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:KDW�LV�WKH�*RDO�7RGD\"

� VKRZ�0&0&�LGHDV
² *LEEV�VDPSOHU

² 0HWURSROLV�+DVWLQJV

� KDQGOH�KDUG�SUREOHPV
² LPDJH�DQDO\VLV

² JHQHWLFV

² ODUJH�GHSHQGHQW�GDWD

� UHVDPSOLQJ�RXU�GDWD
² SHUPXWDWLRQ�WHVWV

² 0&0&

² RWKHU��ERRWVWUDS�«�

� %D\HVLDQ�SHUVSHFWLYH
² FRPPRQ�LQ�DQLPDO�PRGHO

² XVH�´SULRUµ�LQIRUPDWLRQ
� SUHYLRXV�H[SHULPHQWV

� UHODWHG�JHQRPHV

� LQEUHG�OLQHV�´HDV\µ
² FDQ�FKHFN�DJDLQVW�,0

² UHDG\�H[WHQVLRQ
� PXOWLSOH�H[SHULPHQWV

� SHGLJUHHV

� QRQ�QRUPDO�GDWD
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1RWH�RQ�2XWEUHG�6WXGLHV
� ,QWHUYDO�0DSSLQJ

² +DOH\��.QRWW�	�(OVHQ��������*HQHWLFV

² 7KRPDV�	�&RUWHVVLV��������+XP��+HUHG�

² +RHVFKHOH�	�YDQ5DQGHQ������DE��7KHRU��$SSO��*HQHW���HWF��

² *XR�	�7KRPSVRQ��������%LRPHWULFV

� 1XDQFHV����IDNLQJ�LW
² H[SHULPHQWDO�RXWEUHG�FURVVHV

� FROODSVH�PDUNHUV�IURP���WR���DOOHOHV

² SHGLJUHHV
� SRO\JHQLF�HIIHFWV�QRW�PRGHOHG�KHUH

� UHODWHG�LQGLYLGXDOV�DUH�FRUUHODWHG��YLD�FRDQFHVWU\�
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2YHUYLHZ
� ,��6LQJOH�47/
� ,,��%D\HVLDQ�,GHD
² %D\HV�UXOH

² SRVWHULRU�	�OLNHOLKRRG

� ,,,��0&0&�6DPSOHV
² 0RQWH�&DUOR�LGHD

² VWXG\�SRVWHULRU

� ,9��0&0&�'HWDLOV

� 9��0XOWLSOH�47/
� 9,��+RZ�PDQ\�47/"
² 5HYHUVLEOH�-XPS

² DQDORJ�WR�UHJUHVVLRQ

� 9,,��5-�0&0&�'HWDLOV
� 9,,,��%D\HV�)DFWRUV
� ,;��5HIHUHQFHV
² 6RIWZDUH

² $UWLFOHV
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3DUW�,��,QWHUYDO�0DSSLQJ

� 0RGHOOLQJ�D�trait�ZLWK�D�47/
² OLQHDU�PRGHO�IRU�trait�JLYHQ�genoW\SH

² UHFRPELQDWLRQ�QHDU�loci�IRU�genoW\SH

� /LNHOLKRRGV
� 5HYLHZ�,QWHUYDO�0DSV�	�3URILOH�/2'V
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47/�&RPSRQHQWV
� REVHUYHG�GDWD�RQ�LQGLYLGXDO

– trait: ILHOG�RU�ODE�PHDVXUHPHQW
� ORJ��GD\V�WR�IORZHULQJ�����\LHOG��«

– markers: �IURP�ZHW�ODE��5)/3V��HWF��
� OLQNDJH�PDS�RI�markers�DVVXPHG�NQRZQ

� XQREVHUYHG�GDWD�RQ�LQGLYLGXDO
– geno: JHQRW\SH��44 ��4T ��TT ���

� XQNQRZQ�PRGHO�SDUDPHWHUV

– effects: �PHDQ��GLIIHUHQFH��YDULDQFH

– locus: TXDQWLWDWLYH�WUDLW�ORFXV��47/�
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6LQJOH�47/�trait�0RGHO

• trait = mean + additive + error

• trait = effect_of_geno + error

• prob( trait | geno, effects )
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6LPXODWHG�'DWD�ZLWK���47/

6
8

10
12

14

x=-1 x=1

6
8

10
12

14

0 2 4 6 8
frequency

tr
ai

t

June 2000 NCSU QTL II Workshop © Brian S. Yandell 10

5HFRPELQDWLRQ�DQG�'LVWDQFH
� QR�LQWHUIHUHQFH��HDV\�DSSUR[LPDWLRQ

² +DOGDQH�PDS�IXQFWLRQ

² QR�LQWHUIHUHQFH�ZLWK�UHFRPELQDWLRQ

� DOO�FRPSXWDWLRQV�FRQVLVWHQW�LQ�DSSUR[LPDWLRQ
² UHO\�RQ�JLYHQ�PDS

� PDUNHU�ORFL�DVVXPHG�NQRZQ

² ��WR���UHODWLRQ�RI�GLVWDQFH�WR�UHFRPELQDWLRQ

² DOO�PDS�IXQFWLRQV�DUH�DSSUR[LPDWH

� DVVXPH�PDUNHU�SRVLWLRQV�DORQJ�PDS�DUH�NQRZQ

( )λ2
2
1 1 −−= er
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,QWHUYDO�0DSSLQJ�RI�47�genoW\SH

� FDQ�H[SUHVV�SUREDELOLWLHV�LQ�WHUPV�RI�GLVWDQFH
– locus LV�GLVWDQFH�DORQJ�OLQNDJH�PDS

² IODQNLQJ�PDUNHUV�VXIILFLHQW�LI�QR�PLVVLQJ�GDWD

² FRXOG�FRQVLGHU�PRUH�FRPSOLFDWHG�UHODWLRQVKLS

prob( geno | locus, map )
= prob( geno | locus, flanking markers )

),,|()|( 1,,
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%XLOGLQJ�trait�/LNHOLKRRG

� OLNHOLKRRG�LV�PL[WXUH�DFURVV�SRVVLEOH�genoW\SHV

� VXP�RYHU�DOO�SRVVLEOH genoW\SHV�DW locus

like( effects, locus | trait )

= VXP�RI prob( trait, genos | effects, locus )
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/LNHOLKRRG�RYHU�,QGLYLGXDOV

� SURGXFW�RI�WUDLW�SUREDELOLWLHV�DFURVV�LQGLYLGXDOV
² SURGXFW�RI�VXP�DFURVV�SRVVLEOH�genoW\SHV

like( effects, locus | traits, map )

= SURGXFW�RI prob( trait | effects, locus, map )
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3URILOH�/2'�IRU���47/
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,QWHUYDO�0DSSLQJ�IRU
4XDQWLWDWLYH�7UDLW�/RFL

� SURILOH�OLNHOLKRRG��/2'��DFURVV�47/
² VFDQ�ZKROH�JHQRPH�locus�E\�locus

� XVH�IODQNLQJ�PDUNHUV�IRU�LQWHUYDO�PDSSLQJ

² PD[LPL]H�OLNHOLKRRG�UDWLR��/2'��DW�locus
� EHVW�HVWLPDWHV�RI�effects�IRU�HDFK�locus
� (0�PHWKRG��/DQGHU�	�%RWVWHLQ������
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,QWHUYDO�0DSSLQJ�7HVWV
� SURILOH�/2'�DFURVV�SRVVLEOH�loci�LQ�JHQRPH

² PD[LPXP�OLNHOLKRRG�HVWLPDWHV�RI�effects DW�locus

² /2'�LV�UHVFDOLQJ�RI�L(effects, locus|y)

� WHVW�IRU�HYLGHQFH�RI�47/�DW�HDFK�locus
² /2'�VFRUH��/5�WHVW�

² DGMXVW��"��IRU�PXOWLSOH�FRPSDULVRQV
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,QWHUYDO�0DSSLQJ�(VWLPDWHV

� FRQILGHQFH�UHJLRQ�IRU�locus
² EDVHG�RQ�LQYHUWLQJ�WHVW�RI�QR�47/

² ��/2'V�GRZQ�JLYHV�DSSUR[LPDWH�&,�IRU�locus

² EDVHG�RQ�FKL�VTXDUH�DSSUR[LPDWLRQ�WR�/5

� FRQILGHQFH�UHJLRQ�IRU�effects
² DSSUR[LPDWH�&,�IRU�effect�EDVHG�RQ�QRUPDO

² SRLQW�HVWLPDWH�IURP�SURILOH�/2'
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3DUW�,,��%D\HVLDQ�,GHD

� MRLQW�GLVWULEXWLRQ�RI�NQRZQ�	�XQNQRZQ
² NQRZQ��trait, markers, linkage map
² XQNQRZQ��locus, genoW\SH, effect, variance

� 8VH�6DPH�/LNHOLKRRG�&RPSRQHQWV
– trait �JLYHQ�geno W\SH

� IROORZV�OLQHDU�PRGHO

� GHSHQGV�RQ�VL]H�RI�effect, variance

– geno W\SH�JLYHQ�locus, �markers & map

� GHSHQGV�RQ�UHFRPELQDWLRQ�QHDU�locus

� ,QIHUHQFH�DERXW�XQNQRZQV
² %D\HV�WKHRUHP
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%D\HV�7KHRUHP
� SRVWHULRUV�DQG�SULRUV

² SULRU� prob( parameters )

² SRVWHULRU� prob( parameters | data )

� SRVWHULRU� �OLNHOLKRRG��SULRU���FRQVWDQW

� SRVWHULRU�GLVWULEXWLRQ�LV�SURSRUWLRQDO�WR
² OLNHOLKRRG�RI�SDUDPHWHUV�JLYHQ�GDWD

² SULRU�GLVWULEXWLRQ�RI�SDUDPHWHUV
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:KDW�LV�3UREDELOLW\"

)UHTXHQWLVW�$QDO\VLV
UHSHDW�H[SHULPHQW

² PDQ\�WLPHV

² K\SRWKHWLFDO

ORQJ�WHUP�IUHTXHQF\

² 7\SH�,�HUURU�UDWH

² UHMHFW�QXOO�ZKHQ�WUXH

%D\HVLDQ�$QDO\VLV
XQFHUWDLQW\�DERXW�WUXH�YDOXH

SULRU

² XQFHUWDLQW\�EHIRUH
H[DPLQLQJ�GDWD

² LQFRUSRUDWH�SULRU
NQRZOHGJH�H[SHULHQFH

SRVWHULRU

² XQFHUWDLQW\�DIWHU
DQDO\]LQJ�FXUUHQW�GDWD

² EDODQFH�SULRU�	�FXUUHQW
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%D\HVLDQ�3ULRU
� ´SULRUµ�EHOLHI�XVHG�WR�LQIHU�´SRVWHULRUµ�HVWLPDWHV

² KLJKHU�ZHLJKW�IRU�PRUH�SUREDEOH�SDUDPHWHU�YDOXHV
� EDVHG�RQ�SULRU�NQRZOHGJH

² XVH�SUHYLRXV�VWXG\�WR�LQIRUP�FXUUHQW�VWXG\
� ZHDWKHU�SUHGLFWLRQ��WRPRUURZ�LV�PXFK�OLNH�WRGD\

� SUHYLRXV�47/�VWXGLHV�RQ�UHODWHG�RUJDQLVPV

² KLVWRULFDO�FULWLFLVP��FDQ�JHW�´UHOLJLRXVµ�DERXW�SULRUV

� RIWHQ�ZDQW�QHJOLJLEOH�HIIHFW�RI�SULRU�RQ�SRVWHULRU
² SLFN�QRQ�LQIRUPDWLYH�SULRUV

� DOO�SDUDPHWHU�YDOXHV�HTXDOO\�OLNHO\

� ODUJH�YDULDQFH�RQ�SULRUV

² DOZD\V�FKHFN�VHQVLWLYLW\�WR�SULRU
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%D\HVLDQ�,GHD�IRU�47/V

� 0RGHOOLQJ�D�trait�ZLWK�D�47/
² OLQHDU�PRGHO�IRU�trait�JLYHQ�genoW\SH

² UHFRPELQDWLRQ�QHDU�loci�IRU�genoW\SH

� %D\HVLDQ�3RVWHULRU
� /LNHOLKRRGV

² (0�	�0&0&

² )UHTXHQWLVWV�	�%D\HVLDQV

� 5HYLHZ�,QWHUYDO�0DSV�	�3URILOH�/2'V
� &DVH�6WXG\��6LPXODWHG�6LQJOH�47/
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47/�(IIHFW�3RVWHULRU
� SRVWHULRU� �OLNHOLKRRG��SULRU���FRQVWDQW

� SRVWHULRU�GLVWULEXWLRQ�LV�SURSRUWLRQDO�WR
² SULRU�GLVWULEXWLRQ�RI�effect

² OLNHOLKRRG�RI�traits�JLYHQ�effect�	�genos

LV�SURSRUWLRQDO�WR
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47/�)XOO�3RVWHULRU
� SRVWHULRU� �OLNHOLKRRG��SULRU���FRQVWDQW

� SRVWHULRU��SDUDPDWHUV�_�GDWD��
prob( genos, effects, loci | trait, map )

LV�SURSRUWLRQDO�WR
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+RZ�WR�6WXG\�3RVWHULRU"

� H[DFW�PHWKRGV
² H[DFW�LI�SRVVLEOH

² FDQ�EH�GLIILFXOW�RU
LPSRVVLEOH�WR�DQDO\]H

� DSSUR[LPDWH�PHWKRGV
² LPSRUWDQFH�VDPSOLQJ

² QXPHULFDO�LQWHJUDWLRQ

² 0RQWH�&DUOR�	�RWKHU

� 0RQWH�&DUOR�PHWKRGV
² HDV\�WR�LPSOHPHQW

² LQGHSHQGHQW�VDPSOHV

� 0&0&�PHWKRGV
² KDQGOH�KDUG�SUREOHPV

² DUW�WR�HIILFLHQW�XVH

² FRUUHODWHG�VDPSOHV
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3RVWHULRU�IRU�locus�	�effect
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0DUJLQDO�3RVWHULRU�6XPPDU\

� PDUJLQDO�SRVWHULRU�IRU�locus�	�effects
� KLJKHVW�SUREDELOLW\�GHQVLW\��+3'��UHJLRQ
² VPDOOHVW�UHJLRQ�ZLWK�KLJKHVW�SUREDELOLW\

² FUHGLEOH�UHJLRQ�IRU�locus�	�effects

� +3'�ZLWK�������������
² UDQJH�RI�FUHGLEOH�OHYHOV�FDQ�EH�XVHIXO

² PDUJLQDO�EDUV�DQG�ERXQGLQJ�ER[HV

² MRLQW�UHJLRQV��KDUGHU�WR�GUDZ�
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+3'�5HJLRQ�IRU�locus�	�effect
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47/�%D\HVLDQ�,QIHUHQFH

� VWXG\�SRVWHULRU�GLVWULEXWLRQ�RI locus 	�effects
² VDPSOH�MRLQW�GLVWULEXWLRQ

• locus, �effects 	 genotypes

² VWXG\�PDUJLQDO�GLVWULEXWLRQ�RI
• locus

• effects
² RYHUDOO�PHDQ��JHQRW\SH�GLIIHUHQFH��YDULDQFH

• locus 	�effects WRJHWKHU

� HVWLPDWHV�	�FRQILGHQFH�UHJLRQV
² KLVWRJUDPV��ER[SORWV�	�VFDWWHU�SORWV

² +3'�UHJLRQV
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)UHTXHQWLVW�RU�%D\HVLDQ"

� )UHTXHQWLVW�DSSURDFK
² IL[HG�SDUDPHWHUV

� UDQJH�RI�YDOXHV

² PD[LPL]H�OLNHOLKRRG
� 0/�HVWLPDWHV

� ILQG�WKH�SHDN

² FRQILGHQFH�UHJLRQV
� UDQGRP�UHJLRQ

� LQYHUW�D�WHVW

² K\SRWKHVLV�WHVWLQJ
� ��QHVWHG�PRGHOV

� %D\HVLDQ�DSSURDFK
² UDQGRP�SDUDPHWHUV

� GLVWULEXWLRQ

² SRVWHULRU�GLVWULEXWLRQ
� SRVWHULRU�PHDQ

� VDPSOH�IURP�GLVW

² FUHGLEOH�VHWV
� IL[HG�UHJLRQ�JLYHQ�GDWD

� +3'�UHJLRQV

² PRGHO�VHOHFWLRQ�FULWLTXH
� %D\HV�IDFWRUV
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)UHTXHQWLVW�RU�%D\HVLDQ"

� )UHTXHQWLVW�DSSURDFK
² PD[LPL]H�RYHU�PL[WXUH
RI�47�JHQRW\SHV

– locus �SURILOH�OLNHOLKRRG
� PD[�RYHU�effects

² +3'�UHJLRQ�IRU�locus

� QDWXUDO�IRU�ORFXV
² ����/2'�GURS

� ZRUN�WR�JHW�effects
² DSSUR[LPDWH�VKDSH�RI

OLNHOLKRRG�SHDN

� %D\HVLDQ�DSSURDFK
² MRLQW�GLVWULEXWLRQ�RYHU
47�JHQRW\SHV

² VDPSOH�GLVWULEXWLRQ
� MRLQW�effects�	�loci

² +3'�UHJLRQV�IRU
� MRLQW�locus�	�effects

� XVH�GHQVLW\�HVWLPDWRU
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6LPXODWLRQ�6WXG\

� ����VLPXODWLRQ�UXQV
� Q� �����������KA�� ��������
� ��47/�DW���F0
�PDUNHUV�DW����������������������
� HIIHFW� ��
� YDULDQFH�GHSHQGV�RQ�KA�
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����6LPXODWLRQV��/RFXV
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%DVLF�,GHD�RI�/LNHOLKRRG�8VH
� EXLOG�OLNHOLKRRG�LQ�VWHSV

² EXLOG�IURP�WUDLW�	�JHQRW\SHV�DW�ORFXV

² OLNHOLKRRG�IRU�LQGLYLGXDO�i

² ORJ�OLNHOLKRRG�RYHU�LQGLYLGXDOV

� PD[LPL]H�OLNHOLKRRG��LQWHUYDO�PDSSLQJ�
² (0�PHWKRG��/DQGHU�	�%RWVWHLQ������

² 0&0&�PHWKRG��*XR�	�7KRPSVRQ������

� VWXG\�ZKROH�OLNHOLKRRG�DV�SRVWHULRU��%D\HVLDQ�
² DQDO\WLFDO�PHWKRGV��H�J��&DUOLQ�	�/RXLV������

² 0&0&�PHWKRG��6DWDJRSDQ�HW�DO������
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6WXG\LQJ�WKH�/LNHOLKRRG

� PD[LPL]H��,0�
² ILQG�WKH�SHDN

² DYRLG�ORFDO�PD[LPD

² SURILOH�/2'
� DFURVV�ORFXV

� PD[�IRU�HIIHFWV

� VDPSOH��%D\HV�
² JHW�ZKROH�FXUYH

² VXPPDUL]H�ODWHU

² SRVWHULRU
� ORFXV�	�HIIHFWV�WRJHWKHU

� (0�PHWKRG
² DOZD\V�JR�XS

² VWHHSHVW�DVFHQW

� 0&0&�PHWKRG
² MXPS�DURXQG

² JR�XS�LI�\RX�FDQ

² VRPHWLPHV�JR�GRZQ

² FRRO�GRZQ�WR�ILQG�SHDN
� VLPXODWHG�DQQHDOLQJ

� VLPXODWHG�WHPSHULQJ
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(0�0&0&�GXDOLW\
� (0�DSSURDFK�FDQ�EH�UHGRQH�ZLWK�0&0&
² (0�HVWLPDWHV�	�PD[LPL]HV

² 0&0&�GUDZV�UDQGRP�VDPSOHV

² ERWK�FDQ�DGGUHVV�VDPH�SUREOHP

� VRPHWLPHV�(0�LV�KDUG��LPSRVVLEOH��WR�XVH
� 0&0&�LV�WRRO�RI�´ODVW�UHVRUWµ
² XVH�H[DFW�PHWKRGV�LI�\RX�FDQ

² WU\�RWKHU�DSSUR[LPDWH�PHWKRGV

² EH�FOHYHU�

² YHU\�KDQG\�IRU�KDUG�SUREOHPV�LQ�JHQHWLFV
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3DUW�,,,��0&0&�6DPSOLQJ
� 6WXG\�WKH�%D\HVLDQ�3RVWHULRU
² XVH�0DUNRY�FKDLQ�WR�VDPSOH
�0DUNRY�FKDLQ�0RQWH�&DUOR

�*LEEV�VDPSOHU�IRU�HIIHFWV

�0HWURSROLV�+DVWLQJV�IRU�ORFL

� %UDVVLFD�GDWD�RQ�GD\V�WR�IORZHULQJ
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+RZ�WR�3URFHHG"

� ZDQW�WR�VWXG\���SDUDPHWHUV_GDWD�
� UXQ�0DUNRY�FKDLQ�ZLWK�VWDEOH�SDWWHUQ����
� VWXG\�SURSHUWLHV�RI�0DUNRY�FKDLQ�WR�OHDUQ
DERXW�SRVWHULRU���SDUDPHWHUV_GDWD�
² 0DUNRY�FKDLQ�0RQWH�&DUOR

� VXPPDUL]H�UHVXOWV�LQ�JUDSKLFDO�IRUP
� GLDJQRVWLFV
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0DUNRY�FKDLQ�LGHD
� IXWXUH�JLYHQ�SUHVHQW�LV�LQGHSHQGHQW�RI�SDVW

� XSGDWH�FKDLQ�EDVHG�RQ�FXUUHQW�YDOXH
² FDQ�PDNH�FKDLQ�DUELWUDULO\�FRPSOLFDWHG

² FKDLQ�FRQYHUJHV�WR�VWDEOH�SDWWHUQ�����ZH�ZLVK�WR�VWXG\

0 1 1-q

q

p

1-p

)/()1( qpp +=π

June 2000 NCSU QTL II Workshop © Brian S. Yandell 46

0DUNRY�FKDLQ�LGHD

0 1 1-q
q

p

1-p

)/()1( qpp +=π

0LWFK·V

2WKHU 0

1

1 3 5 7 9 11 13 15 17 19 21

Series1

Series2

June 2000 NCSU QTL II Workshop © Brian S. Yandell 47

0DUNRY�FKDLQ�0RQWH�&DUOR
� FDQ�VWXG\�DUELWUDULO\�FRPSOH[�PRGHOV

² QHHG�RQO\�VSHFLI\�KRZ�SDUDPHWHUV�DIIHFW�HDFK�RWKHU

² FDQ�UHGXFH�WR�VSHFLI\LQJ�IXOO�FRQGLWLRQDOV

� FRQVWUXFW�0DUNRY�FKDLQ�ZLWK�´ULJKWµ�PRGHO
² XSGDWH�VRPH�SDUDPHWHUV�JLYHQ�GDWD�DQG�RWKHUV

² FDQ�IXGJH�RQ�´ULJKWµ��LPSRUWDQFH�VDPSOLQJ�

² QH[W�VWHS�GHSHQGV�RQO\�RQ�FXUUHQW�HVWLPDWHV

� QLFH�0DUNRY�FKDLQV�KDYH�QLFH�SURSHUWLHV
² VDPSOH�VXPPDULHV�PDNH�VHQVH

² FRQVLGHU�DOPRVW�DV�UDQGRP�VDPSOH�IURP�GLVWULEXWLRQ
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0&0&�,GHD�IRU�47/V
� FRQVWUXFW�0DUNRY�FKDLQ�DURXQG�SRVWHULRU

² ZDQW�SRVWHULRU�DV�VWDEOH�GLVWULEXWLRQ�RI�0DUNRY�FKDLQ

² LQ�SUDFWLFH��WKH�FKDLQ�WHQGV�WRZDUG�VWDEOH�GLVWULEXWLRQ
� LQLWLDO�YDOXHV�PD\�KDYH�ORZ�SRVWHULRU�SUREDELOLW\

� EXUQ�LQ�SHULRG�WR�JHW�FKDLQ�PL[LQJ�ZHOO

� XSGDWH�RQH��RU�VHYHUDO��FRPSRQHQWV�DW�D�WLPH
² XSGDWH�effects�JLYHQ�genoW\SHV�	�traits

² XSGDWH�locus�JLYHQ�genoW\SHV�	�traits

² XSGDWH�genoW\SHV�JLYH�locus�	�effects
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*LEEV�6DPSOHU�IRU�effects
� VHW�XS�0DUNRY�FKDLQ�DURXQG�SRVWHULRU�IRU�effects

� VDPSOH�IURP�SRVWHULRU�E\�VDPSOLQJ�IURP�IXOO�FRQGLWLRQDOV
² FRQGLWLRQDO�SRVWHULRU�RI�HDFK�SDUDPHWHU�JLYHQ�WKH�RWKHU
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0DUNRY�FKDLQ�XSGDWHV

effectslocus

traits
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0HWURSROLV�+DVWLQJV�6WHS
� SLFN�QHZ�locus�EDVHG�XSRQ�FXUUHQW�locus

² SURSRVH�QHZ�locus�IURP�GLVWULEXWLRQ�q( )
� SLFN�YDOXH�QHDU�FXUUHQW�RQH"

� SLFN�XQLIRUPO\�DFURVV�JHQRPH"

² DFFHSW�QHZ�locus�ZLWK�SUREDELOLW\�a()

� *LEEV�VDPSOHU�LV�VSHFLDO�FDVH�RI�0�+
² DOZD\V�DFFHSW�QHZ�SURSRVDO
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)XOO�&RQGLWLRQDO�IRU�genos
� IXOO�FRQGLWLRQDO�IRU�genoW\SH�GHSHQGV�RQ

– effects YLD�trait PRGHO

– locus �YLD�UHFRPELQDWLRQ�PRGHO
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0LVVLQJ�marker 'DWD
� VDPSOH�PLVVLQJ�marker�GDWD�D�OD�47�genoW\SHV

� IXOO�FRQGLWLRQDO�IRU�PLVVLQJ�markers�GHSHQGV�RQ
² IODQNLQJ�PDUNHUV

² SRVVLEOH�IODQNLQJ�47/

� FDQ�H[SOLFLWO\�GHFRPSRVH�E\�LQGLYLGXDO�j
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3DUW�9��0XOWLSOH�47/
�0XOWLSOH�47/�0RGHO
� 6DPSOLQJ�IURP�WKH�3RVWHULRU
� ,VVXHV�IRU���47/
� %D\HV�IDFWRUV�	�0RGHO�6HOHFWLRQ
� 6LPXODWHG�GDWD�IRU�������47/
� %UDVVLFD�GDWD�RQ�GD\V�WR�IORZHULQJ
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0XOWLSOH�47/�PRGHO

• trait = mean + add1 + add2 + error

• trait = effect_of_genos + error

• prob( trait | genos, effects )
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,VVXHV�IRU�0XOWLSOH�47/

� KRZ�PDQ\�47/�LQIOXHQFH�D�WUDLW"
² ���VHYHUDO��ROLJRJHQLF��RU�PDQ\��SRO\JHQLF�"

² KRZ�PDQ\�DUH�VXSSRUWHG�E\�WKH�GDWD"

� VHDUFKLQJ�IRU���RU�PRUH�47/
² FRQGLWLRQDO�VHDUFK��,0��&,0�

² VLPXOWDQHRXV�VHDUFK��0,0�

� HSLVWDVLV��LQWHU�ORFL�LQWHUDFWLRQ�
² PDQ\�PRUH�SDUDPHWHUV�WR�HVWLPDWH

² HIIHFWV�RI�LJQRUHG�47/
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,QWHUYDO�0DSSLQJ�$SSURDFK

� LQWHUYDO�PDSSLQJ��,0�
² VFDQ�JHQRPH�IRU���47/

� FRPSRVLWH�LQWHUYDO�PDSSLQJ��&,0�
² VFDQ�IRU���47/�ZKLOH�DGMXVWLQJ�IRU�RWKHUV

² XVH�PDUNHUV�DV�VXUURJDWHV�IRU�RWKHU�47/

� PXOWLSOH�LQWHUYDO�PDSSLQJ��0,0�
² VHDUFK�IRU�PXOWLSOH�47/
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0XOWLSOH�47/�PRGHO

• trait = mean + add1 + add2 + error

• trait = effect_of_genos + error

• prob( trait | genos, effects )
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0XOWLSOH�loci
� YHFWRU�RI�loci�DFURVV�OLQNDJH�PDS

� FDUHIXO�ERRNNHHSLQJ�GXULQJ�XSGDWH
² LGHQWLILDELOLW\�	�EXPS�KXQWLQJ
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3RVWHULRU��0XOWLSOH�47/V
� SRVWHULRU� �OLNHOLKRRG��SULRU���FRQVWDQW

� SRVWHULRU��SDUDPDWHUV�_�GDWD��
prob( genos, effects, loci | traits, map )
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0&0&�IRU�0XOWLSOH�47/V
� FRQVWUXFW�0DUNRY�FKDLQ�DURXQG�SRVWHULRU

� XSGDWH�RQH��RU�VHYHUDO��FRPSRQHQWV�DW�D�WLPH
² XSGDWH�effects�JLYHQ�genoW\SHV�	�traits

² XSGDWH�loci�JLYHQ�genoW\SHV�	�traits

² XSGDWH�genoW\SHV�JLYH�loci�	�effects

� XSGDWH�DOO�WHUPV�IRU�HDFK�locus�DW�RQH�WLPH"
² RSHQ�TXHVWLRQV�RI�HIILFLHQW�PL[LQJ
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%D\HVLDQ�$SSURDFK

� VLPXOWDQHRXV�VHDUFK�IRU�PXOWLSOH�47/
� XVH�%D\HVLDQ�SDUDGLJP
² HDV\�WR�FRQVLGHU�MRLQW�GLVWULEXWLRQV

² HDV\�WR�PRGLI\�ODWHU�IRU�RWKHU�W\SHV�RI�GDWD
� FRXQWV��SURSRUWLRQV��HWF�

² HPSOR\�0&0&�WR�HVWLPDWH�SRVWHULRU�GLVW

� VWXG\�HVWLPDWHV�RI�ORFL�	�HIIHFWV
� XVH�%D\HV�IDFWRUV�IRU�PRGHO�VHOHFWLRQ
² QXPEHU�RI�47/
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(IIHFWV�IRU���6LPXODWHG�47/
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%UDVVLFD�QDSXV�'DWD
� ��ZHHN�	���ZHHN�YHUQDOL]DWLRQ�HIIHFW

² ORJ�GD\V�WR�IORZHU�

� JHQHWLF�FURVV�RI
² 6WHOODU��DQQXDO�FDQROD�

² 0DMRU��ELHQQLDO�UDSHVHHG�

� ����)��GHULYHG�GRXEOH�KDSORLG��'+��OLQHV
² KRPR]\JRXV�DW�HYHU\�ORFXV��44�RU�TT�

� ���PROHFXODU�PDUNHUV��5)/3V��RQ�/*�
² WZR�47/V�LQIHUUHG�RQ�/*���QRZ�FKURPRVRPH�1��

² FRUURERUDWHG�E\�%XWUXLOOH�������

² H[SORLWLQJ�V\QWHQ\�ZLWK�$UDELGRSVLV�WKDOLDQD
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%UDVVLFD����	���ZHHN�'DWD
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%UDVVLFD�'DWD�/2'�0DSV

0
2

4
6

8

distance (cM)

LO
D

0 10 20 30 40 50 60 70 80 90

QTL
IM
CIM

8-
w

ee
k

0
5

10
15

distance (cM)

LO
D

0 10 20 30 40 50 60 70 80 90

QTL
IM
CIM

4-
w

ee
k



June 2000 NCSU QTL II Workshop © Brian S. Yandell 91

��ZHHN�YV���ZHHN�YHUQDOL]DWLRQ

��ZHHN�YHUQDOL]DWLRQ

� ORQJHU�WLPH�WR�IORZHU

� ODUJHU�/2'�DW���F0

� PRGHVW�/2'�DW���F0

� ORFL�ZHOO�GHWHUPLQHG

F0 DGG

�� ���

�� ���

��ZHHN�YHUQDOL]DWLRQ

� VKRUWHU�WLPH�WR�IORZHU

� ODUJHU�/2'�DW���F0

� PRGHVW�/2'�DW���F0

� ORFL�SRRUO\�GHWHUPLQHG

F0 DGG

�� ���

�� ���
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%UDVVLFD�&UHGLEOH�5HJLRQV
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&ROOLQHDULW\�RI�47/V

� PXOWLSOH�47�genoW\SHV�DUH�FRUUHODWHG
² 47/�OLQNHG�RQ�VDPH�FKURPRVRPH

² GLIILFXOW�WR�GLVWLQJXLVK�LI�FORVH

� HVWLPDWHV�RI�47�effects�DUH�FRUUHODWHG
² SRRU�LGHQWLILDELOLW\�RI�effects�SDUDPHWHUV

² FRUUHODWLRQV�JLYH�FOXH�RI�KRZ�PXFK�WR�WUXVW

� ZKLFK�47/�WR�JR�DIWHU�LQ�EUHHGLQJ"
² ODUJHVW�effect"

² PD\�EH�ELDVHG�E\�QHDUE\�47/
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%UDVVLFD�effect�&RUUHODWLRQV
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6LPXODWLRQ�6WXG\

� ��OLQNHG�47/
� 47/�&DUW�YV��%D\HVLDQ�47/�HVWLPDWHV
² ORFXV��������F0
² HIIHFW������

� Q� ������KA�� ���
� DOVR�FRQVLGHUHG
² Q� ������KA�� �����������
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��47/��/RFL�(VWLPDWHV
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��47/��(IIHFW�(VWLPDWHV
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��47/��/RFL�	�(IIHFWV
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%D\HV�)DFWRUV
:KLFK�PRGHO����RU���RU���47/V"��KDV�KLJKHU
SUREDELOLW\�RI�VXSSRUWLQJ�WKH�GDWD"

² UDWLR�RI�SRVWHULRU�RGGV�WR�SULRU�RGGV

² UDWLR�RI�PRGHO�OLNHOLKRRGV

)|(

)|(

)(/)(

)|(/)|(

2

1

21

21
12

PRGHO�

PRGHO�

PRGHO�PRGHO�

PRGHO�PRGHO�

\

\\\

π
π

ππ
ππ ==B

%)����� �ORJ�%)� HYLGHQFH�IRU��VW
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%D\HV�)DFWRUV�	�LR

� HTXLYDOHQW�WR�LR�VWDWLVWLF�ZKHQ
² FRPSDULQJ�WZR�QHVWHG�PRGHOV

² VLPSOH�K\SRWKHVHV��H�J����YV���47/�

� %D\HV�,QIRUPDWLRQ�&ULWHULD��%,&��LQ�JHQHUDO
² 6FKZDUW]�LQWURGXFHG�IRU�PRGHO�VHOHFWLRQ

² SHQDOW\�IRU�GLIIHUHQW�QXPEHU�RI�SDUDPHWHUV�p

)log()()log(2)log(2 1212 nppLRB −−−=−
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0RGHO�'HWHUPLQDWLRQ
XVLQJ�%D\HV�)DFWRUV

� SLFN�PRVW�SODXVLEOH�PRGHO
² KLVWRJUDP�IRU�UDQJH�RI�PRGHOV

² SRVWHULRU�GLVWULEXWLRQ�RI�PRGHOV

² XVH�%D\HV�WKHRUHP

² RIWHQ�DVVXPH�IODW�SULRU�DFURVV�PRGHOV

� SRVWHULRU�GLVWULEXWLRQ�RI�QXPEHU�RI�47/V
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%UDVVLFD�%D\HV�)DFWRUV

i vs. j Bayes Factor -log(LR)

2 vs. 1 2.49 7.82

3 vs. 1 .005 7.41

3 vs. 2 .002 4.17

�FRPSDUH�PRGHOV�IRU���������47/
�%D\HV�IDFWRU�DQG��2log(LR)
�ODUJH�YDOXH�IDYRUV�ILUVW�PRGHO
���ZHHN�YHUQDOL]DWLRQ�RQO\�KHUH
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&RPSXWLQJ�%D\HV�)DFWRUV
� DULWKPHWLF�PHDQ

² XVLQJ�VDPSOHV�IURP�SULRU
² PHDQ�DFURVV�0RQWH�&DUOR�RU�0&0&�UXQV

² FDQ�EH�LQHIILFLHQW�LI�SULRU�GLIIHUV�IURP�SRVWHULRU

� KDUPRQLF�PHDQ
² XVLQJ�VDPSOHV�IURP�SRVWHULRU
² PRUH�HIILFLHQW�EXW�OHVV�VWDEOH

² FDUHIXO�FKRLFH�RI�ZHLJKW�h()�FORVH�WR�SRVWHULRU
1
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3DUW�9,��+RZ�PDQ\�47/V"

� 5HYHUVLEOH�-XPS�0&0&
² EDVLF�LGHD�RI�*UHHQ������
² PRGHO�VHOHFWLRQ�LQ�UHJUHVVLRQ

� KRZ�PDQ\�47/V"
² QXPEHU�RI�47/�LV�UDQGRP
² HVWLPDWH�WKH�QXPEHU�m

� 5-�0&0&�YV��%D\HV�IDFWRUV
� RWKHU�VLPLODU�LGHDV
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-XPSLQJ�WKH�1XPEHU�RI�47/

� PRGHO�FKDQJHV�ZLWK�QXPEHU�RI�47/
² DOPRVW�DQDORJRXV�WR�VWHSZLVH�UHJUHVVLRQ

² XVH�UHYHUVLEOH�MXPS�0&0&�WR�FKDQJH�QXPEHU
� ERRN�NHHSLQJ�KHOSV�LQ�FRPSDULQJ�PRGHOV

� FKDQJH�RI�YDULDEOHV�EHWZHHQ�PRGHOV

� SULRU�RQ�QXPEHU�RI�47/
² XQLIRUP�RYHU�VRPH�UDQJH

² 3RLVVRQ�ZLWK�SULRU�PHDQ
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3RVWHULRU��1XPEHU�RI�47/
� SRVWHULRU� �OLNHOLKRRG��SULRU���FRQVWDQW

� SRVWHULRU��SDUDPDWHUV�_�GDWD��
prob( genos, effects, loci, m | traits, map )
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5HYHUVLEOH�-XPS�&KRLFHV
DFWLRQ�VWHS��GUDZ�RQH�RI�WKUHH�FKRLFHV

� XSGDWH�VWHS�ZLWK�SUREDELOLW\�1-b(m+1)-d(m)
² XSGDWH�FXUUHQW�PRGHO

– loci ��effects ��geno W\SHV�DV�EHIRUH

� DGG�D�ORFXV�ZLWK�SUREDELOLW\�b(m+1)
² SURSRVH�D�QHZ�locus

² LQQRYDWH�effect �DQG�geno W\SHV�DW�QHZ�locus

² GHFLGH�ZKHWKHU�WR�DFFHSW�WKH�´ELUWKµ�RI�QHZ�locus

� GURS�D�ORFXV�ZLWK�SUREDELOLW\�d(m)
² SLFN�RQH�RI�H[LVWLQJ�loci �WR�GURS

² GHFLGH�ZKHWKHU�WR�DFFHSW�WKH�´GHDWKµ�RI�locus
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0DUNRY�FKDLQ�IRU�QXPEHU�m

� DGG�D�QHZ�locus
� GURS�D�locus
� XSGDWH�FXUUHQW�PRGHO

0 1 mm-1 m+1���

m
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-XPSLQJ�47/�number�	�loci
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5-�0&0&�8SGDWHV

effectsloci

traits
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add
locus

drop locus
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3URSRVH�WR�$GG�D�locus
� SURSRVH�D�QHZ�locus

² VLPLODU�SURSRVDO�to�RUGLQDU\�XSGDWH
� XQLIRUP�FKDQFH�RYHU�JHQRPH

� HDVLHU�WR�DYRLG�LQWHUYDO�ZLWK�DQRWKHU�47/

² QHHG�genoW\SHV�DW�locus�	�PRGHO�effect

� LQQRYDWH�effect�	�genoW\SHV�DW�QHZ�locus
² GUDZ�genoW\SHV�EDVHG�RQ�UHFRPELQDWLRQ��SULRU�

� QR�GHSHQGHQFH�RQ�trait�PRGHO�\HW

² GUDZ�effect�DV�LQ�*UHHQ·V�UHYHUVLEOH�MXPS
� DGMXVW�IRU�FROOLQHDULW\

� PRGLI\�RWKHU�SDUDPHWHUV�DFFRUGLQJO\

� FKHFN�DFFHSWDQFH����

Dqb /1)( =λ
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3URSRVH�WR�'URS�D�locus

� FKRRVH�DQ�H[LVWLQJ�locus
² HTXDO�ZHLJKW�IRU�DOO�loci�"

² PRUH�ZHLJKW�WR�loci�ZLWK�VPDOO�effects"

� ´GURSµ�effect�	�genoW\SHV�DW�ROG�locus
² DGMXVW�effects�DW�RWKHU�loci�IRU�FROOLQHDULW\

² WKLV�LV�UHYHUVH�MXPS�RI�*UHHQ�������

� FKHFN�DFFHSWDQFH�«
² GR�QRW�GURS�locus��effects�	�genoW\SHV

² XQWLO�PRYH�LV�DFFHSWHG

mmrqd /1);( =
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$FFHSWDQFH�RI�5HYHUVLEOH�-XPS

� DFFHSW�ELUWK�RI�QHZ�ORFXV�ZLWK�SUREDELOLW\
min(1,A)

� DFFHSW�GHDWK�RI�ROG�ORFXV�ZLWK�SUREDELOLW\
min(1,1/A)
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$FFHSWDQFH�RI�5HYHUVLEOH�-XPS

� PRYH�SUREDELOLWLHV

� ELUWK�	�GHDWK�SURSRVDOV

� -DFRELDQ�EHWZHHQ�PRGHOV
²IXGJH�IDFWRU

²VHH�VWHSZLVH�UHJUHVVLRQ�H[DPSOH
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+RZ�*RRG�LV�5-�0&0&"

� VLPXODWLRQV�ZLWK������RU���47/
² VWURQJ�HIIHFWV��DGGLWLYH� ����YDULDQFH� ���

² OLQNHG�ORFL���F0�DSDUW

� GLIIHUHQFHV�ZLWK�QXPEHU�RI�47/
² FOHDU�GLIIHUHQFHV�E\�DFWXDO�QXPEHU

² ZRUNV�ZHOO�ZLWK����������EHWWHU�ZLWK��0

� HIIHFW�RI�3RLVVRQ�SULRU�PHDQ
² ODUJHU�SULRU�PHDQ�VKLIWV�SRVWHULRU�XS

² EXW�SULRU�GRHV�QRW�WDNH�RYHU
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6LPXODWLRQ�6WXG\��3ULRU

� ��47/�DW�������F0
� Q� �����������KA�� ����
� YDU\�SULRU�PHDQ�IURP���WR����47/
² 3RLVVRQ�SULRU

� ���LQGHSHQGHQW�VLPXODWLRQV
� H[DPLQH�SRVWHULRU�PHDQ��SUREDELOLW\
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��47/�LQ�%UDVVLFD�'DWD

� ��ZHHN�	���ZHHN�YHUQDOL]DWLRQ
² ORJ��GD\V�WR�IORZHU�

² ����OLQHV�����PDUNHUV

² PRGHVW�HIIHFWV

² HYLGHQFH�RI���RU���47/�XVLQJ�%D\HV�IDFWRUV

� KLVWRJUDPV�RI�SRVWHULRU�QXPEHU�RI�47/
² GHSHQGV�VRPHZKDW�RQ�SULRU

² PRGH�LV���RU���47/

� ����FUHGLEOH�VHWV
² DOO�LQFOXGH���47/

² LQFOXGH���47/�LI�SULRU�QRW�KXJH
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%UDVVLFD��47/�����&UHGLEOH�6HWV
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9,,��5HYHUVLEOH�-XPS�'HWDLOV

� UHYHUVLEOH�MXPS�0&0&�GHWDLOV
² FDQ�XSGDWH�PRGHO�ZLWK�P�47/

² KDYH�EDVLF�LGHD�RI�MXPSLQJ�PRGHOV

² QRZ��FDUHIXO�ERRNNHHSLQJ�EHWZHHQ�PRGHOV

� 5-�0&0&�	�%D\HV�IDFWRUV
² %D\HV�IDFWRUV�IURP�5-�0&0&�FKDLQ
² FRPSRQHQWV�RI�%D\HV�IDFWRUV

June 2000 NCSU QTL II Workshop © Brian S. Yandell 126

5-�0&0&�8SGDWHV

effectsloci

traits

genos

add
locus

drop locus

b(m+1)

d(m)

1-b(m+1)-d(m)



June 2000 NCSU QTL II Workshop © Brian S. Yandell 127

5HYHUVLEOH�-XPS�,GHD
� H[SDQG�LGHD�RI�0&0&�WR�FRPSDUH�PRGHOV

� DGMXVW�IRU�SDUDPHWHUV�LQ�GLIIHUHQW�PRGHOV
² DXJPHQW�VPDOOHU�PRGHO�ZLWK�LQQRYDWLRQV

² FRQVWUDLQWV�RQ�ODUJHU�PRGHO

� FDOFXOXV�´FKDQJH�RI�YDULDEOHVµ�LV�NH\
² DGG�RU�GURS�SDUDPHWHU�V�

² FDUHIXOO\�FRPSXWH�WKH�-DFRELDQ

� FRQVLGHU�VWHSZLVH�UHJUHVVLRQ
² 0DOOLFN��������	�*UHHQ�������
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0RGHO�6HOHFWLRQ�LQ�5HJUHVVLRQ
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&KDQJH�RI�9DULDEOHV
� FKDQJH�YDULDEOHV�IURP�PRGHO���WR�PRGHO��

� FDOFXOXV�LVVXHV�IRU�LQWHJUDWLRQ
² QHHG�WR�IRUPDOO\�DFFRXQW�IRU�FKDQJH�RI�YDULDEOHV
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(IILFLHQW�8SGDWLQJ�RI�additive

�PRUH�FRPSXWDWLRQV�ZKHQ�P�!��
� ZDQW�WR�DYRLG�PDWUL[�LQYHUVHV
² GHFRPSRVH�PDWUL[�LQVWHDG
² VROYH�OLQHDU�V\VWHP�RI�HTXDWLRQV

� XVH�OLQHDU�DOJHEUD
² +DXVKROGHU��45��GHFRPSRVLWLRQ
² /$3$&.�8VHU·V�*XLGH���������QG�HG�
$QGHUVRQ�HW�DO���6,$0�
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9,,,��5-0&0&�	�%D\HV�)DFWRUV

� 5-�0&0&�	�%D\HV�IDFWRUV
² %D\HV�IDFWRUV�IURP�5-�0&0&�FKDLQ
² FRPSRQHQWV�RI�%D\HV�IDFWRUV
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+RZ�7R�,QIHU�loci"

� LI�P�LV�NQRZQ��XVH�IL[HG�0&0&
² KLVWRJUDP�RI�ORFL

² LVVXH�RI�EXPS�KXQWLQJ

� FRPELQLQJ�ORFL�HVWLPDWHV�LQ�5-�0&0&
² VRPH�VWHSV�DUH�IURP�ZURQJ�PRGHO

� WRR�IHZ�ORFL��ELDV�

� WRR�PDQ\�ORFL��YDULDQFH�LGHQWLILDELOLW\�

² FRQGLWLRQ�RQ�QXPEHU�RI�ORFL
� VXEVHWV�RI�0DUNRY�FKDLQ

June 2000 NCSU QTL II Workshop © Brian S. Yandell 149

%UDVVLFD���ZHHN�'DWD�locus
0&0&�ZLWK�P �

11

1

1

1

1

1
1
1
1

1111

1
1
1

1

1
1

11

1
1

1

1

1

1
1

11
1

1

1

1

1
1

1
11

1

1
1

1

11
1

1

1

1

1

11

1
1
1
11

1

1

1

1

1
11

1

1

1

1

1

11
1

1

1

1

1
1

1

1
1

1

1

111

1

1

1

1

1

11

1

1

1
1
1
1

1
11

1
1

1

11
1

1

1
1

1
11
1

1
1

1
11

1

1
1

11

11

1
1

1

1
1

1

11

1

1

1

111
1

1
1

1

1

1

11

1

1
1

11

1

1

1

1

1
1

11

111

1
1

1

1
1

1
1

1

1

1

1

11

11

1

1

11

11

1

1

1

1
1
1

1

1
11
1
1
11
11
1

1
1

1

1
1

1
1

1

1
1
1

1

1
1

1

1

1
1

11

1
1

1

1
1

1
1
1

1

1

1

1
1

11

11

11
1

1

1

1
1

1

1

1

1
1
1

1

11

11
1

11
1

1

11

1

1
1
1

1

11
1

11

1

1

1

1

1
11
1

1
1

1

1

1
1
11
11

1

1
11
1

11
1

1
1

1

1

1

1

1

1

1

1

1
1

1

1

111

11
1

1

1

1

1

1

1
111
1

1
1

11

1

1

1
1

1
1

1

1

1
1
11

1

1

1

11

1

1

1
1

11

1

1

1

11

1

1

11

1
1
11
1

1

1

1

1

1

1

1

1
1
1

1

1
1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

11
1

11

11
1

1

1

1

111111

1
1

1

1
1
1

1

1
1

1

1

1

1
1

1

1

11

1

1

1
1
1

11

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1
1
1
1

1

1
1

1
1

1
1

1

1
1

1

1

1

1
1

1

1

1
1
1
1

1

1

1

1

11

1

1

1

1

1
1

1

1

1

11

1
1

1

1

1

1

11
1
1

1
1

1111

1
11

1

1

11

1

1

1

1
1

11

1

1
1

1

1

1
1

11
11

1

1
11

1

11

1
1

1

1

1

1

1

1

1
1

11
1

1
1

1

1

1
1

1

1
1

1

1

1
11

11

1

1

1

1

1

1

1
1

11

11

1
1

1

1

1
1
1

1

1

1
11111

1

1

1

1

11

1
1

1

1

1

1

1

1
1
1

1

1

1

1

1

1

11

1
1

11
1

1
1
1
1

1

1

111

1

1
1

1
1
1

1

1

1

1

11

1

1

1

1
1

1
1

1
1111

1

1111
1

1

1
1
1

1

1
111

1

1
1

1

1

1

1

1

1

11

1

1

11
1

1

1

1

1

1
1

1

1
1

11
11
1
1

1
111

1
111

1

1

1

11
1

1

1

1

11

1

1

1

1

1

11
1
1

11

1

1
1

1

1

1

1
1

1

1

1

1

1
1
1
1
1

1

1

1
1
1
1

1
1

1
1
1

11

1
1

1

1
1

1

1

1

1
11

1

11

1

11

1
1

1
11

11

1

1

1
11

1
1
1

11

1
11

11

1

1

1

111

1

1

1

1
1

1

1

1

1

1

1
1
1

1111
1

1

1
1

1

11

1
1
1

11

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1
1

1

1

11

1

1

11
1
1

1

1

1

1

1

1
1

1

1

1

1

111

111

1

1

1

1

1

1

1

1

111

1

1

11

1

1
1
1

11
1

1
1

11
1

1
1

1

11
1
1

1

1

1

1

1

1

1

1

1

1

11

111

1

1

1
111
1
1

1

11
1

1
1

11

1
1

11

1

1
1

11

1
11

111

1
1
1
1
1

111

1

1

1

1
1

1
1

1

1

1

1

1
1

1

1

2

2

2222
2

2
2
22
2

2
22
22

22

2

2

2
2
222
2

2
222
22
2
2
22
22222
2

2

222
222
2

2

2

22
2

2
2

22

2

2

2
2

22222
222222
2222

2
2
22
22
2
22
2
2
2

22
2

22
2
2

2

2
2

2
2
22
2

2

2

2
2
2

2222
2
2

2

2222

2

2
2
2
2
22
22
2
2
22

2

2
2
22
22
2
2
22
2
22

2
22
2

2

2

2

2

2

22

2

2
22
22
22

2

2
22
2
2
2

2

2
222
2

2222

22

2
2
22

2

22
2

2
2

2
222
2
2

2

22
22

2
2
2
2

2
2

2
2
2
22
22
2

2
2

2

22
2

22

2
2
2
222

2
2
2

2

222222
2
2

2

2
2
222
222
2
2
2

2
22
2
2
2222222
2

22
22
2
2
2

22

2222
2
22222
2
22

2

22
22
2

2
22
2
2
222

2
22
22

2

2

2

2
222
22
2
222

2
2
2
2
2

2

2

2
22222

22
22
22

2

2222

2

2

22

22
2
222
22

2

2
22

2
2

222
2
2

2
2
2
22
2
22
222
2

2

22
22
2

2
2
2
2

222

2

2

2

2
22
2
2
22

2
222
22

22
22
2
2

2

2
22

2

2
2
2

22
2222
22
222
2
2
222
22

2
2
2
22
2222
22
2

222

22

2
22
2222

2
2
2
2

2

2

222
222
22

2

22
2222
2
2222

2

2
2
222
2

222
2

22
2

2

22
2
2
222
222
2
2

2
2
2

2

2
2
2

2

2
2
222222

2

2
22
22222222

22
2
2222
2

2
2
2

2

2
2
22

2

2
2
2222
2

2
2
2
22
22
2
222
2
2

2

22
2
2

2
2
2
2
22
22
2

2

222
2
2

2

22
2
222
22

2
2
2
2
2
222222
222

2
22
222

2

22
2
2
2

222
2222
222
2
2
2
2
2

2222
2
2222

2

222
2
22

2

22
2
2

22
2
222
2
222
222222
22
2
2
2
2

22
2

2

2
2222
2

22222
2
2222
2

2
22
2
2

2
2
2
2
2
2222
2
2

222222

2222

2

2222222
22222
2
22
2

2
22
2

22
2
2
2

2

222
22
2
22
2
22

2

2
2

2
222
222

2

2

2

2222
2

2

222
22
2

2

22
222
2
2

2
22
2
2
2

2
22
2

22

2
2
2

2

22
22
2
22
2
2

22

2

2
2

2
2

22222222

2
2
2
2
2
2
22
2
2
2

222
22
2222
2
2

2
2

2

222
2
2222
22
222

2222
22
2
222
22
2
22
22
2
22
22
2
2
222
22

2
2
2

2
2
22

2

2
2
22
2
2

22

22
222
2
22

2
222

2

22

22
22
2
2

2

22

22
2
2

2
2
22
2222

2
22

2
222
2222
2
22

22
2

0 200 400 600 800 1000

20
40

60
80

MCMC run

20
40

60
80

0 50 100 150 200 250 300

di
st

an
ce

 (
cM

)

frequency

June 2000 NCSU QTL II Workshop © Brian S. Yandell 150

-XPSLQJ�47/�number�	�loci

11111111111111111
1111111

1

11111

111111

11111

11
11

111

1111

11111

11111

11111
111

11
1111111

11

111111111

11
11111

111

22222
222222222222222222

2 222222
2
2222 22

2222 22222

22222222

222222222 222222
222

22 22

2
3333

3333
33333333 333

3

0 20 40 60 80 100

20

40

60

80

di
st

an
ce

 (
cM

)

MCMC run

0 20 40 60 80 100
0

1

2

3

nu
m

be
r 

of
 Q

T
L



June 2000 NCSU QTL II Workshop © Brian S. Yandell 151

5-�0&0&�loci�FKDLQ

1
1111111111111111
1111111

1

11111

111
111

1111
1

11

11

11
1

1
111

11111

11
111

11111
111

11
1111111

1
1

111111111

11

11111

111
1111

11
1111
111111111

11

11
1

1

11111111

11111

1

11
1
11
11

111111111111111111

1111111111

11111111111

111

1
1111

11
111

11

1111
1111111

11111

111111111
11
111111111

1111111
11111111
1

1

1

111111

1

111111111111

1

111
11

11111111
111111111111

111
111

1111
1111
111111

1111111111

11111111111

1111

1111111

1

11111
11111
1111

1111111111111111

1111

11111111111
111

1111111111

11111
1111
11111111111

111

111
111111

1111
111111111

111111111111
1111111
1111
111
1

11
1111111111111111

111111111111

1111111111
11

111
1
11111
1
11
11111111111

1

1

11111111111

111111111

1

1111

11

1

1111
1

1
11

111111
111

111

111111

111111111
111
1111111111111111
111111111111
111111111111
11

11

11111111111

1111

111
11111
1111
111111
11

111
111

11111

111111111111
11111111111111

11111111
1

1111111

1

11111111111111

11

11111111
1111

111

111111111111111

1

111
1111
111111
1111111111111111
11111

111111

1

1
111

11

1111

1111111111
11111

1111111111111111111

111111

1111
111
1
1111111
1

111111

1111

11111111
1111111111111111111
1111111

1

11111111111111111111111
1111111

11111111

111

1111111
11

1

122222
222222222222
222222

2222222

2
222222

222222222

22222222

222222222
222222

222
2222

22
222

222222

2

22222222

22

22222222222222222222
222222222222222

22222

22

222222222222222
2

222222222

2

22
222222

22222

22

222222222

2

2

2

2

2222

22
222

22222
2222

2

222
2
22
2222

2222222
2222
2
22222222222222

2

2222222222
22222222
2

2222

22
222222222
222222222

222222
2222222

2222
22

2
2222
222

222
22222222
2
222
2222
2222
2
2
2222222222222222222222

22222222222

222222222

222

2

2
22
22

222

222222222

22
2

22

22222
222

22222222

2222

22222222

22222222222

2222222222222

22

22
2222

2

22222

22

2222222

2222
2

2222222222

22
22
222222222222222222

222222222

2222222222222222

222
22

22

22222222222222222
222
22222

2

22222
2

222222222222222222

22222

22222

22222222222222
2222222222222222222

22
22

22

22222222

22
222222

2

2222

222222222
222222
22
2
2222
222222
22
2

2

2

22
22222222222222222

22222
222222

22

222222

222

22

22222

22

2

2
3333

3333

333333333
33
33333333

333333

33

3

333
3333333333333

333333333

33 33333

33333333
33333

3

333333

3

33333

3333

33
33
3333333

333

333333

33333333

33333333333

333

3333
33

3333

33
333
33333333333

33333
33
333333
333

33

333333333333
333

333333333333333

333333
3

33333

3 3

333

33

3333

3333

3333333
3
33

3

3

33
33333333333333333
333333
3333

33
33333

333

33
333

4

4

44444
4
4

444

44444
444

4444444 44
44444444

44
4444

44

44444

4444444

4444

4 4

444
4444

444444444444

444444
4
44444455

5

55

555555 555555 555
5

55555555555555
55555

66 6666666

MCMC run
0 400 800

0

20

40

60

80

111

11
1
11

1

1

1

1

1

1

11

1

1

1

1

11

1

1

1

1

1111

1

1

1

1
1

11

1

1

1

1

11

1

1

11
1
1

1

11

1

11

1

1

1

1

1
11
1

1
1

1

1
1

1

1

1
1

1

1
11

11
1

1

11
1111

1

1

1

111
1

1

1

1

1

1

1

1

1
111

1

1

1

1

1

1

1

11
1

1

11

1
11

1

1
1

1

11

1

1

1

1

1

1

1

1

11

1
1
11
1

1

1

1

11
11

1

11

1
1

1

1
1

1

1
1

1

1

1
1
1

1
1

1
1
1

111

1

1

1
11
1

11

1
1

1

1

11

1111

1

1

1

1
11

1

1111
1

1
1

1

11

1

11

1

1

11

1
1
1
1
1

1

111

11

1
1111

11

1

1
11
1

1

1

11
1

1

1

111

1

1
11
11
1

1

1

1

1

11

111

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1
1

1
1

1
1
1

1

1

1

1

1

1
1
1

1

1

1

111

1
11

1

1

1

1

1

1

1

1

1

1

1

1
1

1

111

11

11

11

1

1

11

111
1

1

1

1

1

11

1

11

1

11

1

1

11

1

1
1

1

11

1

1

1

11

1

1

1

11
1

1

111

1

1

1

1

1
1

1

1

11

1

1

1

1
1

111

111

1

1111

1

1

1

1

1

1

1
1

1

1

1

1

11
1

1

1

11

1
1

1

1

1

11

11

1

1
1
111

1

11

1

111

1

1

11

111

1

1

1
11

1
1

1

1
1

1

1

1
111

11

1

1

1

11
1

11
1
1

1

1

11

11

11

1

1

1

1

1

1

1
11

1

1

1

1

1

1
1

1111

1
1

1

1

1

1

1

11

1
1

1

1

111
1
1

11

1

111

111

111

1

1

1

1

1

1

1

1

11

1

1

1

1

1
1
1111

1

111111

1
11

11

1

1

1
1
1

1

11

1

1

11

1
1

1

1
1
1
1

1

11

111

1

1

11

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1
1
1

1
11

1

1

1

1

1

1
1

1

1

1

1
11

1

11
1

1

1

1

1

11

11

1

1

11
1

1

1

1
1
1

11
1

11

1
1

1

11111

1

1

11

1

1

1

1

1
1

1

11

1

11

1

1
1

1

1

1
1

1

1

1

1

1

1

1

1
1

11

111

111

1

11

1

1

1
11

1

1

11
1
1

1

1

1
1

1
1
1

11
1

1

1
1

11

1

1

1

1

1

1

1

11

111
1

1

11

1

1

11

1

11
1

11

1
1

11

1

1
1

1
1

11

1

1

1

1

1

1

1
1
1

1

1

1

11

1

111
11

1
1

1

1

11

11

1
1

1

11
1

1
1

1

1

11
111
1

1

1

1

1
1

1

1

11
1

1

1

1
1

1

1

1

1

1

11

1

1

11

1

1
1
1

11

1

1
1

1

1
1

1

11

1

1

1111
1
1

1

1

1

1

1

1

11

11
1

1
11

1

11
1
1
11
1
1

1
111
11

1

11

1
1

11

1
1111

111

1
1

111
11

1

1

11
1

11

11
1
1

1

1
1

1111

1

1
1

1
11

1

1

1

1

1

1
11

1

1

111
111111

11
1

11

1
1

1

1

11

1

11

11
1

1

1

1

11

1
1

1
1
1

1

1

1

1

1

1
1

1

11
1

1

1

2
2

2

2

2

2

2

22

222

22
2
2

2

2

2

2
2

22

222

2

22

2

2

222

2

2
222

2

2

22

2

2

22

2

2

2

222
2
2
22
2

2
2

2

2

2

2

2

2

2

2

2

2

222
2

2
2
22

2

2

2222
2
22
2

2

22
2
222

2
2
2

2
2

22

2222

2

2

2
222
22

22

2

2

2

22
2

2

2
22

2

2

22

2
2
2
22

2

2
2

2

2

2

22
2
2

22

2
2

2

22
2

2

22
2

2

2

22

2

2
2

2

2

2

22
2

2

2

2

2

2

2

2

2

2

22

2

2

2
2

2
2
2

2

2
2

2

2
2

22

22

2

2
22

2

2

2

2

2

2

2

2

2

22

222
2

22

22

2

2

222

2

222
22
2

2

22

2

22
2

2

22

2

2

22
2

2

2

2

2
2

22

2

2

2

2

2
222

22
2

22

22

22222
2

22

2

2

2

22

2

222
2

22

2

22

22

222
22
2

2

2

22

2

22

2

22
2222
2

22
2
2

22

222

2

2
2

2

2

2

2
2
2

2

2

2

22

2

2

22

2
22

2

22
2

2

2222

22

2

2

22

2

2

2

2

2
22
22

2
2
2
2

2

2

2

222

2

2

22

22

2

2
2

2

2

2

2

2

2

2

2
2

2

2
2

2

2
2

2
2

2

2
222

2

2

2

2

2

2

22

2
2

22222
222
2
2

2

22

2
2

22
2

22

2

2

2
2

2

2222

2
2

2

2
2
22
2

2

2
22

2
22

2

2

22

222

2

2

2

2
22

2

222

2

2

2

222

2
22
2
2
2

222

2

2
22

2
2

2
2

2
2
2

2

2
22
2

2

22
2

2

2

2

2

2

2
2
2

2

2

2222
2
222

2

2
2

22

22

2

2

2

2
22

22

2
2
2

2

2
2

22

2

2

2

22

2

2

2

2
2

2

22
222

2

22

2

222

2
2
2

2

22

2
2

2
2

2

2

2

2

2

2
2
2

2

2

2
222
22

2

2

222
2

2

2

2

2
2

2

2

2

22

2222

2
2
22

222
2

2
2

2
2

2
2

2
2

2
22

2
2

2

222

2

22

2
2

2

222

2

2

2

2

2

2

2

2

22

2
222

222
222

2
2

2
222

2

2
2
222
2
2

2
2

2

2

2
22
2
2

22

2

2
2
2
22
22

2

3
33
3
33

33

3

3

3

33
3
3
3

3

3
33

3

333

33

3

3

33

33
3

3

3

33

3

3

333

3

3

33
3

33333

3

3

33333
3
3
333
3

3

3

3

333
33

3

3

3

3

33
3

33

33

3
3

33
3
33

3

33

3
3

3

33

3
3
3

3
3
3
33

3
3

3

3
3
3

333

3

3
3

33

3

3

3

3
3
333

3

3

3

3

3
3

3
3

3
3

3
3

3

3

3

3

3

33

3

3

3

33

3
33

3

3
333

333
3

3

3

3

33
3
33
33
3
3

3

3

3

3

3

3

3

3

3

3

3

3333

3

3

3

3

3

3
3333333

3

33

3

33

3

3

3
33

3

33

3

3

3

3333

3

3

33
3
3

3
3
3

33

333

3
333

33

3

3

33

3
3
3
3
3
3

4

4

4
4

4

4
44

4

4

4 444 4

4

4 4 44

4

44

4
4

4
4

4

4

44

4
4
4
4

4

44
4

444

444

4

4
4
44

5 5
55 5 555 55 5

5
5

5

5

MCMC run/10

nu
m

be
r 

of
 Q

T
L

0 400 800
0

20

40

60

80

1
1

1

1
1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1
1
1

1

1
1

1

1

1
1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1
1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1
11

1

1

1

1

1

1

1

1

1

1

11

1
1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

11

1

1

1
1

1

1

1

1
1
1

1

1

1

1

1
1

1

1

1

1
1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

1

1

1

1

1

1

1

1

1
1

1

1
1

1

1

1

1

11

1

1
1

1

1

1
1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

11

111

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1
1

1

1

1
1

1
1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1
1

1

1

1
1

1

1

1
1

1

1

1

11

1
1

1

1

1
1

1

1

11

1

1

1

1

1

1

1

1
1

1

1

1

11
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1
1

1
1

1

1
1

1

1

1

1

1

1

1

1

1

1

11

1
1

1

1

1

1

1

1
1

1

1

1

1

1

1

1
1
1

1

1

1

1

1
1
1

1

1
1111
1

1

1

1

11

1

11

1

1

11

1

1

11

1
1

1
1

1

1

1

1
1

1

1

1

1

1

1

11

1

1

1

1

1

1

1
1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

11

1

1

1

1

1

1

1

1

1

1
1

1

1

11

1
1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

11
1

1

1
1

11
1

1

1

1
1

1

1

11

1

1

1
1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11
1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1
1

1

1

1

1

1

1

1
11

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

11

1

1

1

1

1

1

1

1

1

1

1

111

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1
11

1

1

1

11

1

1

1

1

1

1

1
1

11

1

1

1

1

1

1
1

1

1

1

1

1

1

11

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

11

1

1

1

1

1

1

1

1

1
11
1

1

1

1

1

1

1

1
11

1
1

1

1

11

1

1
1

1

1

1
1

1

1111

1

1

1

11

1

1

1

1

1
1

1

1

1
1

1

1

1

1
1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1
1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1
1

111

1

1

1
1

1
1

1

11

1

1

1

1
1
1

11

1
1

11

1

1

1
1

1

1

11

1
1

1

1
1

1

1
11
1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

11

1
1

1

11

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1
1

1

1

1

1

1

1

11

1
1

1

1

11

1

1
1

1

11

1

1
1

1

1

1

11

11

1

1

1

11
1

1

1
1

2

22

2

2
22

2

2

2

2

2

2

22

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

22
2

2

2

2

2

2

2

22

2

2

2

2

2

2

2

2

2

2

2

2
22
2

2

2

2

2

2222

2

2

2

2
2

222

2
2

2

2

2

2

2

2

2

2

2

2

2
2

2

2

2

2

2
2

2

2

2

2
2

2
2

2
2

2

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2

2
2
22

2

2

2

2
2

2

2

2

2

2

2

2

22
2

2

2
2
2

2

2

2

2

2

2

2

22

2

2
2

2
2

2

2

222

2

2

2

2

2

22

2
2

2

222

2

22

2

2

2

2

2

2

2

2
2

2

22

2
2

2

2
2

2
2

2

2

2

22

2

2

2

2

22

2

22

2

2

2

2

2

2

2

2
2
22

2

2
2

22

22

2

22

2

22

2
2

2

2

2

2

2

2

2

2
2

2

22

2
2

2

22

222
2

2

2
2

2

2

2

2
2

2

2

2

2

2

2

2

2

2
2

2
2

2

2

2

2

2

2

2

2

2
2

2

2

2

2

22

2

2

2

2

2

22

2

2
2

2

2

2

2

2

2

2
2

2
2

2

2

2

2

22

2

2

22

2
2

2

2

2
2

2

22

2

22

2

2
2
2

2

2

222

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

222

2

2

22
2

2

2

2

2

2

2

2

2

2

2

2
2

22

2

2

22

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

222

2
2

2

2

22

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

22

2

22

2

2

2

2

22

2

22

2

2
2

2
2

22

2

2

2
2

2

2
2

2

22

2

2

2

2

2

2

2

2

2

2
2

2

2

2
2

2

2

2

2
2

2

2
2
2
2
2

2

2

2

2

2

2
2

22

2

22

2

2

2
2
222
2

2

2

2

2

2

22

2
2

2

2

2

22

2
2

2

2

2

2

2
2

2

2

2

2

22

2

2

2

2

2
22

2

2

2
22

2

2

2

2

2

2

2

2

2

2

2

2
22
2
2

2

2

2

2

2

22

2

22

2

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2
2

222

2

2
2
2

2

22

2

2

2

2
2

22

22

2

2

2

2

2

2

22

2

2

2

22

2

2

2

22

2

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2
2

2
2
2

2

2

2

2

2
2
2
2

2

22

2
22

2

222

2

2

22

2

2

2

2

2

2
2

2

22

22

2

2

3

3

3

3

33

3

3
3
3

3
3

33

3
3
3

3

3

3

3

3

3

3
3

3

3
333
3

3
3

33

3

33

3

3

33
3
3

3

3

33

3

3

333

33

3

3

3

3

3
3

3

3

3

3
3333

3

333

3

3

3

3

3

3

3

3

33

333

3

3

3

3

3

3

33

3

3

3

3

3

3

3

3

3333

3

3
3

33

3

333

33
3
3

33

3

3

3

3

3

3

33

3
3

3

333

3

33

3

3

33

3

3

3

3
33
3
3
3

3

3

3
3

3

3

3

3

3

3
3

3

33

3

3
33
3
3

3
3

333

3

3

3

3
33

3

3
3

3

3

3

3

3
3

3

33

3

3

3

33

33

3

33
3
3
3

3

33

33
3

3

3

3

3
3

3

33

33
3

3

33

3

3

3

333333
33

3
3

3

3

3

3
3

3

33

3

3

3

3

3

3

3

3

3

3
3

4
4

4444
44

4

4

4

4

444

4

4

4

4
4
4
4

4
4
4

4

44

4

4

4

44

4

4 4444
4

4

4

4

4
44

44
4
4

4

4

4

44
4

5 5

5

5
5

55

6

MCMC run/100
0 400 800

0

20

40

60

80

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1
1

1

11

1

1

11
1

1

1

1
1

1

1

11

1

11

1

1

1

1

1
1

1

1

11

1

1

1

1

1

1

1

1

1111
1

1

1
1

1

1

1

1

1

1

11

1

11

1

11

1

1

1

1

1

1

1
1

11

1

1
1

1

1

1

1

1

1
1

1

1

11
1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1
1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1
1

1

111

1

1

1
1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1

1
1

1

1

11
1

1

1

1

1

1

1

1

1
1

1

1

11

1

1

1

11

1

1

11

1

1

11

1

1

1

1

1

1

1

1

1

1
1

1

1
1
1

1

1

1
1

1
1

1

1
1

11

1

1

1

1
1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1
1

11

1

1

1

1

1

1

111

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

11

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

11

1

1

1

1

1

1

1
1

1

1

1

1

1

1

111

1

1
1

1

1

1
1

1
1

1

1

1

1

1

1

1

11

1

1
11
1

1

1

1

1

1
1

1

1

1
1
1

1
1

1

1

1

11

11

1

1

1

1

1

1

1

1

1

1

1

1
1
11
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1
1
11

1

1

1

1
1

1

1

1
11

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

11

1

1

1

1

1

1

11

1
1

1

1

1

1
11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11
1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1
1

1

1

1

1

1

11

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1
11

1

1

1
1

1

1
11

1

1

1

1

1
1

1

1
1

1

1

1

1

1
11
11

1

1
1
1

1

1

1

1

1

1

1

1

1
1

1

11

1

1

1
1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

111

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1
1

1

1

1

11
1
11

1

1
1

1

1

1

11

1

1
1
111

1

1

1

1

1

1

1

1

1

11

11

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1
1

1

1111

1

1

11

1

11

1111

11

1

1

1
11
1

1

1

1

1

11

1
1

1
1

1

1
1

1

1

1

1

11

1

1

11

1

1
1

1

1

1

1
1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1

1

1

1

1

1

1
1
111

1

1

1

1

1

11

1

1

1
1

1

11

1

1
111

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1
1
1
1

1

1

1

1

1

1

11

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

11

1
1

1

1

1

1

1

1111

1
1

1

1

1

1

111

1

2

2

2

2

2

2

2
2

2
2

2

22

2

2

2

22

2

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2
2
2

2

2

2

2

2

22
2
22

2
2
2

22

2

22
2

2

2

2

22

2

22
2

22

2

2

2

2
2

2

2

2
2
2

2

2

22

2

2
2

2
2

2

2

2

22

2

2

2

2

2222

2
2

2

22

2

2

2

2

22

2

2

2

2

22
2

2

2

2

2

2

2

22

2

2
2

2

2

2

2
2

2

222

2

2
2
2

2

2

2

2

2
2

2

2

2

2

2
2

2

2

2

2

2

2
2

2

2

2

22

2

2

2

2

2

2

2

2

2

2
2

2

2

2
2

2

2

2

2

2

22

22

2

2

22

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2

2

2

2
2
2

222

2

2

2

2

2

2

2

2

2

2

2
2

2
2

2

2

2

2

2

22

22

22

2

2

2

2

222
2

2

2

2

2

2

2

2

2

2

2

2

2

22

2

2

2

2

2

2

2

2
2

2

22
2
2

2

22
22

22

2

2222

2

22
2

2

2

2

2

2

2

22

2

2

22
2

2

2

2
2

2
2
2
2

2

2

2

22

2

2
2

22
2

2

2

2

22

2

2

2

2

2

2

2

2

2

2

2

22

2

2

2

2

2

2

22

22
2
2

2

2
2

22

22
2

2

222

2

22

2

2

22
22
2

2

2

222

2

22

2

2

2

2

2
22

2

222

2

2

2

2
2

2
2

2

2

2
2

2

2

2

22

2

2

2

22

2
2

2

2

2
2

2

2

2

2

2

2

22

2

2
2

2

22

2

2

2
2
2

2

2

2

222

2

2

2

2

2

2

2

2

22

2

2

2

2

2

22

2

2

2

2

2

2

2

2

2

2

2

22

2

2

2
2

22
2
22

2

22

2

2

2

2222

2

2

2

2

2
2

2
2

2

2

2

222

2

2

2

2

2

2

2
2
22

2
2

2

2

2

2

2

2

2

2
2
2

2

2

2

2

2
2

22
2

2

2

2

2

22

2

2

2

2

2

2

2

2

2

22

2

22
22

2

2

2

2

2

2

22
3

3

33
3

3

3
3

3

3

3

3

3

33

3

33
3
3

3

3

333
3
3
3

3

3
3

3

33

33
3

33

3

3
3
3

3

3

3

3

3

3

3

3

3
3
33

3

3

3

33

3

3

3

3

3

3

33

3

33

3

3

3

3

3

333
333
3

3

3

3
33

3

3

33

3

3
3

33

3

333
3333

3

3

3
3

3

33

3

3

3

333

333

33

3

33

3

3
3
333

3

3
3

3

3

3

3

33

3

3

3

3

3

3
3

33

3
3

3
3

3

3

3

3333

3

33
4

4

44

4

4
4 444 4 44

4 4
4 4

4

4

MCMC run/1000

nu
m

be
r 

of
 Q

T
L

0 400 800
0

20

40

60

80

June 2000 NCSU QTL II Workshop © Brian S. Yandell 152

5DZ�+LVWRJUDP�RI�ORFL

0 20 40 60 80

0.
0

0.
01

0.
02

0.
03

0.
04

distance (cM)

June 2000 NCSU QTL II Workshop © Brian S. Yandell 153

&RQGLWLRQDO�+LVWRJUDPV

20 40 60 80

0.
0

0.
02

0.
05

distance (cM)

m
 =

 1

0 20 40 60 80

0.
0

0.
02

0.
04

distance (cM)

m
 =

 2

0 20 40 60 80

0.
0

0.
02

0.
04

distance (cM)

m
 =

 3

0 20 40 60 80

0.
0

0.
02

0.
04

distance (cM)

m
 >

 3

June 2000 NCSU QTL II Workshop © Brian S. Yandell 154

%D\HV�)DFWRUV
�UDWLR�RI�SRVWHULRU�RGGV�WR�SULRU�RGGV

² 5-�0&0&�JLYHV�SRVWHULRU�RQ�QXPEHU�RI�47/

² SULRU�LV�3RLVVRQ
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5-�%D\HV�)DFWRUV
���ZHHN�%UDVVLFD�GDWD�

SULRU�PHDQ

UDWLR
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6LPXODWLRQ�6WXG\�RI�3ULRU�(IIHFW

� KRZ�GUDPDWLF�LV�WKH�HIIHFW�RI�SULRU"
� VLPXODWLRQV�RI������RU���47/
² 47/�KDYH�ODUJH�HIIHFW

• additive = 2 ��variance � ��

² ��47/�VSDFHG���F0�DSDUW

² VDPSOH�VL]HG�RI����

� 5-�0&0&�UXQV�RI��������
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%D\HVLDQ�/2'
� %D\HVLDQ�´/2'µ�FRPSXWHG�DW�HDFK�VWHS

² EDVHG�RQ�/5�JLYHQ�VDPSOHG�genoW\SHV�DQG�effects

² FDQ�EH�ODUJHU�RU�VPDOOHU�WKDQ�SURILOH�/2'

² LQIRUPDO�GLDJQRVWLF�RI�ILW

² FRPELQH�WR�IRU�JHRPHWULF�HVWLPDWHV�RI�%D\HV�IDFWRUV
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&RPSDUH�/2'V
� ����VLPXODWLRQV��RQO\�����IRU�VRPH�
� Q� �����������KA�� ������������
� ��47/�DW�������F0
� %D\HVLDQ�YV��&,0�EDVHG�/2'V
² %D\HVLDQ�IRU�VLPXOWDQHRXV�ILW

² FODVVLFDO�IRU�VXP�RI�&,0�/2'V�DW�SHDNV

� SORW�V\PERO�LV�QXPEHU�RI�&,0�SHDNV
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,;��5-�0&0&�6RIWZDUH
� *HQHUDO�0&0&�VRIWZDUH

² 8�%ULVWRO�OLQNV

• http://www.stats.bris.ac.uk/MCMC/pages/links.html
² %8*6��%D\HVLDQ�LQIHUHQFH�8VLQJ�*LEEV�6DPSOLQJ�

• http://www.mrc-bsu.cam.ac.uk/bugs/

� 2XU�0&0&�VRIWZDUH�IRU�47/V
² &�FRGH�XVLQJ�/$3$&.

• ftp://ftp.stat.wisc.edu/pub/yandell/revjump.tar.gz
² FRPLQJ�VRRQ�

� SHUO�SUHSURFHVVLQJ��WR�IURP�4WO&DUW�IRUPDW�

� 6SOXV�SRVW�SURFHVVLQJ

� %D\HV�IDFWRU�FRPSXWDWLRQ
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7KH�$UW�RI�0&0&
� FRQYHUJHQFH�LVVXHV

² EXUQ�LQ�SHULRG�	�ZKHQ�WR�VWRS

� SURSHU�PL[LQJ�RI�WKH�FKDLQ
² VPDUW�SURSRVDOV�	�VPDUW�XSGDWHV

� IUHTXHQWLVW�DSSURDFK
² VLPXODWHG�DQQHDOLQJ��UHDFKLQJ�WKH�SHDN

² VLPXODWHG�WHPSHULQJ��KHDWLQJ�	�FRROLQJ�WKH�FKDLQ

� %D\HVLDQ�DSSURDFK
² LQIOXHQFH�RI�SULRUV�RQ�SRVWHULRU

² 5DR�%ODFNZHOO�VPRRWKLQJ

� EXPS�KXQWLQJ�IRU�PL[WXUHV��H�J��47/�
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%D\HV�)DFWRU�5HIHUHQFHV

� 0$�1HZWRQ�	�$(�5DIWHU\��������´$SSUR[LPDWH�%D\HVLDQ
LQIHUHQFH�ZLWK�WKH�ZHLJKWHG�OLNHOLKRRG�ERRWVWUDSµ��-�5R\DO
6WDWLVW�6RF�%����������

� 5(�.DVV�	�$(�5DIWHU\��������´%D\HV�IDFWRUVµ��-�$PHU�6WDWLVW
$VVRF�������������

� -0�6DWDJRSDQ��0$�1HZWRQ�	�$(�5DIWHU��������´2Q�WKH
KDUPRQLF�PHDQ�HVWLPDWRU�RI�PDUJLQDO�SUREDELOLW\µ��PV�LQ
SUHS��mailto:satago@biosta.mskcc.org.
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5HYHUVLEOH�-XPS
0&0&�5HIHUHQFHV

� 3-�*UHHQ��������´5HYHUVLEOH�MXPS�0DUNRY�FKDLQ�0RQWH
&DUOR�FRPSXWDWLRQ�DQG�%D\HVLDQ�PRGHO�GHWHUPLQDWLRQµ�
%LRPHWULND�������������

� 6�5LFKDUGVRQ�	�3-�*UHHQ��������´2Q�%D\HVLDQ�DQDO\VLV�RI
PL[WXUH�ZLWK�DQ�XQNQRZQ�RI�FRPSRQHQWVµ��-�5R\DO�6WDWLVW
6RF�%�������������

� %.�0DOOLFN��������´%D\HVLDQ�FXUYH�HVWLPDWLRQ�E\
SRO\QRPLDOV�RI�UDQGRP�RUGHUµ��75��������0DWK�'HSW�
,PSHULDO�&ROOHJH�/RQGRQ�

� /�.XR�	�%�0DOOLFN��������´%D\HVLDQ�YDULDEOH�VHOHFWLRQ�IRU
UHJUHVVLRQ�PRGHOVµ��$6$�3URF��6HFWLRQ�RQ�%D\HVLDQ
6WDWLVWLFDO�6FLHQFH����������
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47/�5HYHUVLEOH�-XPS
0&0&��,QEUHG�/LQHV

� -0�6DWDJRSDQ�	�%6�<DQGHOO��������´(VWLPDWLQJ�WKH�QXPEHU
RI�TXDQWLWDWLYH�WUDLW�ORFL�YLD�%D\HVLDQ�PRGHO
GHWHUPLQDWLRQµ��3URF�-60�%LRPHWULFV�6HFWLRQ�

� '$�6WHSKHQV�	�5'�)LVFK��������´%D\HVLDQ�DQDO\VLV�RI
TXDQWLWDWLYH�WUDLW�ORFXV�GDWD�XVLQJ�UHYHUVLEOH�MXPS�0DUNRY
FKDLQ�0RQWH�&DUORµ��%LRPHWULFV���������������

� 0-�6LOODQSDD�	�(�$UMDV��������´%D\HVLDQ�PDSSLQJ�RI
PXOWLSOH�TXDQWLWDWLYH�WUDLW�ORFL�IURP�LQFRPSOHWH�LQEUHG�OLQH
FURVV�GDWDµ��*HQHWLFV����������������

� 5�:DDJHSHWHUVHQ�	�'�6RUHQVHQ��������´8QGHUVWDQGLQJ
UHYHUVLEOH�MXPS�0&0&µ��mailto:sorensen@inet.uni2.dk.
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47/�5HYHUVLEOH�-XPS
0&0&��3HGLJUHHV

� 6�+HDWK��������´0DUNRY�FKDLQ�0RQWH�&DUOR�VHJUHJDWLRQ
DQG�OLQNDJH�DQDO\VLV�IRU�ROLJHQLF�PRGHOVµ��$P�-�+XP�*HQHW
������������

� ,�+RHVFKHOH��3�8LPDUL���)(�*ULJQROD��4�=KDQJ�	�.0�*DJH
�������´$GYDQFHV�LQ�VWDWLVWLFDO�PHWKRGV�WR�PDS
TXDQWLWDWLYH�WUDLW�ORFL�LQ�RXWEUHG�SRSXODWLRQVµ��*HQHWLFV
��������������

� 3�8LPDUL�DQG�,�+RHVFKHOH��������´0DSSLQJ�OLQNHG
TXDQWLWDWLYH�WUDLW�ORFL�XVLQJ�%D\HVLDQ�DQDO\VLV�DQG�0DUNRY
FKDLQ�0RQWH�&DUOR�DOJRULWKPVµ��*HQHWLFV��������������

� 0-�6LOODQSDD�	�(�$UMDV��������´%D\HVLDQ�PDSSLQJ�RI
PXOWLSOH�TXDQWLWDWLYH�WUDLW�ORFL�IURP�LQFRPSOHWH�RXWEUHG
RIIVSULQJ�GDWDµ��*HQHWLFV����������������

June 2000 NCSU QTL II Workshop © Brian S. Yandell 171

%D\HV�	�0&0&�5HIHUHQFHV

� &-�*H\HU��������´3UDFWLFDO�0DUNRY�FKDLQ�0RQWH�&DUORµ�
6WDWLVWLFDO�6FLHQFH�����������

� /�7LHUQH\��������´0DUNRY�&KDLQV�IRU�H[SORULQJ�SRVWHULRU
GLVWULEXWLRQVµ��7KH�$QQDOV�RI�6WDWLVWLFV��������������
�ZLWK�GLVF������������

� $�*HOPDQ��-�&DUOLQ��+�6WHUQ�	�'�5XELQ��������%D\HVLDQ
'DWD�$QDO\VLV��&5&�&KDSPDQ�	�+DOO�

� %3�&DUOLQ�	�7$�/RXLV��������%D\HV�DQG�(PSLULFDO�%D\HV
0HWKRGV�IRU�'DWD�$QDO\VLV���&5&�&KDSPDQ�	�+DOO�

� :5�*LONV��6�5LFKDUGVRQ��	�'-�6SLHJHOKDOWHU��(G�������0DUNRY
&KDLQ�0RQWH�&DUOR�LQ�3UDFWLFH��&5&�&KDSPDQ�	�+DOO�
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0&0&�6RIWZDUH
� *HQHUDO�0&0&�VRIWZDUH

² 8�%ULVWRO�OLQNV

• http://www.stats.bris.ac.uk/MCMC/pages/links.html
² %8*6��%D\HVLDQ�LQIHUHQFH�8VLQJ�*LEEV�6DPSOLQJ�

• http://www.mrc-bsu.cam.ac.uk/bugs/

� 2XU�0&0&�VRIWZDUH�IRU�47/V
² &�FRGH�XVLQJ�/$3$&.

• ftp://ftp.stat.wisc.edu/pub/yandell/revjump.tar.gz
² FRPLQJ�VRRQ�

� SHUO�SUHSURFHVVLQJ��WR�IURP�4WO&DUW�IRUPDW�

� 6SOXV�SRVW�SURFHVVLQJ

� %D\HV�IDFWRU�FRPSXWDWLRQ�ZLWKLQ�4WO&DUW
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47/�5HIHUHQFHV
� '�7KRPDV�	�9�&RUWHVVLV��������´$�*LEEV�VDPSOLQJ
DSSURDFK�WR�OLQNDJH�DQDO\VLVµ��+XP��+HUHG������������

� ,�+RHVFKHOH�	�3�YDQ5DQGHQ��������´%D\HVLDQ�DQDO\VLV�RI
OLQNDJH�EHWZHHQ�JHQHWLF�PDUNHUV�DQG�TXDQWLWDWLYH�WUDLW
ORFL��,��3ULRU�NQRZOHGJHµ��7KHRU��$SSO��*HQHW�������������

� ,�+RHVFKHOH�	�3�YDQ5DQGHQ��������´%D\HVLDQ�DQDO\VLV�RI
OLQNDJH�EHWZHHQ�JHQHWLF�PDUNHUV�DQG�TXDQWLWDWLYH�WUDLW
ORFL��,,��&RPELQLQJ�SULRU�NQRZOHGJH�ZLWK�H[SHULPHQWDO
HYLGHQFHµ��7KHRU��$SSO��*HQHW�������������

� 6:�*XR�	�($�7KRPSVRQ��������´0RQWH�&DUOR�HVWLPDWLRQ
RI�PL[HG�PRGHOV�IRU�ODUJH�FRPSOH[�SHGLJUHHVµ��%LRPHWULFV
������������

� -0�6DWDJRSDQ��%6�<DQGHOO��0$�1HZWRQ�	�7&�2VERUQ�������
´$�%D\HVLDQ�DSSURDFK�WR�GHWHFW�TXDQWLWDWLYH�WUDLW�ORFL�XVLQJ
0DUNRY�FKDLQ�0RQWH�&DUORµ��*HQHWLFV��������������


