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SSTRAND HYBRIDIZATION

8VGFf>58USJn\>y�1,���jCD7QJLRT58USJL�DGF:>78CuC?7�GE7QJLRS5;USJ>�YGF:^78C

�jCY�F�ECjHYCD�F�E58�FCL`Z�pJ�� �jm X��FGEfZJ>MWGQxQJvGF�QHY:^?dP8GERT:�B8G�UTGEPQJ>UTJ>UTC��FC�GF7ZRSCYUTUW58�DGE:^78G�Hhx8C
MTG,HDUWCKJ>78:u7;CD�F�FJj?d:^�FCYHD:^�FJ�B;G8� ��mv`^HY:^?AC�MT58HYHDCYB8C PcCYUICDMWCD?dP8GF: 7;CD�F�EC�HYCD�F�E58�FC
B8CY�F�pJuP�CD�E�FC>`>B8: <^C)GE�Q� ��m MW58q8GFMWHDC�UT:>RWRS58UWC�J>HDHYGFB8CY7�RSJ>�FGQHDJ>58MTJLRSC�BQJ>�E�pJ USJLB8GpJ'X
�DGE:^78Cu58�rRSUTJ <2GE:^�FC¦RTRhJ,yI�jCY�F�ECuB8:^P8P8GECuMWRTUTGF7;f^x8C¥B8G�� ��mv`�MTC¥5878JdB8CY�F�EC MTGE78f^:^�EC
MWRTUTGE78f^x8C�HD:^7ZRTGFCD7;C�5878J)B8GFMWHD:^7ZRTGF7�58GERSst�.: <�<^CDUW:u587v7�58HY�FCY:>RSGEB8C�7;:^7v3��FCDf^JLRS:�J
��58CD�E�F:v<2GEHDGF7;:���J>�E�F:^UTJ���58CYMWRS:lP85.>dCYMTMWCDUTC'#�UTGFP8J>USJLRT:t%�BQJ>�E�pJ�� �jm X��FGEfZJ>MWG�`�Hhx8C
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HYUTCKJA587QJNMWRTUTGE78fZJA5;78GE�QHDJLRhJAf^USJ>�YGFC�J>G¢�FCDf^J>?AG�HY:^7~�FC�PQJ>UORSG¢HD:^?dP8�FCY?ACY7ZRhJ>UWG
�0<^CDB;G,8VGFf^5;USJN\^y0/Z�¦y

    

  ´́   ´́

  ´́   ´́

Ligase Joins 5’ phosphate
to 3’ hydroxyl

  ´́   ´́
  

  

8VGEf^58UTJN\^y6/,�Qk�Jd�)�jm�X �FGEfZJ>MTG
k�CN:^P�CDUTJ>�DGE:^78GaB8CY7QJLRS5;USJ>�YGF:^78CL`�UTGE7QJLRS5;USJ>�YGF:^78CL`IGFq;UTGFB;GF�D�DJ>�DGE:^78ClCN�EGFfZJ>�YGF:^7;C
MW:^78:eqQJ>MTGE�pJ>UWG�C@��UTCY�25;CD7ZRSG P�CDUdf^�FG"JL�Ff^:^UWGERT?AGaB8G�� ��m )�:>?AP85,RSGF7;f8`�MWPcCYMOX
MW:}PcCYUp>}MW:^78: MW:^f^f^C¦RTRSC|J>B CYUTUT:>UTG�`"GE7§��5QJ>7ZRT: �FC|MWGF78f>:^�FC	MWRTUTGF7;f^x8C|?dCDMWMTC
GE7[MT:^�E58�DGE:^78C>`�7;CD�F�EC6f^GF5;MWRSC6HY:^78B8GE�DGE:^78GIP�CDUu��z J>7;78CKJ>�EGF78f;`�Pc:>MTMT:>78:	J <>CDUWCA587
HY:^?AP�:^UORhJ>?dCD7ZRS:9Hhx8C	GF?dP�CDB8GEMTHDC@��z J>7;78CKJ>�EGF78f[B;CDMTGEB8CDUTJLRS:;`�C	78:^7§MW:^�F:9P�CDU
<2GpJoB8CY�F�FJ��8CDMTMWGFq8GE�FGrRhsNB8CY�F�FC6?d:^�ECDHD:>�FC@��:�MORSUT5,RTRS5;USJ@MTCDHY:^78BQJLUTGpJ,`¢<>CDB8GaPQJ>UTJ'X
f^UTJL��:e\^y�_Z�¦�4P�CDU�CDMTCY?AP;GF:|�ECAMORSUWGF78f^x;CnP�:^MTMW:^78:~UWGFP8GECDfZJ>UWMTG�MW5}MTCNMORSCYMTMTCL`�GF7
587©?A:2B8:@RhJ>�EClHhx8CN��z�J>787;CKJ>�EGF78f@JK<�<2GFCD7;CnRSUTJ	P�:^UT�YGF:^7;G�HY:^?dP8�FCY?ACY7�RSJ>UTG�?AJ
J>P;PQJ>UWRTCD78CY7ZRSGtJ>�F�FJ}MWRTCDMTMTJ§MWRTUTGE78fZJ;`jC©��58CYMWRS:b��CD78:>?ACY78:8` Hhx8CeP8UW:,B85;HDCe�FC
�¦+�S�*,+.+�*RSDN%�.5>-£S (�-0/Q`�78:^7AMT:^�E:¥f^CD78CYUSJt587ARTGFP�:�B8G�J>7;78CKJ>�EGF78f¥GE78B8CDMWGFB8CYUSJLRT:�?AJ
Hhx8GFJ>USJL?ACY7�RTCuGF?dPcCYB8GFMWHDC ��58CY�F�E:dMWPcCYUSJLRT:8y
k�z�J>UWRTGFHD:>�F:�1�\m@43�MT58f>f^CDUWGFMTHYCuB8Gw?AJ>78GEPc:>�pJ>UWCjB8:>P8P8GFC)MWRSUWGF78f>x8C Hhx8C¥J>q;q8GpJ>7;:lJ>G
�FJLRSG�B8CY�F�FCtMTP�:^UWf^CD78�YC@�.q8J>MWRSJnP8UTCY78B8CYUTC6GF��P8UW:,B;:>RTRT:nB8G�587~:^P8P�:^UORS5878:nCD78�YGrX
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B8CYGIP8UT:>q8�FCY?AG��"78CD�E��z{CDMTP�CDUWGF?dCD7ZRS: 1��$H43IP�CDU CYMTCD?dP8GE:8`��FC�MWRTUT5;RWRS58UWClJNB8:^P8P8GFJ
MWRTUTGE78fZJ;`ZHhx8C MWGQMSJ>UWCDq8q�CDUW:�B8: <25;RTC)JLRWRhJ>HYHKJ>UWC"��z{587l��z�J>�ERTUSJ)GE7l587AHYCDUORS:¥?A:2B8:8`
GF7;GF�DGFJ>�F?dCD7ZRTC4xQJ>787;:|P�:^UWRSJLRS:�J>78Hhx8CnJ>�F�FJn��:^UT?AJ>�YGF:^78C6B;G�MORSUW5;RTRT58UTCAGF78B8CYMTG�X
B8CYUSJLRTC>`8JtHKJ>5;MSJ4B8CY�F�pJ¥PQJ>�EGF78B;UT:^?dGFHYGERhsjB8CDf^�EG�CD78�YGF?dGcHhx8CjxQJ>787;:vRhJ>f>�FGpJ'RS:¥f^�FG
MWRTGFH'&$: CY78B8MDy � 58CYMWRS:eP8UW:^q8�FCY?nJ~3oMORhJLRT:9Pc:^G�UTGFMW:^�ERT:[HD:^7£5878JeP8UW:,HYCDB85;USJ
Hhx8GFJ>?nJ'RhJ-�RN
	K%��
	K%MS�-£L&5 � -�%'/KN)��<>CDB8G�P8587ZRT: @Z��y
k�z JL7878CKJL�FGF7;foB8CY<>CACYMTMTCYUTCdHD:^7;B8:>RTRSJoHD:^7e?A:>�ERhJnJLRTRTCD78�YGF:^78ClP�CDUWHhx��lG�PQJ>USJ=X
?dCYRSUWG¢RTCDUW?A:2B8GF78J>?AGEHDGcB8GFP�CD78B;:^78:NBQJL�F�pJlMTCY��58CD78�DJoMWRSCYMTMTJ;`�CvGE���.JLRTRT:nHhx8C4MWG
J>P8P8J>GF78:d?AJ>�FC¥�FCtqQJ>MWG�:AMTG�<^CY78fZJ>78:NJd��:^UW?nJ>UWC¥MWRSUW5;RTRT58UTC�GF78B;CDMTGEB8CDUTJLRSCtB8G�X
P�CD78B8ClBQJoB8Gr<^CYUTMTGI�.J'RTRS:>UTG��jHD:^7;HDCD7ZRTUSJ>�YGF:^78ClMTJ>�FGE7QJ;`�B85;USJLRSJ@B;CD�F�FJnUTCDJ>�DGE:^78CL`
RSCY?AP�CDUTJLRS5;USJ;`�UWCD�FJLRSGr<>J[P�CDUWHDCD7ZRT5QJ>�FC|B8Gj7�58HY�FCY:>RSGEB8G CYRSHLy i�7 J>HYHD:^UWf^GF?dCD7,X
RS:@P�CDUuUWGFB858UWUTC4��58CYMWRT:	RTGFP�:oB8GICDUWUT:^UWGI36��58CD�E�F:oB8GVGF7ZRSCYUTHKJL�pJ>UWC4�FC4P8J>UWRTGIHhx8C
HD:2B8Gr�QHKJ>7;:[G�q8GrRSM6GF7,��:^UT?AJLRSGr<2G�78CD�E�FCNMORSUTGE78f^x8CnB8G"� ��m HD:^7£B8CY�F�FCAMTCY�25;CD7,X
�DCAUSJ>7;B8:^?	y��jCD7ZRSUW:[587QJ|�E5878fZJ@UTCYf^GF:^7;CAB8G�HD:>?AP8�ECD?dCD7ZRhJLUTGFC¦Rhs@Pc:>MTMTGFJ>?d:
J>78Hhx;C¥RTUT: <LJ>UTCuB;CD�F�EC qQJ>MWG�J>P8P8J>GpJLRTC ?AJ>�FCjMTCD7;�KJlHhx8C¥�25;CDMWRT:nJL�ERSCYUTGc�pJ4MWRTUT5;ROX
RS5;USJ9B8CD�E�pJ~B8:^P;P8GpJ[MWRTUTGE78fZJ;`a?AJ9q;GFMT:>f^7QJ~RSCY78CDUW78C�HY:^7ZRS:ePcCYUlHKJ>�EHD:^�FJ>UTCN�FJ
RSCY?AP�CDUTJLRS5;USJ�B;G�?dCD�ERTGF78f ��� ��Hhx8CNGE7©RhJL��HDJ>MT:~3nP8GO!©qQJ>MTMTJZ�¦y[g,:^78:~MORhJLRTC
P8UW:^Pc:>MWRSCL`wGE7~�FC¦RTRSCYUSJLRT58USJ,`cB8Gr<^CYUTMTC4��:>UT?458�EC�CY?AP;GFUTGEHhx8CtPcCYU)�FCtRSCY?AP�CDUTJLRS58UWC
B8G2B8CD78JLRS58UTJ>�DGE:^78C)�.P�CDU¢B8GE�cCDUWCD7ZRSG2�F5;78f^x8CY�D�DC�B8G�MTCYf^?ACY7ZRSG2B8G2� �jm�`>B8Gr�wCYUTCD72X
RSGQMORSUW5;RTRT58UTC�C qQJ>MTG�B8GEMTPQJLGpJLRTC �¦y�k�JtB;CD7QJLRT58USJL�DGF:>78C"RhJ>�r<^:^�rRhJ)<2GFCY78C"�.J>HDGE�FGERSJLRhJ
BQJ>�E�pJ|P;UTCDMWCD78�DJ©GE7bMW:^�F5;�DGF:>78CoB8G J>�EHD5878CoMW:^MWRSJ>78�YC�Hhx8GE?AGEHhx8C>`aHhx8C	P�:^MTMW:^78:
J>q8q8J>MTMTJ>UTC¥78:>RTCY<>:^�F?dCD7ZRSC¥�FJvRSCD?dP�CDUSJ'RS58UTJ ���jy
�jCYf^�FG�CYMTP�CDUWGF?dCD7ZRSGa�pJN�.J>MWCAHhx;CnP8UW:,B85;HDClRS5;RWRSCd�FClMT:^�E58�DGE:^78G�HDJ>78B8GEBQJLRSClB8CY�
P8UW:^q8�FCY?nJ�MTP�CDMTMW:lHD:^78MWGFMORSCu78CY�F��z{:^P�CDUTJ>�DGE:^78C�#OJ>787;CKJ>�EGF78f�� �EGFfZJ>�YGF:^7;C�%h`>Hhx8CuxQJ
587�z{C54dHYGFCD7;�KJAB;CD� 
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� 58CDMORhJ@:^P�CDUSJL�DGF:>78C4HD:>78MTGEMWRSCl78CY�IRhJ>f>�FGpJLUTCvGE�I� ��m�78CDG�P85;7�RTG�GF79HD5;G�HDGIMW:LX
78:NB;CD�F�ECvP8UWCDHYGFMTC�MT:>RWRS:^MWCD��58CY78�DCL`¢C��.J>HDGE�FGERSJ6CD78:^UW?ACY?ACY7ZRSCv��z�GEMT:^�FJ>�DGE:^78C¥Cv�FJ
?AJ>78GFP�:^�FJ>�DGE:^78C�B8CD��� ��m GF78B8Gr<2GFB85QJL�FC>y
2u�FG4N¦/ � -0&6-�MT:>78:AP;UT:>RTCDGF7;CuHhx8C�HDJLRhJL�FGF�Y�KJ>7;:6�FC¥UTCDJ>�DGE:^78G�Hhx8GE?AGEHhx8Cu78CY�F�FCuHYCD��X�F5;�FC <2GE<>CD7ZRSG�y�k�Jl7QJLRT58USJ6��:^UT7;GFMTHYC¥B8CDf^�EG�CD7;�DGF?dG�`,B8CYRWRSG�B8G�SDN��¦+�S¦- � -�%'/KN¦`;HD:^?dC
# q;GFMWRT58UTG�?A:>�FCDHY:^�pJLUTG&%¥J <>CD7ZRSG�5;7�z J'RTRSGr<2GERhsN:LRTRSGE?nJL�FC (c�pJn�E:^UT:oC 4dHDGFCY78�KJo36B8CY�
\  ^ ��o`¢GF7eP8UTJLRSGEHKJ@Pc:^MWMTGFJ>?A:@CYMTMTCYUTCNMWGFHY58UTGaHhx8CdGF7©P8UTCYMTCD7;�KJ|B8Ga587©CD78�YGF?AJ
RS5,RTRSC �EC�MORSUWGF78f^x;CjJK<>CD7ZRSG�HD:^?dC MT:>RWRS:^MORSUWGF78f^x;C"587QJ�HYCDUORhJ¥MTCD��58CY78�KJt<^CD7;f^:^78:
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RSJ>f^�FGFJLRSC¥MWCD78�DJNHhx8C6�FCvJ>�ERTUTCtMWRSUWGF78f>x8C�<>CD78fZJL78:@?AGE78GF?AJ>?dCD7ZRSC¥J>�rRSCYUSJLRTC>y)��7
PQJLUWRSGEHD:^�FJ>UTCL`;MWG¢Hhx;GpJ>?AJ>78:@/Q*¡P�LONp5��¦-cf^�EG�CD78�YGF?dG�Hhx8CtRhJ>f^�EGpJ>7;:4�FC¥?d:^�FCYHD:^�EC B8G
J>HYGFB8Gw725;HD�FCYGFHYG�y
k�C � �#!�� � �#����� %':<� B8GZUWCDMWRTUTGE�DGF:>78C�# P�CDUT�E58MWRTUSJ>7;:t%�GE��� �jm¨J>�F�FJ�UTGEHDCDUWHKJ�B8GZMTP�C¦XHYGE�QHhx8ClMWCD��58CD7;�DCNB8G�q8J>MTG�`��F5878f>x8Cl_8`�/@:	P�:,HY:	P;GO!�`�Cl��5QJ>78B8:	GF7;HD:^7ZRSUTJ>78:
5878J4B8G���58CDMORSC¥MTCY��58CD78�YC�RSJ>f^�FGFJ>78:��pJv?d:^�FCYHD:^�FJ�GE7oB858CuPQJ>UORSG�`;B8GEMWRSUW58f^f^CY78B8:
GE�,�ECDfZJ>?dC���:>MW��:2B8GFCYMWRSCYUTGEHD:¥J>�E��z{GF7ZRSCYUT78:8y¢k�C"CD7;B8:^7�58HD�ECKJ>MWG8MT:>78:¥?A:^�rRS:jMTP�CDHDGFJ'X
�EGF�D�DJLRSCtMT5|HD:^MTJ;`wB8: <>C6CvHD:>?ACtRhJ>f^�EGpJ>UWC>��587QJnB8:>P8P8GpJAMWRSUWGF78f^JAHhx8C4HY:^7ZRSGECD78C
GE�/�¦-0+�%��>-�SDN��¦+�S�- � -�%'/KN)B;CD7ZRSUW:	�FJNMT5QJoMWCD��58CD7;�KJ	<2GECD78C4RSJ>f^�FGFJLRhJlBQJ>�E��z{CD78�YGF?AJGE7o�25;CD��P8587ZRS:;`QGF�wRTGFP�:6B8G�RhJ>f>�FGF:vB8GFP�CD78B;CuBQJ>�F��z�CY78�DGE?nJN��<^CYB8G�8VGFf>58USJN\^y6H^��y

RRESTRICTION ENDONUCLEASES

EcoRI

HindIII

AluII

HaeIII

− OH 3´

5´ P −

− P
 5´

3´ O
H −

8VGFf>58USJN\^y6H,� ��78B8:>725;HD�FCDJ>MTG
-¢CDU"CDMWCD?dP8GF:;` ��HD:$7 � ��Hhx8C¥P8UTCY78B8C¥GF�c78:^?dCuBQJ>��q8JLRTRTCDUTGE:���MTHhx8CYUTGFHhx;GpJA)�:^�FGp�
3�587~CD7;�DGF?AJlB8G�UWCDMORSUTGE�DGE:^78CtHhx8CvRhJLf^�FGFJlGE�¢� �jm�GF?d?ACYB8GpJLRSJ>?dCD7ZRSCuB8:>Pc:A�pJ
qQJLMTC¶2 B8CD�E�pJ�MWCD��58CY78�KJ ���;X�2¥mjm�¡"¡�)��0<^CDB;G�8VGFf>58USJd\^y�H>�¦yak�JvMT58JdJL�DGF:>78C)3
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qQJLRWRSCYUTGF: ��MWHhx8CDUWGFHhx8GFJ )�:^�EGV3lGF79f^UTJ>B8:8`�JLRWRSUTJ <>CDUWMT:	587©P;UT:2HDCDMWMT:�Hhx8GpJ>?AJLRT:
& N¦+.-£L&5 � -�%'/KNu�0<^CYB8G�P;587ZRS:³@Z��B8G�P8UT:LRSCDf>f^CDUWCtGE��P8UW:^P8UTGE:d� �jm BQJ>�E��z�J>�DGE:^78C B;G
��HD:$7 �h`�?ACY7ZRSUTCdGF�I� �jm B8Ga587©<2GEUT58MtGF7Z<LJ>MT:>UTClHhx8CnHY:^7ZRSCY78fZJ��FJoMTCD��58CY78�KJ
2um)m�¡"¡�) <2GECD78CuRhJLf^�FGFJLRS:4GE7@B858C>y
k�C ��� � � � ����� %':<� ��USJ>?d?dCD7ZRhJ>7;:|GF��� �jm RhJ>f^�EGpJ>7;B8:|G�725;HD�FCY:>RSGEB8G�5;78:[PcCYU
5878: JL�F�FCeCDMORSUWCD?dGERhs¨B8CD�E�pJ¨?d:^�ECDHD:>�pJ;y m)�FHY5878C C��;:>725;HD�FCDJ>MTGvUTGF?v58: <^:^78:§G
7�58HD�ECD:>RTGFB8GuB8J>�F�FJ}PQJ>UWRTC ���)B;CD�F�FJ}?A:>�FCDHY:^�pJ,`)J>�rRSUWC[BQJ>�F�FJ}PQJ>UORSC �(�p`uJL�FHD5;78C
C��,:^7�58HY�FCDJ>MTG¢J>f^GEMTHY:^78:lMT58�E�FC MWGF78f>:^�FC MORSUWGF78f^x;C>`�J>�rRSUTC)MT58�E�FCuB8:^P;P8GFCLy
-�CYUvf^�EG�J>�Ef^:^UTGrRS?dGVB8CY��� �jm )�:^?AP;5;RSGE78f	J>q8q8GFJ>?A:	J	B8GFMWPc:^MWGF�YGF:^78ClJL�FHD5;78C
HDCY7ZRSGF78J>GpJ¥B8G�CD78�YGF?dGQB8GE<>CDUWMTG�`�B8G�HD5;G�HY:^78:^MWHDGFJ>?A:tMTGFJtGE�QHD:^?dP�:^UWRSJ>?ACY7ZRS:¥Hhx8C
�pJvRTCD?dPcCYUSJLRT58USJlJ6HD5;G¢MW:^78:dJLRWRSGE<2G�y
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HDCY�F�E58�FCL��MWG�RSUTJLRTRSJdB8G�5;7QJdRTCDHD7;GFHKJlB8G�UT:>5;RSGE78CuHhx8CvG�q;GF:^�E:^f^Gw?d:^�ECDHD:>�pJ>UWGw58MTJ'X
78:@BQJoP8G"![B8GV<^CY7ZRSG�J>7878GVC6Hhx8ClMTCDUO<^CdPcCYUuHD:^7;:^MTHYCDUTCl�FJN�F5878f>x8CD�Y�KJe�.G�y�CLyvGF�
7�58?dCDUT:oB;GV7�58HD�ECD:>RTGFB8G�HD:^7;MTCDHY5;RSGr<2G0�jB8CY�F�ECvMWRTUTGE78f^x8CLyvg2GVqQJ>MTJNMT58���.JLRTRT:NHhx8C
�FC)?A:^�ECDHY:^�FC�B8G�� ��m MT:^7;:6HKJ>UWGFHKJ'RSC 78CYfZJLRTGE<LJ>?dCD7ZRSCL`;Cu��58GF7;B8G�`2Pc:>MWRSCuGE7o587
HKJL?AP�:�CY�FC¦RTRSUWGFHY:8`¢RTCD78B;:^78:~J	?AGEf^USJLUTC4<^CYUTMW:[��z{CD�FC¦RTRTUT:2B8:@Pc:^MWGERTGE<^:;y���MTMTCY7,X
B8:@�pJNHDJ>UTGEHKJoP8UW:^Pc:>UT�DGE:^7QJ>�EC4J>�E�pJn�E5878f^x;CD�D�DJ	B;CD�F�FJnMWRTUTGE78fZJ;`�J>7;Hhx8Cl�pJn��:^UW�KJ
CD�ECYRWRSUTGEHKJnHhx;C6�FCvMWPc:>MWRhJNUWGFMW58�ERSJAP8UW:^Pc:>UT�DGE:^7QJ>�ECvJnRSJ>�FC��F587;f^x8CD�Y�KJ;`wC4��58GF78B;G
��USJL?A?dCD7ZRSG�B8Gw� �jm B8Gw�F5878f>x8CD�Y�KJ4B8Gr<^CDUWMSJ4<2GpJ>f>f^GpJ>7;:�HY:^7@�pJvMORSCDMWMSJ4<^CY�F:2HDG�X
Rhsd<^CDUWMT:oGE��P�:^�F:APc:>MTGERTGE<>:8y -¢CDU ��58CYMWRT:	?d:>RTGE<^:l<^CY78f^:^7;:N�.JLRTRTCv?458: <>CDUTC6GE7
587QJ4�FJ>MWRTUSJvB;Gwf^CY��`2GF7N?d:,B;:vHhx8Cu��z JLRWRSUWGERS:tMTGFJv?AJ>f^f^GE:^UTC�PcCYU��FCjMWRTUTGF7;f^x8C P8G"!
�F5;78f^x8CuHhx8Ct��58GF7;B8G�MTG�?45;:=<>:^78:lP8G"!	�ECD7ZRhJL?ACY7�RTC¥B8G���58CD�E�FCuP8G"!	HY:^UWRTC>y
g,G�<>CDUTMTJ©5878JeMW:^�F58�YGF:^7;CoHKJ>�EBQJ[B8G"f^CD�"GE7£587¨HY:^7ZRSCY78GERT:^UTC@UTC¦RTRSJ>78f^:^�FJ>UTCoB;G
P8�FJ>MWRTGFHKJA:N<^CYRTUT:@C4MWGV�.JnUSJ'�wUWCDB8BQJLUTC (�B85;USJ>7ZRSC6��58CYMWRSJo�.JLMTC6MTG�GF78MWCDUWGFMTHYC6587
# P�CYRWRSGE78C�% �E5878f^:¥587n�pJLRT:tB;CD��HD:^7ZRTCD78GrRS:^UWCjGE7A?d:,B;:�Hhx8CL`;UWGF?458: <>CD78B8:tGF�QP�CYROX
RSGE78C|B;:^Pc: GF� USJL�cUTCYB8BQJ>?dCD7ZRT:8` MTG)HYUTCYGF78:}B;CDG #�Pc:>�D�DC¦RTRTG&%	78CY�)f^CY��y ��7 RSJ>�FG
P�:^�D�YCYRTRTGwMWGwUTGr<^CYUTMSJL78:6��5QJ>7ZRSGrRhsvB8GcMWRTUTGFf>x8C)B8Gw� �jm B8Gw�E5878f^x8CY�D�DJ4B8GE<>CDUTMTJ4C
MTGVJLRTRTGE<LJl587~HKJL?AP�:NCD�ECYRWRSUTGEHD:dHhx8Cv<LJnBQJL���FJLRS:d<,GEHDGE78:NJ>G¢P�:^�D�YCYRTRTGVJA�25;CD�F�E:
:^P8P�:^MORS:8`�MTG�J>MWPcC¦RTRhJdHhx8Cv�EC�MORSUWGF78f^x;C�P8G"!�HY:^UWRTCvJLUTUTGr<2GF78:dBQJ>�E��z�J>�ERTUSJvPQJLUWRSC�C
MTG�B;GFMSJ'RTRSGr<LJ4GF��HDJ>?AP�:6CD�ECYRWRSUTGEHD:	�0<^CDB;G¸8�GFf^58UTJN\^y0@Z�¦y
m �25;CDMWRT:NP8587ZRT:8`I�.JK<^CD7;B8:N5;RTGF�FGE�D�DJLRS:6PQJLUWRSGEHD:^�FJ>UTGwUTCKJLf^CD7ZRSGp��GF�F�E58?dGF7QJ>7;B8:4GF�
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f^CY��HY:^7 587QJ~�E58HDCA58�ERTUSJK<2GF:^�ECYRWRhJ@3NPc:>MTMTGEq8GF�ECd<>CDB8CYUTC@��z{GF7;MTGFCY?AClB8CY�F�ECn?d:^�FC�X
HY:^�FC¥B8G¢� ��m�Hhx8C�xQJ>787;:A�FJdMORSCDMWMSJn�E5878f^x;CD�D�DJ;��JLP8PQJ>GE:^78:lMT5�587QJAP�CD�E�FGEHD:^�FJ
HY:^?ACAqQJ>78B;CoJ>B}5878J~HDCDUORhJ~B8GEMWRSJ>78�KJ�BQJ>��Pc:^�Y�DC¦RTRS:;y9� J|��58CDMORhJ[B8GEMWRhJL78�KJ
MWG�P85G>lUTGEMSJ>�EGFUTC)J>�F�FJv�F5;78f^x8CY�D�KJ (Q:dP;GO!@MTCY?AP8�EGFHYCD?dCD7ZRSCL`8B8G�MW:^�FGrRS:6GF7o5;78:AB;CDG
P�:^�D�YCYRWRSG�MWG�?dCYRTRT:^78:~B;CD�F�ECNMWRTUTGE78f^x8CNB;G��F5;78f^x8CY�D�KJ~7;:>RhJ;`�GE7 ?A:2B8:�Hhx8C@�pJ
�E:^UT:uB8GEMTP�:^MTGE�DGE:^78C��Q7QJL�FC"78CY��f>CD�8�.J>HYHDGpJuBQJ¥?AJ>UTHDJLRS:^UWC"PcCYUa�FC�J>�ERTUTC"MORSUTGE78f^x8CL`
��58CY�F�FCuB;G�HD58G�MWG�<,5;:^�FCu?dGFMW58UTCu�FJ4�F5878f>x8CD�Y�KJ;y

Buffer
Gel

Electrode

Electrode

Samples

Faster

Slower

Separazione dei frammenti di  DNA

8VGEf^58USJA\^y6@,� 2¥CY�rX�CY�FC¦RTRSUW:>��:^UWCDMTG

k�J@MTHDCY�ERSJ	B8CY��RSGFP�:@B8Gaf^CD��3dHDUW58HDGFJ>�FC6P�CDUt��z{C54dHYGFCD7;�KJ@B8CD�E��z{:^PcCYUSJ>�YGF:^7;C>yd�)G
MW:^�FGrRS:@MTGa58MTJ>78:~��z�5 1$5TSS%��¦-�%vCAGE��(Q%ML �T5RP�S �tL&5>&6&6-��RN¦�tGF��P;UTGF?d:@PcCYUv?dGFMW58USJ>UWC
f^UW:^MTMWG¢��UTJ>?d?ACY7�RTG��.�F5;78f^x8G¢P8GO!|B8Gº1L ^ Z�¦`�GF�¢MTCYHD:^7;B8:8`�Hhx8CvxQJN587QJn?AJ>f^f>GF:^UWC
P�:^UT:>MTGERSsoCd��58GE78B8Ga3dP8GO!eC54dHDGECD7ZRSCL`V3dGF78B;GFHKJ'RS:@MT:^P;USJLRWRS5;RWRS:	PcCYU�?dGFMW58USJ>UWC
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P8GEHDHD:>�FGc��UTJ>?d?ACY7�RTG�y I HD:>78MTGEf^�FGFJLRS:���z{58MT:6B8Gw587@f^CD� #�B8CD78JLRS58UTJ>7ZRSCb%h`8Hhx8C¥HYGF:23
MTG�J>HYHD:^UWfZJdB;G���5QJ>7;B8:N:^�rRSUTCtJ>�E�FCuMWGF78f^:>�FC¥MWRTUTGF7;f^x8CtMT:^78:AP8UTCYMTCY7�RTGVMORSUT5,RTRS5;UTC
P8G"!eHY:^?dP8�FCYMTMTCdB8Ga� ��mv`��pJNHY58Ga?A:>q8GF�EGERhsd78CD�af^CY��78:^7eB8GFP�CD7;B8ClMT:^�E:	B8J>�F�FJ
�F5;78f^x8CY�D�KJ��.HY:^?dCuUTGFHhx;GFCDB;Cu��z{:^PcCYUSJ>�YGF:^7;C ��?AJlJ>78Hhx8C¥BQJ>�E�pJv��:^UW?nJ,y
g,GEHDHD:>?ACj�FC MORSUTGE78f^x8C)MT:^78:6GE78HD:>�F:^UWC>`2P8UTGE?nJtB8G�CDMWMTCYUTC¥GF?d?ACYUTMWCj78CY��f^CY�c<^CY7,X
f^:^7;:u?nJ>UWHKJLRTC>y��):^P�:u��z{CD�ECYRTRTUT:>��:>UTCDMWG,P�:^MWMT:^78:¥CYMTMTCYUTC UTCYHD58P�CDUTJLRSCL�VG8P�CD�Y�DG8B;G
f^CY�wHD:>7�RTCD78CY7ZRSG��FCjMWRTUTGF7;f^x8C MWG�HD:^7;f^CD�FJ>78:478CY�F��z J>�Y:>RS:��FGE�25;GFB8:8`�P�:^GwMWG�MTHY:^78f^C�X
�pJL78:)C�MTG���UT58�E�pJ>78:jJLRWRSUSJK<>CDUTMW:u587v�Q�rRSUW:)MTP�CDHYGpJ>�EC>`LB8: <^C�UWGF?AJ>78f^:^7;:)JLRWRhJ>HYHKJLRTC
MT:>�F:l�FCuMORSUTGE78f^x8CuB;G�� �jm�y

1,y�� � 4 %96 %�� ��� � �
�jCYG 78:^MWRTUTG�J>�Ef^:^UTGrRS?dG�JLq8q8GpJL?A:9q8GEMT:^f^7;:©B8G"5;7§?dCYRS:2B8:eHhx8C|HYG PcCYUT?dCYRTRSJ
B8G¢CDMORSUSJLUTUTCtRS5;RWRSC��FCtMWRSUWGF78f>x8C�HY:^7ZRSCY78CD7ZRSG�587QJnB8JLRhJdMT:>RWRS:^MORSUTGE78fZJ;y�� J'RSCvGE7
GF7;P85;R�587QJ|P8UW: <^CYRWRhJ~¡ CYB}587QJ|MORSUWGF78fZJ��[�.G�y�CLy�587 :^�FGEf^:@�pJ�HY58G�MTCD��58CY78�KJ
B8G¢qQJ>MWGVHD:>UTUTGEMTP�:^78B8C�J>�E�pJlMWRSUWGF78f^J��=�¦`c587QJARTCDHD7;GFHKJAB8G�MWCDPQJLUSJ>�YGF:^78Ct��:^UT7;GFMTHYC
HD:>?AC@:^5;RTP85;RdB858C	P8UW:=<>CYRWRSC � 1 C�� � `�B;G�HY58G"�pJ[P8UWGF?AJ[HD:^7ZRSGECD78CoRT5;RTRTC��ECMTCY��58CD78�YC�B;Gw¡ Hhx8C¥xQJ>7878:��uHD:>?AC MW:>RTRT:^MWRTUTGE78fZJvCu�FJvMTCYHD:^78B8Jl�EC UTGE?nJL78CD7ZRSG
��RT5;RTRTCv�EC�MWCD��58CD7;�DClB8G¢¡ Hhx8C478:^7�HD:^7ZRTCD78f^:>78:��vHD:^?dCvMW:>RTRT:^MWRTUTGE78fZJZ��y')�G">
HD:>UTUTGEMTP�:^78B8C¥J6�.J>UWCu�pJ4B8Gr�wCYUTCD7;�KJlB8G�B858C¥?458�rRSGE78MTGECD?dG�y

��JZ�98VGE�ERSUTJ>f^f^GE:
� 58CDMORhJ4RSCYHD78GEHKJ6J>f>GFMTHYC MT5;�F�FC)MTGF7;f^:^�FCjMWRTUTGF7;f^x8C B8G�� �jm ���25;GF78B8GwCY<^CY7,X
RS58J>�F?dCD7ZRSC63dP8UWCY<2GFMORS:|5;7 P8UWGF?d:	P8J>MTMW:|B8GaB8CY7QJLRS5;USJ>�YGF:^78CK� (�HD:^78MWGFMORSC
78CY�F��z�J>78HY:^USJLUTCv?d:^�rRSCtMWRSUWGF78f>x8C4B8GVRTGFP�: � ��MTC �§36�FJnMT:LRTRS:>MWRSUWGF78f^JnHhx8C
<^:>f^�FGFJ>?A: MTCD�ECD�YGF:^7QJLUTC �NJLB 5;7 MW58P8P�:^UWRT:¨?AJ>f^78C¦RSGEHD: :£<^CYRTUT:^MW:8` MW58�
��5QJ>�EC)<2GFCD7;C)<^CYUTMSJ'RhJ;`QHY:^7o�pJvB;:=<25;RSJ6HKJ>5;RTCD�FJ;`,�FJvMT:>�F58�YGF:^78C)HD:^7ZRSCY7�5;RhJ
78CY�F�pJuP8UW: <^CYRWRhJv¡uy2k�C�MT:>RWRS:^MORSUTGE78f^x8C �9MTG�JLRTRSJ>HDHDJ>78:vJ>�F�EC"�F:^UW:tHY:^?dP8�FC�X
?dCD7ZRhJ>UWG�J>78HY:^USJLRTCtJ>���Q�ERTUT:8`QCt�FCuMORSUWGF78f^x;C�78:>7�HY:^7ZRSCD7;CD7ZRSG � PQJ>MTMTJ>78:
JLRWRSUSJK<>CDUTMW:vGE�;�Q�ERTUT:8yIg,GQ�FGEqcCYUSJ GE7AMW:^�F58�YGF:^7;C"GF�8HY:^7ZRSCD7�5;RT:4B8CY�8�Q�ERTUT:¥CjGE7
587�z�J>�rRSUSJuP8UW: <^CYRWRhJo��Hhx8C�MSJ>UTs�� � ��GE�QUTCYMWRS:;yak�C MORSUTGE78f^x8C�Hhx8CjMTG�MT:^7;:4JLROXRhJLHDHKJ'RSC�JL�2�Q�rRSUW:6�.B;:^Pc:)587QJ)B8CY7QJLRT58USJ>�YGF:^7;C ��<LJ>7;78: 78CY�F�pJ P8UW:=<>CYRWRhJ � 1 y¡�J>�E<>:^�ERSJd<^CY78f^:^7;:	5;MSJLRTGVHD:>?ACv�8�ERSUWGV�ECv?dCD?4q8UTJ>78C4UWCDMWGF78:^MWC>y � 58CDMORS:
P8UW:,HYCDB8GE?ACY7�RT:63¥HD:^78HYCYRWRS5QJ>�E?ACY7ZRSC¥MTCY?AP8�EGFHYC>`8?AJ4:^UT?AJ>G�MW58P�CDUSJ'RS:8y

�.q��om%4d78GrRhs4q8GE:>RSGE7QJ�X�JK<2GFB8GE7QJ��LMORSUTCYP;RhJK<2GFB;GF7QJ
-�CYU"J>58?dCD7ZRSJ>UTC C <>CD�E:,HYGF�D�DJ>UTC)�pJ�HDJ>PQJ>HYGERSsvB8G�J>7;78CKJ>�EGF78f�B8GwB;58CuMWRTUTGF72X
f^x8C HY:^?AP;�FCD?dCD7ZRSJ>UTG8MWGQMW��UW5;RTRSJt�FJu��:>UT�KJ¥JLRWRSUTJLRTRTGE<LJ Hhx8C�MTG�MW<2GF�E58P8PQJ RTUSJ
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�FJeq;GF:>RTGF7QJ[C|��z JK<2GFB;GF7QJb�.: J>78Hhx8C��pJ9MWRTUTCDP,RhJK<2GFB8GE7QJZ�6HD:^MWPQJ>UTf>CD78B8:©B8G
��58CYMWRTC�B85;C�MW:^MWRSJ>78�DC¥�ECuMWRSUWGF78f>x8C¥B8CDMORSGF78JLRSCtJ>�E��z�J>7878CDJ>�FGE78f8y
��CDG�P;UTGF?dG�CDMWPcCYUTGF?dCD7ZRTGwMTGcGF?d?ACYUTf^C¦<LJ�GF7n587QJ4MT:>�F58�YGF:^78CjB8G��)�jm q8GE:LX
RTGF7QJ'RS:u587dMT58P;Pc:^UORS:¥MT:>�FGFB;:uMT5dHD58GQCYUSJ>78:¥MORhJLRTCjJL78HD:^UTJLRSC"�EC"MWRTUTGF7;f^x8C �
HY:^MTP8J>UTMWC�B8G2JK<2GFB8GE7QJ;`=C�MWG2J>MTP�CYRWRhJK<LJ�Hhx8C�JK<2<>CD78GEMTMWC���z�J>787;CKJ>�EGF78f"B8CYMTGEB8C¦X
UTJLRS:�P8UTGE?nJuB8G�P�:^UWRSJ>Ua��58:^UTGQ��58CYMWRT:6MT58P8P�:^UORS:vHY:^7n�ECjB;:^P8P8GECjMORSUTGE78f^x8CLy
� 58CYMWRSJlRTCDHD7;GFHKJ,`Q58MSJLRSJ6PcCYU�CYMTCY?AP8GE:6BQJdk�GEP;RS:>7o78CD��MW58:ACYMTP�CDUWGF?dCD7ZRS:
�0<^CYB8G�PQJ>USJLf^USJL��:l�,yE\=��`Q3¥MT:^f^f>CYRTRSJlJlRTUT:^P8P;G�CDUWUT:^UWG�`8C¥MT:>P8USJLRWRS5;RWRS:l78:^7
3jJ>HYHDCYRWRhJ>q;GF�FC"�FJu�258J>7ZRSGERSstUWCD�FJLRSGr<>J B;G�MORSUWGF78f^x;C�Hhx;C)UTGECDMWHDC�J�#�PcCYMTHDJ>UTCb%hy
��7@PQJLUWRSC)�25;CDMWRT:AP;UT:^q8�ECD?AJv3uB8: <25;RS:lJL�F�pJ�B8GFMWHDUTCYPQJ>78�DJ4RSUSJ�� �tCDB�� ��`
7;CD� MTCY78MT:©Hhx8C��FJ[�258J>7ZRSGERSseB;G"MWRSUWGF78f>x8C@MT5§5;7QJeMW58P�CDUW�8HDGFC	78:^7bP85G>
CYMTMWCDUTC6HY:^7;��UW:^7ZRhJ>q8GE�FC¥HD:>7~��58CD�E�pJlGF7|5;7~HD:^7ZRTCD78GrRS:^UWC�RSUWGFB8GE?ACY78MTGE:^7QJ>�EC>`
GE7;�.JLRWRSG�`�HY:^?ACA3AMORhJLRT:~HKJL�FHD:>�pJLRT:	GE7�1{�>_ 3�` �KHY? �4HD:^7ZRTGFCD7;CNJ>�aP8G"! ��0 1 �
MORSUWGF78f^x;C>`8CuBQJL��HKJ>�EHD:^�E:4Hhx8CtJ>q8q;GpJ>?d:v�.JLRWRS:6GF7oP;UTCDHYCDB8CY78�KJ|�.PQJLUT�pJL78B8:
B;CD�F�FJ[HD:^?dPQJLRWRSCD�Y�KJeB8G"GF7;��:>?nJ>�YGF:^7;CNB8CD��� ��mu�6MTG P85G>©B8CDB;58UTUWC�Hhx8C
�DHD?���HY:^7ZRSGFCY78C�HDGFUWHKJ���0 1 ��:^�FGEf^:^7�58HD�ECD:>RTGFB8G�y�¡�UTJtG8<LJ>UWG8RSCY7�RSJLRSGr<2G�B;GQMT5,X
P�CDUTJ>UTC���58CDMORS:NP8UW:^q8�ECD?AJdUWGFHD:>UTB8GFJ>?A:6��58CY�F�E:AB8G 10H 3�`cGE���258J>�FCtB8CDMWHDUWGE<^C
5;7©?AJ>HDHhx;GF7QJ>UWGF:NHhx;CdMWCDPQJLUSJ@�FC4MORSUTGE78f^x8C6P�CDUtJ(4d78GrRhsn�.J>HYCD78B;:^�FC6PQJLMOX
MTJ>UTC JLRTRTUSJK<^CYUTMT:l587of>CD�wGE7NHD5;GwMT:>78:6GF?d?ACYUTMWCj�EC)MT:LRTRS:>MWRSUWGF78f>x8C �a`,RhJL�FC
P8J>MTMTJ>f^f^GE:d3¥f^5;GFBQJLRT:6BQJ6587	MT:>�QMORSGEHKJLRT:lRTCDUW?A:^UWCDf^:>�pJLRT:^UTCLy
i��ERTGF?AJ>?ACY7ZRSC>`�GE7 10/>  3�`,MTGc3 58MSJ'RhJ4�pJ�MTCDf>58CD7ZRSCuRTCDHD7;GFHKJ,�I78CD�E�pJtMT:^�E58�DGE:LX
7;C6HD:^7[�ECv?d:^�FCYHD:^�EC�B8CY7QJLRT58USJLRTC4MTGV?AC¦RTRS:>78:NMWRTUTGE78f^x8C �bq8GF:LRSGF78JLRSCtGF7
f>USJ>74��5QJL7�RTGERSs;`^MTG;J>MTP�CYRWRhJ)Hhx;C J <�<>CD78fZJu��z J>7;78CKJ>�EGF78f�C�B;:^Pc:)MTG8JLf^f^GF5;7,X
f>:^78:@B8CD�E�FC4MO��CDUWCYRTRTC6?AC¦RhJ>�E�FGEHhx8CvHY:^MTPQJLUTMTClB8GVMWRSUWCDP;RSJK<,GEB8GF78J;y4¡¢5;RTRTC6�FC
B;:^P8P8GEC�MORSUWGF78f^x;C�q;GF:>RTGF7QJLRTCt�.��58GE78B8GQ��58CD�E�FC HD:>7�RTCD78CY7ZRSG��pJuHD:^P;P8GpJ �$* ���
MWGtJLRTRSJ>HDHhx8CYUSJ>7;78:§JL�F�FC|MW��CDUWCYRWRSCePcCYU@<2GFJ£B;CD�uP�:>RSCYUTCeJLRTRTUSJLRWRSGr<^: B8CY�rX
�FJ	MORSUWCDP;RSJ <2GEB8GF7QJ	78CDGaHY:^7;��UT:>7�RTG�B;CD�F�FJoq8GF:>RTGF7QJ,ynm ��58CYMWRT:~P8587ZRS:�HD:^7
5;7©?AJ>f^78C¦RSC6MWG�MTCDP8J>USJ>7;:��EC6MW��CDUWCYRWRSC��.Cl�FC6B;:^P8P8GEC6MWRSUWGF78f>x8ClJLRTRSJ>HDHDJ'X
RTC �6BQJ>� UTCYMWRT:8`�C	qQJ>MWRSJ©P8UW:,HYCDB8CYUTC|J>�F�FJ~B8CD7QJ'RS58UTJ>�DGE:^78C	PcCYUnJK<^CYUTC��FC
MORSUWGF78f^x;C)B8CYMTGFB;CDUSJ'RSC>y�k�z{C54dHDGECD78�DJ4B8Gc��58CYMWRT:d?dCYRT:,B;:v3 � � � � �N`,PcCYUOX
Hhx��tGE� � , � � ��B;CD�F�EC)MORSUTGE78f^x8C)HD:^7ZRSCY78CD7ZRTG �©�Q78GEMTHD:>78:678CD�E�pJvP;UT: <^C¦RTRhJ
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�0<^CDB;Gº8VGEf^58USJ	\^yr\  Z�¦y)ij7QJAHD:^MTJNGF?dPc:^UORhJ>7ZRTC�3�Hhx8C6�pJdPc:^�EGF?dCDUTJ>MTG�P8UW:^�F5;78fZJ
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@;y�� ��� �(��%�� ��� � ��� 	 �): 	 � 68�(��%�� �������
k�C6?AC¦RSx$:2�pJ>MWGVMW:^78:oCD7;�DGF?dGVHhx;C6�pJn7QJ'RS58UTJN58MSJ@J>MWMTGFCY?AC4J>f^�FG¢CD7;�DGF?dGVB;GVUTC�X
MWRTUTGE�DGF:>78C>yoi�7 qQJ'RTRSCYUTGE:	5;MSJ|f^�EGICD7;�DGF?dG�B8G�UTCYMWRSUWGF�YGF:^78ClP�CDU¥�.J>UTCdJ	PcCY�D�DG�GF�
� ��m B8CDG;<2GEUT58MIGE7Z<>JLMT:^UWG�`^��58GE78B8G8JK<>CDUTC 587lf^UTJ>74<LJ>UTGECYRSs)B8G8CY78�DGE?AG2B8G8UWCDMWRTUTG�X
�DGE:^78Cj�F:vP�:^UORhJvJ�Pc:>RTCDUWMTGwB;GE��CD7;B8CDUWC)BQJv5;7QJ4f^USJL7n<LJ>UTGECYRhstB8G�<,GEUT58M�GF7Z<LJ>MT:>UTG�`
?AJn78CD�E�F:AMWRSCYMTMW:@RTCD?dPc:nB8CY<>CdP;UT:>RTCDf^f^CYUTC4GE��P;UT:^P8UWGF:n� �jm BQJL�F��z�JLRWRhJ>HYHD:nB;G
RhJL�FGICY78�DGE?AG�� 78C # ?d:,B;GE�QHDJM%4�EC6MTCY�25;CD78�YCNHhx8CdHD:^UWUTGFMWPc:>78B8:^78:	J>�VMTGERT:@B8G�UTG�X
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HY:^78:^MWHDGF?dCD7ZRT:8y/-�CYU"�.J>U���58CDMORS:d5;RSGE�FGE�D�KJt�pJv?dCYRTx$:,�FJ>MTGwHhx8C¥xQJ4�F:4MORSCYMTMT:dMTGrRS:
B8G�UTGEHD:^78:>MTHDGE?ACY7ZRS:NB8CY�F��z�CY78�DGE?nJlB8GVUWCDMORSUTGE�DGE:^78C>`w�pJn��5QJ>�EC>`wJ>f^f^GE5878f^CY78B8:N587
f^UW58P8P�:l?AC¦RSGF�EGFHY:4J>B@587@7�58HD�ECD:>RTGFB8CuB;CD��MTGrRS:8`;�F:6P8UW:>RSCYf^f^CuBQJ>�E��z�JLRTRSJ>HDHY:4B8CY�rX
��z�CY78�DGE?nJtB8G�UTCYMWRTUTGF�YGF:^7;C HD:^UWUTGEMTP�:^78B8CY7�RTC>ya��7@�pJ>q�:^UTJLRS:^UWGF:tMTG�5,RSGF�EGF�Y�KJ���58CYMWRSJ
MORSCDMWMSJoRSCYHD78GEHKJoB8CD��q8JLRTRTCDUTGE:8`�B8C¦RTRSJe& N¦+.-£L&5 � -�%'/KN¦`�P�CDU¥J>�rRSCDUTJ>UTCv�FC6?d:^�FCYHD:^�ECB8G�� �jm�y
k�J �RN
	K%��
	K%MS�-£L&5 � -�%'/KN¦`=RS:^f^�EGFCY78B8:�GF�2f^UT58P;Pc:)��:>MW��:^UWGFHD:)BQJ>�F�EC�CYMWRTUTCD?dGERSs � � B8CD�E�pJ
?d:^�FCYHD:^�FJ;`wGE?AP�CDB;GFMTHYC4Hhx8Cd� )�MWG�Pc:>MTMSJo��:^UW?nJ>UWC4587e�FCYfZJ>?dCv��:^MW��:2B8GECDMWRTCDUWGFHD:;y
� 58CYMWRhJ P;UT:2HDCDB;58USJ)<2GFCY78C�C¦�wC¦RTRS58JLRhJ)RTUSJ>?dGERTC���z J>�YGF:^7;C�B8CY�F��z�CY78�DGE?nJ 	K%��
	;5>+±5��¦-
5TLOPp5TL -0/ 5>y
k�J�P;UT:2HDCDB;58USJvGE7Z<^CDUWMSJ;`;�pJ�	K%��
	K%MS¦-£L&5 � -�%'/KN¦`�HY:^78MTGEMWRTC)78CY�wUTGEP8UTGEMWRTGF78:tB8CD��f^UW58P,XP�:|��:^MO��:^UTGEHD:£�.J>B :^P�CDUSJ~B;CD�F��z�CY78�DGE?nJ �'-0/ 5��¦-r�¦`�CARhJ>�r<^:^�rRhJ	<2GECD78CoC¦�wC¦RTRS58JLRhJ
78CYf^�FG JL�Ff^:^UWGERT?AG�MT:^�E:©P�CDUlfZJLUSJ>7ZRSGEUTC@GF�"UWCDHY58PcCYUT:©B8CDG f^UW58P8P8G"��:^MO��:^UTGEHDG�Hhx8C
P�:^MTMW:^78:lCDMWMTCYUTMTG¢MWRSJ>HDHDJLRSG�7;CDG�<LJ>UTG�?AJ>78CYf^f^GFJ>?ACY7ZRSG�B8CD��� ��m 1µ/^ 43�y
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k�J HKJLPQJ>HDGrRhs B8G #��FCYf^f^CDUWC�%�USJLP8GFBQJL?ACY7�RTC�RS5;RWRSG8G;725;HD�FCY:>RSGEB8G;B;GQ5876��USJ>?d?ACY7ZRS:
B8G�� �jm UTCY78B8C¥Pc:>MTMTGEq8GF�EC P�CDU CDMWCD?dP8GF:lB8C¦RSCDUW?AGE7QJ>UWCuG�HD:^7ZRT:^UT78G�B;G�587�f>CD78C
Co�FJ|MTCY�25;CD78�DJ©B8G"JL?AGE78:ZJ>HYGFB8G�Hhx8C@CDMWMT:eHD:2B8GE�QHDJ;y E|J9J>78Hhx8C@P�CDU6��5QJ>7ZRS:
UWGFf^5QJLUTBQJ)f>�FG,J>�Ff^:>UTGERT?AGZB;CD�Q� ��m )�:^?AP;5;RSGE78f 3"587QJ HY:^MSJuB8G;f^USJ>7;B8C�5;RTGF�FGrRhs;`
GE7;�.JLRTRTG f^UTJ>�DGEC©JL� �.J>?A:>MT: ;=��� � !�� ! � � % � � � 6 UWGF58MWHDGFJ>?A:bJ£�FCYf^f^CDUWC9�FCMORSUTGE78f^x8CuB;G�� �jm Hhx8CtHD:2B8GE�8HKJ>78:l�FJ4MT:^�E58�DGE:^78CuB8CY��78:^MWRTUT:lP8UW:^q8�FCY?nJ,y
k�z{GFB8CDJ;`8MTCY?AP;�FGFHYC CDB	CD�ECDfZJL7�RTC>`QMWG�P85G>dMTHhx8CY?nJLRTGF�Y�KJ>UWCtHY:^?dCuMTCDf>58C>y
k�JuMTCY�25;CD78�DJ�B8G�� ��m Hhx;C <>:^f^�EGpJ>?d: �FCYf^f^CYUTCt�.B;GQ�F5878f>x8CD�Y�KJ��W�VMTGQGFB;CD7ZRSGr�QHhx8G
HY:^7£587QJ9HD:^UWBQJ[B8G"HD58G"MWG"MSJ[��5QJ>�"3@��z{GF7;GF�DGE:|C@��5QJ>�ECo�pJ|�Q78C ( MT58�E�pJ~HD:>UTBQJ
MWG�B8GEMWRSUWGFq85;GFMTHDJ>78:~Gu# 78:2B8G&%dm�`u))`�26`V¡u`VHhx8CoUSJ>P;P8UTCYMTCD7ZRSJ>78:8`�78CD�E��z{:^UTB;GF78CL`
Ga7�58HD�ECD:>RTGFB8GaB8CY�F�FJ�MTCY��58CD78�DJ;y[g2G�GE?A?AJ>f^GE78GIB8G�JK<^CYUTCo?d:^�ERTGFMTMWGF?dC4HD:>P8GFCdB8G
��58CYMWRhJ�HD:^UWBQJ;`ICAB8G�B;GFMTP�:^UWUTCdB8G�_	��:^UTq;GFHDG����#*���� *���	 *���
¢`�B8G�HD58G�:^f^7�587QJ
RSJ>f^�FGFJdGE7[?A:2B8:NB;GE<^CYUTMW:8�����©RhJLf^�FGFJAMT:>�F:NGI7;:,B8G�mv`
��� MT:^�E:NGV7;:,B8G�))`���	
MW:^�F:AG�78:2B8G�2�CYB���
©MW:^�F:AG�78:2B8G¢¡uy . f^78G¢HD:>UTBQJnP;5G>NCDMWMTCYUTC4RhJLf^�FGFJLRhJ6587QJ
MW:^�pJA<>:^�ERSJ;y¶)�:^7[��58CYMWRTG�BQJLRSG�MTG¢<,5;:^�FC4HY:^78:^MWHDCYUTC6�pJAB8GFMWPc:^MWGF�YGF:^78CtB8CYGI78:2B8G
78CY�F�FJ4HD:^UWBQJ	�.: <�<^CDUW:n�FJ4B8GFMWPc:^MWGF�YGF:^78C)B8CDG�7�58HD�ECD:>RTGFB8Gw78CD�E�pJ4MTCY��58CD78�DJZ�¦y
8�J>HYHDGpJL?A:dJ>f^GEUTCL`�7;:^7|B8C¦RSCYUT?dGF78GEMWRSGEHKJ>?dCD7ZRTC>`Q��58CDMORSCv��:>UTq8GEHDG�MT58�E�pJl?A:>�ERSGrRS5,X
B8GE78CdB8G�HY:^UTB;C>`V�Q7 �258J>78B8:[78:>7 MTG�:>RTRTCD78f>:^78:|HY:^UTB;CnB8GaRS5;RWRSCA�FCdPc:^MWMTGEq8GF�EG
�E5878f^x8CY�D�YC£�.P�CDUNCYMTCY?AP8GE:}MTC|�pJ HY:^UTBQJ©3~�F587;fZJ§\  ;` MWG J>MWPcC¦RTRhJe�Q7 ��5QJ>7,X
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B8:	78:^7©HDG�MT:>78:|P�CD�Y�DGa�F587;f^x8G��&*-,�*��7* 
9*��2* �7*���* �7* � *���0Z�¦y�-�:>G�UTJ>HDHY:^f^�EGpJ>?d:8`
MTCYPQJ>UTJLRhJ>?dCD7ZRTC>`QG�P8UW:,B8:LRTRSGwB8G�HDGFJ>MTHY587QJ6��:^UTq;GFHDCuC¥�EG�?AGEMT58UWGpJ>?d:8y
k�J6MTCD��58CY78�KJA3uBQJLRhJ,`878CD�E��z{:^UTB;GF78CL`;BQJ>f>�FGwGE78B8GEHDG�B8CY�F�EC)��:^UTq;GFHDGwHhx8C¥xQJ>7878:lRhJ=X
f^�EGpJLRT:4G�PcCY�D�YG��F5878f>x8G �&*-,�*��7*<0<0�0 * ��UTGEMTP�CYRWRSGE<LJ>?dCD7ZRTC>y

m)7;B8GpJ>?d:uJ <^CYB8CDUWCj�FJ)HD:>?4q8GF78J>�DGE:^78C�B8G;:^PcCYUSJ>�YGF:^7;G;q8GE:^�F:^f>GFHhx8C�Hhx8C CY�cCYRTRT5QJ
��58CDMORS:nJ>�Ff^:>UTGERT?A:;y
m)MWMT58?dGpJL?A:�B8G,J <>CDUWC�587QJ�MT:^�E58�DGE:^78Cu%'&n%T1RN¦/KNp5>`'HYGF:23�HY:^7ZRSCY78CD7ZRSC"P;UTGF7;HDGFP8J>�rX
?dCD7ZRSC�?d:^�ERTCIHD:>P8GFC���CY<^CY7ZRS5QJ>�E?ACY7ZRSCaB8:^P�: 587�z�J>?AP;�FGE�8HKJ>�YGF:^78CK��B;CD�F�FJ�MTGE78f^:^�FJ
MWRTUTGE78fZJ �}Hhx8C¥<^:^f^�EGpJ>?d:vMWCD��58CY78�DGFJ>UTCLy
m)f>f^GF587;f^GpJ>?d:@587QJ|MORSUWGF78fZJ �¨7;:>RhJ;`VPcCYU4CDMWCD?dP8GF:�B8G��E5878f^x8CY�D�DJ[¤> ;`�JL�F��z{C¦X
MWRTUTCY?AGrRhs ����B8G � �.MWGpJ � � � �V��GE7~?A:2B8:AHhx8C6587QJNP�:^�FGE?ACYUSJ>MWG�Pc:>MTMSJoJLf^GFUWC
5;RTGF�FGE�D�DJ>78B8: �~HD:^?dCuP8UTGE?ACYU�C � HD:^?dCuMWRSJ>?AP�:8y
��q8UWGFB8GE�D�DGFJ>?d:d�EC�MORSUWGF78f^x;C � HY:^7~B8CYG � �Q58:>UTCDMWHDCY7�RTGICvMW58B8B8Gr<2GFB8GFJ>?A:l�FJdMW:LX
�F5;�DGF:>78C):>RWRSCY725,RhJ6GF7N_4<LJ>MWHhx8CYRWRSCL`QHhx8C¥GF78B8GEHhx8GpJL?A:tHD:^7@m�`¡26`¡) Cu¡uyQ�jCY�F�FJ
<LJ>MTHhx;CYRTRSJem HYG"MT:^7;:eB;GE<^CYUTMWG"725;HD�FCY:>RSGEB8G�`�5;7QJeP�:^�EGF?dCDUSJLMTGaHhx8C	78:^7bJ>q8q8GFJ
��z�JLRWRSGE<2GrRhs|B8G C��;:>725;HD�FCDJ>MTG�`�C@B8CDG 7�58HY�FCD:LRSGFB;G"m # J>�ERTCDUSJ'RSG&%S�n78CY� ?AC¦RS:2B8:©B;G
g;J>7;f^CDU MT:>78:nB8GEB8CD:>MTMTGE7�58HD�ECD:>RTGFB8Ga��B8B8m �¦`�: <2<>CDUW:N7�58HD�ECD:>RTGFB8GwRSJ>�FG�Hhx;C�GE���F:^UW:
�(�2X . � 3 MORhJLRT:4?d:,B8Gr�QHKJ'RS:vGE7,�(�,X ��`2GF7nf^CD78CYUSJ>�EC)MW:^78:47�58HY�FCD:LRSGFB;GcHhx8GE?AGEHKJ'X
?dCD7ZRSCj?A:2B8GE�8HKJLRTG�7;CD�F�E:��Y58HDHhx;CDUT:lC �L:478CY�cf^UW58P8P�:v��:^MO��:^UTGEHD:vC �L:478CY�F�FJtqQJLMTC
J>�Y:>RhJLRSJ;yVmj7QJ>�E:^fZJ>?dCD7ZRSC�78CD�E�FC"J>�rRSUWC�<LJ>MTHhx8C¦RTRTC>`2HD:^7lGQ7�58HD�ECD:>RTGFB8G,B8B¦26`^B8B¦)
C¥B8B8¡uy
�jCY�F�ECvMTGE78f^:^�EC�<LJ>MWHhx8CYRWRSC6f^CY78CDUWGpJ>?d:N587QJ�-4)�7 ?A:2B8GE�8HKJLRSJ;`cGE7~��5QJ>7ZRS:@��z�C�X
MWRTCD78MWGF:^7;CNB8G �£MTG�q;�F:2HDHKJ	��5QJ>78B8:�<,GECD78CAP8UTCYMT:~5;7 725;HD�FCY:>RSGEB8Cd?A:2B8GE�8HKJLRT:
�.P�CDUWHhx���78:^7dPc:^MWMT:^7;:vJK<�<^CY78GFUWCjGQ�ECDfZJ>?dG,��:>MW��:2B8GFCYMWRSCYUTGEHDG8Hhx8C �.J>787;:tHYUTCYMTHDCYUTC
GF7@�E5878f^x8CY�D�DJd�FJ4725;:=<LJlMWRTUTGF7;fZJZ�¦y
8�J>HDHYGpJ>?d:�587�z{CD�FC¦RTRTUT:>��:^UWCDMWG,HY:^76��5QJLRTRTUT: P�:^�Y�DCYRWRSG,mv`T))`$26`'C�¡u`LGE74HDGFJ>MTHY5878:
B8CYGV��5QJ>�EG�<2GFCY78C4P�:^MWRT:oGF��� �jm�:LRTRSCY7�5;RS:@BQJ>�E�pJ6<LJ>MTHhx8C¦RTRSJ@HY:^UTUWGFMWPc:^7;B8CD7ZRSCL`
B8:^P�:~�FJ�B8CY7QJLRS5;USJ>�YGF:^78CACN�pJ	MTCY�FCD�YGF:^7;CnB8CY�F�FCdMTGE78f^:^�ECAMORSUWGF78f^x;CnHD:>7�RTCD78CY7ZRSG
� �.GE7 ��58CYMWRhJ|�.JLMTCdMTG�MW��UT5,RTRhJ��pJ��Q58:^UWCDMTHYCD78�DJ~B8G ����y�g,CnMW58P8P�:^78GpJL?A:	Hhx8C
�pJ -4)�7�?d:2B8GE�QHDJLRhJ9HD:>?AP8�ECDMWMTGE<LJ>?dCD7ZRTC�MWGjMWGpJ©q;�F:2HDHKJ'RhJ9GF7¨RT5;RTRTGjG P85;7�RTG
P�:^MTMWGFq8GE�FG�` BQJL�F�pJ}B;GFMTP�:^MWGF�DGE:^78C~B;CD�F�EC[MWRTUTGF7;f^x8C9B8CD�E�FC~<LJ>UWGFC~<LJ>MTHhx;CYRTRTC©MW58�F�FJ
�pJLMWRSUTJ�B8CD�E��z{CD�ECYRTRTUT:>��:>UTCDMWGLP�:^MWMTGpJL?A:�UWGFMTJ>�FGEUTCIJL�F�pJ��FC¦RTRS5;USJ¥���.J'RTRhJ�B8J>�F��z�CY�FCYRWRSUW:,B8:
P�:^MTGrRSGE<>:dJA��58CD�E�F:d78CDf^JLRSGr<^:8`QP�CDUWHhx��v�FJd�E5878f^x8CY�D�DJAB8CY�F�FC¥MORSUTGE78f^x8C¥HYUTCDMWHDC4GE7
��58CDMORhJdB8GFUWCD�DGE:^78CK��B8G ��`;Ct��58GE78B8G�J6��58CD�E�pJ6B8G ��y
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E�C¦RS:2B8G�P8G"!£UTCDHYCD7ZRSG B8G��25;CD�F�E:[B8G�g;J>7;f^CDU6MWG J <�<LJ>�Ef^:^78:[B8CY�F�FJ~MWRSCYMTMTJeGEB8CKJ
?AJ458MSJL78:dRTGF78f>CDUTCuGw725;HD�FCY:>RSGEB8G�HY:^7���5QJ'RTRSUW:lB8GE<>CDUTMWG�HD:^�E:^UTG �Q58:^UWCDMTHYCD7ZRSG�`QGF7
?d:,B;:6Hhx8C¥�FCu��5QJLRWRSUT:dqQJ>MWG�Pc:>MTMSJL78:ACYMTMWCDUTCtP8UW:,HYCDMTMTJLRSCtMTGE?458�rRhJ>78CDJ>?dCD7ZRSCLy

DNA 
Sequencing

8VGFf>58USJN\^yr\=¤,�¡E�CYRT:,B8:dB8G¢g;JL78f^CDU

k�z{GF?dP8�FCY?ACY7�RSJ>�DGE:^78CjB8G���58CDMORS:A?AC¦RS:2B8:lUTGFHhx;GFCDB;Cu?A:^�rRhJvHDJ>5;RTCD�pJ,�
� �FJAMWCD��58CD7;�KJoGF78GE�DGFJ>�FCu78:>7~B8CY<>C6CDMWMTCDUWCvRSUW:^P8P�:N�F5;78fZJ;`�CY<>CD7ZRS58J>�F?dCD7ZRSCMWG�B8CY<>C�P;UTGF?AJv��USJL?A?dCD7ZRhJLUTCuCuP�:^G�UTGEHD:^MORSUT5;GFUTCL`
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� HKJL�FHD:>�pJ>UWC��pJjPcCYUTHDCY7ZRS5QJ>�EC�# f^GE58MWRSJM%�B8G87�58HY�FCD:LRSGFB;G8J>�rRSCDUTJLRSG �L?AJ>UTHDJLRSG�Hhx8G�X?dGFHKJL?ACY7�RTC>��MTC 78Cj?AC¦RTRTGpJ>?d:tRTUT:^P;P8GcB;:^Pc:��pJ�-�)�7 78:^7NMWGcRTUT: <LJ>78:4�EC
MTCY��58CD78�YCnP8G"!©�E5878f^x;C>`�MTCd78Cd?AC¦RTRSGFJ>?d:NPc:2Hhx8Ga78:^7eMTGIRTUT: <LJ>78:	�FClMTC�X
��58CD7;�DC6P8G"!~HD:^UORSCL`wGF7Z<>CDHDC65;7[q858:^7~7�58?dCDUW:N�.JK<^:^UWGFMTHYC4�pJl��:^UT?AJ>�YGF:^78C
B8G�MWCD��58CY78�DC4B;GwRS5;RWRSC¥�FCu�E5878f^x;CD�D�YC>`

� RSUW: <>JLUTC¥587QJdPc:^�EGF?dCDUTJ>MTGcHhx8Cv78:>7~J>q8q;GpJdJ>78Hhx8Ct587�z�JLRTRTGE<2GERSs6B8G�C��,:^7�5,XHD�ECKJ>MWG�`,J>�ERTUTGE?ACY7�RTGcP�:>RTUTCDq;qcC)RSJ>f^�EGpJ>UWCjG�7�58HY�FCY:>RSGEB8G�J>�rRSCYUSJLRTGcB85;USJ>7ZRSCu�FJ
�.J>MWCtB;G�Pc:^�EGF?dCDUWGF�D�DJ>�DGE:^78CjGF?dPcCYB8CD78B;:^78C¥��z�J>UTUWCDMORS:��.B8G�MW:^�FGrRS:6MTG�58MTJd�FJ
�uCD78:m+ ��USJ>f^?dCD7ZRTMh�¦y

\  ;y � �(:��&6 ��; ��� %�� ��� ���
I ��z{:^P�CDUTJ>�DGE:^78CaHhx8C>`>HD:^7tRSCDHY78GFHhx;C�Hhx8GFJ>?nJ'RSC���2?2 �£�.�)CD7QJ'RS58UWGF78f�2¥UTJ>B8GFCY7ZR
2uCD� ���FCYHYRSUW:^P8x8:>UTCDMWGFMS�¦`�GF79587QJ@MT:>�F58�YGF:^78C6B;GFMTHYUTGE?AGE7QJNGF���)�jm�GF79UTCY�pJ>�YGF:^7;C
J>�E�pJu��5QJ>7ZRSGrRhsvB8GK2 P8UTCYMTCY7�RTG�y�g,G�qQJ>MTJvMT5;�F�pJ¥UTCYf^:^�FJ>�DGE:^78C P8UTCYHDGEMSJvB8CY�F�FJ¥RTCD?6X
P�CDUSJ'RS58UTJ;`IGF7©��5QJ>7ZRS:[�FJ	RSCY?AP�CDUTJLRS5;USJ�B;G�?dCD�rRSGF7;f�����3AP8UT:>Pc:^UW�DGE:^7QJ>�ECAJL�
7�58?dCDUT:vB8GcHY:^P8P8GEC�)�X�2 B;CD�F�FJ�?d:^�FCYHD:^�FJd�.P�CDUTHhx�� GF���FCYfZJ>?dC')�X�2 3jP8GO!d��:^UWRTC
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MTGQUWGFP8UW:,B;58HDCYMTMTCYUT:8`2C GF7;�878C"RS5;RWRSG8GQP8�FJ>MT?dGFB;G;MTGQMW:^78:�J>f^f^�E:^?dCDUSJ'RSG2GF7lHD:^�E:^78GEC
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