�VLQFH�WKRVH�SXEOLFDWLRQV��5DJVGDOH�HW�ʹ͸͸�
DO����������2XU�GDWDVHW�LQFOXGHG����VSHFLHV�RI�'LSORJDVWULGDH��LQ�DGGLWLRQ�WR����ʹ͸͹�
QHPDWRGH�VSHFLHV�IURP�DOO�FORVHVW�NQRZQ�RXWJURXSV�WR�WKH�IDPLO\��³5KDEGLWLGDH´�sensu ʹ͸ͺ�
6XGKDXV���������%UHYLEXFFLGDH��%XQRQHPDWLGDH��0\RODLPLGDH��DQG�ʹ͸ͻ�
2GRQWRSKDU\QJLGDH��,Q�WKH�SUHVHQW�VWXG\��³QRQ�GLSORJDVWULG�5KDEGLWLQD´�UHIHUV�WR�WKH�ʹ͹Ͳ�
ODWWHU�ILYH�IDPLOLHV�WRJHWKHU��5KDEGLWLGDH�ZHUH�VDPSOHG�VXFK�WKDW�WKH\�VSDQQHG�DOO�ʹ͹ͳ�
PDMRU�FODGHV�RI�WKDW�JURXS�DV�LGHQWLILHG�LQ�D�SUHYLRXV�VWXG\��.LRQWNH�HW�DO����������WKH ʹ͹ʹ�
Mesorhabditis JURXS�DQG�QRQ�Mesorhabditis ³SOHLRUKDEGLWLGV´��Caenorhabditis��WKH�ʹ͹͵�
IRXU�GHHSHVW�OLQHDJHV�RI�WKH�Rhabditis JURXS��DQG�WKH�UHPDLQLQJ�WZR�GHHSHVW�OLQHDJHV�ʹ͹Ͷ�
RI�³HXUKDEGLWLGV´��Rhabditoides inermis��D�SRVVLEOH�LPPHGLDWH�RXWJURXS�WR�ʹ͹ͷ�
'LSORJDVWULGDH��Poikilolaimus��WKH�SXWDWLYH�VLVWHU�JURXS�WR�DOO�RWKHU�5KDEGLWLGDH�DQG�ʹ͹͸�
QHVWHG�WD[D��7KUHH�&ODGH�,9��%OD[WHU�HW�DO���������QHPDWRGH�VSHFLHV�ZHUH�LQFOXGHG�DV�ʹ͹͹�
RXWJURXSV�LQ�WKH�GDWDVHW��ʹ͹ͺ�
�ʹ͹ͻ�

3K\ORJHQHWLFV ʹͺͲ�
Dataset assembly.�7KH�SK\ORJHQ\�RI�'LSORJDVWULGDH�ZDV�LQIHUUHG�IURP�FRQFDWHQDWHG�ʹͺͳ�
DOLJQPHQWV�RI���6�DQG���6�U51$�JHQHV�DQG����ULERVRPDO�SURWHLQ�FRGLQJ�JHQHV�RI����ʹͺʹ�
WD[D��*HQRPLF�'1$�ZDV�H[WUDFWHG�IURP�LQGLYLGXDO�VSHFLPHQV�DQG�WRWDO�51$�IURP����ʹͺ͵�
���LQGLYLGXDOV�SHU�VSHFLHV��)LJXUH���VRXUFH�GDWD�����*HQHV�RI�LQWHUHVW�ZHUH�DPSOLILHG�ʹͺͶ�
LQGLYLGXDOO\��DQG�VHTXHQFLQJ�UHDFWLRQV�ZHUH�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG��0D\HU�ʹͺͷ�
HW�DO����������6HTXHQFHV�ZHUH�DVVHPEOHG�XVLQJ�*HQHLRXV��������6HTXHQFHV�IRU���6��ʹͺ͸�
��6��ULERVRPDO�SURWHLQ��DQG�51$�SRO\PHUDVH�,,�JHQHV��ZKLFK�ZHUH�HLWKHU�RULJLQDO�LQ�ʹͺ͹�
WKLV�VWXG\�RU�UHWULHYHG�IURP�SXEOLF�GDWDEDVHV��ZHUH�LQFOXGHG�IRU�QRQ�GLSORJDVWULG�ʹͺͺ�
5KDEGLWLQD�DQG�RXWJURXSV����6�DQG���6�U51$�VHTXHQFHV�ZHUH�DOLJQHG�XVLQJ�WKH�(�ʹͺͻ�
,16�,�DOJRULWKP�DQG�GHIDXOW�VHWWLQJV�LQ�0$))7������.DWRK�DQG�6WDQGOH\���������ʹͻͲ�
$OLJQPHQWV�ZHUH�PDQXDOO\�UHILQHG��DQG�SRRUO\�DOLJQHG�UHJLRQV�ZHUH�HOLPLQDWHG�ʹͻͳ�
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PDQXDOO\��$OLJQPHQWV�RI���6�DQG���6�U51$�JHQHV�ZHUH������DQG������ES�ORQJ��ʹͻʹ�
UHVSHFWLYHO\��DQG�LQFOXGHG�����DQG������SDUVLPRQ\�LQIRUPDWLYH�VLWHV��6HTXHQFHV�RI�ʹͻ͵�
HDFK�RI�WKH����ULERVRPDO�SURWHLQ�JHQHV�ZHUH�DOLJQHG�LQGLYLGXDOO\�XVLQJ�GHIDXOW�VHWWLQJV�ʹͻͶ�
LQ�0XVFOH������(GJDU��������DQG�ZHUH�UHDOLJQHG�E\�SUHGLFWHG�WUDQVODWLRQ��DOLJQPHQWV�ʹͻͷ�
ZHUH�PDQXDOO\�UHILQHG�DQG�VWRS�FRGRQ�VLWHV�UHPRYHG��7KH�FRQFDWHQDWHG�DOLJQPHQW�RI�ʹͻ͸�
���ULERVRPDO�SURWHLQ�JHQHV�ZDV������ES�ORQJ�DQG�LQFOXGHG������SDUVLPRQ\�ʹͻ͹�
LQIRUPDWLYH�SRVLWLRQV��$OLJQHG�VHTXHQFHV�IRU�'LSORJDVWULGDH�FRQWDLQHG�����NE�ZLWKRXW�ʹͻͺ�
PLVVLQJ�GDWD��7KH�ILQDO�GDWDVHW�RI�GLSORJDVWULG�VHTXHQFHV�ZDV�PRUH�WKDQ�IRXU�WLPHV�ʹͻͻ�
ODUJHU�WKDQ�WKDW�XVHG�LQ�WKH�SUHYLRXVO\�PRVW�LQFOXVLYH�SK\ORJHQHWLF�VWXG\�RI�WKH�IDPLO\�͵ͲͲ�
�0D\HU�HW�DO����������DQG�LW�LQFOXGHG�RYHU�WKUHH�WLPHV�DV�PDQ\�VSHFLHV�DQG�WZLFH�DV�͵Ͳͳ�
PDQ\�GLSORJDVWULG�JHQHUD��,Q�WKH�ILQDO�FRQFDWHQDWHG�DOLJQPHQW�RI�U51$�DQG�ULERVRPDO�͵Ͳʹ�
SURWHLQ�JHQHV�IRU�DOO�GLSORJDVWULG�VSHFLHV��WKH�SURSRUWLRQ�RI�PLVVLQJ�GDWD�ZDV������͵Ͳ͵�
ZLWK�D�PLQLPXP�RI�����RI�QHPDWRGH�VSHFLHV�VDPSOHG�SHU�JHQH��7KH�GDWDVHW�RI�DOO�WD[D�͵ͲͶ�
KDG�����NE�H[FOXGLQJ�PLVVLQJ�GDWD�DQG�ZDV��������ES�ORQJ��6XSSOHPHQWDU\�ILOH�����LQ�͵Ͳͷ�
ZKLFK�WKH�IUDFWLRQ�RI�PLVVLQJ�GDWD�ZDV������͵Ͳ͸�

Inference methods.�7KH�SK\ORJHQ\�ZDV�LQIHUUHG�XQGHU�%D\HVLDQ�DQG�PD[LPXP�͵Ͳ͹�
OLNHOLKRRG��0/��RSWLPDOLW\�FULWHULD�DV�LPSOHPHQWHG�LQ�0U%D\HV��������5RQTXLVW�HW�DO���͵Ͳͺ�
������DQG�5$[0/������6WDPDWDNLV���������UHVSHFWLYHO\��$OO�LQIHUHQFHV�ZHUH�͵Ͳͻ�
SHUIRUPHG�RQ�WKH�&,35(6�6FLHQFH�*DWHZD\��0LOOHU�HW�DO����������)RU�%D\HVLDQ�͵ͳͲ�
LQIHUHQFH��WKH�GDWDVHW�ZDV�SDUWLWLRQHG�LQWR�IRXU�VXEVHWV��WZR�IRU���6�DQG���6�U51$�͵ͳͳ�
JHQHV��ZKLFK�ZHUH�DQDO\]HG�XVLQJ�D��PL[HG����ī�PRGHO��DQG�WKH�WKLUG�DQG�IRXUWK�IRU�͵ͳʹ�
WKH�FRPELQHG�ULERVRPDO�SURWHLQ�JHQHV�DQG�51$�SRO\PHUDVH�,,��UHVSHFWLYHO\��ZKLFK�͵ͳ͵�
ZHUH�DQDO\]HG�XQGHU�D�FRGRQ���ī�PRGHO��0RGHO�SDUDPHWHUV�ZHUH�XQOLQNHG�DFURVV�͵ͳͶ�
SDUWLWLRQV��)RXU�LQGHSHQGHQW�DQDO\VHV��HDFK�FRQWDLQLQJ�IRXU�FKDLQV��ZHUH�UXQ�IRU����͵ͳͷ�
PLOOLRQ�JHQHUDWLRQV��ZLWK�FKDLQV�VDPSOHG�HYHU\������JHQHUDWLRQV��$IWHU�FRQILUPLQJ�͵ͳ͸�
FRQYHUJHQFH�RI�UXQV�DQG�PL[LQJ�RI�FKDLQV�XVLQJ�7UDFHU������'UXPPRQG�DQG�5DPEDXW��͵ͳ͹�
�������WKH�ILUVW�����JHQHUDWLRQV�ZHUH�GLVFDUGHG�DV�EXUQ�LQ�DQG�WKH�UHPDLQLQJ�͵ͳͺ�
WRSRORJLHV�VXPPDUL]HG�WR�JHQHUDWH�D�����PDMRULW\�UXOH�FRQVHQVXV�WUHH��)RU�WKH�0/�͵ͳͻ�
DQDO\VLV��RXU�SDUWLWLRQLQJ�VFKHPH�GLYLGHG�WKH�GDWDVHW�LQWR�WKUHH�VXEVHWV��WZR�IRU�WKH�͵ʹͲ�
��6�DQG���6�U51$�JHQHV��ZKLFK�ZHUH�HDFK�DQDO\]HG�XVLQJ�D�*75���ī�PRGHO��DQG�WKH�͵ʹͳ�
WKLUG�VXEVHW�IRU�WUDQVODWHG�ULERVRPDO�SURWHLQ�DQG�51$�SRO\PHUDVH�,,�JHQHV��DQDO\]HG�͵ʹʹ�
XQGHU�DQ�LQYHUVH�JDPPD��,*����ī�PRGHO��7KH�ODWWHU�PRGHO�ZDV�VHOHFWHG�EDVHG�RQ�DQ�͵ʹ͵�
DPLQR�DFLG�VXEVWLWXWLRQ�PRGHO�WHVW�DV�LPSOHPHQWHG�3URW7HVW����'DUULED�HW�DO����������͵ʹͶ�
����LQGHSHQGHQW�0/�VHDUFKHV�LQLWLDWHG�ZLWK�UDQGRP�VWDUWLQJ�WUHHV�ZHUH�SHUIRUPHG��͵ʹͷ�
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6XSSRUW�YDOXHV�IRU�WKH�EHVW�VFRULQJ�WUHH�ZHUH�HVWLPDWHG�IURP������LWHUDWLRQV�RI�QRQ�͵ʹ͸�
SDUDPHWULF�ERRWVWUDSSLQJ��͵ʹ͹�

�͵ʹͺ�

3UHVHQFH�RI�SRO\SKHQLVP�͵ʹͻ�
:H�LGHQWLILHG�QHPDWRGH�VSHFLHV�DV�GLPRUSKLF�RU�PRQRPRUSKLF�E\�VFUHHQLQJ�DW�OHDVW�͵͵Ͳ�
WZR�KXQGUHG�LQGLYLGXDOV�LQ�FXOWXUHG�SRSXODWLRQV�XQGHU�ERWK�ZHOO�IHG�DQG�VWDUYHG�͵͵ͳ�
FRQGLWLRQV��WKH�ODWWHU�RI�ZKLFK�LV�NQRZQ�WR�LQGXFH�WKH�(X�PRUSK�LQ�P. pacificus �%HQWR�͵͵ʹ�
HW�DO����������'LPRUSKLVP�ZDV�GLDJQRVHG�E\�WKH�SUHVHQFH�RI�PRUSKV�WKDW�GLIIHUHG��L��LQ�͵͵͵�
WKH�ZLGWK�DQG�DVSHFW�UDWLR�RI�WKH�VWRPD�DQG��LL��LQ�WKH�SURPLQHQFH�DQG�VFOHURWL]DWLRQ�RI�͵͵Ͷ�
PRXWK�VWUXFWXUHV��)�UVW�YRQ�/LHYHQ�DQG�6XGKDXV��������6HURE\DQ�HW�DO����������,Q�DOO�͵͵ͷ�
H[DPLQHG�VSHFLHV�ZLWK�PRXWK�SODVWLFLW\��WKH�SODVWLFLW\�ZDV�GLVFUHWH�ZLWK�QR�REVHUYHG�͵͵͸�
�DQG�KHQFH�SUHVXPDEO\�UDUH��LQWHUPHGLDWH�IRUPV�RU�UHDFWLRQ�QRUPV�IRU�PRUSK�͵͵͹�
GLDJQRVWLF�PRUSKRORJ\��)XUWKHUPRUH��HDFK�RI�WKH�WZR�PRUSKV�ZDV�VWHUHRW\SLF�IRU�D�͵͵ͺ�
JLYHQ�VSHFLHV��VXFK�WKDW�PRUSKRORJ\�GLG�QRW�TXDOLWDWLYHO\�YDU\�ZLWK�GLIIHUHQW�LQGXFWLRQ�͵͵ͻ�
FXHV��7KH�PRXWK�SODVWLFLW\�ZDV�WKHUHIRUH�D�GLVFUHWH�GLPRUSKLVP�RI�FRQVWDQW�PRUSKV�LQ�͵ͶͲ�
DOO�VSHFLHV�ZLWK�WKH�SODVWLFLW\��FRQVLVWHQW�ZLWK�SUHYLRXV�REVHUYDWLRQV�RI�P. pacificus��IRU�͵Ͷͳ�
ZKLFK�PXOWLSOH�OHYHOV�RI�VWDUYDWLRQ��SKHURPRQHV��KRUPRQHV��WUDQVJHQHV��HQ]\PH�͵Ͷʹ�
LQKLELWLQJ�VDOWV��RU�HQYLURQPHQWV�SUHYLRXVO\�H[SHULHQFHG�E\�ZLOG�FDXJKW�VSHFLPHQV�DOO�͵Ͷ͵�
LQGXFHG�HLWKHU�RI�WZR�PRUSKV��DOEHLW�LQ�GLIIHULQJ�UDWLRV��%HQWR�HW�DO���������%RVH�HW�DO���͵ͶͶ�
������5DJVGDOH�HW�DO���������6HURE\DQ�HW�DO����������)RU�VSHFLHV�WKDW�FRXOG�QRW�EH�͵Ͷͷ�
EURXJKW�LQWR�FXOWXUH��DQQRWDWHG�DV�³QF´�LQ�)LJXUH���VRXUFH�GDWD�����DOO�RI�ZKLFK�ZHUH�͵Ͷ͸�
PRQRPRUSKLF��REVHUYDWLRQV�RI�FROOHFWHG�LVRODWHV�ZHUH�FRUURERUDWHG�E\�͵Ͷ͹�
FRPSUHKHQVLYHO\�UHYLHZHG�SUHYLRXV�WD[RQRPLF�VWXGLHV��6XGKDXV�DQG�)�UVW�YRQ�͵Ͷͺ�
/LHYHQ��������WR�FRQILUP�WKH�DEVHQFH�RI�GLPRUSKLVP��7DNHQ�WRJHWKHU��SUHYLRXV�UHSRUWV�͵Ͷͻ�
DQG�RXU�RZQ�FROOHFWLRQV�GHPRQVWUDWHG�WKDW�VXFK�VSHFLHV�ZHUH�PRQRPRUSKLF�DFURVV�͵ͷͲ�
PXOWLSOH�SRSXODWLRQV�DQG�HQYLURQPHQWDO�FRQGLWLRQV��,Q�HDFK�RI�WKH�ILYH�FDVHV�RI�UHFHQW�͵ͷͳ�
ORVVHV��QDPHO\�WKRVH�LQIHUUHG�WR�KDYH�RFFXUUHG�RQ�D�WHUPLQDO�EUDQFK�ZLWKLQ�͵ͷʹ�
'LSORJDVWULGDH��WKH�DVVLPLODWHG�PRUSK�ZDV�LGHQWLILHG�DV�WKH�6W�PRUSK��+RZHYHU��IRU�͵ͷ͵�
LQIHUUHG�DQFLHQW�ORVVHV�RI�WKH�GLPRUSKLVP��GHULYHG�PRUSKRORJ\�PDGH�WKH�KRPRORJ\�RI�͵ͷͶ�
WKH�DVVLPLODWHG�PRUSK�LPSRVVLEOH�WR�GHWHUPLQH�UHOLDEO\��7KHUHIRUH��RXU�DQDO\VHV�͵ͷͷ�
LGHQWLI\�PRQRPRUSKLF�DQG�GLPRUSKLF�WD[D�ZLWKRXW�GLVWLQJXLVKLQJ�ZKLFK�RI�WKH�WZR�͵ͷ͸�
PRUSKV�ZDV�ORVW�RU�DVVLPLODWHG��͵ͷ͹�

Environmental induction of alternative morphs.�7R�WHVW�ZKHWKHU�WKH�PRXWK�͵ͷͺ�
GLPRUSKLVP�RI�GLSORJDVWULG�QHPDWRGHV�ZDV�DQ�HQYLURQPHQWDO�SRO\SKHQLVP�DQG�QRW�͵ͷͻ�
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JHQHWLF�SRO\PRUSKLVP��ZH�H[SRVHG�GLPRUSKLF�VSHFLHV�WR�HQYLURQPHQWDO�FRQGLWLRQV�͵͸Ͳ�
SRWHQWLDOO\�LQIOXHQFLQJ�H[SUHVVLRQ�RI�WKH�WZR�DOWHUQDWLYH�PRXWK�SKHQRW\SHV��͵͸ͳ�
6SHFLILFDOO\��ZH�WHVWHG�VSHFLHV��VWUDLQV��ZLWK�KLJK�IUHTXHQF\�RI�6W�PRUSK�IRU�͵͸ʹ�
HQYLURQPHQWDO�LQGXFWLRQ�RI�WKH�(X�PRUSK��$OWKRXJK�DOO�VWUDLQV�WHVWHG�KDG�EHHQ�NHSW�LQ�͵͸͵�
ODERUDWRU\�FXOWXUH�IRU�DW�OHDVW�RQH�\HDU�SULRU�WR�H[SHULPHQWV��VHYHUDO�VWUDLQV�͵͸Ͷ�
�Allodiplogaster sudhausi��ERWK�Micoletzkya VSS�� Parapristionchus giblindavisi� ZHUH�͵͸ͷ�
DGGLWLRQDOO\�LQEUHG�V\VWHPDWLFDOO\�IRU����JHQHUDWLRQV��͵͸͸�

,Q�RXU�ILUVW�DVVD\��7DEOH���VRXUFH�GDWD�������IHUWLOH�6W�IHPDOHV�RU�KHUPDSKURGLWHV�͵͸͹�
���IRU�Allodiplogaster sudhausi��ZHUH�WUDQVIHUUHG�IURP�D�VWRFN�FXOWXUH�ZHOO�IHG�ZLWK�͵͸ͺ�
EDFWHULD�RQWR�DQ�1*0�SODWH��QR�SHSWRQH��QR�FKROHVWHURO��VXSSOLHG�ZLWK�DSSUR[LPDWHO\�͵͸ͻ�
�������WR���������DUUHVWHG�C. elegans�ODUYDH��,Q�SDUDOOHO��WKH�VDPH�QXPEHU�RI�6W�͵͹Ͳ�
IHPDOHV�RU�KHUPDSKURGLWHV�ZDV�WUDQVIHUUHG�RQWR�1*0�SODWHV�ZLWK�WKH�VDPH�VSHFLHV�RI�͵͹ͳ�
EDFWHULD�DV�WKDW�RQ�VWRFN�FXOWXUH�SODWHV��WKLV�ZDV�23���IRU�PRVW�VSHFLHV��DOWKRXJK�VRPH�͵͹ʹ�
VSHFLHV��L�H��Micoletzkya VSS���UHTXLUHG�GLIIHUHQW�EDFWHULDO�VWUDLQV�WR�UHSURGXFH��͵͹͵�
1HPDWRGHV�ZHUH�DOORZHG�WR�IHHG�RQ�WKH�SURYLGHG�IRRG��OD\�HJJV��DQG�GHYHORS�LQ�WKH�͵͹Ͷ�
IROORZLQJ�JHQHUDWLRQ��7KH�PRXWK�SKHQRW\SH�RI�DOO�)��IHPDOHV�RU�KHUPDSKURGLWHV�ZDV�͵͹ͷ�
VFRUHG�ZKHQ�WKRVH�LQGLYLGXDOV�UHDFKHG�DGXOWKRRG����WR����GD\V��GHSHQGLQJ�RQ�WKH�͵͹͸�
VSHFLHV���([SHULPHQWV�ZHUH�SHUIRUPHG�LQ�WULSOLFDWH�IRU�HDFK�VSHFLHV��͵͹͹�

%HFDXVH�VRPH�VSHFLHV�FRXOG�QRW�GHYHORS�LQ�WKH�DEVHQFH�RI�PLFURELDO�IRRG��ZH�͵͹ͺ�
HPSOR\HG�D�VHFRQG�VWUDWHJ\�WR�WHVW�IRU�HQYLURQPHQWDO�LQGXFWLRQ�RI�WKH�(X�PRUSK�LQ�͵͹ͻ�
WKRVH�VWUDLQV��,Q�WKLV�DVVD\��7DEOH���VRXUFH�GDWD��������WR����IHUWLOH�IHPDOHV�ZHUH�͵ͺͲ�
WUDQVIHUUHG�WR�SODWHV�VHHGHG�ZLWK�D������O�EDFWHULDO�ODZQ��$IWHU�WKH�WLPH�QHFHVVDU\�IRU�͵ͺͳ�
WKH�SRSXODWLRQV�RI�D�VSHFLHV�WR�FRPSOHWH�RQH�JHQHUDWLRQ�IROORZLQJ�WKH�YLVLEOH�GHSOHWLRQ�͵ͺʹ�
RI�D�EDFWHULDO�ODZQ��Diplogasteriana Q��VS�����ZHHNV��Koerneria luziae������ZHHNV��P. ͵ͺ͵�
giblindavisi����ZHHNV���DGXOW�IHPDOHV�ZHUH�VFUHHQHG�IRU�WKHLU�PRXWK�SKHQRW\SH��,Q�͵ͺͶ�
SDUDOOHO��QHPDWRGHV�RI�WKH�VDPH�VSHFLHV�ZHUH�PDLQWDLQHG�LQ�ZHOO�IHG�FXOWXUH��EHLQJ�͵ͺͷ�
WUDQVIHUUHG�����WR����IHPDOHV�SHU�UHSOLFDWH��WR�D�QHZ�EDFWHULDO�ODZQ��WKH�QH[W�JHQHUDWLRQ�͵ͺ͸�
EHLQJ�VFUHHQHG�IRU�WKH�PRXWK�SKHQRW\SH�DIWHU�RQH�ZHHN��$OO�DGXOW�IHPDOHV�XS�WR�D�͵ͺ͹�
VDPSOH�VL]H�RI�����SHU�SODWH�ZHUH�VFUHHQHG��([SHULPHQWV�ZHUH�SHUIRUPHG�LQ�WULSOLFDWH�͵ͺͺ�
IRU�HDFK�VSHFLHV��͵ͺͻ�

)RU�ERWK�DVVD\V��VLJQLILFDQW�GLIIHUHQFHV�LQ�PRUSK�UDWLRV�EHWZHHQ�SUH\�IHG�DQG�͵ͻͲ�
EDFWHULD�IHG�QHPDWRGHV�ZHUH�FDOFXODWHG�XVLQJ�)LVKHU¶V�H[DFW�WHVW�ZLWK�WKH�WRWDO�QXPEHU�͵ͻͳ�
RI�DVVD\HG�LQGLYLGXDOV�SRROHG�DFURVV�UHSOLFDWHV��(IIHFW�VL]HV�RI�GLIIHUHQFHV�ZHUH�͵ͻʹ�
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HVWLPDWHG�DV�WKH�RGGV�UDWLRQ�E\�)LVKHU¶V�H[DFW�WHVW��7KH�SHUFHQWDJH�RI�WKH�(X�PRUSK�SHU�͵ͻ͵�
WUHDWPHQW�SHU�VSHFLHV�LV�UHSRUWHG�LQ�7DEOH���IRU�SRROHG�VDPSOHV��͵ͻͶ�
�͵ͻͷ�

+LVWRU\�RI�GLPRUSKLVP�͵ͻ͸�
7R�LQIHU�WKH�HYROXWLRQDU\�KLVWRU\�RI�WKH�VWRPDWDO�GLPRUSKLVP��ZH�XVHG�VWRFKDVWLF�͵ͻ͹�
FKDUDFWHU�PDSSLQJ��1LHOVHQ��������+XHOVHQEHFN�HW�DO���������DV�LPSOHPHQWHG�LQ�͵ͻͺ�
6,00$3������%ROOEDFN���������7KLV�DSSURDFK�HVWLPDWHV�SUREDELOLWLHV�RI�WKH�VWDWHV�͵ͻͻ�
DORQJ�SK\ORJHQ\�XQGHU�FRQWLQXRXV�WLPH�0DUNRY�PRGHOV��LQFRUSRUDWLQJ�XQFHUWDLQW\�LQ�ͶͲͲ�
WUHH�WRSRORJ\��EUDQFK�OHQJWK��DQG�DQFHVWUDO�FKDUDFWHU�VWDWHV��7KH�EHVW�ILWWLQJ�SDUDPHWHUV�ͶͲͳ�
RI�PRUSKRORJ\�SULRUV��WKH�RYHUDOO�VXEVWLWXWLRQ�UDWH�SULRU��JDPPD�GLVWULEXWLRQ�SULRU���ͶͲʹ�
DQG�WKH�ELDV�SULRU�IRU�WZR�VWDWH�FKDUDFWHUV��EHWD�GLVWULEXWLRQ�SULRU��ZHUH�HVWLPDWHG�ͶͲ͵�
XVLQJ�D�0DUNRY�FKDLQ�0RQWH�&DUOR��0&0&��PHWKRG�DV�DOVR�LPSOHPHQWHG�LQ�ͶͲͶ�
6,00$3��7KHVH�FDOLEUDWLRQ�DQDO\VHV�ZHUH�UXQ�IRU���������JHQHUDWLRQV��VDPSOLQJ�WKH�ͶͲͷ�
FKDLQ�HYHU\�����JHQHUDWLRQV��XVLQJ�D�����PDMRULW\�UXOH�FRQVHQVXV�WUHH�VXPPDUL]HG�ͶͲ͸�
IURP�WKH�0DUNRY�FKDLQV�RI�WKH�%D\HVLDQ�SK\ORJHQHWLF�DQDO\VLV��WKH�ILUVW��������ͶͲ͹�
JHQHUDWLRQV�ZHUH�GLVFDUGHG�DV�EXUQ�LQ��)RU�VWRFKDVWLF�FKDUDFWHU�PDSSLQJ������WUHHV�ͶͲͺ�
ZHUH�UDQGRPO\�VDPSOHG��ZLWK�WKH�KHOS�RI�0HVTXLWH�������0DGGLVRQ�DQG�0DGGLVRQ��ͶͲͻ�
�������IURP�WUHHV�JHQHUDWHG�GXULQJ�WKH�0&0&�UXQV��7KH�QXPEHU�RI�GLVFUHWH�ͶͳͲ�
FDWHJRULHV��k��ZDV�VHW�WR����DQG����IRU�WKH�JDPPD�DQG�EHWD�GLVWULEXWLRQV��UHVSHFWLYHO\��Ͷͳͳ�
7UHHV�ZHUH�UHVFDOHG�WR�D�OHQJWK�RI�RQH�EHIRUH�DSSO\LQJ�SULRUV�RQ�WKH�RYHUDOO�UDWH��)RU�Ͷͳʹ�
DQDO\VHV�RI�HYROXWLRQDU\�UDWHV�DQG�FRPSOH[LW\�FRUUHODWLRQ�����FKDUDFWHU�KLVWRULHV�ZHUH�Ͷͳ͵�
VLPXODWHG�RQ�HDFK�RI�WKH�����WUHHV��7KH�GHQVLW\�PDSV�RI�WKH�GLPRUSKLVP�KLVWRU\�ͶͳͶ�
�)LJXUHV��$���(��ZHUH�JHQHUDWHG�E\�VXPPDUL]LQJ�SRVWHULRU�GHQVLWLHV�IURP�����Ͷͳͷ�
VLPXODWLRQV�RI�FKDUDFWHU�KLVWRULHV�RQ�WKH�0/�WUHH�LQ�WKH�5�SDFNDJH�SK\WRROV��������Ͷͳ͸�
�5HYHOO���������Ͷͳ͹�
�Ͷͳͺ�
*HRPHWULF�PRUSKRPHWULFV�Ͷͳͻ�
7R�FDSWXUH�VWRPDWDO�PRUSKRORJ\�����IL[HG�WZR�GLPHQVLRQDO�ODQGPDUNV�ZHUH�SODFHG�DW�ͶʹͲ�
ORFDOO\�GHILQHG�ERXQGDULHV�RU�SRLQWV�ZLWKLQ�WKH�VWRPD��)LJXUH��$���/DQGPDUNV�Ͷʹͳ�
FRQVLVWHG�RI�ERXQGDULHV�RU�SRLQWV�WKDW�ZHUH�FRQVLGHUHG�KRPRORJRXV�DFURVV�5KDEGLWLQD�Ͷʹʹ�
DV�SUHGLFWHG�E\�ILQH�VWUXFWXUDO�DQDWRP\��%DOGZLQ�HW�DO���������5DJVGDOH�DQG�%DOGZLQ��Ͷʹ͵�
�������VWRPDWDO�WHUPLQRORJ\�IROORZV�'H�/H\�HW�DO��������� 7\SH���ODQGPDUNV�ZHUH�ͶʹͶ�
UHFRUGHG�DW�WKH�YHQWUDO�DQG�GRUVDO�ERXQGDULHV�RI�WKH�FKHLORVWRP�ZLWK�ODELDO�WLVVXH�Ͷʹͷ�
�ODQGPDUNV���DQG�����UHVSHFWLYHO\���WKH�YHQWUDO�DQG�GRUVDO�ERXQGDULHV�EHWZHHQ�WKH�Ͷʹ͸�
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FKHLORVWRP�DQG�J\PQRVWRP����DQG�����UHVSHFWLYHO\���WKH�YHQWUDO�DQG�GRUVDO�ERXQGDULHV�Ͷʹ͹�
EHWZHHQ�WKH�J\PQRVWRP�DQG�VWHJRVWRP����DQG����UHVSHFWLYHO\���WKH�SRVWHULRU�ERXQGDU\�Ͷʹͺ�
RI�WKH�GRUVDO�WHORVWHJRVWRP������DQG�WKH�GRUVDO�JODQG�RULILFH������W\SH���ODQGPDUNV�Ͷʹͻ�
LQFOXGHG�WKH�DQWHULRU�DSH[�RI�WKH�YHQWUDO�DQG�GRUVDO�J\PQRVWRP����DQG����UHVSHFWLYHO\��Ͷ͵Ͳ�
DQG�WKH�DSH[�RI�PHGLDO�FXUYDWXUH�RI�WKH�VXEYHQWUDO�WHORVWHJRVWRP������7R�H[FOXGH�Ͷ͵ͳ�
FRQWULEXWLRQ�RI�WKH�WKLUG�GLPHQVLRQ�WR�PRUSKRPHWULFV��DOO�ODQGPDUNV�ZHUH�UHFRUGHG�LQ�Ͷ͵ʹ�
H[DFWO\�ODWHUDO�YLHZ��DV�JXDUDQWHHG�E\�WKH�ERG\�KDELWXV�RI�VOLGH�PRXQWHG�QHPDWRGHV��Ͷ͵͵�
L�H��WKHLU�VLQXVRLGDO�VSUHDG�DORQJ�WKH�VDJLWWDO�SODQH��Ͷ͵Ͷ�

)RU����QHPDWRGH�VSHFLHV��ODQGPDUNV�ZHUH�UHFRUGHG�IRU�PXOWLSOH�OLYH�VSHFLPHQV��Ͷ͵ͷ�
ZKLFK�ZHUH�PRXQWHG�RQ����DJDU�SDGV�ZLWK����O�RI������0�VRGLXP�D]LGH�DGGHG�DV�DQ�Ͷ͵͸�
DQHVWKHWLF��0LFURVFRS\�ZDV�SHUIRUPHG�XVLQJ�D�=HLVV�$[LR�,PDJHU�=��HTXLSSHG�ZLWK�D�Ͷ͵͹�
6SRW�57�6(�GLJLWDO�FDPHUD��/DQGPDUN�SRVLWLRQV�ZHUH�PDUNHG�XVLQJ�OLYH�YLHZ�PRGH�LQ�Ͷ͵ͺ�
0HWDPRUSK��������0ROHFXODU�'HYLFHV��6XQQ\YDOH��&$��86$���DQG�DIWHU�LPDJH�Ͷ͵ͻ�
DFTXLVLWLRQ�WKH\�ZHUH�GLJLWDOL]HG�XVLQJ�WSV'LJ���5RKOI���������)RU����VSHFLHV��ZH�XVHG�ͶͶͲ�
YLGHR�YRXFKHUV�DQG�LPDJHV�IURP�SXEOLVKHG�VRXUFHV�IRU�GLJLWDOL]DWLRQ�RI�ODQGPDUNV��ͶͶͳ�
2XU�FRPSOHWH�PRUSKRPHWULF�GDWDVHW�FRQVLVWHG�RI�����LPDJHV�DQG����QHPDWRGH�VSHFLHV�ͶͶʹ�
�DQ�DYHUDJH�RI�����LPDJHV�SHU�VSHFLHV�RU�PRUSK���/DQGPDUN�SRVLWLRQV�DQG�FHQWURLG�ͶͶ͵�
VL]HV��VTXDUH�URRW�RI�WKH�VXP�RI�VTXDUHG�GLVWDQFHV�RI�ODQGPDUNV�WR�WKHLU�FHQWURLG��ZHUH�ͶͶͶ�
DYHUDJHG�IRU�HDFK�VSHFLHV��RU�HDFK�PRUSK�IRU�GLPRUSKLF�VSHFLHV���ZKHUHDIWHU�ͶͶͷ�
ODQGPDUNV�ZHUH�3URFUXVWHV�VXSHULPSRVHG�XVLQJ�0RUSKR-��.OLQJHQEHUJ���������ͶͶ͸�

:H�XVHG�WZR�DSSURDFKHV�WR�DQDO\]H�ODQGPDUNV��)LUVW��ZH�VLPXOWDQHRXVO\�ͶͶ͹�
DFFRXQWHG�IRU�YDULDWLRQ�LQ�ERWK�VWRPDWDO�VKDSH�DQG�VL]H�E\�SHUIRUPLQJ�3URFUXVWHV�ͶͶͺ�
IRUP�VSDFH��VL]H�VKDSH�VSDFH��DQDO\VHV��'U\GHQ�DQG�0DUGLD��������0LWWHURHFNHU�HW�DO���ͶͶͻ�
�������,Q�WKLV�DSSURDFK��3URFUXVWHV�VKDSH�FRRUGLQDWHV��ZKLFK�DUH�WKH�UHVXOW�RI�ODQGPDUN�ͶͷͲ�
FHQWHULQJ��URWDWLRQ��DQG�VFDOLQJ��DUH�DXJPHQWHG�E\�WKH�QDWXUDO�ORJDULWKP�WUDQVIRUPHG�Ͷͷͳ�
FHQWURLG�VL]H��L�H.�DV�FDOFXODWHG�SULRU�WR�VFDOLQJ��DQG�VXEMHFWHG�WR�SULQFLSDO�FRPSRQHQW�Ͷͷʹ�
DQDO\VLV��3&$���3&$�RQ�WKH�3URFUXVWHV�VKDSH�FRRUGLQDWHV�PDWUL[�ZDV�SHUIRUPHG�ZLWK�Ͷͷ͵�
DQ�DGGLWLRQDO�FROXPQ�DSSHQGHG�FRQWDLQLQJ�ORJ�WUDQVIRUPHG�FHQWURLG�VL]H�GDWD�XVLQJ�WKH�ͶͷͶ�
�SUFRPS��IXQFWLRQ�LQ�5�������SDFNDJH�6WDWV��5�'HYHORSPHQW�&RUH�7HDP���������,Q�WKH�Ͷͷͷ�
VHFRQG�DSSURDFK��ZH�SHUIRUPHG�3&$�DQDO\VLV�RQ�3URFUXVWHV�VKDSH�FRRUGLQDWHV�WR�Ͷͷ͸�
UHFRQVWUXFW�3URFUXVWHV�VKDSH�VSDFH��5RKOI�DQG�6OLFH���������,Q�FRQWUDVW�WR�IRUP�VSDFH��Ͷͷ͹�
VKDSH�VSDFH�LQ�SULQFLSOH�PLQLPL]HV�WKH�HIIHFWV�RI�DOORPHWU\��RIIHULQJ�DQ�DOWHUQDWLYH�Ͷͷͺ�
ZD\�WR�PHDVXUH�PRUSKRORJLFDO�FKDQJH��:KHQ�GDWD�IRU�DOO�VSHFLHV�DQG�PRUSKV�ZHUH�Ͷͷͻ�
FRPELQHG��)LJXUH��$���WKH�ILUVW�DQG�WKH�VHFRQG�3&�D[HV�RI�IRUP�VSDFH�DFFRXQWHG�IRU�Ͷ͸Ͳ�
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DSSUR[LPDWHO\�����DQG����������DQG�����IRU�VKDSH�VSDFH���UHVSHFWLYHO\��RI�WKH�Ͷ͸ͳ�
YDULDQFH��7KXV��WKH�FXPXODWLYH�SURSRUWLRQ�RI�WKH�RYHUDOO�YDULDQFH�H[SODLQHG�E\�3&��Ͷ͸ʹ�
DQG�3&��D[HV�ZDV�����DQG�����IRU�IRUP��DQG�VKDSH�VSDFH��UHVSHFWLYHO\��)LJXUH���Ͷ͸͵�
VRXUFH�GDWD��������,Q�IRUP�VSDFH�DQDO\VHV��ORDGLQJV�RI�WKH�ORJ�FHQWURLG�VL]H�RQWR�3&��Ͷ͸Ͷ�
DQG�3&��D[HV�ZHUH������DQG�������)LJXUH���VRXUFH�GDWD��������Ͷ͸ͷ�

,Q�DGGLWLRQ�WR�WKH�3&$�DERYH��ZH�SHUIRUPHG�SK\ORJHQHWLF�3&$�RQ�ERWK�IRUP�Ͷ͸͸�
DQG�VKDSH�PDWULFHV�IRU�HYROXWLRQDU\�UDWH�DQDO\VHV��5HYHOO��������WR�DFFRXQW�IRU�Ͷ͸͹�
SK\ORJHQHWLF�QRQ�LQGHSHQGHQFH�RI�PRUSKRPHWULF�GDWD��7KH�6W�PRUSK�UHSUHVHQWHG�Ͷ͸ͺ�
GLPRUSKLF�VSHFLHV�LQ�WKLV�3&$��)LJXUH���VRXUFH�GDWD��������'LVSDULW\�DQDO\VHV�LQFOXGHG�Ͷ͸ͻ�
VHYHUDO�FRPSRQHQWV�RI�WKH�VWDQGDUG�3&$�ZHUH�UHWDLQHG��VHH�EHORZ���$OO�RWKHU�DQDO\VHV��Ͷ͹Ͳ�
ZKLFK�FRPSULVHG�SK\ORJHQHWLFDOO\�FRUUHFWHG�LQIHUHQFH�DQG�WHVWV�RI�HYROXWLRQDU\�UDWHV�Ͷ͹ͳ�
UHTXLULQJ�LQGLYLGXDO�YDULDEOHV��XVHG�VFRUHV�DORQJ�WKH�ILUVW�3&�D[LV�RI�HDFK�SK\ORJHQHWLF�Ͷ͹ʹ�
3&$�DQG�ZKLFK�H[SODLQHG�WKH�YDVW�PDMRULW\�RI�YDULDQFH�LQ�HLWKHU�IRUP�RU�VKDSH��Ͷ͹͵�

�Ͷ͹Ͷ�
'LVSDULW\�Ͷ͹ͷ�
0RUSKRORJLFDO�YDULDWLRQ��GLVSDULW\��ZDV�H[DPLQHG�LQ�WKUHH�JURXSV��QDPHO\�QRQ�Ͷ͹͸�
GLSORJDVWULG�5KDEGLWLQD��GLPRUSKLF�'LSORJDVWULGDH��DQG�PRQRPRUSKLF�'LSORJDVWULGDH��Ͷ͹͹�
:H�XVHG�WZR�DSSURDFKHV�WR�LQYHVWLJDWH�GLVSDULW\���L��WKH�VXP�RI�XQLYDULDWH�YDULDQFHV�RQ�Ͷ͹ͺ�
IRUP�VSDFH�D[HV��PXOWLYDULDWH�YDULDQFH��DQG��LL��3&$�YROXPH��)LJXUH���VRXUFH�GDWD�����Ͷ͹ͻ�
7KHVH�PHWKRGV�FDSWXUH�GLIIHUHQW�DVSHFWV�RI�PRUSKRORJLFDO�GLYHUVLW\�DQG�ERWK�DUH�EDVHG�ͶͺͲ�
RQ�PRUSKRORJLFDO�GLVWDQFH�PHDVXUHV��DOWKRXJK�QHLWKHU�FRQWUROV�IRU�SK\ORJHQHWLF�QRQ�Ͷͺͳ�
LQGHSHQGHQFH��7KH�VXP�RI�YDULDQFHV��D�YDULDQFH�EDVHG�PHWULF��SURYLGHV�DQ�HVWLPDWH�RI�Ͷͺʹ�
GHJUHH�RI�GLIIHUHQFH�DPRQJ�VSHFLHV�LQ�3URFUXVWHV�PRUSKRVSDFH��$OWHUQDWLYHO\��3&$�Ͷͺ͵�
YROXPH�JLYHV�DQ�HVWLPDWH�RI�WKH�DPRXQW�RI�PRUSKRVSDFH�RFFXSLHG�E\�VSHFLHV��LW�LV�ͶͺͶ�
FDOFXODWHG�DV�WKH�SURGXFW�RI�WKH�HLJHQYDOXHV�RI�WKH�FURVV�GLVWDQFH�PDWUL[��GLYLGHG�E\�Ͷͺͷ�
WKH�VTXDUH�RI�WKH�QXPEHU�RI�VSHFLHV��7KH�VXP�RI�YDULDQFHV�ZDV�SUHYLRXVO\�VKRZQ�E\�Ͷͺ͸�
VLPXODWLRQ�EDVHG�VWXGLHV�WR�EH�UHODWLYHO\�LQVHQVLWLYH�WR�YDULDWLRQ�LQ�VDPSOH�VL]H��DQG�Ͷͺ͹�
ERWK�PHWKRGV�KDYH�UHODWLYHO\�ORZ�VHQVLWLYLW\�WR�PLVVLQJ�GDWD��&LDPSDJOLR�HW�DO����������Ͷͺͺ�
7KH�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�WKH�0$7/$%�SDFNDJH�0'$��1DYDUUR���������3&�Ͷͺͻ�
D[HV�WKDW�H[SODLQHG�PRUH�WKDQ����RI�WKH�RYHUDOO�YDULDQFH����IRU�IRUP����IRU�VKDSH��ͶͻͲ�
�)LJXUH���VRXUFH�GDWD�������ZHUH�UHWDLQHG�IRU�FDOFXODWLRQV�RI�WKH�VXP�RI�YDULDQFHV�DQG�Ͷͻͳ�
3&$�YROXPH��5DUHIDFWLRQ�ZDV�SHUIRUPHG�WR�FRUUHFW�IRU�VDPSOH�VL]H�GHSHQGHQFH�Ͷͻʹ�
�&LDPSDJOLR�HW�DO����������VXFK�WKDW�WKH�VDPSOH�VL]H�ZDV�VWDQGDUGL]HG�WR�WKH�QXPEHU�RI�Ͷͻ͵�
VSHFLHV�LQ�WKH�VPDOOHVW�JURXS�FRPSDUHG��7R�FDOFXODWH�PHDQV�RI�GLVSDULW\�HVWLPDWHV��ͶͻͶ�
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WKHLU�VWDQGDUG�GHYLDWLRQV��DQG�WKHLU�����FRQILGHQFH�LQWHUYDOV���������ERRWVWUDS�Ͷͻͷ�
UHSOLFDWHV�ZHUH�SHUIRUPHG��)RU�SDLUZLVH�FRPSDULVRQV�RI�WKH�VXP�RI�YDULDQFHV�EHWZHHQ�Ͷͻ͸�
JURXSV��WZR�WDLOHG�S�YDOXHV�ZHUH�HVWLPDWHG�XVLQJ���������ERRWVWUDS�UHSOLFDWHV��Ͷͻ͹�
�Ͷͻͺ�
(YROXWLRQDU\�UDWHV�Ͷͻͻ�
:H�XVHG�WZR�FRPSDUDWLYH�PHWKRGV�WKDW�HPSOR\�D�%URZQLDQ�PRWLRQ��%0��PRGHO�WR�ͷͲͲ�
HVWLPDWH�DQG�FRPSDUH�UDWHV�RI�HYROXWLRQ�RI�VWRPDWDO�PRUSKRORJ\�DPRQJ�GLIIHUHQW�ͷͲͳ�
QHPDWRGH�OLQHDJHV���L��D�0/�EDVHG�QRQ�FHQVRUHG�UDWH�WHVW��2¶0HDUD�HW�DO���������DQG�ͷͲʹ�
�LL��D�%D\HVLDQ�UHYHUVLEOH�MXPS�DSSURDFK��(DVWPDQ�HW�DO����������,Q�WKHVH�DSSURDFKHV��ͷͲ͵�
WKH�UDWH�RI�HYROXWLRQ�LV�PHDVXUHG�DV�D�UDWH�SDUDPHWHU�IRU�WKH�%0�SURFHVV�E\�ZHLJKWLQJ�ͷͲͶ�
WKH�PDJQLWXGH�RI�FKDQJH�RI�WKH�WUDLW�SHU�XQLW�RI��RSHUDWLRQDO�WLPH���3DJHO���������,Q�RXU�ͷͲͷ�
DQDO\VHV��RSHUDWLRQDO�WLPH�ZDV�VHW�WR�LQIHUUHG�JHQHWLF�GLVWDQFH��L�H��EUDQFK�OHQJWKV�ͷͲ͸�
LQIHUUHG�LQ�RXU�%D\HVLDQ�SK\ORJHQHWLF�DQDO\VLV�RI�IRXU�SDUWLWLRQV�RI�WKH����LQFOXGHG�ͷͲ͹�
JHQHV��7KLV�PHWULF�LV�VXSSRUWHG�DV�DQ�DSSURSULDWH�PHDVXUH�RI�WLPH�E\�PXWDWLRQ�ͷͲͺ�
DFFXPXODWLRQ�OLQH�H[SHULPHQWV��ZKLFK�KDYH�LQGLFDWHG�UDWHV�RI�PROHFXODU�HYROXWLRQ�WR�ͷͲͻ�
EH�QHDUO\�LGHQWLFDO�EHWZHHQ�GLVWDQWO\�UHODWHG�QHPDWRGHV�RI�5KDEGLWLQD��:HOOHU�HW�DO���ͷͳͲ�
�������$EVROXWH�WLPH�ZDV�QRW�XVHG�EHFDXVH��L��UHOHYDQW�IRVVLO�GDWD�DUH�QRW�DYDLODEOH�WR�ͷͳͳ�
FDOLEUDWH�GDWHV�LQ�WKH�SK\ORJHQ\�DQG��LL��WKH�QXPEHU�RI�JHQHUDWLRQV�SHU�\HDU�LV�DVVXPHG�ͷͳʹ�
WR�GLIIHU�GUDPDWLFDOO\�EHWZHHQ�QHPDWRGH�VSHFLHV�GXH�WR�GLIIHUHQFHV�LQ�JHQHUDWLRQ�WLPH�ͷͳ͵�
DQG��JLYHQ�HFRORJLFDO�GLIIHUHQFHV��+HUUPDQQ�HW�DO���������.LRQWNH�HW�DO����������ͷͳͶ�
SUHVXPHG�OHQJWKV�RI�GLDSDXVH��GDXHU��VWDJHV��ͷͳͷ�

Non-censored rate test.�7R�LQYHVWLJDWH�KRZ�UDWHV�RI�PRUSKRORJLFDO��IRUP�DQG�ͷͳ͸�
VKDSH��HYROXWLRQ�FKDQJH�LQ�WKH�SUHVHQFH�RI�SODVWLFLW\��ZH�HVWLPDWHG�WKH�UHODWLYH�ILW�RI�ͷͳ͹�
RQH���WZR���DQG�WKUHH�UDWH�SDUDPHWHU�PRGHOV�XVLQJ�WKH��%URZQLH�OLWH��IXQFWLRQ�LQ�WKH�5�ͷͳͺ�
SDFNDJH�SK\WRROV���������5HYHOO���������)LJXUH���VRXUFH�GDWD�����)LYH�%0�PRGHOV�ͷͳͻ�
ZHUH�WHVWHG���L��D�VLQJOH�UDWH�PRGHO�WKDW�DSSUR[LPDWHG�WKH�VDPH�UDWH�SDUDPHWHU�IRU�QRQ�ͷʹͲ�
GLSORJDVWULG�5KDEGLWLQD��GLPRUSKLF�'LSORJDVWULGDH��DQG�PRQRPRUSKLF�'LSORJDVWULGDH�ͷʹͳ�
�������PRGHO����LL��D�WZR�UDWH�SDUDPHWHU�PRGHO�WKDW�DVVLJQHG�RQH�UDWH�FDWHJRU\�WR�QRQ�ͷʹʹ�
GLSORJDVWULG�5KDEGLWLQD�DQG�D�GLIIHUHQW�FDWHJRU\�WR�GLPRUSKLF�DQG�PRQRPRUSKLF�ͷʹ͵�
'LSORJDVWULGDH�WRJHWKHU��������PRGHO����LLL��D�WZR�UDWH�PRGHO�WKDW�DSSUR[LPDWHG�RQH�ͷʹͶ�
UDWH�SDUDPHWHU�IRU�QRQ�GLSORJDVWULG�5KDEGLWLQD�DQG�PRQRPRUSKLF�GLSORJDVWULGV�EXW�D�ͷʹͷ�
GLIIHUHQW�UDWH�SDUDPHWHU�IRU�GLPRUSKLF�'LSORJDVWULGDH��������PRGHO����LY��D�WZR�UDWH�ͷʹ͸�
PRGHO�WKDW�DVVXPHG�WKH�VDPH�UDWHV�IRU�QRQ�GLSORJDVWULG�5KDEGLWLQD�DQG�GLPRUSKLF�ͷʹ͹�
'LSORJDVWULGDH�EXW�GLIIHUHQW�UDWHV�IRU�PRQRPRUSKLF�'LSORJDVWULGDH��������PRGHO����Y��D�ͷʹͺ�
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WKUHH�UDWH�PRGHO�WKDW�DVVXPHG�GLIIHUHQW�UDWH�SDUDPHWHUV�IRU�HDFK�RI�WKH�WKUHH�QHPDWRGH�ͷʹͻ�
JURXSV��������PRGHO���:H�DVVHVVHG�WKH�UHODWLYH�ILW�RI�PRGHOV�E\�FRPSDULQJ�VHFRQG�ͷ͵Ͳ�
RUGHU�$NDLNH�,QIRUPDWLRQ�&ULWHULRQ��$,&F��YDOXHV��)LJXUH���VRXUFH�GDWD�����,I�WKH�ͷ͵ͳ�
GLIIHUHQFH�LQ�YDOXHV��ǻ$,&F��ZDV�JUHDWHU�WKDQ����WKH�ZRUVH�ILWWLQJ�PRGHO�ZDV�ͷ͵ʹ�
FRQVLGHUHG�PXFK�OHVV�VXSSRUWHG��%XUQKDP�DQG�$QGHUVRQ���������$GGLWLRQDOO\��QHVWHG�ͷ͵͵�
PRGHOV�ZHUH�FRPSDUHG�XVLQJ�D�K\SRWKHVLV�WHVWLQJ�OLNHOLKRRG�UDWLR�DSSURDFK��L�H��XVLQJ�ͷ͵Ͷ�
D�FKL�VTXDUH�GLVWULEXWLRQ��)LJXUH���VRXUFH�GDWD����S�YDOXHV�DUH�DOVR�JLYHQ�LQ�PDLQ�WH[W���ͷ͵ͷ�
7HVWV�ZHUH�SHUIRUPHG�RQ�������WUHHV�ZLWK�PDSSHG�FKDUDFWHU�KLVWRULHV��ZKLFK�ZHUH�ͷ͵͸�
UDQGRPO\�VDPSOHG�IURP�SRVWHULRU�GLVWULEXWLRQV�RI�SRVW�EXUQ�LQ�WUHHV�JHQHUDWHG�E\�WKH�ͷ͵͹�
0&0&�UXQV�RI�WKH�SK\ORJHQHWLF�DQDO\VLV��ͷ͵ͺ�

Bayesian sampling of shifts in trait evolution.�:H�LQYHVWLJDWHG�YDULDWLRQ�LQ�ͷ͵ͻ�
HYROXWLRQDU\�UDWHV�DFURVV�OLQHDJHV�RI�5KDEGLWLQD�XVLQJ�D�%D\HVLDQ�UHYHUVLEOH�MXPS�ͷͶͲ�
DSSURDFK��(DVWPDQ�HW�DO���������DV�LPSOHPHQWHG�LQ�WKH�5�SDFNDJH�*HLJHU��������ͷͶͳ�
�+DUPRQ�HW�DO����������)LJXUH���VRXUFH�GDWD�����7KLV�PHWKRG�HVWLPDWHV�SRVWHULRU�UDWHV�ͷͶʹ�
RI�FRQWLQXRXV�WUDLW�HYROXWLRQ�DORQJ�LQGLYLGXDO�EUDQFKHV�RI�WKH�SK\ORJHQ\�XVLQJ�ͷͶ͵�
UHYHUVLEOH�MXPS�0&0&�VDPSOLQJ�RI�D�PXOWLUDWH�%0�SURFHVV��ZLWKRXW�WKH�QHHG�IRU�ͷͶͶ�
VSHFLI\LQJ�K\SRWKHVHV�a priori�DERXW�WKH�ORFDWLRQ�RI�UDWH�VKLIWV��7R�DFKLHYH�PL[LQJ�RI�ͷͶͷ�
0&0&�FKDLQV��ZH�FDOLEUDWHG�WKH�SURSRVDO�ZLGWK�XVLQJ�WKH�IXQFWLRQ��FDOLEUDWH�UMPFPF��ͷͶ͸�
DQG�UXQQLQJ�WKH�FKDLQ�IRU���PLOOLRQ�JHQHUDWLRQV��DIWHU�ZKLFK�ZH�XVHG�7UDFHU�����WR�ͷͶ͹�
FRQILUP�PL[LQJ��7KUHH�0&0&�DQDO\VHV�ZHUH�WKHQ�SHUIRUPHG��ZLWK����PLOOLRQ�ͷͶͺ�
JHQHUDWLRQV�HDFK��XVLQJ�WKH�IXQFWLRQ��UMPFPF�EP���$QDO\VHV�ZHUH�UXQ�XQGHU�D�UHOD[HG�ͷͶͻ�
%0�PRGHO�ZLWK�WKH�QXPEHU�RI�ORFDO�FORFNV�FRQVWUDLQHG�WR�WKUHH�DQG�WKH�SURSRVDO�ZLGWK�ͷͷͲ�
VHW�WR������&KDLQV�ZHUH�VDPSOHG�HYHU\������JHQHUDWLRQV��WKH�ILUVW�����RI�JHQHUDWLRQV�ͷͷͳ�
ZDV�GLVFDUGHG�DV�EXUQ�LQ��DQG�7UDFHU�����ZDV�XVHG�WR�FRQILUP�FKDLQV�PL[LQJ�DQG�ͷͷʹ�
FRQYHUJHQFH��5HVXOWV�IURP�WKH�WKUHH�LQGHSHQGHQW�UXQV�ZHUH�FRPELQHG��DQG�ZHLJKWHG�ͷͷ͵�
SRVWHULRU�UDWHV�RI�LQGLYLGXDO�EUDQFKHV�ZLWKLQ�HDFK�RI�WKH�FRPSDUHG�FDWHJRULHV�ZHUH�ͷͷͶ�
H[WUDFWHG��7KH�KLJKHVW�SRVWHULRU�GHQVLW\��+3'��LQWHUYDOV�DQG�PHDQV�ZHUH�HVWLPDWHG�IRU�ͷͷͷ�
WKH�WKUHH�QHPDWRGH�JURXSV��)LJXUH���ILJXUH�VXSSOHPHQW����DQG�ZHUH�FRPSDUHG�XVLQJ�D�ͷͷ͸�
WZR�WDLOHG�UDQGRPL]DWLRQ�WHVW�WR�GHWHUPLQH�ZKHWKHU�SRVWHULRU�UDWHV�ZHUH�GLIIHUHQW�ͷͷ͹�
DPRQJ�JURXSV��)LJXUH���VRXUFH�GDWD�����ͷͷͺ�

�ͷͷͻ�
'LPRUSKLVP�DQG�VWRPDWDO�FRPSOH[LW\ ͷ͸Ͳ�
Tabulating complexity. 7R�HVWDEOLVK�DQ�LQGH[�IRU�WKH�FRPSOH[LW\�RI�QHPDWRGH�ͷ͸ͳ�
PRXWKSDUWV��ZH�VFRUHG�WKH�WRWDO�QXPEHU�RI�REVHUYHG�FXWLFXODU�³FXVSV´��+DUMXQPDD�HW�ͷ͸ʹ�
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DO���������DQG�DUWLFXODWLRQV��L�H��VWUXFWXUHV�SURMHFWLQJ�LQGHSHQGHQWO\�ZLWKLQ�WKH�VWRPD��ͷ͸͵�
:H�GHILQH�D�³VWUXFWXUH´�KHUHLQ�DV�DQ\�JHRPHWULF�GHYLDWLRQ�WKDW�LV�PDUNHG�E\�D�SK\VLFDO�ͷ͸Ͷ�
YHUWH[�RI�������IURP�WKH�F\OLQGULFDO�ZDOOV�RI�WKH�VWRPD�RU�IURP�WKH�DUFKHG�DQWHULRU�ͷ͸ͷ�
PDUJLQV�RI�WKH�SKDU\QJHDO�UDGLL��)LJXUH���ILJXUH�VXSSOHPHQW�����$OO�UHFRUGHG�VWUXFWXUHV�ͷ͸͸�
ZHUH�GLVFUHWH�DQG�VWHUHRW\SLF��L�H��DOZD\V�SUHVHQW�RU�DEVHQW��IRU�HDFK�VSHFLHV�RU�PRUSK�ͷ͸͹�
�IRU�GLPRUSKLF�WD[D��WKH�(X�PRUSK�ZDV�DQDO\]HG���%HFDXVH�VXFK�VWUXFWXUHV�WDNH�D�ͷ͸ͺ�
YDULHW\�RI�VKDSHV��DOO�UHFRUGHG�VWUXFWXUHV�DUH�IRU�FODULW\�SUHVHQWHG�DV�D�ͷ͸ͻ�
SUHVHQFH�DEVHQFH�FKDUDFWHU�PDWUL[��)LJXUH���VRXUFH�GDWD�����ZKLFK�LQFOXGHV�VWUXFWXUHV�ͷ͹Ͳ�
FRQVLVWHQW�ZLWK�SUHYLRXV�UHSRUWV��)�UVW�YRQ�/LHYHQ��������)�UVW�YRQ�/LHYHQ�DQG�ͷ͹ͳ�
6XGKDXV��������6XGKDXV�DQG�)�UVW�YRQ�/LHYHQ��������.DQ]DNL�HW�DO���������+HUUPDQQ�ͷ͹ʹ�
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LQGH[�UDQJHV�IURP���WR�����&RYDULDQFH�WHVWV��VHH�WH[W��VKRZ�WKDW�WKH�DSSDUHQW�ͺͺͺ�
SK\ORJHQHWLF�FRUUHODWLRQ�EHWZHHQ�GLPRUSKLVP�DQG�FRPSOH[LW\�LV�VLJQLILFDQW��ͺͺͻ�
� �ͺͻͲ�



� ��

7DEOH����(QYLURQPHQWDO�UHJXODWLRQ�RI�WKH�PRXWK�GLPRUSKLVP�DFURVV�ͺͻͳ�
'LSORJDVWULGDH��7KH�SUHVHQFH�RI�SUH\�QHPDWRGH��C. elegans��ODUYDH�DQG�WKH�DEVHQFH�ͺͻʹ�
RI�EDFWHULDO�IRRG��³SUH\´�WUHDWPHQW��LQGXFHG�GHYHORSPHQW�RI�WKH�(X�PRUSK�LQ�VWUDLQV�ͺͻ͵�
QRUPDOO\�6W�ELDVHG�RQ�DQ�DEXQGDQFH�RI�EDFWHULDO�IRRG��FRQWURO���)RU�VSHFLHV�WKDW�FRXOG�ͺͻͶ�
QRW�UHDFK�DGXOWKRRG�RQ�WKLV�UHJLPHQ��FRQGLWLRQV�RI�RYHUSRSXODWLRQ�DQG�VWDUYDWLRQ�ͺͻͷ�
�³VWDUYHG´�WUHDWPHQW��VLPLODUO\�SURPRWHG�WKH�(X�PRUSK��(IIHFW�VL]H�LV�JLYHQ�DV�WKH�ͺͻ͸�
RGGV�UDWLR��)LVKHU¶V�H[DFW�WHVW��ZKHUH�QRW�LQILQLWH��ͺͻ͹�
�ͺͻͺ�

'LPRUSKLF�QHPDWRGH�VSHFLHV� 7UHDWPHQW�W\SH� ��(X��WUHDWPHQW� ��(X��FRQWURO� 2GGV�

UDWLR�

Allodiplogaster�VS���� SUH\� ���� �� �

Allodiplogaster sudhausi� SUH\� ��� �� ���������

Diplogasteriana Q��VS�� VWDUYHG� ��� �� �

Fictor stercorarius� SUH\� ��� �� �

Koerneria luziae� VWDUYHG� �� �� �

Micoletzkya inedia� SUH\� ��� �� �

Micoletzkya japonica� SUH\� ��� �� �

Mononchoides VS���� SUH\� ��� ��� ��������

Mononchoides�VS���� SUH\� ���� �� �

Neodiplogaster�VS�� SUH\� ���� �� �

Parapristionchus giblindavisi� VWDUYHG� ��� �� ������

�ͺͻͻ�
� �ͻͲͲ�



� ��

6XSSOHPHQWDU\�ILJXUH��VRXUFH�GDWD��DQG�GDWD�ILOH�OHJHQGV�ͻͲͳ�
�ͻͲʹ�
7DEOH���VRXUFH�GDWD����(QYLURQPHQWDO�LQGXFWLRQ�RI�WKH�(X�PRUSK�LQ�GLPRUSKLF�ͻͲ͵�
VSHFLHV��5HVXOWV�IRU�LQGLYLGXDO�UHSOLFDWHV��SODWHV��DUH�VKRZQ��ͻͲͶ�
�ͻͲͷ�
)LJXUH���VRXUFH�GDWD����1HPDWRGH�WD[D�XVHG�LQ�WKLV�VWXG\��ZLWK�LVRODWLRQ�GHWDLOV�ͻͲ͸�
JLYHQ��2ULJLQV�RI�VWUDLQV�DUH�FRGHG�DV�IROORZV��&*&��&DHQRUKDEGLWLV�*HQHWLFV�&HQWHU��ͻͲ͹�
-%��%DOGZLQ�ODE��8��&DOLIRUQLD��5LYHUVLGH���09��9LQH\�ODE��8��%ULVWRO���1.��.DQ]DNL�ͻͲͺ�
ODE�� 5*'��*LEOLQ�'DYLV� ODE� �8�� )ORULGD�,)$6��� 56�� 6RPPHU� ODE�� 6%�� 6XGKDXV� ODE�ͻͲͻ�
�)UHLH�8QLYHUVLWlW�%HUOLQ���)RU�RWKHU�VWUDLQV��UHIHUHQFHV�DUH�JLYHQ��QF��QRW�FXOWXUDEOH��ͻͳͲ�
�ͻͳͳ�
)LJXUH���VRXUFH�GDWD����*HQ%DQN�DFFHVVLRQ�QXPEHUV�IRU�JHQH�VHTXHQFHV�DQDO\]HG�ͻͳʹ�
LQ�WKLV�VWXG\��6HTXHQFHV�VKRUWHU�WKDQ�����ES��ZLWK�DFFHVVLRQ�QXPEHUV�EHJLQQLQJ�ZLWK�ͻͳ͵�
³96´��DUH�DYDLODEOH�DW�ZZZ�SULVWLRQFKXV�RUJ�GRZQORDG�VXSS6XVR\�����KWPO��ͻͳͶ�

�ͻͳͷ�
)LJXUH���ILJXUH�VXSSOHPHQW����3URMHFWLRQV�RI�WKH�ILUVW�WZR�SULQFLSDO�FRPSRQHQWV�ͻͳ͸�
RI�3URFUXVWHV�PRUSKRVSDFH�RI�VWRPDWDO�ODQGPDUNV��,Q�SK\ORJHQHWLF�SULQFLSDO�ͻͳ͹�
FRPSRQHQWV�DQDO\VLV��SK\ORJHQHWLF�3&$���GLPRUSKLF�VSHFLHV�DUH�UHSUHVHQWHG�E\�WKH�6W�ͻͳͺ�
PRUSK��3XUSOH�FLUFOHV�UHSUHVHQW�QRQ�GLSORJDVWULG�5KDEGLWLQD��5K���JUHHQ�FLUFOHV�PDUN�ͻͳͻ�
PRQRPRUSKLF�'LSORJDVWULGDH��0Q���UHG�FLUFOHV��6W�PRUSK�RI�GLPRUSKLF�ͻʹͲ�
'LSORJDVWULGDH��EOXH�DQG�UHG�FLUFOHV�FRQQHFWHG�E\�OLQHV�PDUN�6W�DQG�(X�PRUSKV�RI�ͻʹͳ�
LQGLYLGXDO�GLPRUSKLF�VSHFLHV���$��3K\ORJHQHWLF�3&$�RI�IRUP���%��3K\ORJHQHWLF�3&$�ͻʹʹ�
RI�VKDSH���&��3&$�RI�VKDSH��ͻʹ͵�
�ͻʹͶ�

)LJXUH���ILJXUH�VXSSOHPHQW����5DWH�HVWLPDWHV�RI�VWRPDWDO�VKDSH�HYROXWLRQ�LQ�ͻʹͷ�
5KDEGLWLQD��,Q�GLPRUSKLF�WD[D��UDWHV�DUH�IRU�6W�PRUSK��%UDQFK�FRORU�LQGLFDWHV�UDWHV�RI�ͻʹ͸�
HYROXWLRQDU\�FKDQJH��SRVWHULRU�UDWHV�DUH�FRORU�FRGHG�LQ�OHJHQG��ͻʹ͹�
�ͻʹͺ�

)LJXUH���ILJXUH�VXSSOHPHQW����3RVWHULRU�GHQVLWLHV�RI�UDWHV�RI�VWRPDWDO�IRUP�DQG�ͻʹͻ�
VKDSH�HYROXWLRQ�LQ�5KDEGLWLQD��%DUV�EHORZ�UHSUHVHQW�KLJKHVW�SRVWHULRU�GHQVLW\�ͻ͵Ͳ�
LQWHUYDOV�RI�ZHLJKWHG�UDWH�HVWLPDWHV�IRU�WKH�JURXSV��5K��QRQ�GLSORJDVWULG�5KDEGLWLQD��ͻ͵ͳ�
'P��GLPRUSKLF�'LSORJDVWULGDH��0Q��PRQRPRUSKLF�'LSORJDVWULGDH���$��5DWHV�RI�ͻ͵ʹ�
FKDQJH�RI�3URFUXVWHV�IRUP���%��5DWHV�IRU�3URFUXVWHV�VKDSH��5HVXOWV�IURP�DQDO\VHV�RI�ͻ͵͵�
IRUP�VKRZ�ERWK�JURXSV�RI�'LSORJDVWULGDH�WR�KDYH�KLJKHU�UDWHV�WKDQ�PRQRPRUSKLF�ͻ͵Ͷ�
RXWJURXSV��DOWKRXJK�UDWHV�ZHUH�KLJKHVW�LQ�VHFRQGDULO\�PRQRPRUSKLF�OLQHDJHV��ͻ͵ͷ�



� ��

$QDO\VHV�RI�VKDSH�DOVR�FOHDUO\�VKRZ�KLJKHU�UDWHV�LQ�'LSORJDVWULGDH�DV�FRPSDUHG�ZLWK�ͻ͵͸�
RXWJURXSV��ͻ͵͹�
�ͻ͵ͺ�

)LJXUH���VRXUFH�GDWD����5HVXOWV�RI�SULQFLSDO�FRPSRQHQW�DQDO\VLV�RIVWRPDWDO�IRUP�ͻ͵ͻ�
LQ�5KDEGLWLQD��LQFOXGLQJ�ERWK�PRUSKV�RI�GLPRUSKLF�WD[D��/RDGLQJV�RI�3URFUXVWHV�ͻͶͲ�
FRRUGLQDWHV�DQG�ORJ�FHQWURLG�VL]H�RI�VWRPDWDO�IRUP�RQWR�WKH�ILUVW�IRXU�SULQFLSDO�ͻͶͳ�
FRPSRQHQW��3&��D[HV�DUH�VKRZQ��DV�DUH�WKH�SURSRUWLRQ�RI�YDULDQFH�H[SODLQHG�E\�WKRVH�ͻͶʹ�
3&�D[HV��ͻͶ͵�
�ͻͶͶ�
)LJXUH���VRXUFH�GDWD����5HVXOWV�RI�SULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�VWRPDWDO�ͻͶͷ�
VKDSH�LQ�5KDEGLWLQD��LQFOXGLQJ�ERWK�PRUSKV�RI�GLPRUSKLF�WD[D��/RDGLQJV�RI�ͻͶ͸�
3URFUXVWHV�FRRUGLQDWHV�RI�VWRPDWDO�VKDSH�RQWR�WKH�ILUVW�IRXU�SULQFLSDO�FRPSRQHQW��3&��ͻͶ͹�
D[HV�DUH�VKRZQ��DV�DUH�WKH�SURSRUWLRQ�RI�YDULDQFH�H[SODLQHG�E\�WKRVH�3&�D[HV��ͻͶͺ�
�ͻͶͻ�
)LJXUH���VRXUFH�GDWD����5HVXOWV�RI�SK\ORJHQHWLF�SULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�ͻͷͲ�
VWRPDWDO�IRUP�LQ�5KDEGLWLQD��ZLWK�GLPRUSKLF�WD[D�UHSUHVHQWHG�E\�WKH�ͻͷͳ�
VWHQRVWRPDWRXV��6W��PRUSK��/RDGLQJV�RI�3URFUXVWHV�FRRUGLQDWHV�DQG�ORJ�FHQWURLG�ͻͷʹ�
VL]H�RI�VWRPDWDO�IRUP�RQWR�WKH�ILUVW�IRXU�SULQFLSDO�FRPSRQHQW��3&��D[HV�DUH�VKRZQ��DV�ͻͷ͵�
DUH�WKH�SURSRUWLRQ�RI�YDULDQFH�H[SODLQHG�E\�WKRVH�3&�D[HV��ͻͷͶ�
�ͻͷͷ�

)LJXUH���VRXUFH�GDWD����5HVXOWV�RI�SK\ORJHQHWLF�SULQFLSDO�FRPSRQHQW�DQDO\VLV�RI�ͻͷ͸�
VWRPDWDO�VKDSH�LQ�5KDEGLWLQD��ZLWK�GLPRUSKLF�WD[D�UHSUHVHQWHG�E\�WKH�ͻͷ͹�
VWHQRVWRPDWRXV��6W��PRUSK��/RDGLQJV�RI�3URFUXVWHV�FRRUGLQDWHV�RI�VWRPDWDO�VKDSH�ͻͷͺ�
RQWR�WKH�ILUVW�IRXU�SULQFLSDO�FRPSRQHQW��3&��D[HV�DUH�VKRZQ��DV�DUH�WKH�SURSRUWLRQ�RI�ͻͷͻ�
YDULDQFH�H[SODLQHG�E\�WKRVH�3&�D[HV��ͻ͸Ͳ�
�ͻ͸ͳ�
)LJXUH���VRXUFH�GDWD����(VWLPDWHV�RI�PRUSKRORJLFDO�GLVSDULW\�RI�WKH�VWRPD�LQ�ͻ͸ʹ�
5KDEGLWLQD��*URXSV�FRPSDUHG�ZHUH�QRQ�GLSORJDVWULG�5KDEGLWLQD��PRQRPRUSKLF�ͻ͸͵�
'LSORJDVWULGDH��DQG�GLPRUSKLF�'LSORJDVWULGDH��'LVSDULW\�ZDV�PHDVXUHG�DV�WKH�ͻ͸Ͷ�
SULQFLSDO�FRPSRQHQW��3&��DQDO\VLV�YROXPH�DQG�WKH�VXP�RI�XQLYDULDWH�YDULDQFHV��3&�ͻ͸ͷ�
VFRUHV�DORQJ�WKH�ILUVW�WZR�DQG�WKUHH�3&�D[HV�RI�3URFUXVWHV�IRUP�DQG�VKDSH�VSDFH��ͻ͸͸�
UHVSHFWLYHO\��ZHUH�XVHG�DQG�DUH�SUHVHQWHG�LQ�WKH�IRUP�PHDQ�VWDQGDUG�GHYLDWLRQ������ͻ͸͹�
FRQILGHQFH�LQWHUYDO���(X��HXU\VWRPDWRXV��6W��VWHQRVWRPDWRXV��ͻ͸ͺ�
�ͻ͸ͻ�



� ��

)LJXUH���VRXUFH�GDWD����5DWHV�RI�VWRPDWDO�HYROXWLRQ�DORQJ�WKH�ILUVW�SULQFLSDO�ͻ͹Ͳ�
FRPSRQHQW��3&��D[LV�RI�3URFUXVWHV�IRUP��DQG�VKDSH�VSDFH��5DWHV�ZHUH�FRPSDUHG�ͻ͹ͳ�
IRU�QRQ�GLSORJDVWULG�5KDEGLWLQD��5K���GLPRUSKLF�'LSORJDVWULGDH��'P���DQG�ͻ͹ʹ�
PRQRPRUSKLF�'LSORJDVWULGDH��0Q���1XPEHUV�LQGLFDWH�VHSDUDWH�UDWH�SDUDPHWHUV�IRU�WKH�ͻ͹͵�
GHVLJQDWHG�JURXSV��0RGHO�DYHUDJHG�UDWHV�ZLWK�VWDQGDUG�GHYLDWLRQ�DUH�VKRZQ��ͻ͹Ͷ�

)LJXUH���VRXUFH�GDWD����6WDWLVWLFDO�FRPSDULVRQ�RI�QRQ�QHVWHG�PRGHOV�RI�VWRPDWDO�ͻ͹ͷ�
HYROXWLRQ�DORQJ�WKH�ILUVW�SULQFLSDO�FRPSRQHQW��3&��D[LV�RI�3URFUXVWHV�IRUP��DQG�ͻ͹͸�
VKDSH�VSDFH�XVLQJ�D�FKL�VTXDUH�GLVWULEXWLRQ��1XPEHUV�LQGLFDWH�VHSDUDWH�UDWH�ͻ͹͹�
SDUDPHWHUV�IRU�WKH�GHVLJQDWHG�JURXSV��5K��QRQ�GLSORJDVWULG�5KDEGLWLQD��5K���'P��ͻ͹ͺ�
GLPRUSKLF�'LSORJDVWULGDH��0Q��PRQRPRUSKLF�'LSORJDVWULGDH��ͻ͹ͻ�
�ͻͺͲ�
)LJXUH���VRXUFH�GDWD����+LJKHVW�SRVWHULRU�GHQVLWLHV��+3'��RI�UDWHV��DQG�DVVRFLDWHG�ͻͺͳ�
S�YDOXHV�REWDLQHG�IURP�WZR�WDLOHG�UDQGRPL]DWLRQ�WHVWV��RI�VWRPDWDO�IRUP�DQG�ͻͺʹ�
VKDSH�HYROXWLRQ��7HVWV�ZHUH�SHUIRUPHG�IRU�WKH�EUDQFKHV�DVVLJQHG�WR�QRQ�GLSORJDVWULG�ͻͺ͵�
5KDEGLWLQD��GLPRUSKLF�'LSORJDVWULGDH��DQG�PRQRPRUSKLF�'LSORJDVWULGDH��&,��ͻͺͶ�
FRQILGHQFH�LQWHUYDO��ͻͺͷ�
�ͻͺ͸�
)LJXUH���ILJXUH�VXSSOHPHQW����7DEXODWLQJ�FRPSOH[LW\�RI�QHPDWRGH�PRXWKSDUWV��ͻͺ͹�
7KH�FRPSOH[LW\�LQGH[��FL��ZDV�WDEXODWHG�DV�WKH�VXP�RI�DOO�VWRPDWDO�³VWUXFWXUHV�´�L�H��ͻͺͺ�
JHRPHWULF�GHYLDWLRQV�PDUNHG�E\�D�������YHUWH[�IURP�WKH�F\OLQGULFDO�ZDOOV�RI�WKH�ͻͺͻ�
VWRPD�RU�IURP�WKH�DUFKHG�DQWHULRU�PDUJLQV�RI�WKH�SKDU\QJHDO�UDGLL��7DEXODWHG�ͻͻͲ�
VWUXFWXUHV�DUH�IDOVH�FRORUHG�RQ�LOOXVWUDWLRQV�RI�IRXU�H[DPSOH�VSHFLHV��,WHUDWLYH�ͻͻͳ�
VWUXFWXUHV�DQG�ELODWHUDOO\�V\PPHWULFDO�GXSOLFDWHV�ZHUH�VFRUHG�DV�D�VLQJOH�VWUXFWXUH�GXH�ͻͻʹ�
WR�WKHLU�FR�GHSHQGHQFH��$OO�DVSHFWV�DUH�OHIW�DQG�ODWHUDO�XQOHVV�RWKHUZLVH�VSHFLILHG��ͻͻ͵�
&RORU�FRGHG�VWUXFWXUHV�DUH�UHFRUGHG�LQ�)LJXUH���VRXUFH�GDWD����UHG��GRUVDO�WRRWK��SLQN��ͻͻͶ�
ULJKW�VXEGRUVDO�GHQWLFOH��RUDQJH��OHIW�VXEYHQWUDO�WRRWK��\HOORZ��GRUVDO��EDVDO�ͻͻͷ�
VWHJRVWRPDWDO�IROG��PDXYH��J\PQRVWRPDWDO�VHUUDWDH��LWHUDWLYH���GDUN�JUHHQ��DUWLFXODWHG�ͻͻ͸�
DSRGHPH��ELODWHUDOO\�V\PPHWULFDO���OLJKW�EOXH��UDGLDO�FKHLORVWRPDWDO�GLYLVLRQV�ͻͻ͹�
�LWHUDWLYH���WHDO��VXEYHQWUDO�VWHJRVWRPDWDO�ZDUWV��LWHUDWLYH���SXUSOH��OHIW�VXEYHQWUDO�ͻͻͺ�
ULGJH���D��Mononchoides VS�����FL� �����ULJKW�ODWHUDO�DVSHFW��$Q�DGGLWLRQDO�VWUXFWXUH�ͻͻͻ�
�SUR��DQG�PHVRVWHJRVWRPDWDO�VHUUDWDH��LV�QRW�REVHUYDEOH�IURP�WKLV�DVSHFW���E��ͳͲͲͲ�
Paroigolaimella micrura �FL� ������F��Koerneria luziae �FL� ������G��Fuchsnema halleri�ͳͲͲͳ�
�FL� �����ͳͲͲʹ�
�ͳͲͲ͵�



� ��

)LJXUH���VRXUFH�GDWD����0DWUL[�RI�VWUXFWXUHV�WDEXODWHG�WR�PHDVXUH�VWRPDWDO�ͳͲͲͶ�
FRPSOH[LW\��6WUXFWXUHV�ZHUH�UHFRUGHG�DV�GHVFULEHG�LQ�WH[W��3UHVHQFH�DEVHQFH�RI�ͳͲͲͷ�
GLPRUSKLVP�LV�DOVR�JLYHQ���� �DEVHQFH���� �SUHVHQFH��ͳͲͲ͸�
�ͳͲͲ͹�
6XSSOHPHQWDU\�ILOH����7ZR�WUHH�ILOHV�DQG�D�PXOWLSOH�VHTXHQFH�DOLJQPHQW�ILOH��ͳͲͲͺ�





** **

Heterorhabditis bacteriophora
Caenorhabditis elegans

Rhabditoides inermis
Leptojacobus dorci

Koerneria luziae
Koerneria sp.

Allodiplogaster sp. 1
Allodiplogaster hylobii

Allodiplogaster sudhausi
Parasitodiplogaster maxinema

Teratodiplogaster sp. 1
Teratodiplogaster sp. 2

Fictor sp. 1
Fictor sp. 2

Fictor stercorarius
Sudhausia aristotokia

Sudhausia crassa
Mononchoides sp. 3

Mononchoides sp. 1
Mononchoides sp. 2
Neodiplogaster crenatae
Neodiplogaster sp.
Tylopharynx foetida

Paroigolaimella stresemanni
Eudiplogasterium levidentum

Sachsia zurstrasseni
Paroigolaimella micrura

Acrostichus halicti
Acrostichus cf. nudicapitatus

Acrostichus rhynchophori
Diplogasteriana schneideri

Diplogasteriana n. sp.
Micoletzkya sp.       

Micoletzkya inedia
Micoletzkya japonica

Micoletzkya buetschlii
Parapristionchus giblindavisi

Pristionchus elegans
Pristionchus fissidentatus

Pristionchus maupasi
Pristionchus uniformis

Pristionchus pacificus
Oigolaimella sp.

Oigolaimella attenuata
Rhabditolaimus sp. 2

Rhabditolaimus sp. 1
Levipalatum texanum
Pseudodiplogasteroides sp.

Rhabditidoides sp.
Diplogasteroides sp.
Diplogasteroides magnus

Mehdinema alii
Butlerius sp. 

Diplogastrellus (Metadiplogaster) sp.
Diplogastrellus (Diplogastrellus) gracilis

Fuchsnema sp.
Fuchsnema halleri
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Diplogastridae Rhabditidae
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