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$'&�GDA0(*-2-/(EJ	$>�d��:/G0=�.��5:gJKf,\].H&g��='J º \].H&>�urW:/:IG0J	$[-/.0��-
-/.0$�CH$'Y0-/.	?5)
-/.H$2='(*&I='G0fL��&%YDG0C0C0fE$�(E:o�5f*j��`+7:2��JKJT��w�:%-/.H$�j���-<$'&�f*$>��kd(EAHpg��-l�y=@?BA0:<-/�5AM-o&I��-<$�^
� ¡7YqfE�5(EA#+5?BGH&�&I$>�5:<?BA0(EAHpH�

�@iH���¢�5GH&I�t.0�5:u=@?BAM�d(EA0=@$>C|+5?BG¨-<?�(EAM�5$>:<-[(LA¨.H$'&�8hJ	?BAM-/.|?BfECÀ�©¹�X�C0�>+¨?BfECq �:<-/��&I-/GHY}=@?BJKYD�5A!+5���2���
�	� ½�
H½��]¾���
'�o²d.H$�.0�5:�-<?BfEC#+5?BGZ-/.0��-�AD��-/(*?BA!jW(ECH$W:I�5f*$>:�?5)�-/.H$>(E&�O
?B��&ICD:l.0�`�5$y.H$>fEC#:<-<$>�5CH+#��-��[&I��-<$
?5)�¹�O
?B��&ICD:�\]C0�>+5�0:/$'�5$>AhC0�`+7:W�	jl$'$'kQ�D:/(LA0=@$b-/.H$b¤0&I:/-�C0�>+Z?5)�ODG0:/(EA0$>:/:'�
���! ZµW?`j¥JK�5AM+#O
?B��&ICD:U��&/$y:<?BfECv(LAv�	-³+7YD(E='�5f�-/.D(*&/-³+ZC0�`+ZJK?BA!-/.q^
�POQ ;w )�+5?BG¨:<-/��&/-u=@?BG0A!-/(LAHpv),&I?BJ����5C|²HAH?5O
?B��&IC0:�¤0&I:/-�CD�>+�?5)lOqG0:/(EAH$>:I:'��j�.H$>A�j�(LfEf�-<?5-/�5f�O
?B��&IC

:I�5f*$>:U)P?5&�-/.H$g=@?BJ	Yq�5A!+v.0(*-b�'X5X5XNOQ?B��&�C0:�^
��=` ;��?BG���&/$u-<?BfECT+5?BGhj�(EfEf
&/$>=@$>(E�5$u�NCD(*�7(LCH$>A0C®���N=�.H$>=/kh(LAv-/.H$uJN�5(Ef, lj�.0(L=I.TYq�>+d:�+5?BG®n7���9F56K)P?5&

$'�5$'&I+�O
?B��&IC®:/?BfEC®��),-<$'&y-/.H$	¤0&I:<-	�'X5X5Xt(EA�-<?5-/�5fo:/�5f*$>:K��=@?BGDA!-/(EA0pv),&/?BJ����5C|²dA0?5OQ?B��&�C0:2¤0&I:<-
CD�>+Z?5)¢OqG0:/(EAH$>:I:� �����?BGt��&/$gJK�5(EfE$>Cv�	C0(*�d(ECH$>A0C#=I.H$>=Ikv=@?`�5$'&I(EA0pK-/.H$b¤0&I:/-�:I(·¡;j�$'$'k7:W��),-<$'&W+5?BG
(LA!�5$>:<-'�lµ�?�j�J[G0=I.t(E:�-/.H$y=�.H$>=/k0^

�>67� ���2$>:/=@&�(*O
$2-xjl?#C0(·¶
$'&/$>AM-�J	?7C0$>fE:�-/.0��-�Y0&/$>CD(E=@-�-/.H$yA7G0JyO
$'&U?5)�YD(EAHp���Y
?BAHp�OD�5fLfE:�-/.0��-�j�(EfLfq¤D-�(EA#?BGH&
='fL�5:/:<&/?7?BJv����fE$>��&If*+N(EADC0(E='��-<$b-/.H$g�5:/:IG0J	Y0-/(*?BAD:�+5?BGh��&/$yJN��k7(EA0p�(LAZ+5?BGH&WJ	?dCH$>fE:>� �

�>37��w�A0:/(LCH$	�T-³+7YD(E='�5f�OD(*?Bf*?5pB(E='�5fo=@$>fEf%-/.H$'&/$Nj�(EfEf�O
$KAMGDJ	$'&/?BG0:g=�.H$>JK(E='�5fo&/$>�5=@-/(*?BA0:u(EA®Y0&I?5p5&/$>:/:'�v��$>fEfE:
GD:<$�� �	� ¿��;��
2-<?Z:<Y
$'$>CtGHYt-/.H$[&I��-<$u?5)��;&/$>�5=@-/(*?BA��W H?5&b$@¡H�5J	YDf*$5�q-/.H$[$>AH£'+7JK$[ÂL�M�`»���
_�bj�(LfEf�O0&/$>��k
-/.0$uJ	?Bf*$>='GDf*$yfE�5=@-<?B:<$Z�P),?BGDA0Ch(EAhJK(Ef*k0 �(EAM-<?N-/.H$g-xjl?Z:<$'YD��&���-<$[J	?BfE$>='G0f*$>:'VlpBfEG0=@?B:<$[�5A0CTpB�5fE�5=@-<?B:/$5�
²HGHY0Y
?B:<$y�#=@$>fEf�.0�5:�$>A0?BGHpB.�fE�5=@-/�5:<$[-<?Z='��&I&/+v?BGH-2-/.0(E:�&I$>�5=@-/(*?BA��>F7�eX5X5XZ-/(EJ	$>:2Y
$'&W:<$>=@?BA0C��Ww )%-/.H$
=@$>fLf�A0$'$>C0:y-<?�O0&I$>��k¨CH?`jWAÀ�'X��#J	?Bf*$>='G0fE$>:u?5)WfE�5=@-<?B:<$5�o.H?�j f*?BAHp�j�(EfEf�(E-u-/��k5$�^ wx)�j�$#j��5AM-<$>C�-<?
OD&/$>��k¨CH?�j�A´�'X � J	?Bf*$>='G0fE$>:y?5)�fE�5=@-<?B:/$Z(LA|8t:<$>=@?BA0C0:'�%.H?�j�JN�5A!+�-/(LJ	$>:u�5:[J[G0=I.�fE�5=@-/�5:<$#j�?BG0fEC
A0$'$>Cv-<?NO
$�Y0&/$>:<$>AM-�(EAZ-/.0$g=@$>fEf,^

�`1M��r�-x+MYq(E='�5f�=@$>fEf¢(EAv-/.H$[.MGDJK�5AvO
?7C0+#=@?BAM-/�5(EA0:2J	?Bf*$>='G0fE$>:�?5)��d�'½��M¿H¾IÃ�
H½ ��� �IÂ,�_Ã��W�M�IÃ��D�q&/$')P$'&/&/$>Cv-<?Z�5:
� �"! )P?5&�:I.H?5&/-'�Tw�A¨-/.0$#=@$>fEf���-/.D(E:y� 
2r (E:[�5fEf�-xj�(E:<-<$>C|-<?5p5$'-/.H$'&K(EA}�T-/(*pB.M-�fE(*-<-/f*$KYq�5=/k5$'-'�®¦�GH-'�
(LJK��pB(EAH$�G0AMj�(EA0C0(LAHp;��:<-<&I�5(EpB.!-<$>A0(LAHp�?BGH-� l�5fEfQ?5)¢-/.H$b� 
2r )P&/?BJ��	:/(EAHpBfE$W-x+MYD(L='�5fQ=@$>fLf��5A0CZfE�>+d(EAHp�(*-
��$>ADCd��-<?���$>A0C0�d�q-/.H$>Av-/.H$y:IG0J�-<?5-/�5f�f*$>A0p5-/.vj�(EfEfQO
$b��Y0Y0&/?`¡d(LJK��-<$>f*+vF	J	$'-<$'&I:'�

isolate DNA

2 m

lay out end-to-end

nucleus

cell

from nucleus

r2:/:/GDJ	$;-/.0$#.7G0JK�5A}O
?7C0+�.D�5:#�'X �$# =@$>fEfL:u=@?BAM-/�5(EA0(EA0p�� 
2ry�%µW?`j JK�5AM+�-/(EJ	$>:[j�?BG0fEC|-/.H$Z:/G0J
-<?5-/�5f¢f*$>AHp5-/.T� 
2r�(EAZ+5?BGH&�O
?dCH+Nj�&I��YT��&/?BG0A0CZ-/.0$g$>sMGD��-<?5&�?5)�-/.H$b$>��&/-/.q^

�>47� � =@?Bf*?5pB(E:<-/:2$>:<-/(LJK��-<$u-/.D��-�F�Xd�eX5X5Xv:<Y
$>='(*$>:2��&/$�f*?B:<-2-<?;$@¡d-/(EA0=@-/(E?BAh$>�5=�.�+5$>��&>�2 �(EADCT-/.H$[$@¡7-/(LA0=@-/(*?BA
&���-<$gY
$'&�C0�>+0^TYQ$'&W.H?BGH&_^

%$&('*),+.-0/21$3�46587�9;:<7�=>7@?BA�CEDF:HGJI�K L�M�'N1HOB+.PRQEGBLS4UTVM$W�GJX�PY+.PY3�Z�W�G�X�[J1$\*+.]H]8^	1$+.]H]�_a`*`*bJc
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�>¹7����GH&�(EAHp�-/.H$K�>¹56�Xdce:'��²7$>��-<-/f*$gj��5:�C0G0JKYD(EAHp[�5AT�>�5$'&I��p5$[?5)%F�XKJK(EfEfL(*?BAKpB�5fEfE?BA0:�?5)�:/$'j���p5$[(EA!-<?K�¢��k5$
R��5:I.0(EAHp5-<?BAh$>�5=I.hCD�>+5�
���! ZµW?`j¥JuGD=I.h:/$'j���p5$ujl$>AM-�(EAM-<?K����k5$uR��5:/.0(EAHp5-<?BAh(EAv�	j�$'$'kH^hw�AT�	+5$>��&_^
�POQ ;w�A{?5&�CH$'&K-<?|(LfEfEG0:<-<&���-<$v-/.H$h�5J	?BG0AM-/:#(EA!�5?BfE�5$>C��U(EJK��pB(EAH$T��&/$>=@-/�5AHpBG0fE��&#Y0&I(L:/Jzj�.H?B:<$hOD�5:<$

(L:K-/.H$�:/(*£'$h?5)g�¨),?7?5-<OD�5fEf�¤0$>fEC¥���'X5X¨+B��&ICD:BÆ�6�X¨+B��&IC0:� 	j�(*-/.À.H$>(*pB.M- � +B��&IC0:'�­RS.0��-Z��&/$
-/.0$TC0(EJ	$>A0:I(*?BA0:u?5)W:/G0=�.{��&/$>=@-/�5AHpBG0fL��&KY0&I(E:IJ =@?BAM-/�5(EA0(EA0p�-/.0$T:<$'j���p5$tC0G0J	Y
$>C}(EA!-<?��¢��k5$
R��5:I.0(EAHp5-<?BAt(EAv�K:/(EA0pBf*$bC0�>+0^

� 
W?5-<$5V��2GDJ	YD(EAHp�(EAM-<?N����k5$yR��5:/.0(EAHp5-<?BAt.0�5:�:<-<?5YDYQ$>C��dA0?`j�(E-Up5?M$>:W(EA!-<?	-/.0$y°oGHp5$'-�²7?BG0A0C��� 
F�Xd�U��?BG0&oAH$>(*pB.MO
?5&�(L:%.0�>�d(EAHpg.H$'&�=@?BAD=@&/$'-<$�CH&I(E�5$'j��`+uO0&I?5k5$>AKGHY	(EAM-<?bYD(*$>=@$>:%�5A0C	&I$'YDfE�5=@$>C��¢��?BG	j�?BG0fEC

fL(*k5$g-<?ZG0:<$y-/.0$yO0&/?5k5$>AhYD(*$>=@$>:W-<?#fL�>+T�KpB��&�CH$>AhYq��-/.h(EAh+5?BGH&WOq�5=/kv+B��&IC���r2:/:/GDJ	$y-/.H$uYD(*$>=@$>:2��&/$
?BAt�>�5$'&I��p5$[iK(EA0=�.H$>:U-/.0(L=/kQ�om�.H$bpB��&IC0$>AvYD��-/.T(E:�8�XN(EA0=I.0$>:Uj�(ECH$b�5A0Ct3]iK),$'$'-2f*?BAHpH�
���! � :<-/(EJK��-<$�.0?`j´JK�5AM+�='GHOD(E=l+B��&IC0:%?5)Q+5?BGH&�AH$>(EpB.!O
?5&I:�O0&I?5k5$>A	=@?BA0=@&/$'-<$�(E:%A0$'$>CH$>C����h��k5$W='f*$>��&

�5AM+v�5:/:/G0JKY0-/(*?BA���:� o+5?BGt��&/$yJK��kd(EAHp	-<?N��&I&I(*�5$g��-�-/.0(L:�$>:<-/(EJK��-<$5�
�POQ #rW)P-<$'&b+5?BG�fE�>+t-/.H$�YD��-/.���+5?BG�¤DADCh-/.0��-b?BADf*+¨�'X!¬�?5)o+5?BG0&gAH$>(*pB.MOQ?5&�:�O0&I?5k5$>A®JK��-<$'&I(E�5f�j��5:

A0$'$>CH$>C���w )�AH$'j¥=@?BA0=@&/$'-<$	=@?B:<-/:yn7�>F�X#Y
$'&W='GHOD(L=b+B��&IC��Q$>:<-/(EJK��-<$�-/.H$[�5J	?BG0AM-W+5?BG0&2AH$>(EpB.!O
?5&
jW(EfEf
:<Y
$>A0CZ?BATAH$'j�=@?BA0=@&/$'-<$5�

Fd������Ã ��� ��� 
%YD(E£'£>�bCH$>fE(*�5$'&/+[�5CH�5$'&/-/(*£'$>:l��?BAH$@�³C0�`+�:/YQ$>='(L�5f©V¢r2fEfdYD(*£'£>�dce:o��&/$�CH?BGHOqf*$l-/.0$�G0:/G0�5fdC0(L�5J	$'-<$'&
)P?5&bCH?BGHODfE$y-/.H$	G0:/GD�5f�=@?B:<-'�y 0?5&b$@¡d�5J	Yqf*$5��(*)����>F;(LA0=I.tYD(*$�G0:/G0�5fLf*+v=@?B:<-/:yn�47��-/.H$>A��#F]iv(EAD=I.�YD(*$
=@?B:/-/:�n7�>3	CDGH&I(EAHp[-/.H$y:/YQ$>='(L�5f©��w :U-/.D(E:U�	p5?7?7CTC0$>�5f,^vRS.M+#?5&�j�.!+ZAH?5-�^

F5F7�����`�5$�.D�5:W(EAD.H$'&I(*-<$>Cv�5A���Y0YDf*$b?5&�=I.0��&ICt?BAtj�.0(E=�.h3�XN-<&I$'$>:W��&/$uYDfE�5AM-<$>C��U¯WADCH$'&�-/.H$>:/$u=@?BA0C0(E-/(*?BA0:'�
$>�5=�.Z-<&/$'$�+7(E$>fEC0:��>FyODG0:I.H$>fE:�?5)¢��Y0YDf*$>:'��r2='=@?5&IC0(EAHp[-<?[-/.H$2fE?7='�5fqR­²H¯­$@¡7-<$>AD:/(*?BA#��p5$>A!-'�H$>�5=�.Z-/(EJ	$
���`�5$u&/$>JK?`�5$>:2�	-<&/$'$g-/.H$y+7(*$>fLCZYQ$'&U-<&I$'$gj�(EfEfQp5?#GHYTXd� i!6	ODGD:/.H$>fE:'�%��$'-��tO
$b-/.H$gA7G0JuO
$'&�?5)¢-<&I$'$>:
(LAZ-/.H$g?5&I=�.0��&ICT�5A0C
	�-/.H$y+7(*$>fLC;Y
$'&�-<&I$'$5�
���! Z �(EADC|��)P?5&IJuGDfE�T)P?5&�	 (EA|-<$'&IJK:[?5)�-/.H$vG0AHkdAH?�j�A��¢�~��µ2(EAM-'V#�t��k5$v�t-/��Oqf*$;?5)WC0��-/��j�(*-/.

?BA0$T=@?BfEG0JKA}&/$'Y0&I$>:<$>A!-/(LAHpt����&I(*?BGD:��]�5fEG0$>:u?5)
�´�5A0C}-/.H$v?5-/.0$'&K=@?BfEG0JKA�-/.H$v=@?5&/&I$>:<Y
?BA0C0(EAHp
���5fEGH$>:l?5)�	|��r�)P-<$'&�+5?BGZ=@?BJ	YDf*$'-<$2-/.H$2¤0&I:<-l),$'jS&/?�j�:o?5)�-/.H$W-/��Oqf*$5�d+5?BG#A0$'$>CN-<?	C0(E:I=@?`�5$'&�-/.H$
Yq��-<-<$'&IA��� 

�POQ ;RS.0��-�Y
?B:/:I(*ODf*$2&/$>�5:<?BA���:_ �JK(*pB.M-U$@¡7YqfE�5(EAZj�.M+;-/.0$g+7(E$>fEC#p5?M$>:WGHYTj�.H$>AZ+5?BGh&/$>J	?��5$y-<&/$'$>:�^
F587�
�bAH$vY
?5&/-/(*?BA�?5)2-/.H$vOD(*?Bf*?5pB(L='�5fU=@$>fEfU=@+7='fE$h(EAM�5?Bf*�5$>:	-/.H$TC0G0YDfE(E='��-/(*?BA}?5) � �0! �;½]Â,�`� � Â,��
'�~� 
Wr

(L:�ODG0(Ef*-2O7+tO
?BA0C0(LAHp;-<?5p5$'-/.0$'&u�¨�P�5$'&/+0 �f*?BA0pT:<$>sMG0$>A0=@$	?5)�:IJK�5fEf*$'&gJ	?BfE$>='G0f*$>:b='�5fEf*$>C � � �IÂ,�'½7»©ÃH�d��
'�
m�.H$u='��&/-<?7?BA�O
$>f*?`j�(EfEfLG0:<-<&I��-<$>:�-/.H$u:/(E-/G0��-/(*?BA��Qj�.H$'&/$ujl$�.0�`�5$�(LA0C0(E='��-<$>Ch-/.H$[:/$>A0:<$�(EATj�.D(E=I.t-/.H$
A7G0='f*$'?5-/(LCH$>:���&/$K:<-/G0=Ikh-<?5p5$'-/.H$'&>�v��m�.H$'&I$[��&/$	)P?BGH&�Y
?B:/:/(*Oqf*$g-³+7Y
$>:�?5)lA7G0='f*$'?5-/(EC0$>:2�5ADC�-/.H$	�5=@-/G0�5f
?5&�CH$'&;(EA´j�.0(E=�.~-/.H$'+{��&/$KÊ�?B(LAH$>C{JK��-<-<$'&I:Z�|f*?5-'�­µ�?�jl$'�5$'&>�2(*-Kj�(LfEfUAH?5-NO
$h(LJ	Y
?5&/-/�5A!-N),?5&;-/.0(E:
YD&/?5ODf*$>Jv�� 

= typical nucleotide

old DNA strand

new DNA strand growing both directions

= origin of replication

w�A®?5&IC0$'&y-<?hC0G0YDfE(E='��-<$5��:/YQ$>='(L�5f%Y0&/?5-<$>(EAD:g:<-/��&/-g-<?�JK��k5$;=@?5Yq(*$>:b?5)�-/.H$K?BfEC¨� 
2r :<-<&I�5ADC�(EA®O
?5-/.
CD(*&/$>=@-/(*?BA0:>��m�.0$�=@?5Y7+7(LAHpbY0&/?d=@$>:/:�O
$'pB(EA0:���-��5AN½�¾IÃ �!Ã � ½]Áq¾_����ÂEÃ©���d»©Ã,½ � �5-/.H$'&/$U='�5A	O
$�?BAH$U?5&�JK�5AM+u?5)
-/.0$>:<$b?5&I(*pB(EAD:'�%m�.H$2&I��-<$b?5)�CDGHYDfE(E='��-/(E?BAN(E:�pB(*�5$>Av(LA#GDA0(*-/:l?5)�A7G0='f*$'?5-/(EC0$>:�\]JK(EA���w )�-³j�?NC0G0YDfE(E='��-/(EA0p
:/-<&I�5A0C0:�JK$'$'-'�0-/.H$'+uÊ�?B(LAZ-<?5p5$'-/.H$'&>�

i



µW$'&/$�(E:��;YD(E=@-/G0&/$g?5)�-xjl?ZC0(·¶
$'&/$>AM-�+5$>�5:<-b� 
Wr±J	?Bf*$>='G0f*$>:�j�(*-/.t(EA0C0(E='��-<$>Ch?5&I(*pB(EAD:�?5)%&/$'YDfL(E='��-/(*?BA��
R®$2.0�>�5$�(EA0CD(E='��-<$>C�-/.H$�A7G0JuOQ$'&o?5)
A7G0='f*$'?5-/(LCH$>:%O
$'-³j�$'$>AN?5&�(*pB(EA0:'��rW:I:/G0J	$�-/.0$�&I��-<$�?5)�C0G0YDfE(E='��-/(*?BA
(L:��	=@?BA0:<-/�5AM-�iBX5X5X;AMG0='fE$'?5-/(ECH$>:�\]JK(LA��

origin DNA

200,000 40,000 

origins DNA

80,00040,000
10,0008000

���! #w�A�$>�5=I.�='�5:/$5��C0(E:/='GD:/:�-/.0$[$@¡d-<$>AM-b?5)lC0GHYqfE(E='��-/(*?BAt��),-<$'&K�	JK(LAMGH-<$��5A0C�ivJK(EA7GH-<$>:'�u²7k5$'-/=�.��
Yq(E=@-/GH&/$b?5)�$>�5=I.�:/(*-/G0��-/(E?BA��

�POQ ;w�Av$>�5=�.h='�5:<$5�QCH$'-<$'&IJK(EA0$bj�.H$>AvC0GHYqfE(E='��-/(*?BAZ(E:U=@?BJ	Yqf*$'-<$>C��
F]iH��r��
¾IÃ �;� ��� � 
H��¾%(E:%�5AK(EAM-<$'p5$'&�p5&/$>��-<$'&l-/.0�5A	?BAH$�:/GD=I.�-/.0��-�-/.0$U?BA0f*+yY
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