
���� p�U syt �tra ��yO�ONQ
�QJ�v C��wQ x�

�Ot� CUO x� Ro�y QD�B �v��V�B �DUQO ��Q� �wk u��Qk p�U u�� QO

VQDUo �tD�Q� R C�QP ���vO R� �Q �t syi xmCU��x� Q�v uQ�kDQ�� �CU�v R�v
�CiQoQ�l� Q�D �xO�t Ovv�t ���yR�Q R� xOQB u	ltmx� u�wD� O��W w OyO�t

�� QiD w ��Qi�

�WywSB xwQo �Ci�� CUO u�w�Qi ��yOQwmQ x� l�Btr� p�U u�� QO sra
QDtwr�m 
�� R� x� Qwi x�t QO CUv�wD xQNq�� �Q�iL xyO wO R�TB x�UwQ
�x�k� R� p�U �yuw�r�t xm OUQ� lwDUww �xJ�� QO x� w OQPo� wvH ��k M�
�D��L R� �v�Wv xJ�� QO u�� 	 ��yxvwtv u�rw� R�r�v	 �Ow� xOv�t �OH ��vO
�O�Ov CUOx� OQ�O OwHw xJ�� QO QO OvOQm�t u�to u�QoWv�O R� �Q��U� xm
xm u�DUrov� ��WywSB xwQo CiQ�t A�J Q� R QJ�v �xQ�tW u�� xm �t�ovy
Rwvy OUQ� �wvH��k Q� R Qo�O ��xJ�� QO �CQ�wRr�� �xJ�� QO x�CW�O OYk
Q�mx� M� �Q�iL ��Q� xm Ow� �e�O 	 Q�WiQB CH �� �vi CqmWt Q�oQO
�� xm Ow� �Um u�DUNv ��tv�U u�OQoQ�m �uwQt�m Rt�H u�� u�� QO �OwQ�t

Q��U� Q�O�kt �x��B Q� ���� �xU��m p�U u�� QO �Woy�Q ��yOQw�DUO u� QDoQR�
uDi�� ��Q� xDWPo p�U GvB QO ENCODE �xSwQB �OW pY�L �yxO�O s��a
�OQm O�rwD xO�O C����QD �� u�Uv� QO ���u��O hrDNt ��y�r�wD OQmQ�m
C����DB �� Ovvm �UQQ� �Q Ro�y uwRw� OwHw �yu�Om� R�i xmv	 ��Q� R�v uQU
�yxO�O �t� �OQm xQ�NP �Q �LHC� �vwQO�y nQR� �xOvyOOQwNQ� ��yxO�O
Q�WDv� �xQ�� QO O�OW ���yEL� �qFt �OW R�v R�ov�Q�p�HvH p�L u�a QO
u�QW�v w �CiQo QO l �vQ�N xwkr�� ���Rv	wriv	 TwQ� w x� �w� Qt C�aq��
s�N C�aq�� x� �UQDUO xvwoJ xm OvOQm EL� xQ�� u�� QO u�QoWywSB w
QDxOQDUo Ov�wD�t �Ov�xOQm �UQQ� u���Dty xm ���yVywSB x� Qw�u�ty w�
xm Ow� xDmv u�� Qw	O�� ��tra �O��W ��OYwQUQB OQ�wt �u�� u�� QO �OwW

�OvW�� O�tDa� p��k �yxDi�� O���

Ro�y xQNq��
Ro�y uwRw� hWm u�yH �tra V��tR	 u� QDoQR� QO �Dkw x��wS x�t QO
OvDU� Qo �NQ� �OWCL�Q �yu�Om� R�i p��N �OvORCUO ��xOa OW sqa�
QO uwDwQB OQwNQ� OQ��r�t Q�Ry ��� R� TB �yu�Om� R�i �OvO�OvN �NQ� w
C�QPl� R�i x�oW��tR	 �� uQU QO �LHC� �vwQO�y nQR� �xOvyOOQwNQ�
sQH �� �O�OH uwRw� xm Ovvm sqa� u�v�t�� �� OvDUv�wD �� wvS�m�ORv QO �B wQ�
�NQ� V�B p�U�� OwOL �Ov�xOQm xOy�Wt CrwuwQDmr��o�o ��� OwOL
�twDv�wm �v�O�t xm OvOQm KQ�t �Q xO�� u�� Ro�y QD�B xrtH R� u�R�OQBx� Q�v
uwRw� �OyO�t sQH C�QP R� �NQ� x� u�O�t u�� wCU� xOQm QB �Q sr�a s�tD
RwQ� xOvvmTw���t w �O�a �Y�wN uwvm �D CU� u�O�t u�� sUHD xm Ro�y
�O��v� C�QP OQ�Ov�DU� pOt xJu	 ��Qi �Q�DiQ R� �v�Wv I�y w CU� xO�O
Ovm�t �v��V�B uQ�kDQ�� xm �Qo�O C�QP R� �v�Wv �OQ�Ov Ovm�t �v��V�B

�� �B��B �xQ�tW ��



V��tv ZQat QO �yxO�O

TQ�t x�t QO �Ovm�t K�LYD �Q OwN C�y��DW� sra xm CU� hwQat
u�v�t�� �� Ovm�tCmQL Qwv R� QDOvD wv� QDwv xm �Q p�k p�U ��aO� u�QoWywSB
Ov�wD�t xm���QDm �� OwHw��aO� OWswrat R�v Qo�OV��tR	 OvJQO �OvOQm OQ
xW�ty C�L�LYD �t� �CU�CUQO�v OQ�� Q�mx� �Ql�vUQ� OwN ��u��O QO
G��Dv uOw� Q�OwU �� ��N OW��pmWtV��tR	 s�Hv� Qo � �OyO�tv MQCaQUx�
��Wwy�� XYNDt ���� p�U QO �Ov�t� �H Q� �yp�U Ov�wD�t V��tR	
�x��Q� p�U �yxO ��Q� �CQ�tU� l� Q� �x�PeD QoWywSB w ��Hwi �m �D�Ww�
u�� uOw�CUQO�v �Um u�tR u	 �D �OvOW �tvCWov� CUQO�v C�aq��
��iaDU� OvJ x� �R�UxO�O s�yD� OvJ xmu	 R�TB �CUv�O�tv �Q C�aq��
�OW xH�wt X�N ��yO�kDv� �� R�v �U�vWu�wQ sra OW QHvt �OYwQUQB
R� ���yVqD w OvOw� �yxO�O ��Q�PB Q�QmD u�Qov R�J Qy R� V�� u�QoWv�O
pkDUt ��yx�oW��tR	 ��eQDViOy xm OvOQm R�e	 �Q �Q�QmDV�vH� �wv
xm xW�Ov� u�� �Ov�xDi�� �Q�N VWwB xm CU� �tyt ��yVywSB Q�QmD x�
QWDvt w Ovv�UQ� u�Qo�O �y�o 	x� QDu�U	 �Q u�W�yxO�O Ovv�wD� O��� u�QoWv�O
xm �PeerJ� �HQ��B w �eLife� h�q�� Ovv�t �DqHt �CiQo Cwk Ovvm
�OvOW R�UQ�N w OvOQm Q�mx� R�e	 OvDUy TQDUO QO xm�W �wQ u�o��Qx�
syt ��yCiQW�B x� u�DUrov� QO �tra G��Dv x� �UQCUO �O�R	V�vH
QO �WywSB ��yxHOw� ��YwYN w �DrwO u�oOvvmu�t��D w Ci�� CUO
p� Qw	 R� �Q �yxr�kt x� O�R	 �UQDUO �xv� Ry xm OvDiQ�PB x��wS x�t QO u�DUrov�

�Ovvm u�t��D Oa� x� ���


M� Qt QO �Q�wwQ� QoWOQo OwQi

�Curiosity� �w�mHvm QoWOQo xm �Q� w�YD u�rw� uO�O �� �U�v u�QoWv�O
QwwQ MQJ �CU� QwwQ MQJ� �OvO�Wm O�� Qi Ow� xO�DUQi M� Qt K�U R�
R� �Ow� xOv�Wv M� Qt K�U �wQ �tQvx� jrat �r�kFQH �Q QoWOQo ��CU�
xOvvmxQ�N �Q� w�YD Ot	 OwQi p��o �xv�yO QO �w�mHvm QoWOQo xm �v�tR
u�Dt �� �r	 pwmrwt I�y �t� OQm R�r�v	 �Q M� Qt l �N w wH w OQm sy�Qi
QrBm ���	i AwmUrD R�D u�tWJ �Ci��v OW�� C��L OwHw R� �v�Wv xm
xm �t�QH� Q�tW �OQm OYQ �UtW �xtw�vt R� QD�Qi �Q �Qo�O ��yxQ��U
OW�� O�OH ����vO Ov�wD�t s�Om Qy w Ow� xOQm OYQ ���	i AwmUrD u��
CmQWVqD u�� QO R�v u�tR K�U �wQ ��yAwmUrD �O�UQ 
��� OwOLx�
Q��Q�� lUQ�B ��
� xm TQw�vk��ir	 ��t �x��Uty �xQ�DU sDU�U QO w OvOQm
QO �OvOQm hWm �Q ��xQ��U�Qi u�vJ OQ�O xrY�i �t R� ��Qwv p�U ��� ��
Ow� �Dawn� QLU ��t�B�	i sy �m� ���	i jiwt ��yC� Qwt��t u��t
u�DUNv �u�J w Ci�� �Vesta� �DUw lQ��U QO 	 OwHw Q� �y�wo xm
�Q�N u� w�va u� QDoQR� �t� �O�DUQi �	i x� �Qnv�J w�r �OwN OQwv�	i uR
���	i C� Qwt��t u�rw� QO xm OW X T�BU� �YwYN CmQW ��Yv
x�oDU�� x� Q��NP O�OHD ��Q� �Q �Dragon� �yOS� pwUBm Q�Dm � x�t QO �Q�HD

�� ��v�� Q�t l �et Qak QO u�tR �xQm K�U �x�kv u� QDj�ta x� �Y�we T��r
xR�Ov� u�ty V��tra VRQ� xm �Q Qo�O OQwmQ �CiQ ��� QO K�U Q� R QDtwr�m
wm� Rmtw�v R�Qi Q� QDt 
���� ��iDQ� R� VQB �� QvDQ�os�w�� Tm�ri CU�v
p�U R� xm �Q VQB ��iDQ� OQwmQ w �DwY Q�w�O VQB u�� QO w� �OQw	 CUOx�
C�kiwt ���vmWOQwmQ ��Q� �yVqD �xty �t� �CUmW Ow� xOQmv Q��eD ����
�rt j�QDL� ��QqO OQ��r�t 
�� C�U�U��D VqD p�U � R�TB �Ow�v x�Qty
QO �j�QDL�� hOy x� CUv�wDv OQ�O �Q ��vO QR�r u� QD�wk xm ��vQi�r�m QO
�va� �hOy u�� �OUQ� QR�rV��D QF� QO uSwQO�y ��yAwDwR��lJwm �xtJ�U
�tyt s�o �OwW�t PH QR�r R� xm xR�Ov� u�ty x� �WwHsy �SQv� O�rwD
R� jQ� O�rwD x� uO�UQ ��Q� xOLDt Cq��� j�QDL� �rt C�U�U��D �xt�vQ� QO

�CU� �WwHsy �SQv�

�SQv� ��yCU��U ��W�Ov�R��

�w�N uB�S xm�r�L QO w �uB�S ��t�Wwmwi QO ��xDUy �xLv�U R� TB
OQm sqa� ��xDUy ��SQv� uwO� ��xOv�	 x� uO�UQ ��Q� �Q ��xt�vQ� ��rY�
u� QN	 u�DUrov� �Ow� Q��eD p�L QO u�vJty u�DUrov� QO �SQv� ��yCU��U
w OQm Vwt�N C�Q�taD ��Q� xt x�t QO �Q OwN Q�m p�L QO ���xDUy QwDm 	Q
wQx� wQ xOQDUo C� �QDa� �� �QwDm 	Q Qy OOHt ��R�Ov�x�Q ��Q� xm�r�L QO
��yuwtR	 �OR�Ov��� Q�m x� xQ�� wO �Q QwDm 	Q wO x��wS QO CUv�wD xQNq�� Ow�
�Qw�vi xm OW QHvt xH�Dv u�� x� �B wQ� QO QwDm 	Q ��� R� V�� QO VvD
C�QQkt Q� Q!�v uw�U�tm u�� u�� QO �OwW RwQx� O��� �yQwDm 	Q u�� �vt��
Q�m R�wH sw�v�Qw� �QR�r uOQm�ve �xv�NQ�m ��Q� xOLDt Cq��� QO ��xDUy
uOQm�ve u�mt� u�R�U�t� x� �Qw�vi u�� xm OvOw� u�Qov �NQ� �OQm QO�Y

��vt x� ����CUO ��Q� VqDhrDNt ��yQwWm QO �OyO� �Q sw�v�Qw� �xv��iNt
w Ovv�t� uWwQ �y d�QJ �D Ow� u�� QH QO u�vJty Civ w R�o hQ�aDtQ�e
CavY ��Q� �D�QQkt xOLDt Cq��� �OvDU��v R�� CmQL R� xO�H QO �ywQOwN
�OQm O�yvW�B �Div ��ynvU QO �oOQwNlQD O�H�� VwQx� R�o G�QNDU�
R�o x�nvUp�eR R� �m� Qt� �SQv� O�rwD C�iQ! OYQO xO p�kDv�CavY u��
OwQ�t Q��Dv� ��SQv� ��rrtr�u��Tv�S	 ��yxO�O T�U� Q� �OQm Q�PBu�mt� �Q
QO w OwW ��vO QO �SQv� �xOvvmO�rwD u� QDnQR� ���� p�U �D xOLDt Cq���

��vt �wHDUH C�Q�N Qw	O�� R�v ���yO�ONQ �t� �OUQ� ���imOwN x� ��
�
pW CmQW �Q�iL ��y�DWm x� xm ���y��U	 R� TB �Ow� �SQv� O�OH
R�e	 �Q �r�tW OtHvt Twv��k� QO OwN ��Q�iL �xt�vQ�CUv�wDv pW �OW OQ�w
�xLv�U p�rO x� �Q �BP� �U�rov� Civ CmQW xOLDt Cq��� CrwO w Ovm
QqO OQ��r�t� �l� Rmt G�rN QO ���� p� Qw	 QO uwR��Qwy QD�wA�O �Div
�Ow� xH�wt OwNX�NCqmWt �� xR�m �B ��SQv� OWQx� wQCavY �OQm xt� QH
sw�D�r ��y�QD�� �xOvR�U CUwJ�U�t s�Dr�w QO A��� ��ysDU�U CmQW
�Q�R�� u�vJty �m� QDmr� ��ywQOwN Q�R�� uwJ OW CUmWQw Q�Dm � x�t QO

�Ow� lJwm

�� ���� Q�y	



p�U VW x� u�U�vWQ�m R� �ywQo C�twmLt x� ��vO QU�QU u�QoWywSB
u�� C�twmLt u�� p�rO �OvOQm Z�QDa� ��r�D�� QO �y�oO�O �wU R� u�OvR
R�J�v �Q ���� p�U QO q�� wm q QNt �xRQru�tR C�Q�N �yv	 xm Ow� �aO�
u�� R� OW Oy�wN Ea�� x�oO�O ���Q u�� Ov� wo�t u�OkDvt �OvOw� xOQm sqa�
�Ovvm u��� CU� R��v xm �t�ovy �Q OwN C�Q�v OvwWv Q �L u�QoWv�OTB
C��tL ��yxwQo �OW wQx� wQ u�QoWv�O QDs�Q	Vvm �w �� Qo�O ���yVr�J �t�
��yCmQW R� �Q��U� ��Q� x�oW��tR	 C�v�w�L pkvwptL Q�m QO C�v�w�L R�
�QF�wt Cir�Nt �� �yxwQo u�� ��yC�r�ai w OvOQm O�H�� �av�wt pkvwptL

�OWv wQx� wQ

�v�Uv� �xt�vVv�O

w OvR�U�t �Q u�Uv� swvS xm �iQL OQ��r�t xU R� OYQO l� R�V�� �tm
�yu��DwQBCN�U QO xm OvDUy ���yRtQ OvQ�OCmQW uS ����CN�U QO
CN�U QwDUO �xOvQ�oQ� QO xm ���y�r�wD �xOQDUo �L�wv �t� �OvwQ�t Q�m x�
w s��vD w uOWxDU� �xwLv Q� w OvQ�O �D��L OQmQ�m u�vJty OvDU�v u��DwQB
����� Q�t�DBU QO �OvQ�Po�t QF� hrDNt ��yxDN�� QO swvS uOWxOv�wN
CQ��a ��yxS�wQU ��mQD� ENCODE �xSwQB R� QoWv�O ��� sw�UQUvm
u�� QO �OQm x��Q� xr�kt 
� �Encyclopedia of DNA Elements

Q�F��D �yuS u��� Q� u�Uv� swvS "�� OwOL xm OwW�t xOR u�tND Cq�kt
��yxO�O s��a ��ysHL p�rLD ��Q� Qo�O �xv�R�wQBOvr� ��yxSwQB �OQ�Po�t
Cq�YD�CW�ov ��Q� nQR� VqD G��Dv u�rw� xrtH R� Ow� u�� QH QO �DU� R
�Q�oOQ ��Q� Qo�O ��xSwQB �OWsqa� Vwt Ret s�tD QO ��Ya ��yQ�Ot
x�ov QO �OW R�e	 R�v u�Uv� Ret l�twD�v	 VN� ��� QO �yuS C�r�ai
�Ow� CQ�L Ea�� u�vJty �O��v� ��yxDN�� �Q�PBh��av� ��yxDN�� x�
Ov�wD�t xm OvDi�� �O��v� ���yxDN�� �yuR u�OtND QO ���m� Qt� u�QoWywSB
u�vR QO �yCt�o Q�tW xm �t�Ok O�kDa� ��DQD u��x� �OR�U� wv ��yltND
�y�Q R�v �vB�S u�QoWywSB w �OwW�tZkv Ov�t�t C��F u�WOrwD u�tR R�
�OvDi�� sr�U ��yltND CN�U x� Vwt �O��v� ��yxDN�� uDW�O�w ��Q�
sr�U ��yO�Rwv QO�t Vwt uO� x� CWoR�� w �QwQ�� R�TB �yltND u�� R�

�Ot	 Q��x�

u�wS x�t QO ��yvD GQwH	 nQt

xm Ow� O�� R QOku	 �t�B�	i �xv�iU u�� C�kiwt �O�DUQi �rrtr�u�� ���	i
�UQQ� M� Qt x� �Q u	 uO�DUQi ��vQi�r�m uQwD�y QO X T�BU� CmQW lv��

�Ovm�t

u�tR �wQ Q�Wi

�r�tW OtHvt Twv��k� ��yM� Q�otWJ wP ���� p�U u�DU��D QO
�CiQ�t Q��Dv� �wyw	 �v��V�B ��ypOt T�U�Q� xm Ow� �Q�Okt R�V��
�t� OW xH�wt xDWPo p�U �� QO �r�UlWN u� QD�vqw� �� xOLDt Cq���
�Ov #U u�iw�Q#�#� �QwWm u�� �kQW pL�U um �U ���y���m� Qt� QDW�� ��Q�
x�Qtyx� u�tR V��tQo O�OyD R� �ty�t T�UL� xm Ow� Q�Dm � x�t QN�w� QO
Ea�� �t� CW�Po ��HQ� CQ�UN QqO OQ��r�t �� R� V�� u�iw� �OQw	
x� QDW�� OQm �Q�owrH �wyw	 Q��eD R� O��� xvwoJ xmu�� ��Hx� �yEL� OW
�O�O j���D �wH O�L ��yC�a w �� �Q OwN O��� xvwoxJ xm OwQ� wU u��
��yQwWm wQ�v�SwOw� Q QO u�yH ��yQwWm u�QU V��ty QO w u�wS x�t QO
hQL OvwW �yv	 OWQ 
v�t Ov�wD�t xm ���yO�k x�raQ� QDW�� OWQ p�LQO
OWQ ��Q� QDW�� ��yltm pwk OvOWv Q �L R�v xDi��OWQ ��yQwWm w OvOR
Q��eD �xQ�� QO EL� CUWv QO Q�t�UO x�t QO �OvyO� �yQwWm u�� �O�YDk�
xJQo OW xO�O �U��U �oOv�tQO u�ty R�v xLwO QO ���wyw	 C�a w
�xOWh�a	D pmW OvDiQ�PB OvOw� xOQm CmQW CUWv u�� QO xm �v�oOv��tv
���yvDx� �yQwWm R��NQ� �Ovvm O�OtD ���� p�U �D �Q wDw�m �pmDwQB� Q�msUQ
��yR�o p�Uo u�R�t Vy�m uwv�k p� Qw	 x�t QO l� Rmt �OvOQm Q�m QDW��
Vy�m uwR�t	 ��ypovH �Ow��v u�R�t p� RQ� QO �OQm 
 w �Q ��xv�Nro
�vwv�k Q�Dm � x�t QO xJQo O�UQ xOWC�F u�R�t u� QDtm x� w Ci�� xk��U��
��r�QDU� u�wS x�t QO �Ovm�th�a	D �Q �ypovH R�C!�iL xm OW�� wYD
CU� R �xOWC!�iL j��vt �xm�W u� QDoQR� uOQw	OwHwx� ��Q� �Q ��xt�vQ�
�rrtr�u�� C!�iL ��Q� O�yvW�B OvJ Q�t�wv x�t QO �t� �� OQm sqa� ���� QO
Two �Bq�o Q��RH QO w u�wS x�t QO w �OW OQ wvH ��k uwt�Q�B ��y	 R�
�xOvR OwHwt u� QN	 xm �iwQat ��U	pwe CWBl q ���yvD GQwH� nQt
u���tv �Q u�yH QU�QU QOZ�Qkv� p�L QO ��yxvwo O� 
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