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1.1	Evolution,	what	mechanisms	facilitate	inheritance?	
Th 	 m �han$sm	 o!	 $nh r$/an� 	 $s	 a	 �ru�$a'	 �ompon n/	 o!	 /h 	 mo� '	 o!	  vo'u/$on.	

nh r$/an� 	an�	 vo'u/$on	hav 	�  n	s/u�$ �	!or	a	 'on"	/$m .	�har' s	�ar2$n	ma� 	
a'r a�4	 man4	 o�s rva/$ons	 on	 ho2	 or"an$sms	 pass �	 /h $r	 �hara�/ rs	 !rom	 on 	
" n ra/$on	/o	 /h 	n 3/@	 r �o"n$5$n"	/ha/	 vo'u/$on	o��urs	 /hrou"h	na/ura'	s ' �/$on	
on	h r$/a�' 	var$a/$on	 /ha/	 shap s	 /h 	ph no/4p @	 r su'/$n"	 $n	h$s	 H�!	 '��	"%���!	"�	
&#����&	�,	 ��!&	"�	!�'(%��	&����'�"!I	$n	T[X\@	'a4$n"	/h 	!oun�a/$on	!or	 vo'u/$onar4	
�$o'o"4.	 � anD�ap/$s/ 	 
amar�&	 pu�'$sh �	 h$s	 H����"&"#���	 �""�"��$(�5	 !$!/4	 4 ars	
 ar'$ r	 $n	 T[S\@	 $n	 2h$�h	 h 	 � /a$' �	 h$s	 /h or4	 o!	 $nh r$/an� 	 o!	 a�,u$r �	
�hara�/ r$s/$�s@	�a'' �	 Fso!/	 $nh r$/an� G.	
amar�&	 mphas$5 �	/ha/	/h 	 nv$ronm n/	
"$v s	r$s 	/o	�han" s	$n	an$ma's@	 3p'a$n$n"	2h4	mo' s	hav 	'os/	/h $r	s$"h/	an�	2h4	
/  /h	ar 	pr s n/	 $n	mamma's	�u/	a�s n/	 $n	�$r�s	 L�s�orn	T[\YM.	
amar�&Gs	 $� as	
2 r 	�r$/$�$5 �	�ur$n"	h$s	'$! /$m 	�4	
a2r n� 	an�	'a/ r	�4	� $smann@	2ho	�u/	o!!	
/h 	 /a$'s	 o!	 UU	 su�s ,u n/	 " n ra/$ons	 o!	m$� @	 prov$n"	 /ha/	 /h 	 'oss	 o!	 /a$'	 $s	 no/	
$nh r$/ �	L
.	�ova'�hu&	<	�.	�ova'�hu&	USTUM.	�ar2$n	sp �u'a/ �	on	/h 	m �han$sm	
/ha/	a''o2 �	!or	/h 	$nh r$/an� 	o!	a�,u$r �	�hara�/ rs.	
amar�&	�$�	no/	propos 	an	
a�/ua'	 m �han$sm	 o!	 $nh r$/an� @	 �u/	 su"" s/ �	 s ' �/$v 	 $nh r$/an� @	 s/a/$n"	 /ha/	
�hara�/ rs	no/	us �	2ou'�	�$sapp ar	an�	/hus	no/	� 	/rans! rr �	2h r as	$mpor/an/	
/ra$/s	 Fpra�/$� �G	 �ur$n"	 /h 	 '$! /$m 	 2ou'�	 � 	 /rans! rr �	 an�	  v n	  nhan� �	 $n	
!u/ur 	 " n ra/$ons.	 �ar2$n	 propos �	 /h 	  3$s/ n� 	 o!	 3��  (��&4@	 2h$�h	 2 r 	
propos �	 /o	 � 	 m$nu/ 	 par/$�' s	 sh �	 �4	 � ''s	 o!	 /h 	 2ho' 	 �o�4	 /ha/	 �ou'�	 � 	
�arr$ �	�4	 /h 	�'oo�s/r am	/o	 /h 	r pro�u�/$v 	or"ans	2h r 	 /h 4	a��umu'a/ �	 $n	
"am / s.		
	
1.2	Historic	understanding	of	mechanism	of	inheritance	
� // r	 $ns$"h/	 $n	 /h 	 a�/ua'	 m �han$sm	 o!	 $nh r$/an� 	 2as	 prov$� �	 �4	 /h 	
Lr �$s�ov r4	 o!	 /h M	 2or&	 o!	 � n� '.	 Gr "or	 � n� '	  s/a�'$sh �	 /h 	 !$rs/	  3p'$�$/	
'a2s	o!	h r �$/4@	an�	pu�'$sh �	h$s	2or&	on	$nv$s$�' 	H!a�/orsI@	no2	�a'' �	" n s@	$n	
T[YY@	 �r a/$n"	 /h 	 mo� rn	 s�$ n� 	 o!	 " n /$�s.	 
/	 /oo&	 un/$'	 /h 	 /urn	 o!	 /h 	 US/h	
� n/ur4	 � !or 	� n� 'Gs	2or&	2as	 r �$s�ov r �	 $n� p n� n/'4	 �4	 /hr  	 �o/an$s/s	
L�o2' r	T\[\M.	Th 	un$!$�a/$on	o!	�ar2$nGs	/h or4	o!	na/ura'	s ' �/$on	an�	� n� 's	
'a2s	o!	" n /$�s	�4	�ona'�	�$sh r	an�	o/h rs	"av 	�$r/h	/o	/h 	�o� rn	 vo'u/$onar4	
s4n/h s$s@	/h 	�urr n/	para�$"m	$n	 vo'u/$onar4	�$o'o"4	L�a4r	USSTM@	r !' �/$n"	/h 	
�ons nsus	on	ho2	 vo'u/$on	2or&s	L�a4r	<	Prov$n 	T\\[M.	�om 	o!	/h 	ma%or	/ n /s	
o!	 /h 	 /h$s	 s4n/h s$s	 ar 	 /ha/B	 A/	 popu'a/$ons	 hav 	 " n /$�	 var$a/$on	 /ha/	
�on/$nuous'4	 ar$s s	 �4	 un�$r �/ �	 pro� ss �	 su�h	 as	mu/a/$on	 an�	 r �om�$na/$on	
an�	�/	popu'a/$ons	 vo'v 	�4	�han" s	 $n	" n 	!r ,u n�$ s	/hrou"h	�r$!/@	" n 	!'o2	
an�	na/ura'	s ' �/$on	L�u/u4ma	T\[YM.	
	
1.3	Gene-only	model	is	too	narrow	and	excludes	epigenetic	inheritance	
Th 	 �$s�ov r4	 o!	 ���	 an�	 " n s@	 an�	ma/h ma/$�a'	 �on�'us$ons	 �ra2n	 on	 shar �	
an� s/r4	�as �	on	/h 	s$m$'ar$/4	o!	/h 	���	s ,u n� 	� /2  n	r 'a/ �	sp �$ s	' �	/o	
/h 	 � v 'opm n/	 o!	 a	 narro2@	 " n D� n/ r �	 v$ 2	 on	 $nh r$/an� 	 $n	 /h 	  3/ n� �	
mo� rn	 s4n/h s$s	 /ha/	  3�'u� �	 nonD" n /$�	 $nh r$/an� 	 L�a�'on&a	  /	 a'.	 USTWM.	
G n /$�	var$a/$on	 $s	 /hou"h/	 /o	� 	 /h 	pro�u�/	o!	 ran�om	mu/a/$ons	pro�u� �	a/	a	
r 'a/$v '4	 �ons/an/	 ra/ 	 /ha/	 a��umu'a/ 	 /hrou"h	pos$/$v 	 s ' �/$on	or	 " n /$�	�r$!/	
LTa&aha/a	 T\\YM.	 �'/hou"h	 2 ''D!oun� �	 an�	 mos/'4	 a��ura/ @	 /h$s	 " n 	 � n/r$�	
para�$"m	  3p'$�$/'4	  3�'u� s	 m �han$sms	 o!	 nonD" n /$�	 $nh r$/an� 	 su�h	 as	 /h 	



�hap/ r	T	G n ra'	
n/ro�u�/$on	
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$nh r$/an� 	o!	a�,u$r �	�hara�/ rsB	 /h 	on'4	r ' van/	 $n!orma/$on	/ha/	 $s	pass �	on	
� /2  n	" n ra/$ons	$s	/h 	$n!orma/$on	/ha/	$s	 n�o� �	$n	/h 	���.		o2 v r@	$/	has	
� �om 	 �' ar	 /ha/	 /h$s	 $s	 no/	 a'2a4s	 s/r$�/'4	 /ru .	 � v ra'	 !orms	 o!	 nonD" n /$�	
$nh r$/an� 	 ar 	 no2	 &no2n	 /o	 a!! �/	 h r$/a�' 	 /ra$/s@	 a'so	 $n	 a�s n� 	 o!	 ���	
s ,u n� 	�$!! r n� s	L�on�ur$ans&4	<	�a4	USS\M.	�mon"	/h 	�$!! r n/	pa/h2a4s	o!	
nonD" n /$�	$nh r$/an� 	L�a�'on&a	 /	a'.	USTWM@	 p$" n /$�	m �han$sms	su�h	as	���	
m /h4'a/$on	 an�	 h$s/on 	mo�$!$�a/$ons	 hav 	 r � $v �	 $n�r as$n"	 $n/ r s/	 !or	 /h $r	
po/ n/$a'	/o	a!! �/	h r$/a�' 	/ra$/	var$a/$on.	
	
�u�h	 p$" n /$�	m �han$sms@	2h$�h	ar 	�h m$�a'	mo�$!$�a/$ons	o!	/h 	���	/ha/	�an	
hav 	 s/a�' 	 �u/	 r v rs$�' 	  !! �/s	 on	 " n 	  3pr ss$on@	 hav 	 �  n	 � mons/ra/ �	 /o	
" n ra/ 	 h r$/a�' 	 ph no/4p$�	 var$a/$on	 /ha/	 �an	 � 	 $n� p n� n/	 o!	 /h 	 ���	
s ,u n� .	 
n	 p'an/s@	 s v ra'	 2 ''D� !$n �	  3amp' s	 o!	  p$" n /$�	 var$a/$on	
�on/ro''$n"	 a	 ph no/4p 	 ar 	 � s�r$� �.	 �n 	 o!	 /h 	 mos/	 s/r$&$n"	  3amp' s	 o!	
/rans" n ra/$ona''4	s/a�' 	 p$" n /$�	var$a/$on	� / rm$n$n"	/h 	ph no/4p 	$s	!oun�	
$n	/h 	p'an/	sp �$ s	��!�%��	)(���%�&1	�u/an/	!'o2 rs	2$/h	ra�$a'	$ns/ a�	o!	�$'a/ ra'	
s4mm /r4	 ar 	 �aus �	 �4	  3/ ns$v 	 m /h4'a/$on	 o!	 /h 	 ��,�	 " n 	 �on/ro''$n"	
�orsov n/ra'	 s4mm /r4@	 r n� r$n"	 $/	 /rans�r$p/$ona''4	 s$' n/	 L�u�as	  /	 a'.	 T\\\M.	
�/h r	su�h	 p$a'' ' s	ar 	!oun�	$n	���	 �,&	$n	2h$�h	a'/ r �	p$"m n/a/$on	pa// rns	
ar 	�rou"h/	a�ou/	�4	a'/ r �	���	m /h4'a/$on	s/a/ s	 r su'/$n"	 !rom	paramu/a/$on	
L�a'$s5	 <	 Puru""anan	 USSWM@	 an	 $n/ ra�/$on	 � /2  n	 /2o	 a'' ' s	 a/	 a	 s$n"' 	 'o�us@	
2h r �4	on 	a'' ' 	$n�u� s	a	h r$/a�' 	�han" 	$n	/h 	o/h r	a'' ' 	L�han�' r	USSZM.		
	

n	�on/ras/	/o	/h 	/ n /s	o!	/h 	mo� rn	 vo'u/$onar4	s4n/h s$s@	 p$" n /$�	var$a/$on	
�an	� 	rap$�'4	" n ra/ �	 $n	r spons 	 /o	 nv$ronm n/a'	s/r ss	L�.	 �$an"	 /	a'.	USTWA	
�$�o2o	  /	 a'.	 USTYA	�ru� 	  /	 a'.	 USSZM@	 som /$m s	 !a�$'$/a/$n"	 L/rans" n ra/$ona'M	
a�ap/a/$on	 L�$rou5 	<	Pas5&o2s&$	USTTM.	�nv$ronm n/a'	 s/r ss	 $n	par n/a'	p'an/s	
�an	r su'/	 $n	�ras/$�	ph no/4p$�	 �han" s	 $n	 s/r ssD 3pos �	o!!spr$n"@	2h$�h	�an	� 	
a�ap/$v .	 �rou"h/	 s/r ss �	 �"�,�"!( 	 #�%&���%��	 p'an/s	 pro�u� 	 o!!spr$n"	 2$/h	
'on" r	an�	mor 	rap$�'4	 3/ n�$n"	roo/s	2h n	"ro2n	 $n	�r4	so$'	 $n	�ompar$son	/o	
o!!spr$n"	p'an/s	!rom	nonDs/r ss �	par n/s	L�u'/an	 /	a'.	USS\M@	2h$�h	$s	m �$a/ �	�4	
���	m /h4'a/$on	 L	 rman	<	�u'/an	USTYM.	 �/r ss	  3pos �	p'an/s	 !a� 	 a	�a'an�$n"	
a�/.	 �h$' 	 s/r ss	 $n�u� �	 p'an/	 r spons s	 ar 	  ss n/$a'	 !or	 surv$va'@	 �on/$nu �	
 3pr ss$on	o!	 s/r ss	 r spons s	un� r	nonDs/r ss	 �on�$/$ons	m$"h/	h$n� r	 r �ov r4	
2h r as	 r p a/ �	 s/r ss	  3posur 	 2ou'�	 2arran/	 a	 'on" r	 r spons 	 L�r$sp	  /	 a'.	
USTYM.	Th s 	asp �/s	ma& 	 /h 	 s/u�4	o!	  nv$ronm n/D$n�u� �	 p$" n /$�	 var$a/$on	
v r4	 $n/ r s/$n"	 as	 su�h	 h r$/a�' 	 var$a/$on	 �ou'�	 a!! �/	 our	 un� rs/an�$n"	 o!	
 vo'u/$on.	 	o2 v r@	 man4	 $mpor/an/	 ,u s/$ons	 r ma$n.	 Th 	  3/ n/	 /o	 2h$�h	
 p$" n /$�	 var$a/$on	 $s	  nv$ronm n/a''4	 $n�u� �	 or	 s$mp'4	 � / rm$n �	 �4	 /h 	
" no/4p 	an�	/h 	/rans" n ra/$ona'	s/a�$'$/4	o!	/h$s	 p$" n /$�	var$a/$on	as	2 ''	as	$/s	
$mpa�/	 on	 a�ap/a/$on	 ar 	 $mpor/an/	 op n	 ,u s/$ons	 $n	  �o'o"$�a'	  p$" n /$�s	
L� rho v n	 /	a'.	USTYM.	
	
1./	Epigenetic	variation,	relevance	for	transgenerational	adaptation	
Th 	 �$s�ov r4	 an�	 � /a$' �	 �hara�/ r$5a/$on	 o!	  p$" n /$�	 m �han$sms	 r "u'a/$n"	
" n 	 3pr ss$on@	or	 v n	� / rm$n$n"	/h 	ph no/4p @	�4	m ans	o!	mo�$!$�a/$ons	on@	
an�	 no/	 $n@	 /h 	 ���	 s ,u n� 	 has	 !u ' �	  3�$/ m n/	 on	 /h 	 po/ n/$a'	 $mpa�/	 o!	
 p$" n /$�	 var$a/$on	 on	  vo'u/$on	 L�a�'on&a	 <	 
am�	 T\\[A	 �a�'on&a	  /	 a'.	 USTWM.	
�rom	 an	  �o'o"$�a'	 an�	  vo'u/$onar4	 p rsp �/$v @	  p$" n /$�	 var$a/$on	 $s	 h$"h'4	
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$n/ r s/$n"	as	 $/	 �ou'�	 s$"n$!$�an/'4	 $mprov 	our	un� rs/an�$n"	o!	 /h 	m �han$sms	
un� r'4$n"	 na/ura'	 ph no/4p$�	 var$a/$on	 an�	 /h 	 r spons s	 o!	 or"an$sms	 /o	
 nv$ronm n/a'	�han" 	L�oss�or!	 /	a'.	USSZM.	�on/rar4	/o	/h 	/ n /s	o!	/h 	mo� rn	
s4n/h s$s@	�' ar	 v$� n� 	!or	/h 	/ransm$ss$on	o!	 nv$ronm n/a''4	$n�u� �	 p$" n /$�	
var$a/$on	$s	ava$'a�' 	L� rho v n@	�ans n@	 /	a'.	USS\A	�n2a4	 /	a'.	USSXA	�$�o2o	 /	
a'.	USTYM.	Trans" n ra/$ona'	ph no/4p$�	p'as/$�$/4	m �$a/ �	�4	 p$" n /$�	var$a/$on	
$s	 o!	  �o'o"$�a'	 r ' van� @	 as	 $/	 �an	 $n�r as 	 o!!spr$n"	 !$/n ss	 �u/	 $/	 �o s	 no/	
n � ssar$'4	$n!'u n� 	a�ap/a/$on	or	 vo'u/$on.	�or	 p$" n /$�	var$a/$on	/o	shap 	/h 	
ph no/4p 	ov r	'on" r	p r$o�s	o!	/$m 	an�	a�/	as	a	sour� 	o!	var$a/$on	upon	2h$�h	
s ' �/$on	�an	a�/@	$/	n  �s	/o	� 	ma$n/a$n �	!or	mor 	/han	on 	" n ra/$on.	� ' �/$on	
a�/s	 on	 /h 	 ph no/4p @	 2h$�h	 $s	 $n!'u n� �	 �4	 /h 	 " no/4p @	  p$" no/4p 	 an�	
 nv$ronm n/	 L�.	 �$�har�s	 <	 a'	 USTSM.	 	 r$/a�' 	  p$" n /$�	 var$a/$on	 /hus	 has	 a	
po/ n/$a'	 ro' 	 $n	 � $n"	 su�% �/	 /o	 s ' �/$on	 !a�$'$/a/$n"	 a�ap/a/$on	 an�	 u'/$ma/ '4	
 vo'u/$on.	 �n	  vo'u/$onar4	 mo� '	 /ha/	 $n�'u� s	 /h 	 po/ n/$a'	 o!	 $n/ r" n ra/$ona'	
/rans! r	 o!	  nv$ronm n/D$n�u� �	 �han" s	 $s	 !un�am n/a''4	 �$!! r n/	 !rom	a	mo� '	
�as �	 on	 on'4	 " n /$�	 �han" s	 /ha/	  3�'u� s	 su�h	  p$" n /$�	  !! �/s@	 ' a�$n"	 /o	
�$!! r n/	 �4nam$�s	 $n	 s$mu'a/$on	 s/u�$ s.	 �o� ''$n"	 s/u�$ s	 /ha/	 $n�'u� 	
 p$mu/a/$ons	 su"" s/	 /ha/	 /h 	 �4nam$�s	 o!	 " n /$�	 a�ap/a/$on	 ar 	 s$"n$!$�an/'4	
a!! �/ �	 �4	 su�h	  p$mu/a/$ons@	  v n	 $!	 /h 	 r v rsa'	 ra/ 	 o!	  p$mu/a/$ons	 ar 	 h$"h	
L� rho v n	  /	 a'.	 USTYM.	 	 r$/a�' 	 an�	 /rans" n ra/$ona''4	 s/a�' 	  p$" n /$�	
var$a/$on	 /ha/	 $s	 a/	 ' as/	 par/$a''4	 $n� p n� n/	 o!	 " n /$�	 var$a/$on	 L�.	 �.	 �$�har�s	
USSYM	 /hus	 n  �s	 /o	 � 	 /a& n	 $n/o	 a��oun/	 as	 a	 po/ n/$a'	 m �han$sm	 !u '$n"	
Lm$�roM vo'u/$on@	 !or	 2h$�h	 /h or /$�a'	 mo� 's	 pr �$�/	 !as/ r	 a�ap/a/$on	 2h n	
 p$" n /$�	var$a/$on	$s	$n�'u� �	L�'$ronomos	 /	a'.	USTVM.	
	
1.0	Epigenetic	mechanisms	
Th 	mos/	 $mpor/an/	 an�	2 ''Ds/u�$ �	m �han$sms	 /ha/	 a''o2	 !or	 �han" s	 $n	 " n 	
 3pr ss$on	 $n	 /h 	 a�s n� 	 o!	 ���	 s ,u n� 	 �han" s	 ar 	 h$s/on 	 pro/ $n	
mo�$!$�a/$ons@	 sma''	 ���s	 an�	 m /h4'a/$on	 o!	 �4/os$n s	 $n	 ���	 /o	 !orm	 XD
m /h4'�4/os$n 	L���	m /h4'a/$onM.		
	
1.0.1	Histone	modifications	
	$s/on 	 pro/ $ns	 !orm	 /h 	 �or 	 aroun�	 2h$�h	 ���	 $s	 2rapp �.	 �h m$�a'	
mo�$!$�a/$ons	 o!	 h$s/on 	 pro/ $ns	 �an	 ' a�	 /o	 �han" s	 $n	 /h 	 �hroma/$n	 s/ru�/ur @	
$nh$�$/$n"	 or	  nhan�$n"	 " n 	  3pr ss$on	 L�.	 
.	 P / rson	 <	 
an$ '	 USSWM.	 Th 	
h r$/a�$'$/4	 o!	 su�h	 h$s/on 	mo�$!$�a/$ons	 /hrou"h	m$/o/$�	 an�	m $o/$�	 �$v$s$ons	 $s	
/h 	su�% �/	o!	on"o$n"	� �a/ 	an�	r s ar�h	L�''$s	<	� nu2 $n	USTYM@	ma$n'4	� �aus 	
m �han$sms	/ha/	2ou'�	a''o2	!or	su�h	m $o/$�	$nh r$/an� 	ar 	poor'4	�hara�/ r$5 �.	
� � n/'4@	  v$� n� 	 2as	 prov$� �	 !or	 /ransm$ss$on	 o!	 	V�\	 m /h4'a/$on	 /hrou"h	
man4	 m$/o/$�	 �u/	 a'so	 m $o/$�	 �$v$s$ons	 $n	 4 as/@	 sho2$n"	 /ha/	 /rans" n ra/$ona'	
$nh r$/an� 	o!	�han" �	�hroma/$n	s/a/ s	$s	poss$�' 	L�u� r"on	 /	a'.	USTXM.	�$m$'ar	
r su'/s	 2 r 	 o�/a$n �	 !or	 r pr ss$v 	 �hroma/$n	 mar&s	 L	V�UZM	 $n	 /h 	 n ma/o� 	
���!"%�����'�&	 �����!&	 LGa4�os	  /	 a'.	 USTWM.	 Ta& n	 /o" /h r@	 /h s 	 r su'/s	 su"" s/	
/ha/	 a	 � /a$' �	 �hara�/ r$5a/$on	 o!	 /h 	 mo' �u'ar	 ma�h$n r4	 $nvo'v �	 $n	 /h 	
$n�orpora/$on	 o!	 h$s/on s	 �ur$n"	 or	 a!/ r	 ���	 r p'$�a/$on	 m$"h/	 prov$� 	 mor 	
 v$� n� 	!or	/rans" n ra/$ona'	/ransm$ss$on	o!	h$s/on 	mo�$!$�a/$ons.	
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1.0.2	�mall	
	�	
�ma''	���s	$n/ ra�/	2$/h@	an�	pr suma�'4	�$r �/@	�hroma/$n	mo�$!4$n"	a�/$v$/$ s	/o	
" nom$�	 /ar" /s	 L�''$s	 <	 � nu2 $n	 USTYM.	 ���	 $n/ r! r n� @	 $nvo'v$n"	 s ,u n� D
sp �$!$�	 " n 	 r "u'a/$on	 �4	 sma''	 nonD�o�$n"	 ���s	 �an	 $nh$�$/	 /h 	 /rans'a/$on	 o!	
" n s@	 na�'$n"	pos/	/rans�r$p/$ona'	" n 	s$' n�$n"	L�am/han	 /	a'.	USTXM.	
n	p'an/s@	
/ransposa�' 	 ' m n/s	ar 	s$' n� �	�4	sma''	$n/ r! r$n"	���	Ls$���M	�$r �/$n"	���	
m /h4'a/$on@	 $n	2h$�h	sma''	���s	 /ar" /	 /h 	� 	novo	���	m /h4'a/$on	a/	" nom$�	
'o�$	 homo'o"ous	 /o	 /h 	 ���	 s ,u n� 	 L�$ 	 <	 �u	 USTXM.	 Trans" n ra/$ona'	
$nh r$/an� 	 o!	 su�h	 sma''	 ���s	 has	 �  n	 � mons/ra/ �	 �on�'us$v '4	 $n	�1	 �����!&@	
2h r as	 $n	 p'an/s	 ma/ rna''4	 $nh r$/ �	 UWn/	 sma''	 ���s	 �$r �/	 m /h4'a/$on	 o!	
/ransposa�' 	 ' m n/s	� r$v �	!rom	/h 	po'' n	$n	� v 'op$n"	p'an/	s  �s	/hrou"h	an	
$n/r$"u$n"	 m �han$sm	 L�ar&$ s	 <	 �$s&a	 USTWM.	 �ur$n"	 po'' n	 � v 'opm n/@	 som 	
���	 m /h4'a/$on	 $s	 'os/	 $n	 /h 	 v " /a/$v 	 � ''s	 !orm �	 a�%a� n/	 /o	 � v 'op$n"	
" n ra/$v 	� ''s	2$/h$n	/h 	po'' n	o!	an"$osp rms@	/r$"" r$n"	sma''	���	pro�u�/$on	
/ha/	�an	mov 	/o2ar�s	/h 	" rm	� ''s@	2h$�h	$s	/hou"h/	/o	r $n!or� 	s$' n�$n"	o!	T�s	
$n	"am / s	/hrou"h	���	�$r �/ �	���	m /h4'a/$on	L�'o/&$n	 /	a'.	USS\M.	�ma''	���s	
" n ra/ �	 �ur$n"	 "am /oph4/ 	 � v 'opm n/	 ar 	 /hus	 �apa�' 	 o!	 $n!'u n�$n"	 /h 	
 p$" n /$�	pro!$' 	o!	/h 	� v 'op$n"	s  �s	an�	as	su�h	�an	�ons/$/u/ 	a	m �han$sm	o!	
/rans" n ra/$ona'	 p$" n /$�	$nh r$/an� 	$n	�on%un�/$on	2$/h	o/h r	 p$" n /$�	mar&s	
su�h	as	���	m /h4'a/$on.	
	
1.0.3	�	�	methylation	
���	 m /h4'a/$on	 $s	 /h 	 � s/Ds/u�$ �	  p$" n /$�	 m �han$sm	 /ha/	 has	 sho2n	 h$"h	
s/a�$'$/4	 /hrou"h	 �o/h	 m$/o/$�	 an�	 m $o/$�	 �$v$s$ons	 $n	 p'an/s.	 �'/hou"h	 ���	
m /h4'a/$on	 �an	 o��ur	 $n	 �o/h	 a� n$n 	 an�	 �4/os$n 	 $/	 �ommon'4	 r ! rs	 /o	 XD
m /h4'�4/os$n s@	 /ha/	 �an	 o��ur	 $n	 �$!! r n/	 s ,u n� 	 �on/ 3/s@	 �G@	 �	G	 an�	 �			
L2h r 			 $s	an4	�as 	� s$� s	GM.	�on/rar4	 /o	v r/ �ra/ s@	2h r 	���	m /h4'a/$on	
o��urs	a'mos/	 3�'us$v '4	$n	�G	�on/ 3/@	p'an/s	hav 	mor 	�$v rs 	���	m /h4'a/$on	
pa// rns	$n	�G@	�	G	an�	�			�on/ 3/@	2h$�h	ar 	r "u'a/ �	�4	�$!! r n/	 n54m s	an�	
hav 	 a	 s ,u n� D�on/ 3/	� p n� n/	 !un�/$on	 L
a2	<	 �a�o�s n	USTSM.	 � n/rom r$�	
an�	p r$� n/rom r$�	r "$ons	$n	p'an/	" nom s@	as	2 ''	as	o/h r	r p /$/$v 	 ' m n/s	
ar 	h av$'4	m /h4'a/ �	L	 	 /	a'.	USTTM.	���	m /h4'a/$on	p'a4s	an	$mpor/an/	ro' 	$n	
/h 	 s$' n�$n"	 o!	 /ransposa�' 	  ' m n/s	 LT�sM@	 2$/h	 h av4	m /h4'a/$on	 $n	 a''	 /hr  	
s ,u n� 	 �on/ 3/	 pr v n/$n"	 T�s	 !rom	 � �om$n"	 a�/$v @	 pr v n/$n"	 /h $r	 o!/ n	
mu/a" n$�	 a�/$v$/4	 L
& �a	 <	 �$sh$mura	 USTXM.	 	$"h	 ' v 's	 o!	 �G	 m /h4'a/$on	 ar 	
o!/ n	!oun�	$n	" n 	�o�$ s	o!	an"$osp rms@	2$/h	mo� ra/ '4	/rans�r$� �	" n s	� $n"	
mos/	'$& '4	/o	� 	m /h4'a/ �@	2h r as	'o2	or	h$"h'4	 3pr ss �	" n s	o!/ n	'a�&	" n 	
�o�4	m /h4'a/$on	 L�$'� rman	  /	 a'.	 USSZM.	 �omp' / 	 'oss	 o!	 ���	m /h4'a/$on	2as	
o�s rv �	!or	�('%� �	&��&(��!�( @	su"" s/$n"	$/	 $s	nonD ss n/$a'	or	/ha/	r �un�an/	
m �han$sms	!or	�on/ro''$n"	" n 	a�/$v$/4	 3$s/	L� 2$�&	 /	a'.	USTYM.	
n	" n 	�o�$ s@	
 3ons	an�	 sp �$a''4	sp'$� 	s$/ s	hav 	h$"h r	' v 's	o!	���	m /h4'a/$on	/han	!'an&$n"	
$n/rons	 an�	 /h 	 sp'$�$n"	 o!	 a�ou/	 UU]	 o!	 a'/ rna/$v 	  3ons	 $s	 r "u'a/ �	 �4	 ���	
m /h4'a/$on	L
 v	�aor	 /	a'.	USTXM.	
	
1.1	
hy	�	�	methylation	and	no	other	mechanisms	in	this	thesis?	
Th 	 !$ '�	 o!	  p$" n /$�s	 $s	 �hara�/ r$5 �	 �4	 an	  v rD$n�r as$n"	 num� r	 o!	  3�$/$n"	
n 2	m �han$sms	/ha/	�ou'�	a''	�on/r$�u/ 	/o	 p$" n /$�	$nh r$/an� 	LP'on"/hon"&um	
 /	a'.	USTWA	�''$s	<	� nu2 $n	USTYM.	� 2	�$s�ov r$ s	po$n/	a/	a	h$"h'4	$n/ r�onn �/ �	
an�	 $n�r as$n"'4	 �omp' 3	 n /2or&	 o!	  p$" n /$�	 m �han$sms@	 /ha/	 a''	 2arran/	
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!ur/h r	s/u�4	L�''$s	<	� nu2 $n	USTYM.	�u�h	 n� avors	ho2 v r@	ar 	� p n� n/	on	a	
h$"hD,ua'$/4	 r ! r n� 	 " nom 	 an�	 � /a$' �	 &no2' �" 	 o!	 mo' �u'ar	 pa/h2a4s	
r "u'a/$n"	 su�h	 m �han$sms.	 ���	 m /h4'a/$on	 �hara�/ r$5a/$on	 !or	 nonDmo� '	
s4s/ ms	on	/h 	o/h r	han�	has	�  n	 na�' �	�4	r 'a/$v '4	s$mp' 	/ �hn$,u s@	su�h	as	
m /h4'a/$on	 s ns$/$v 	 ��
P	 L��D��
PM@	 /ha/	 a''o2	 !or	 '$m$/ �	 �hara�/ r$5a/$on	 o!	
���	m /h4'a/$on	 var$a/$on.	 �or 	 � /a$' �	 �hara�/ r$5a/$on	 o!	 ���	m /h4'a/$on	 $s	
 na�' �	 �4	 s ,u n�$n"	 �$su'!$/ 	 �onv r/ �	 ���.	 �$su'!$/ 	 /r a/m n/	 r su'/s	 $n	
�onv rs$on	o!	unm /h4'a/ �	�4/os$n s	/o	ura�$'@	r su'/$n"	$n	a	T	�as 	$n	s ,u n�$n".	
� /h4'a/ �	�4/os$n s	ar 	ho2 v r	un�han" �@	 r su'/$n"	 $n	�o/h	 r a�s	2$/h	�s	an�	
Ts@	2h r 	 /h 	ra/$o	� /2  n	 /h s 	 /2o	nu�' o/$� s	 r pr s n/s	 /h 	av ra" 	 ' v '	o!	
m /h4'a/$on	!or	/h 	�4/os$n 	un� r	s/u�4	!rom	a''	� ''s	$n	/h 	/$ssu LsM	!rom	2h$�h	$/	
2as	samp' �.	 
n�r as$n"'4@	�$su'!$/ 	s ,u n�$n"	o!	r �u� �	r pr s n/a/$on	 '$�rar$ s	
a''o2	!or	mor 	� /a$' �	s/u�$ s	o!	���	m /h4'a/$on	$n	nonDmo� '	s4s/ ms	Lvan	Gurp	
 /	a'.	USTYA	Tru��h$	 /	a'.	USTYA	� rho v n	 /	a'.	USTYM@	/o	2h$�h	
	�on/r$�u/ 	$n	/h$s	
/h s$s	Ls  	�hap/ r	V	J	van	Gurp	 /	a'.	USTYM.	
	
1.2	
hy	are	plants	an	interesting	system	to	study	epigenetic	variation?	
�/u�4$n"	  p$" n /$�s	 $n	 p'an/s	 $s	 h$"h'4	 $n/ r s/$n"	 !or	 s v ra'	 r asons.	 P'an/s	 ar 	
s ss$' 	or"an$sms@	2h$�h	ma& s	/h m	 sp �$a''4	vu'n ra�' 	/o	 nv$ronm n/a'	s/r ss	
su�h	 as	  3� ss$v 	 or	 $na� ,ua/ 	 '$"h/@	 2a/ r@	 sa'/	 an�	 / mp ra/ur 	 /o	 2h$�h	 /h 4	
n  �	/o	a�ap/	L�o'$n$ r	 /	a'.	USSYM.	G n ra/$v 	� ''s	�an	� 	!orm �	�on/$nuous'4	$n	
man4	 p'an/s@	 !a�$'$/a/$n"	 /rans! r	 o!	 a�,u$r �	  p$" n /$�	 �han" s	 /o	 /h 	 " rm'$n @	
2h$�h	un'$& 	/ha/	o!	v r/ �ra/ s@	$s	no/	s /	apar/	!rom	/h 	soma	 ar'4	$n	� v 'opm n/	
�u/	� v 'ops	 !rom	 soma/$�	 /$ssu 	on'4	�ur$n"	 !'o2 r	� v 'opm n/.	Gam /o" n s$s	
an�	 ar'4	 m�r4on$�	� v 'opm n/	$n	v r/ �ra/ s	$s	�hara�/ r$5 �	�4	/2o	phas s	o!	
 3/ ns$v 	 r pro"ramm$n"	 o!	  p$" n /$�	 mar&s	 L	 ar�	 <	 �ar/$ nss n	 USTWM@	
r s //$n"	 mos/	 �u/	 no/	 a''	 a�,u$r �	 ���	 m /h4'a/$on	 �han" s.	 P'an/s	 $n	 �on/ras/	
hav 	 a	 mu�h	 mor 	 s/a�' 	 $nh r$/an� 	 o!	  p$" n /$�	 mar&s@	  sp �$a''4	 ���	
m /h4'a/$on	L��hm$/5@		 @	 /	a'.	USTVA	� �& r	 /	a'.	USTTM.	�s	m n/$on �	pr v$ous'4@	
���	m /h4'a/$on	 $n	 p'an/s	 $s	mor 	 �omp' 3	 /han	 $n	 v r/ �ra/ s@	2$/h	m /h4'a/$on	
o��urr$n"	 $n	 /hr  	 s ,u n� 	 �on/ 3/s@	 �G@	 �	G	 an�	 �			 L2h r 	 		 $s	 �@	 �	 or	 TM	
�on/ro'' �	�4	�$!! r n/	 n54m s	an�	�arr4$n"	ou/	�$!! r n/	 !un�/$ons.	�3p r$m n/a'	
mo�$!$�a/$on	o!	 p$" n /$�	pa// rns	su�h	as	���	m /h4'a/$on	$n	p'an/s	$s	no/	su�% �/	
/o	  3/ ns$v 	 ' "$s'a/$on@	 as	 $s	 /h 	 �as 	 2$/h	 v r/ �ra/ s	 L
uss r	  /	 a'.	 USTUM.	
�om�$n �@	 /h s 	 prop r/$ s	 ma& 	 p'an/s	 a//ra�/$v 	 mo� 's	 /o	 s/u�4	  p$" n /$�	
var$a/$on	$n	/h 	!orm	o!	���	m /h4'a/$on@	2h$�h	$s	 as$'4	�hara�/ r$5 �	$n	nonDmo� '	
sp �$ s.		
	
1.3	Epigenetic	studies	in	plants	have	mainly	focused	on	�ra�idopsis	thaliana.		
To	 un� rs/an�	 /h 	 �on/r$�u/$on	 o!	  p$" n /$�	 var$a/$on	 /o	 /h 	 ph no/4p @	 $/	 $s	
 ss n/$a'	 /o	 un� rs/an�	 /h 	mo' �u'ar	m �han$sms	 /ha/	 !a�$'$/a/ 	 /h$s	 pro� ss.	 To	
/h$s	 n�@	2or&	$n	mo� '	sp �$ s	has	/au"h/	us	a	"r a/	� a'	on	 p$" n /$�	$nh r$/an� 	
$n	 /h 	pas/	� �a� s.	 
n	p'an/s@	mos/	2or&	 $n	 p$" n /$�s	has	 !o�us �	on	 /h 	mo� '	
p'an/	�%����"#&�&	'�����!�.	�ra�$�ops$s	ros 	/o	prom$n n� 	as	a	mo� '	p'an/	sp �$ s	
!or	r s ar�h	 $n	" n /$�s	L�7� $	T\\UM@	ma$n'4	�u 	/o	 $/s	shor/	" n ra/$on	/$m @	an�	
sma''	 L" nom M	 s$5 @	 !a�$'$/a/$n"	 rap$�	 s/u�$ s	2$/h	 �$"	 �ohor/s.	 � s ar�h	 on	 p'an/	
 p$" n /$�s	has	$� n/$!$ �	���	m /h4'a/$on	as	an	$mpor/an/	r "u'a/or	!or	/h 	�on/ro'	
o!	 /ransposa�' 	  ' m n/s	 L
& �a	<	�$sh$mura	USTXM	an�	as	 a	m �han$sm	 !or	 " n 	
 3pr ss$on	r "u'a/$on	�4	promo/or	m /h4'a/$on@	a'/hou"h	/h 	 3/ n/	/o	2h$�h	���	
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m /h4'a/$on	 �on/r$�u/ s	 /o	 " n 	  3pr ss$on	 var$a/$on	 app ars	 /o	 � 	 '$m$/ �	
�ompar �	/o	 /ha/	o!	" n /$�	var$an/s	 $n	�1	 '�����!�	 L� n"	 /	a'.	USTYM.	�$�roDarra4	
s/u�$ s	  mp'o4$n"	 pro� s	 � s$"n �	 /o	 �ap/ur 	 an�	 �$!! r n/$a/ 	 /h 	 �$su'!$/ 	
�onv r/ �	pro�u�/	o!	�o/h	m /h4'a/ �	an�	nonDm /h4'a/ �	���	a''o2s	!or	� / �/$n"	
"'o�a'	�$!! r n� s	$n	���	m /h4'a/$on.	
/	2as	ho2 v r	no/	un/$'	/h 	a�v n/	o!	2ho' 	
" nom 	 �$su'!$/ 	 s ,u n�$n"@	 a''o2$n"	 !or	 s$n"' 	 nu�' o/$� 	 r so'u/$on	 ���	
m /h4'a/$on	 s/u�$ s@	 /ha/	 /h 	 !u''	 ma"n$/u� 	 o!	 �$!! r n/$a'	 ���	 m /h4'a/$on	 an�	
$nh r$/an� 	 2 r 	 !u''4	 un� rs/oo�	 an�	 appr �$a/ �.	 �an4	  3�$/$n"	 �$s�ov r$ s	
�hara�/ r$5$n"	a	var$ /4	o!	n 2	 p$" n /$�	m �han$sms	an�	pa/h2a4s	2 r 	ma� 	$n	
�1	'�����!�	ov r	/h 	pas/	� �a� s	L�.	
.	�on s	<	�un"	USTWM@	�u/	h r 	
	on'4	!o�us	on	
mo' �u'ar	 pa/h2a4s	 $nvo'v �	 $n	 /h 	 r "u'a/$on	 o!	 ���	m /h4'a/$on@	 as	 /h$s	 /h s$s	
 3�'us$v '4	� a's	2$/h	/h$s	 p$" n /$�	mar&.	
	
1.4	Epigenetic	landscape	of	�ra�idopsis	thaliana	
�n� rs/an�$n"	/h 	 p$" n /$�	'an�s�ap 	o!	�1	'�����!�	has	�  n	 na�' �	�4	�omp' / 	
s ,u n�$n"	 o!	 Lmu/an/	 o!M	 /h 	m /h4'om 	 an�	 /h 	 " n ra/$on	 o!	 ar/$!$�$a'	 �ross s	
$nvo'v$n"	 par n/a'	 p'an/s	 � vo$�	 o!	 ���	 m /h4'a/$on.	 
n	  ar'4	 USS[@	 /2o	 "roups	
a'mos/	 s$mu'/an ous'4	 pu�'$sh �	 /h 	 �1	 '�����!�	 m /h4'om @	 /h 	 !$rs/	 s$n"' 	
nu�' o/$� 	r so'u/$on	p'an/	m /h4'om 	ava$'a�' 	L�o&us	 /	a'.	USS[A	
$s/ r	<	��& r	
USS\M.	 � ,u n�$n"	 o!	 �o/h	 2$'�D/4p 	 an�	 mu/an/s	 !or	 ���	 m /h4'/rans! ras s	
!ur/h r	  'u�$�a/ �	 /h 	 �$!! r n/$a'	 ro' 	 o!	 /h 	 �$!! r n/	 ���	 m /h4'/rans! ras s	
��TT@	 ��TV	 an�	 ���TJ���U	 $n	 ma$n/a$n$n"	 ���	 m /h4'a/$on	 $n	 �$!! r n/	
s ,u n� 	�on/ 3/s	ava$'a�' 	L�o&us	 /	a'.	USS[A	
$s/ r	<	��& r	USS\M.	�o'$�	 v$� n� 	
!or	 /h 	 $mpa�/	 o!	  p$" n /$�	 var$a/$on	 $n� p n� n/	 o!	 /h 	 ���	 s ,u n� 	 on	 p'an/	
ph no/4p 	2as	a�h$ v �	�4	�r a/$n"	 p$" n /$�	r �om�$nan/	$n�r �	'$n s	L p$�

sM	
$n	�1	 '�����!�	 L�ohann s	  /	 a'.	 USS\M.	 Th 	�1	 '�����!�	  p$�

s	 shar 	 /h 	 sam 	���	
s ,u n� 	 �u/	 hav 	 a	 mosa$�	 pa// rn	 o!	 h$"h'4	 mo�$!$ �	 an�	 2$'�D/4p 	 ���	
m /h4'a/$on	r su'/$n"	 !rom	a	�ross	� /2  n	a	m /h4'a/$on	� !$�$ n/	mu/an/	2$/h	a	
OZS]	r �u�/$on	o!	ov ra''	���	m /h4'a/$on	an�	a	2$'�	/4p 	Lnorma'M	p'an/.	Th s s	
ar/$!$�$a''4	 $n�u� �	 �han" s	 $n	���	m /h4'a/$on	2 r 	 L'ar" '4M	 $nh r$/ �	 !a$/h!u''4	
ov r	a/	' as/	[	" n ra/$ons@	an�	�orr 'a/ �	s/ron"'4	2$/h	a	2$� 	arra4	o!	,uan/$/a/$v 	
ph no/4p$�	 /ra$/s	 su�h	 as	 !'o2 r$n"	 /$m 	 an�	 p'an/	 h $"h/	 L�ohann s	  /	 a'.	 USS\M.	
� /a$' �	" nom$�	ana'4s$s	$nvo'v$n"	�o/h	���	m /h4'a/$on	an�	" n /$�	var$a/$on	$n	
/h s 	 p$�

s	$n�$�a/ �	/ha/	\S]	o!	/h 	var$a/$on	$n	!'o2 r$n"	/$m 	an�	pr$mar4	roo/	
' n"/h	 � /2  n	  p$�

	 '$n s	 2as	 �aus �	 �4	 m /h4'a/$on	 var$a/$on	 L�or/$%o	  /	 a'.	
USTWM.	�an4	 o!	 /h s 	 ar/$!$�$a''4	 $n�u� �	m /h4'a/$on	 var$an/s	2 r 	 a'so	 !oun�	 $n	
na/ura'	popu'a/$ons@	su"" s/$n"	/ha/	 p$" n /$�	var$a/$on	m$"h/	as	2 ''	p'a4	a	ro' 	$n	
na/ura'	var$a/$on	$n	!'o2 r$n"	/$m 	L�or/$%o	 /	a'.	USTWM.	
	
1.1+		atural	epigenetic	variation	in	�ra�idopsis	thaliana	
�a/ura'	 p$" n /$�	var$a/$on	$n	�1	'�����!�	has	r � $v �	�ons$� ra�' 	a// n/$on@	2$/h	
s v ra'	 s/u�$ s	 �o�um n/$n"	 ���	 m /h4'a/$on	 var$a/$on	 $n	 2$'�.	 �v ra''@	 /h s 	
s/u�$ s	$n�$�a/ 	a	/$"h/	r 'a/$on	� /2  n	" n /$�	an�	 p$" n /$�	var$a/$on@	su"" s/$n"	
/ha/	 mu�h	 o!	 /h 	 na/ura'	  p$" n /$�	 var$a/$on	 o�s rv �	 $n	 �1	 '�����!�	 $s	 La/	 ' as/	
par/'4M	� / rm$n �	�4	" n /$�	var$a/$on	$n	�$s	or	/rans1	
n	on 	o!	/h 	!$rs/	popu'a/$on	
 p$" nom$�	s/u�$ s	$n	p'an/s@	��hm$/5	�'	��1	!oun�	/ha/	���	m /h4'a/$on	var$a/$on	$n	
TXX	�1	'�����!�	p'an/s	2$/h	a	2or'�2$� 	�$s/r$�u/$on	r su'/ �	$n	/h 	sam 	�'us/ r$n"	
as	/ha/	o�/a$n �	!or	" n /$�	var$a/$on	L��hm$/5@	��hu'/5@	 /	a'.	USTVM1	�$m$'ar'4@	2ho' 	
" nom 	�$su'!$/ 	 s ,u n�$n"	 s/u�$ s	 �hara�/ r$5$n"	pro" n4	p'an/s	 � r$v �	 !rom	a	
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" o"raph$�a''4	�$sp rs �	$so" n$�	�1	'�����!�	'$n 	$n	�or/h rn	�m r$�a	/ha/	�$v r" �	
un� r	 na/ura'	 �on�$/$ons	 ov r	 a/	 ' as/	 a	 � n/ur4	 a"o@	 sho2 �	 ���	 m /h4'a/$on	
var$a/$on	/ha/	�4	an�	'ar" 	r !' �/ �	���	s ,u n� 	var$a/$on.	Th 	���	m /h4'a/$on	
�$!! r n� s	 /ha/	 o��urr �	 ov r'app �	2$/h	 /hos 	 /ha/	2 r 	 pr v$ous'4	 � / �/ �	 $n	
mu/a/$on	 a��umu'a/$on	 '$n s	 o!	 /h 	 sam 	 " no/4p 	 "ro2n	 $n	 a	 "r  nhous @	
su"" s/$n"	 /ha/	  nv$ronm n/a''4	 $n�u� �	 �han" s	 ar 	 on'4	 a	m$nor	 �on/r$�u/or	 /o	
h r$/a�' 	 " nom D2$� 	  p$" n /$�	 var$a/$on	 L	a"mann	  /	 a'.	 USTXM1	 
n	 a	 �$!! r n/	
s/u�4@	 TXS	 �2 �$sh	 �1	 '�����!�	 a�� ss$ons	 "ro2n	 un� r	 �$!! r n/	 / mp ra/ur s	
sho2 �	an	 $n�r as �	 ' v '	o!	m /h4'a/$on	 $n	�			�on/ 3/	o!	 /ransposons	a/	h$"h r	
/ mp ra/ur s.	 �ar$a/$on	 $n	 /h 	 ' v '	 o!	 /ransposon	 �			 m /h4'a/$on	 2as	
�ons$� ra�' @	 2$/h	 " n /$�	 var$a/$on	 $n	 " n s	 asso�$a/ �	 2$/h	 ���	 m /h4'a/$on	
 3p'a$n$n"	 a	 'ar" 	  3/ n/	 o!	 /h$s	 var$a/$on.	 �$!! r n� s	 $n	 /h 	 ' v '	 o!	 " n 	 �o�4	
m /h4'a/$on	2 r 	ho2 v r	!oun�@	2$/h	p'an/s	!rom	mor 	�or�$�	an� s/ors	sho2$n"	
h$"h r	 ' v 's	 o!	 " n 	�o�4	m /h4'a/$on	 an�	  3pr ss$on	 L�u�$n	  /	 a'.	 USTXM.	 
n	 /h 	
'ar" s/	 m /h4'om 	 s ,u n�$n"	  !!or/	 /$''	 �a/ @	 /h 	 TSST	  p$" nom s	 pro% �/	
s ,u n� �	T@TSZ	m /h4'om s	an�	T@USV	/rans�r$p/om s	o!	�1	'�����!�	� r$v �	!rom	
a	2$� 	var$ /4	o!	" o"raph$�	or$"$ns.	���	m /h4'a/$on	an�	" n 	 3pr ss$on	var$a/$on	
2as	  3p'a$n �	 /o	 a	 'ar" 	  3/ n/	 �4	  p$a'' ' s	 2hos 	 pr s n� 	 �orr 'a/ s	 2$/h	
" o"raph$�	 or$"$n.	 � /h4'a/$on	 �$!! r n� s	 ho2 v r	 2 r 	 ma$n'4	 !oun�	 $n	
/ransposa�' 	  ' m n/s	 �u/	 no/	 " n 	 �o�$ s@	 an�	 2 r 	 o!/ n	 a��ompan$ �	 �4	
mu/a/$ons	n ar	" n s	 n�o�$n"	 n54m s	$nvo'v �	$n	/h 	m /h4'a/$on	o!	/ransposa�' 	
 ' m n/s	L�a2a&a/su	 /	a'.	USTYM.	
	
1.11	Environmental	induction	of	�	�	methylation	variation	
Th 	 ro' 	 o!	 s/r ss	 an�	  nv$ronm n/a'	 p r/ur�a/$ons	 $n	 �aus$n"	 ���	 m /h4'a/$on	
�han" s	has	'on"	�  n	r �o"n$5 �	LP n"	<	�$n"	�han"	USS[M.	�/u�$ s	$n	�1	'�����!�	
hav 	 $n�$�a/ �	 sp �$!$�	 s/r ss	 r spons s	 $n	 " nom$�	 r "$ons	 asso�$a/ �	 2$/h	
�$!! r n/$a''4	  3pr ss �	 " n s.	�1	 '�����!�	 p'an/s	  3pos �	 /o	 a	 �a�/ r$a'	 pa/ho" n@	
av$ru' n/	 �a�/ r$a@	 or	 /h 	 p'an/	 hormon 	 sa'$�4'$�	 a�$�	 L��M	 r v a' �	 num rous	
s/r ssD$n�u� �	 �$!! r n/$a''4	 m /h4'a/ �	 r "$ons@	 man4	 o!	 2h$�h	 2 r 	 $n/$ma/ '4	
asso�$a/ �	 2$/h	 �$!! r n/$a''4	  3pr ss �	 " n s	 L�o2 n	  /	 a'.	 USTUM.	 �$m$'ar'4@	 �1	
'�����!�	 p'an/s	 "ro2n	 $n	 a	 h$"hDsa'$n$/4	 so$'	  3h$�$/	 an	 $n�r as �	 !r ,u n�4	 o!	
�$!! r n/$a''4	m /h4'a/ �	 pos$/$ons	 L��PsM	 $n	 " n s	 L�.	 �$an"	  /	 a'.	 USTWM.	 �	mor 	
� /a$' �	s/u�4	 mp'o4$n"	r p a/ �	h4p rosmo/$�	s/r ss	$n	X	su�s ,u n/	" n ra/$ons	
o!	�1	 '�����!�	 !oun�	 $mprov �	 sa'/	 r s$s/an� 	 !or	 " rm$na/$n"	 s  �'$n"s	 o!	 par n/s	
 3pos �	 /o	h4p rosmo/$�	 s/r ss@	2h$�h	 ' �	 /o	�$s/$n�/	���	m /h4'a/$on	�han" s	 $n	
�4/os$n s	 $n	 �	G	 an�	 �			 �on/ 3/	 an�	 som 	 �han" s	 $n	 �$!! r n/$a''4	m /h4'a/ �	
r "$ons	L���sM	/ha/	o��urr �	r p a/ �'4	L�$�o2o	 /	a'.	USTYM@	som 	o!	2h$�h	2 r 	
!oun�	pr v$ous'4	L� �& r	 /	a'.	USTTA		a"mann	 /	a'.	USTXM.	
n/ r s/$n"'4@	/h 	un$,u 	
or	 n 2	 sa'/Dsp �$!$�	 ���s	 !oun�	 $n	 /h$s	 s/u�4	 2 r 	 o!/ n	 !oun�	 n ar	 " n s	 2$/h	
!un�/$ons	 r 'a/ �	 /o	m /a�o'$�	 r spons s	 an�	 $on	 /ranspor/	 L�$�o2o	  /	 a'.	 USTYM@	
su"" s/$n"	 a	 p'an/	 s/r ss	 r spons 	 /ha/	 has	 �o/h	 s/r ssDsp �$!$�	 an�	 nonDsp �$!$�	
 !! �/s	on	���	m /h4'a/$on.	
	
1.12	�rom	model	plants	to	a	wider	taxonomic	diversity	
�/u�$ s	$n	/h 	mo� '	p'an/	�1	'�����!�	hav 	$n�$�a/ �	/h 	pr s n� 	o!	man4	 3�$/$n"	
pa// rns	�u/	a'so	$n�$�a/ 	a	h$"h	� p n� n� 	o!	 p$" n /$�	on	" n /$�	var$a/$on.	Th 	
 normous	�$v rs$/4	 $n	p'an/s	sp �$ s@	�o/h	 $n	num� r@	" nom 	s$5 	an�	'$! 	h$s/or4	
/ra$/s	2arran/s	a	!ur/h r	 3p'ora/$on	o!	 p$" n /$�	$nh r$/an� 	$n	a	�roa� r	�on/ 3/	



�hap/ r	T	G n ra'	
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/o	� / rm$n 	/h 	" n ra'$/4	o!	an�	 3� p/$ons	/o	/h 	pa// rns	� / �/ �	$n	�1	'�����!�.	
�%����"#&�&	 '�����!�	 $s	 an	 oppor/un$s/$�	 annua'	 2  �@	 �hara�/ r$5 �	 �4	 a	 ra/h r	
s$mp' 	'$! 	�4�' .	
/	has	/h r !or 	'on"	�  n	$"nor �	�4	 �o'o"$s/s	an�	 vo'u/$on$s/s@	
2ho	 �  m �	 /h 	 sp �$ s	 as	  �o'o"$�a''4	 un$n/ r s/$n"	 an�	 an	 o��$/4	 !rom	 an	
 vo'u/$onar4	po$n/	o!	v$ 2	LP$"'$u��$	USSUM.	� � n/'4@	VW	p'an/	m /h4'om s	�ov r$n"	
a	 2$� 	 /a3onom$�	 var$ /4	 hav 	 �  n	 s ,u n� �	 L�$ � rhu/h@	 � 2$�&@	 �$@	 �'a�a�4@	
�$m@	 
$@	  /	 a'.	 USTYM@	 un�ov r$n"	 2$� spr a�	 m /h4'om 	 var$a/$on@	 2$/h	 �	G	
m /h4'a/$on	 ' v 's	 � $n"	 pos$/$v '4	 �orr 'a/ �	 /o	 " nom Ds$5 @	 an�	 su�s/an/$a'	
var$a/$on	 $n	 /h 	 amoun/	 o!	 �	G	 an�	 �			 m /h4'a/$on	 var$a/$on	 !oun�	 $n	 r p a/	
 ' m n/s	 LG hr$n"	 USTYM.	 ���	 m /h4'a/$on	 pa// rns	 $n	 /h 	 �rass$�a� a @	 2h$�h	
$n�'u� s	�1	 '�����!�@	 ar 	 �$!! r n/	 !rom	mos/	 an"$osp rms	 $n	 hav$n"	 r �u� �	 �	G	
m /h4'a/$on	' v 's	an�	a'so	r �u� �	or	'os/	�G	" n 	�o�4	m /h4'a/$on	L�$ � rhu/h@	
� 2$�&@	 �$@	 �'a�a�4@	 �$m@	 Pa" @	  /	 a'.	 USTYM.	 �/	 /h$s	 po$n/@	 /h 	 " n ra'$/4	 o!	 /h 	
 p$" n /$�	 �on/r$�u/$on	 /o	 ph no/4p$�	 var$a/$on	 $s	 no/	 2 ''	 un� rs/oo�@	 2h$�h	
2arran/s	 !ur/h r	 r s ar�h	 $n	 a	 var$ /4	 o!	 sp �$ s	 L� rho v n	  /	 a'.	 USTYM.	 �u�h	
s/u�$ s	 ar 	 !a�$'$/a/ �	 �4	 /h 	 $n�r as$n"	 num� r	 o!	 ava$'a�' 	 r ! r n� 	 " nom s	
L�$ � rhu/h@	 � 2$�&@	 �$@	 �'a�a�4@	 �$m@	 Pa" @	  /	 a'.	 USTYM	 an�	 /h 	 ava$'a�$'$/4	 o!	
r ! r n� D!r  	 r �u� �	 r pr s n/a/$on	�$su'!$/ 	 s ,u n�$n"	 Lvan	Gurp	  /	 a'.	 USTYM.	
�p$" n /$�	 var$a/$on	 �ou'�	 � 	 par/$�u'ar'4	 $mpor/an/	 !or	 as 3ua'	 sp �$ s.	 �'/hou"h	
�ons$� r �	/o	� 	an	 vo'u/$onar4	� a�	 n�	L
4n�h	 /	a'.	T\\VM@	�'ona'	p'an/	sp �$ s	
p rs$s/	 an�	 su�� ss!u''4	  3pan�	 $n	 a	 2$� 	 ran" 	 o!	 �$!! r n/	  nv$ronm n/s	
L� rho v n	<	Pr $/ 	USTWM.	Th 	su�� ss	o!	$n�$v$�ua'	as 3ua'	'$n a" s	�an	� 	�u 	/o	
pr a�ap/a/$on	o!	na/$v 	" no/4p s	/o	sp �$!$�	�on�$/$ons	$n	/h 	n 2	ha�$/a/	or	�u 	/o	
h$"h	 ph no/4p$�	 p'as/$�$/4	 L" n ra'Dpurpos 	 " no/4p sA	 L�a& r	 T\YXMM.	 Th 	
p rs$s/ n� 	an�	 �o'o"$�a'	su�� ss	o!	su�h	'$n a" s	�ou'�	� 	!a�$'$/a/ �	v$a	 p$" n /$�	
var$a/$on	 as	 a	 sour� 	 o!	 ph no/4p$�	 p'as/$�$/4	 L� rho v n	<	 Pr $/ 	 USTWM.	 �s 3ua'	
p'an/	 sp �$ s	 su�h	as	apom$�/$�	�an� '$ons	 /h r !or 	o!! r	an	 $n/ r s/$n"	mo� '	 /o	
s/u�4	 p$" n /$�	var$a/$on.	
		
1.13	Ecological	epigenetics'	state	of	the	field	
�no2$n"	 /o	 2ha/	  3/ n/	  p$" n /$�	 pro� ss s	 �an	  3p'a$n	 h r$/a�' 	 ph no/4p$�	
var$a/$on	/ha/	�o s	no/	r '4	on	/h 	���	s ,u n� 	$n	na/ura'	popu'a/$ons	$s	p$vo/a'	/o	
un� rs/an�	 /h 	 ro' 	 o!	  p$" n /$�	 var$a/$on	 $n	  vo'u/$on.	 To	 /h$s	  n�@	  �o'o"$�a'	
 p$" n /$�s	 s/u�$ s	 $nv s/$"a/ 	 /h 	 po/ n/$a'	 $mpa�/	 o!	  p$" n /$�	 var$a/$on	 on	
 �o'o"4	 an�	  vo'u/$on	 $n	 an	  mp$r$�a'	 !ash$on	 $n	  �o'o"$�a'	 s4s/ ms	 an�	 na/ura'	
popu'a/$ons.	��o'o"$�a'	 p$" n /$�s	2as	'oos '4	� !$n �	�4	L�oss�or!	 /	a'.	USSZM	as	
/h 	s/u�4	o!	 p$" n /$�	pro� ss s	$n	an	 �o'o"$�a'	�on/ 3/.	�p$" n /$�	$nh r$/an� 	$s	
par/$�u'ar'4	 $n/ r s/$n"	 !or	  vo'u/$onar4	 �$o'o"$s/s@	 as	 $/	 o!! rs	 a	 po/ n/$a'	
 3p'ana/$on	 !or	 /h 	h r$/a�' 	ph no/4p$�	var$a/$on	o�s rv �	 $n	na/ura'	popu'a/$ons	
/ha/	�anno/	� 	 3p'a$n �	�4	���	s ,u n� 	var$a/$on.	
/	a'so	�ou'�	 3p'a$n	$ns/an� s	
o!	L/rans" n ra/$ona'M	ph no/4p$�	p'as/$�$/4@	a''o2$n"	or"an$sms	/o	r spon�	/o	/h $r	
 nv$ronm n/	 L�oss�or!	  /	 a'.	 USSZM.	 Th 	 po/ n/$a'	  �o'o"$�a'	 $mpor/an� 	 o!	
 p$" n /$�	 var$a/$on	 $s	 "r a/ r	 !or	 p'an/s	 r pro�u�$n"	 as 3ua''4@	 su�h	 as	 apom$�/$�	
�an� '$ons	 2h$�h	 �anno/	 r '4	 on	 shu!!'$n"	 o!	 " n s	 a''o2 �	 �4	 m $o/$�	
r �om�$na/$on	 L� rho v n	 <	 Pr $/ 	 USTWM.	 �p$" n /$�	 var$a/$on	 $n	 as 3ua'	 p'an/	
sp �$ s	�an	� 	$mpor/an/	�o/h	!or	 na�'$n"	/rans" n ra/$ona'	ph no/4p$�	p'as/$�$/4@	
as	2 ''	as	prov$�$n"	a	sour� 	o!	h r$/a�' 	var$a/$on	upon	2h$�h	Lna/ura'M	s ' �/$on	
�an	 a�/.	 �os/	  �o'o"$�a'	  p$" n /$�s	 s/u�$ s	 ar 	 �on�u�/ �	 $n	 p'an/s@	 2$/h	 /h 	
ma%or$/4	o!	/h s 	s/u�$ s	!o�us$n"	on	���	m /h4'a/$on	L��hr 4	 /	a'.	USTVA	�$'v$/$s	 /	
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a'.	USTVM.	�an4	 �o'o"$�a'	 p$" n /$�s	s/u�$ s	!oun�	 v$� n� 	!or	���	m /h4'a/$onD
m �$a/ �	 r spons s	 /o	  nv$ronm n/a'	 s/r ss	 L� rho v n@	 �ans n@	  /	 a'.	 USS\M	 or	
" o"raph$�	�$!! r n/$a/$on	o!	���	m /h4'a/$on	pa// rns	L�us�on$	 /	a'.	USTXM@	2h$�h	
�an	� 	h r$/a�' 	a�ross	" n ra/$ons	L�$'v$/$s	 /	a'.	USTVM.	
	
1.1/	�echnological	innovations	needed	to	study	�	�	methylation	variation.	
�n/$'	 r � n/'4@	mos/	  �o'o"$�a'	  p$" n /$�s	 s/u�$ s	  mp'o4 �	m /h4'a/$on	 s ns$/$v 	
��
Ps	 L��D��
PM	 /o	 � / rm$n 	 /h 	  3/ n/@	 s/ru�/ur 	 an�	 s/a�$'$/4	 o!	 ���	
m /h4'a/$on	 var$a/$on	 $n	 na/ura'	 popu'a/$ons.	 ��D��
P	  na�' 	 /h 	 �$s/$n�/$on	
� /2  n	 pr s n� 	 an�	 a�s n� 	 o!	 ���	 m /h4'a/$on	 $n	 anon4mous	 " nom$�	 'o�$	
us$n"	a	pa$r	o!	r s/r$�/$on	 n54m s	2$/h	�$!! r n/$a'	s ns$/$v$/4	/o	���	m /h4'a/$on@	
r su'/$n"	$n	pr s n� Da�s n� 	�om�$na/$on	o!	" '	�an�s	/ha/	r !' �/	/h 	m /h4'a/$on	
s/a/us	o!	/h 	'o�us	/ar" / �.	��D��
P	s/u�$ s	o!! r	a	'$m$/ �	an�	$n�omp' / 	 s/$ma/ 	
o!	���	m /h4'a/$on	var$a/$on	!or	a	num� r	o!	r asons.	�$rs/@	��D��
P	s/u�$ s	o!! r	a	
v r4	'$m$/ �	r so'u/$on	o!	TSSDUSS	mar& rs	�ompar �	/o	hun�r �s	o!	/housan�s	o!	
po'4morph$�	'o�$	/ha/	�an	� 	un�ov r �	us$n"	s ,u n�$n"	�as �	approa�h s.	� �on�@	
��D��
P	o!! r	a	,ua'$/a/$v 	m asur 	o!	2ha/	 $s	 ss n/$a''4	a	,uan/$/a/$v 	s/a/ 	an�	
�o	so	$n	�4/os$n 	$n	�G	�on/ 3/	on'4.	Th$r�@	$n/ rpr /a/$ons	o!	�$!! r n/	�om�$na/$ons	
o!	 po'4morph$�	 �an�$n"	 pa// rns	 /o	 � 	 pr ! r n/$a''4	 asso�$a/ �	 /o	m /h4'a/$on	 $n	
 $/h r	�G	or	�	G	 �on/ 3/	 ar 	 $n�orr �/	 Lvan	Gurp	 /	 a'.	 USS\A	�u'n 6 &	<	�ovar8&	
USTVM@	' a�$n"	/o	a	p rs$s/ n/	 rron ous	$n/ rpr /a/$on	$n	/h 	'$/ ra/ur .	� ,u n�$n"D
�as �	 s/u�$ s	 $n	 �1	 '�����!�	 an�	 o/h r	 sp �$ s	 hav 	 un�ov r �	 � /a$' �	 an�	 v r4	
sp �$!$�	 $ns$"h/s	 $n/o	 �$!! r n/$a'	 ���	 m /h4'a/$on	 �4	 v$r/u 	 o!	 2ho' 	 " nom 	
�$su'!$/ 	 s ,u n�$n"	 an�	 � /a$' �	 &no2' �" 	 o!	 /h 	 " nom 	 ar�h$/ �/ur .	 � �u� �	
r pr s n/a/$on	 �$su'!$/ 	 s ,u n�$n"	 / �hn$,u s	 o!! r$n"	 nu�' o/$� 	 ' v '	 an�	
,uan/$/a/$v 	 ���	 m /h4'a/$on	  s/$ma/$on	 2h$' 	 s$mu'/an ous'4	 a''o2$n"	 !or	
!un�/$ona'	 �hara�/ r$5a/$on	 o!	 /h 	 'o�us	 un� r	 s/u�4	 2ou'�	 o!! r	 a	 hu" 	
$mprov m n/	ov r	��D��
P	�as �	s/u�$ s	!or	nonDmo� '	s4s/ ms.		
	
1.10	
esearch	goals	in	this	thesis'	
Th 	 "oa'	 o!	 /h 	 r s ar�h	 � s�r$� �	 $n	 /h$s	 /h s$s	 $s	 /o	  mpo2 r	 an�	 p r!orm	
�ompr h ns$v 	r s ar�h	 $n	 �o'o"$�a''4	 $n/ r s/$n"	nonDmo� '	sp �$ sA	 !o�us$n"	on	
/h 	po/ n/$a'	ro' 	o!	na/ura'	an�	s/r ss	$n�u� �	 p$" n /$�	var$a/$on	/o	� 	su�% �/ �	
/o	s ' �/$on	an�	�on/r$�u/ 	/o	a�ap/a/$on	an�	u'/$ma/ '4	 vo'u/$on.	
	p r!orm �	m4	
r s ar�h	 $n	 /h 	 /r$p'o$�	 apom$�/$�	 �an� '$on@	 ��%�+��( 	 "�����!���@	 2h$�h	 $s	
�hara�/ r$5 �	 �4	 $/s	 as 3ua'	 r pro�u�/$on	 an�	 2$� Dspr a�	 o��urr n� 	 $n	 �$v rs 	
ha�$/a/s.	To	 na�' 	�ompr h ns$v 	�hara�/ r$5a/$on	o!	���	m /h4'a/$on	$n	/h$s	nonD
mo� '	sp �$ s@	2 	� v 'op �	 p$G��@	a	�$su'!$/ 	s ,u n�$n"	 3/ ns$on	o!	/h 	!' 3$�' 	
an�	h$"h'4	su�� ss!u'	" no/4p$n"	�4	s ,u n�$n"	LG��M	m /ho�.	�ons$� ra�' 	 !!or/	
has	 �  n	 sp n/	 on	 /h 	 � v 'opm n/	 an�	 va'$�a/$on	 o!	 a	 �ompr h ns$v 	
�$o$n!orma/$�s	 p$p '$n 	 /ha/	  na�' s	 /h 	 s$mu'/an ous	 $n/ rro"a/$on	 o!	 ���	
m /h4'a/$on	 an�	 " n /$�	 var$a/$on	 us$n"	 �$su'!$/ 	 s ,u n�$n"	 r a�s	 on'4	 2h$' 	
r �r a/$n"	/h 	or$"$na'	r ! r n� 	s ,u n� 	!rom	2h$�h	/h 	�$su'!$/ 	�onv r/ �	r a�s	
2 r 	 � r$v �.	 To	 $nv s/$"a/ 	 /h 	 h r$/a�$'$/4	 o!	 ���	 m /h4'a/$on	 var$a/$on	 $n	
apom$�/$�	 �an� '$ons	 an�	 ass ss	 /h 	 � "r  	 /o	 2h$�h	  nv$ronm n/a'	 s/r ss	 �an	
$n�u� 	�han" s	$n	���	m /h4'a/$on	
	p r!orm �	a	/rans" n ra/$ona'	s/u�4	o!	s/r ss	
$n�u� �	 ���	 m /h4'a/$on	 $n	 �an� '$on@	  na�'$n"	 on 	 o!	 /h 	 !$rs/	 �ompr h ns$v 	
�$su'!$/ 	s ,u n�$n"	�as �	s/u�4	 $n	a	nonDmo� '	or"an$sm	/ha/	"$v s	 $ns$"h/	 $n	 /h 	
/rans" n ra/$ona'	 s/a�$'$/4	 o!	 ���	 m /h4'a/$on	 $n	 apom$�/$�	 �an� '$ons.	 �$na''4@	 
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p r!orm	an	ar/$!$�$a'	 s ' �/$on	 3p r$m n/	on	 ar'4	 !'o2 r$n"	 $n	 $so" n$�	apom$�/$�	
�an� '$on	 '$n a" s	 us$n"	 �o/h	 s/r ss �	 an�	 nonDs/r ss �	 '$n s	 /o	 / s/	 $!	 /h r 	 $s	 a	
r spons 	/o	sus/a$n �	ar/$!$�$a'	s ' �/$on	on	L$n�u� �M	 p$" n /$�	var$a/$on.	
	
1.11	 �pomictic	 dandelions	 as	 model	 system	 for	 studying	 natural	 epigenetic	
variation	
�pom$�/$�	�an� '$ons	ar 	�hara�/ r$5 �	�4	 /h $r	2or'�2$� 	�$s/r$�u/$on	 $n	var$ous	
ha�$/a/s@	 2$/h	 s v ra'	 apom$�/$�	 '$n a" s	 sho2$n"	 2$� spr a�	 " o"raph$�	
�$s/r$�u/$on@	 s  m$n"'4	 $n	 /h 	 a�s n� 	 o!	 " n /$�	 r �om�$na/$on.	 � pro�u�/$on	 $n	
apom$�/$�	p'an/	sp �$ s	 $s	�hara�/ r$5 �	�4	an	a'/ r �	m $os$s@	2h$�h	�ou'�	 $mpa�/	
/h 	 � "r  	 o!	 r s //$n"	 o!	  p$" n /$�	 mar&s	 �ur$n"	 "am /o" n s$s	 L�a$' r	  /	 a'.	
USTYM.	�pom$3$s	$n	p'an/s	 3$s/s	$n	man4	!orms@	2$/h	 a�h	!orm	� $n"	�hara�/ r$5 �	
�4	 a	 �$s/$n�/	mo� 	 o!	 � v 'opm n/a'	 a� rra/$ons	 �ur$n"	m $os$s	 ' a�$n"	 /o	 �'ona'	
o!!spr$n".	 �pom$3$s	 $n	 �an� '$ons	 $s	 /h 	 r su'/	 o!	 a	 �om�$na/$on	 o!	 �$p'ospor4@	
par/h no" n s$s	 an�	 au/onomous	  n�osp rm	 � v 'opm n/	 o!	 /h 	 s  �.	 � 2	
apom$�/$�	 �an� '$ons	 ar 	 r a�$'4	 " n ra/ �	 �4	 �ross$n"	 a	 /r$p'o$�	 apom$�/	
L�on/r$�u/$n"	�$p'o$�	po'' nM	2$/h	a	s 3ua'	�$p'o$�.	�u�h	�ross s	ar 	&no2n	/o	"$v 	
r$s 	 /o	na/ura'	  p$" n /$�	 var$a/$on	 L� rho v n@	 van	�$%&@	  /	 a'.	 USS\M@	 upon	2h$�h	
s ' �/$on	�an	a�/.	�s	su�h@	apom$�/$�	�an� '$ons	!orm	an	 3� '' n/	mo� '	s4s/ m	/o	
$nv s/$"a/ 	 /h 	 ro' 	 o!	 Lna/ura'M	  p$" n /$�	 var$a/$on	 $n	 " n ra/$n"	 ph no/4p$�	
var$a/$on	as	2 ''	as	/h 	2a4	s ' �/$on	�an	a�/	upon	su�h	var$a/$on.	
	
1.12	�pecific	research	�uestions	addressed	in	this	thesis	per	chapter	
	
���#'�%	<0	�"!&�&'�!'	�%%"%&	�!	��%&'	&'%�!�	��
�	�(�	'"	%�!�" 	��+� �%	 �&#%� �!�1	
�or&$n"	 2$/h	 � 3/	 G n ra/$on	 � ,u n�$n"	 L�G�M	 �a/a	 $s	 s/$''	 r 'a/$v '4	 n 2	 an�	
/h r !or 	 no/	 a'2a4s	 op/$m$5 �	 !or	 sp �$!$�	 /4p s	 o!	 ana'4s$s.		 r @	 
	 !o�us	 on	 on 	
�ommon	 rror	/4p @	/ha/	
	�hara�/ r$5 �	$n	� /a$'.	�h$' 	2or&$n"	on	���s ,	�a/a	o!	
a	�o''a�ora/or@	a	�$s/$n�/	 rror	pa// rn	2as	�$s�ov r �	$n	/h 	�a/a	/ha/	$n�$�a/ �	an	
ar/$!$�$a'	 sour� 	 o!	 var$a/$on	 /ha/	 �ou'�	 � 	 /ra� �	 �a�&	 /o	 /h 	 2a4	 /h 	 ���s ,	
'$�rar$ s	2 r 	�ons/ru�/ �.	�n 	s/u�4	s/a/$n"	 /ha/	 /h s 	 rrors	2 r 	 /h 	 r su'/s	o!	
���	 �$/$n"	L�.	
$	 /	a'.	USTTM@	�'a$m �	a	�$srup/$on	$n	/h 	$n!orma/$on	!'o2	� /2  n	
a	" n 	an�	$/s	pro�u�/@	ho2 v r@	/h$s	proposa'	2as	h av$'4	�r$/$�$5 �	L
$n	 /	a'.	USTUA	
P$�&r ''	 /	a'.	USTUA	�' $nman	<	�a% 2s&$	USTUM	as	/h 	pos$/$ons	$n	/h 	s ,u n�$n"	
r a�s	 $n	2h$�h	 /h s 	 suppos �	  �$/$n"	  v n/s	 /oo&	 p'a� 	2 r 	 �$as �	 /o2ar�	 /h 	
!$rs/	 nu�' o/$� s	 o!	 /h 	 r a�s.	 
n	 our	 pu�'$�a/$on	 Lvan	 Gurp	  /	 a'.	 USTVM@	 2 	
� / rm$n �	/ha/	 /h$s	�$as	 $s	�aus �	�4	m$spr$m$n"	o!	ran�om	���	h 3am rs	/o	an	
���	 / mp'a/ 	 �ur$n"	 '$�rar4	 �ons/ru�/$on	 L�.	 
$	  /	 a'.	 USTTM.	 �no/h r	
m$s$n/ rpr /a/$on@	a'/hou"h	no/	r "u'ar'4	' a�$n"	/o	su�h	h$"hDpro!$' 	pu�'$�a/$ons@	$s	
ma� 	 �4	 man4	  �o'o"$�a'	  p$" n /$�$s/s	 2ho	 $n�orr �/'4	 assum 	 /h 	 ��D��
P	
var$a/$on	 /h 4	  n�oun/ r	 /o	 r pr s n/	 �	G	 m /h4'a/$on@	 �u 	 /o	 an	 $nsu!!$�$ n/	
un� rs/an�$n"	o!	/h 	/ �hn$,u 	an�	/h 	���	m /h4'a/$on	pro!$' s	�ommon'4	!oun�	
$n	p'an/s	L�u'n 6 &	<	�ovar8&	USTVM.	Thorou"h	&no2' �" 	o!	a''	/h 	po/ n/$a'	�$as s	
" n ra/ �	$n	/h 	pro/o�o's	/ha/	2 	us 	/o	" n ra/ 	Ls ,u n�$n"M	�a/a	$s	 ss n/$a'	!or	
arr$v$n"	a/	/h 	r$"h/	�on�'us$ons@	� $n"	an	 �o'o"$s/	�an	n v r	� 	an	 3�us 	!or	no/	
ma&$n"	/h 	�ons$� ra�' 	 !!or/	r ,u$r �	/o	L!u''4M	un� rs/an�	/h 	m /ho�s	us �	/o	
" n ra/ 	/h 	�a/a	�as �	on	2h$�h	2 	�ra2	�on�'us$ons.	
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���#'�%	=0	�#����0	%���%�!��2�%��	%��(���	%�#%�&�!'�'�"!	��&(���'�	&�$(�!��!�	
Th$s	�hap/ r	 $s	/h 	r su'/	o!	/h 	,u s/	 !or	a	,uan/$/a/$v 	�$su'!$/ 	s ,u n�$n"	�as �	
m /ho�	 !or	m asur$n"	���	m /h4'a/$on	�$!! r n� s	 $n	sp �$ s	2$/hou/	a	r ! r n� 	
" nom .	 Th$s	 �hap/ r	 a��r ss s	 /h 	 �ha'' n" s	 /ha/	 2 r 	 !oun�	 an�	 ov r2on	 !or	
p r!orm$n"	 su�h	 r s ar�h	 �4	 a�ap/$n"	  3$s/$n"	 m /ho�s	 an�	 � v 'op$n"	 n 2	
�$o$n!orma/$�s	 a'"or$/hms.	 
n	 /h$s	 pu�'$�a/$on@	 
	 � s�r$� 	  p$G��@	 a	 r �u� �	
r pr s n/a/$on	 �$su'!$/ 	 s ,u n�$n"	 m /ho�	 !or	 �os/D !! �/$v 	  3p'ora/$on	 an�	
�ompara/$v 	 ana'4s$s	 o!	 ���	 m /h4'a/$on	 an�	 " n /$�	 var$a/$on	 $n	 hun�r �s	 o!	
samp' s	� 	novo.	Th$s	m /ho�	us s	" no/4p$n"	�4	s ,u n�$n"	o!	�$su'!$/ 	�onv r/ �	
���	!o''o2 �	�4	r '$a�' 	� 	novo	r ! r n� 	�ons/ru�/$on@	mapp$n"@	var$an/	�a''$n"@	
an�	 �$s/$n�/$on	 o!	 s$n"' Dnu�' o/$� 	 po'4morph$sms	 L��PsM	 v rsus	 m /h4'a/$on	
var$a/$on.	Th 	ou/pu/	o!	/h 	p$p '$n 	�an	� 	'oa� �	�$r �/'4	$n/o	a	" nom 	�ro2s r	
!or	 v$sua'$5a/$on	an�	 $n/o	 sp �$a'$5 �	m /h4'a/$on	ana'4s$s	 so!/2ar 	 !or	 ana'4s$s	 o!	
�$!! r n/$a'	m /h4'a/$on.	
	
���#'�%	 >0	 �%�!&��!�%�'�"!��	 �!��%�'�!��	 "�	 8&'%�&&2�!�(���9	 �
�	  �'�,��'�"!	 �!	
�#" ��'��	��!����"!&1	

n	 /h$s	 �hap/ r	 
	 �hara�/ r$5 	 /h 	 �on/ 3/Dsp �$!$�	 ' v 's	 an�	 /rans" n ra/$ona'	
s/a�$'$/4	o!	���	m /h4'a/$on	var$a/$on	$n	var$ous	" no/4p s	o!	apom$�/$�	�an� '$ons.	

	 a'so	 � / rm$n �	 /h 	 � "r  	 /o	 2h$�h	 h r$/a�' 	 ���	 m /h4'a/$on	 var$a/$on	 $s	
$mpa�/ �	�4	s/r ss	/r a/m n/	2$/h	/h 	�h m$�a'	� m /h4'a/$on	a" n/	XDa5a�4/$�$n 	
/ha/	2$''	 a!! �/	 /h 	 ' v '	o!	���	m /h4'a/$on	an�	 /h 	p'an/	hormon 	 �asmon$�	a�$�	
/ha/	 $s	 $nvo'v �	 $n	p'an/	� ! ns 	 s$"na'$n"	 $n	 r spons 	 /o	a//a�&	�4	 �h 2$n"	 $ns �/	
h r�$vor s	an�	 $s	 /h r !or 	o!/ n	us �	as	a	m$m$�	o!	h r�$vor4.	�p$G��	a''o2s	 !or	
�os/D !! �/$v 	 an�	 �ompr h ns$v 	 s ,u n�$n"D�as �	 �hara�/ r$5a/$on	 o!	 ���	
m /h4'a/$on	ov r	Y	" n ra/$ons	o!	W	�$!! r n/	'$n s	$n	U	�$!! r n/	" no/4p s@	�ov r$n"	
TZ[	p'an/s.	
	on'4	un�ov r	2 a&	pa// rns	on	�	G	an�	�			m /h4'a/$on	$n�$�a/$n"	a	
/rans" n ra/$ona''4	 /ransm$// �	 s/r ss	 r spons 	 on	 ���	 m /h4'a/$on@	 su"" s/$n"	
/ha/	  $/h r	 /h 	 s/r ss	 r spons 	 2as	 no/	 s v r 	  nou"h	 or	 /rans" n ra/$ona'	
$nh r$/an� 	 o!	 su�h	 a	 r spons 	 $s	 '$m$/ �.	 Th 	  3p r$m n/a'	 � s$"n	 a''o2 �	 !or	 a	
�hara�/ r$5a/$on	 o!	 /h 	 s/a�$'$/4	 o!	 ���	 m /h4'a/$on	 ov r	 " n ra/$ons@	 prov$�$n"	
 v$� n� 	!or	h r$/a�$'$/4	o!	�	G	m /h4'a/$on@	2h$�h	/o	our	&no2' �" 	ha�	no/	�  n	
�hara�/ r$5 �	 pr v$ous'4.	 Th$s	 s/u�4	 a'so	 un�ov r �	 s v ra'	 $mprov m n/	
oppor/un$/$ s	 $n	 /h 	  3p r$m n/a'	 � s$"n	 o!	  p$G��@	 su�h	 as	 s2$/�h$n"	 /o	
m /h4'a/$on	$ns ns$/$v 	 n54m s@	us$n"	a	r �u� �	num� r	o!	P��	�4�' s	an�	�on/ro'	
nu�' o/$� s	/o	� / �/	P��	�up'$�a/ s.	
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���#'�%	 ?0	 �����'�"!	 "!	 ��%�,	 ��"*�%�!�	 �!	 �&�+(���,	 %�#%"�(��!�	 ��!����"!&/	 (&�!�	
�#���!�'��	)�%��'�"!	�&	�	&(�&'%�'�	�"%	�%'�������	&����'�"!	
� ' �/$on	on	a	ph no/4p$�	/ra$/	2h$�h	$s	un� rp$nn �	�4	h r$/a�' 	���	m /h4'a/$on	
var$a/$on	shou'�	r su'/	$n	a	sh$!/	/o2ar�s	/ra$/	va'u s	$n	/h 	o!!spr$n"	$n	/h 	�$r �/$on	
/ha/	/h 	/ra$/	2as	s ' �/ �	!or.		 r @	
	s ' �/	on	 ar'4	!'o2 r$n"	$n	$so" n$�	'$n a" s	o!	
s/r ss	pr D/r a/ �	an�	�on/ro'	'$n a" s	o!	apom$�/$�	�an� '$ons@	2h$�h	
	 3p �/	/o	� 	
un� r	 �o/h	 " n /$�	 an�	  p$" n /$�	 �on/ro'.	 
n	 /h$s	 s/u�4@	 
	 a$m	 /o	 ans2 r	 /h 	
!o''o2$n"	 ,u s/$ons@	 L$M	 �$�	 su!!$�$ n/	 h r$/a�' 	 var$a/$on	 ar$s 	 �ur$n"	 /h 	 /hr  	
L/r a/m n/M	" n ra/$ons	/o	suppor/	a	r spons 	on	s ' �/$on	on	!'o2 r$n"	/$m E	L$$M	
s	
/h 	 r spons 	 /o	 s ' �/$on	 s/ron" r	 !or	 p'an/s	 /ha/	 r � $v �	 a	 �asmon$�	 ��$�	 or	 XD
a5a�4/$�$n 	pr D/r a/m n/E	�n�	L$$$M	 
s	 /h r 	a	�$!! r n� 	 $n	 /h 	s ' �/$on	r spons 	
� /2  n	/h 	/hr  	" no/4p sE	�s$n"	par n/a'	s/r ss	/r a/m n/s@	 
	sho2	a	" no/4p 	
an�	/r a/m n/	sp �$!$�	s/r ss	r spons @	2h$�h	$n	som 	�as s	 nhan� �	/h 	s ' �/$on	
r spons .	 
	 a'so	 un�ov r	 �$!! r n� s	 $n	 /h 	 �as '$n 	 ' v 's	 o!	  p$" n /$�	 var$a/$on@	
2$/h	a	r � n/	apom$�/$�	'$n a" 	sho2$n"	a	s/ron" r	r spons 	/o	s ' �/$on	r "ar�' ss	
o!	 /r a/m n/.	 �'/hou"h	 som 	 s/r ssD$n�u� �	  p$" n /$�	 var$a/$on	 "av 	 r$s 	 /o	 an	
 nhan� �	 s ' �/$on	 r spons 	 /h$s	 2as	 no/	 a	 " n ra'	 ! a/ur @	 su"" s/$n"	 /ha/	 /h 	
s/r ss	 r spons s	 2 r 	 su!!$�$ n/'4	 s v r 	  nou"h	 /o	 $n�u� 	 mor 	 h r$/a�' 	
 p$" n /$�	 var$a/$on	 on	 2h$�h	 s ' �/$on	 �an	 a�/.	 Th 	 !a�/	 /ha/	 
	 �$�	 o�s rv 	 a	
s$"n$!$�an/	 sh$!/	 $n	m an	 !'o2 r$n"	 /$m 	 su"" s/s	 /ha/	 na/ura'	  p$" n /$�	 var$a/$on	
un� rp$nn$n"	 ph no/4p$�	 var$a/$on	 �an	 � 	 su�% �/ �	 /o	 s ' �/$on	 ' a�$n"	 /o	 a	
�han" �	ph no/4p @	 "$v$n"	 suppor/	 /o	 /h 	h4po/h s$s	 /ha/	 p$" n /$�	var$a/$on	�an	
p'a4	a	ro' 	$n	a�ap/a/$on	an�	 vo'u/$on.	
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A�stract	
Pr$m$n"	o!	ran�om	h 3am rs	$n	����	s4n/h s$s	$s	&no2n	/o	sho2	s ,u n� 	�$as@	�u/	
$n	 a��$/$on	 $/	 has	 �  n	 su"" s/ �	 r � n/'4	 /ha/	 m$sma/�h s	 $n	 ran�om	 h 3am r	
pr$m$n"	 �ou'�	 � 	 a	 �aus 	 o!	 m$sma/�h s	 � /2  n	 /h 	 or$"$na'	 ���	 !ra"m n/	 an�	
o�s rv �	 s ,u n� 	 r a�s.	 To	  3p'or 	 ran�om	 h 3am r	m$spr$m$n"	 as	 a	 po/ n/$a'	
sour� 	o!	/h s 	 rrors@	2 	ana'45 �	/2o	$n� p n� n/'4	" n ra/ �	���Ds ,	�a/as /s	
o!	 s4n/h /$�	 ����	 sp$& s	 !or	 2h$�h	 /h 	 r ! r n� 	 $s	 &no2n.	 �$rs/	 s/ran�	 ����	
s4n/h s$5 �	 �4	 ran�om	h 3am r	 pr$m$n"	 on	���	 sho2 �	 �ons$s/ n/	 pos$/$on	 an�	
nu�' o/$� Dsp �$!$�	 m$sma/�h	  rrors	 $n	 /h 	 !$rs/	 s v n	 nu�' o/$� s.	 Th 	 m$sma/�h	
 rrors	!oun�	$n	�o/h	�a/as /s	ar 	�ons$s/ n/	$n	�$s/r$�u/$on	an�	/h rmo�4nam$�a''4	
s/a�' 	 m$sma/�h s	 ar 	 mor 	 �ommon.	 Th$s	 s/ron"'4	 $n�$�a/ s	 /ha/	 ���D���	
m$spr$m$n"	 o!	 sp �$!$�	 ran�om	 h 3am rs	 �aus s	 /h s 	  rrors.	 �u 	 /o	 /h $r	
�ons$s/ n�4	 an�	 sp �$!$�$/4@	m$spr$m$n"	  rrors	 �an	 hav 	 pro!oun�	 $mp'$�a/$ons	 !or	
�o2ns/r am	app'$�a/$ons	$!	no/	� a'/	2$/h	prop r'4.	
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�ntroduction	
���Ds ,	 $s	 a	 2$� '4Dus �	 /oo'	 !or	 /rans�r$p/om 	 ana'4s$s	 an�	 " n 	  3pr ss$on	
 s/$ma/$on.	�os/	�ommon'4@	m���	$s	!ra"m n/ �	!o''o2 �	�4	r v rs 	/rans�r$p/$on	
$n/o	 !$rs/	 s/ran�	 ����	 pr$m �	 �4	 ran�om	 h 3am rs.	 �u�s ,u n/'4@	 s �on�	 s/ran�	
����	$s	s4n/h s$5 �	!rom	!$rs/	s/ran�	����	�4	���	po'4m ras @	a"a$n	$n$/$a/ �	�4	
ran�om	 h 3am r	 pr$m$n".	 �$as	 $n	 h 3am r	 �$s/r$�u/$on	 an�	 �G	 �on/ n/	 a!! �/s	
a�un�an� 	  s/$ma/ s	 an�	 s v ra'	 �$as	 �orr �/$on	 a'"or$/hms	 hav 	 �  n	 � v 'op �	
 .".	 L	ans n	  /	 a'.	 USTSA	�.	 �h n"	  /	 a'.	 USTTA	 ��h2ar/5	  /	 a'.	 USTTA	 
.	 �$an"	  /	 a'.	
USTTA	� n%am$n$	<	�p  �	USTUM.		
	
�par/	!rom	�$as	$n	h 3am r	pr$m$n"	s$/ s@	ran�om	h 3am r	m$spr$m$n"	has	r � n/'4	
�  n	 $mp'$�a/ �	 $n	 s ,u n� 	 r a�	 /o	 r ! r n� 	 m$sma/�h s.	 � �aus 	 m$sma/�h s	
ma$n'4	o��ur	$n	/h 	!$rs/	s v n	nu�' o/$� s	o!	!$rs/	s/ran�	����	L
.	�$an"	 /	a'.	USTTA	
P$�&r ''	 /	a'.	USTUM	an�	ar 	o�s rv �	$n	/rans�r$p/om$�	�u/	no/	" nom$�	s ,u n�$n"	
�a/as /s	 L	ans n	  /	 a'.	 USTSM@	 ���D���	m$spr$m$n"	 o!	 ran�om	 h 3am rs	 �ur$n"	
!$rs/	 s/ran�	 ����	 s4n/h s$s	 has	 �  n	 su"" s/ �	 as	 a	 '$& '4	  3p'ana/$on	 !or	 /h 	
o�s rv �	s ,u n� 	m$sma/�h s	L
.	�$an"	 /	a'.	USTTA	P$�&r ''	 /	a'.	USTUA	�' $nman	<	
�a% 2s&$	 USTUM.	 
/	 $s	 $mpor/an/	 /o	 r �o"n$5 	 su�h	 / �hn$�a'	 ar/$!a�/s	 � �aus 	 /h 4	
m$"h/	 o�v$a/ 	 �$o'o"$�a'	 $n/ rpr /a/$on	 o!	 o�s rv �	 ��P	 pa// rns	 or	 ���D �$/$n"	
L
$n	 /	a'.	USTUA	P$�&r ''	 /	a'.	USTUA	�' $nman	<	�a% 2s&$	USTUA	�.	
$	 /	a'.	USTTM.	
	
Th$s	pap r	� a's	2$/h	s ,u n� 	r a�	/o	r ! r n� 	m$sma/�h s	�ommon'4	o�s rv �	
$n	 ���Ds ,u n�$n"	 �a/a.	 	 �$sma/�h s	 ar 	 � !$n �	 as	 an4	 pos$/$on	 $n	 s ,u n�$n"	
r a�s	 /ha/	 � v$a/ 	 !rom	 /h 	 r ! r n� 	 /o	2h$�h	 /h s 	 r a�s	 a'$"n.	�$sma/�h s	 �an	
r !' �/	TM	/ru 	�$o'o"$�a'	var$a/$on@	�o/h	$n	" nom$�	���	or	�aus �	�4	���D �$/$n"@	
or	 UM	  rrors	 $n	 /h 	 '$�rar4	 pr para/$on	 pro� ss	 �aus �	 �4	 h 3am r	m$spr$m$n"	 or	
P��	 rrors@	an�	!$na''4	VM	s ,u n�$n"	 rrors	�aus �	�4	/h 	 rron ous	$� n/$!$�a/$on	
o!	�as s	$n	/h 	s ,u n�$n"	pro� ss.	� 	!o�us	on	 rrors	/ha/	mos/	'$& '4	ar$s 	$n	/h 	
'$�rar4	 pr para/$on	 phas .	 �ur$n"	 ���Ds ,	 '$�rar4	 pr para/$on@	 po'4�^	 ���	 $s	
!ra"m n/ �	 an�	 r v rs 	 /rans�r$� �	 $n/o	 !$rs/	 s/ran�	 ����	 $n$/$a/ �	 �4	 ran�om	
h 3am r	pr$m$n".	� 	r ! r	/o	m$sma/�h s	� /2  n	/h 	r ! r n� 	!ra"m n/	an�	/h 	
o�s rv �	 s ,u n� 	 /ha/	 ar 	 �aus �	�4	���D���	h 3am r	m$spr$m$n"	�ur$n"	 !$rs/	
s/ran�	 ����	 s4n/h s$s	 as	 ��Dm$sma/�h s.	 �$m$'ar'4@	 2 	 us 	 /h 	 / rm	 ��D
m$sma/�h s	 /o	 � s�r$� 	  rrors	 �aus �	 �4	 ���D���	 h 3am r	 m$spr$m$n"	 �ur$n"	
s �on�	s/ran�	����	s4n/h s$s.	
	
�rrors	 �aus �	 �4	 ran�om	 h 3am r	 m$spr$m$n"	 hav 	 /hus	 !ar	 r � $v �	 '$m$/ �	
a// n/$on.	�h$' 	r a�	/r$mm$n"	/o	 3�'u� 	 rrorDr$�h	!$rs/	s/r /�h s	o!	���Ds ,	r a�s	
$s	 �on 	 $n	 som 	 s/u�$ s	 L�a/v$ n&o	  /	 a'.	 USTVA	 �shra!$	  /	 a'.	 USTUM@	 /h r 	 $s	
�urr n/'4	'$m$/ �	$ns$"h/	$n/o	/h 	pro�' m	an�	no	" n ra'	�ons nsus	 3$s/s	on	ho2	/o	
 !!$�$ n/'4	� a'	2$/h	$/	$n	���Ds ,	�a/a.		 r 	2 	p r!orm	a	� /a$' �	ana'4s$s	o!	�o/h	
��Dm$spr$m$n"	 an�	 ��Dm$spr$m$n"	 $n	 ���Ds ,	 �a/a	 $n	 or� r	 /o	 !ur/h r	 our	
un� rs/an�$n"	 o!	 /h 	 �aus s	 an�	 poss$�' 	 �ons ,u n� s	 o!	  rrors	 asso�$a/ �	2$/h	
ran�om	h 3am r	�$n�$n".	
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Materials	and	Methods	
� 	�on�u�/ �	a	���Ds ,	 3p r$m n/	o!	��%�+��( 	"�����!���	���	m$3 �	2$/h	����	
���	 sp$& s.	 T2 n/4D/hr  	 '$�rar$ s	 2 r 	 mu'/$p' 3 �	 us$n"	 
''um$naGs	 mu'/$p' 3	
s ,u n�$n"	assa4	an�	poo' �	2$/h	a	U]	����	sp$& 	L�oo&	 /	a'.	USTUM.	�u�s ,u n/'4	
/h 4	 2 r 	 s ,u n� �	 on	 U	 	$s ,	 'an s	 4$ '�$n"	 a	 /o/a'	 o!	 U.W	m$''$on	 TSS�p	 r a�	
pa$rs	mapp$n"	 /o	 /h 	 ����	 sp$& 	 s /.	 ��ap/ r	 /r$mm$n"	 an�	 ,ua'$/4	 !$'/ r$n"	 2as	
�on 	 us$n"	 �as/,Dm�!	 vT.S.VDrTXU	 2$/h	 /h 	 !o''o2$n"	 s //$n"s	 LD3	 S	 K&	 S	 K,	 USM.		
�app$n"	2as	 �on 	2$/h	 ���	 S.Y.TDrTSW	2$/h	 � !au'/	 s //$n"s.	 �npa$r �	 r a�s	 or	
r a�s	 !rom	pa$rs	2$/h	 $n�orr �/	 $ns r/	 s$5 s	 �on/a$n$n"	a�ap/ r	 r mnan/s	 a/	 /h 	VG	
 n�	 2 r 	  3�'u� �	 !rom	 /h$s	 ana'4s$s.	 �	 �us/om	 p4/hon	 s�r$p/	 Lava$'a�' 	 a/	
h//pBJJ"oo."'JX�\�a�M	2as	us �	/o	$� n/$!4	pos$/$ona'	 rrors	$n	!or2ar�	an�	r v rs 	
mapp$n"	 r a�s	 !rom	 /h 	 �am	 !$' @	 �a/a	 ar 	 � pos$/ �	 $n	 /h 	 ���	 2$/h	 r ! r n� 	
num� r	 ���\XWXUY.	 ����	 ���Ds ,	 �a/a	 � s�r$� �	 $n	 L
.	 �$an"	  /	 a'.	 USTTMA	
G��XTZSYUM	2 r 	mapp �	an�	ana'45 �	2$/h	/h 	sam 	s //$n"s.	
	

	
�igure	2+1	
ead	position	e��ect	on	se�uence	mismatches+	
� ,u n� 	m$sma/�h	ra/ s	$n	!$rs/	L���D���M	an�	s �on�	L���D���M	s/ran�	����	o!	
r a�s	mapp$n"	/o	����	s ,u n� s.	
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�igure	 2+2	 �he	mismatch	 rate	 and	 distri�ution	 �or	 the	 �irst)	 third)	 15th	 and	
50th	positions	o�	�irst	strand	cDNA+		
�or	a''	W	nu�' o/$� s	pr s n/	$n	���	/h 	�$s/r$�u/$on	o!	m$sma/�h$n"	nu�' o/$� s	$s	
sho2n	a/	s ' �/ �	pos$/$ons.	�$sma/�h	ra/ s	ar 	h$"h s/	!or	!$rs/	s/ran�	����	r a�s	
s/ar/$n"	 2$/h	 T	 or	 �.	 �or	 pos$/$on	 /hr  	m$sma/�h s	 ar 	mos/'4	 �u 	 /o	 ���D�	 vs	
���DG	m$spr$m$n".	P r	nu�' o/$� 	m$sma/�h	�$s/r$�u/$ons	ar 	h$"h'4	var$a�' 	!or	/h 	
!$rs/	s v n	pos$/$ons@	2h r as	/h 4	ar 	�ons$s/ n/	!rom	pos$/$on	Z	on2ar�s.	
	

	
�igure	 2+3	 Mismatch	 error	 pattern	 correlation	 �et%een	 t%o	 independent	
datasets+	 �$sma/�h	  rror	 pa// rns	 o�s rv �	 $n	 ����	 sp$& 	 r a�s	 ar 	 �orr 'a/ �	
� /2  n	 $n� p n� n/	 �a/a	 s /s	 !or	 r a�	 pos$/$on	 TDY	 Lpan '	 �M	 �u/	 no/	 !or	
su�s ,u n/	pos$/$ons	Lpos$/$on	ZDUS@	pan '	�M.	�or	 a�h	pos$/$on	/h 	�$s/r$�u/$on	o!	
 rrors	 ov r	 /h 	 TU	 m$spr$m$n"	 poss$�$'$/$ s	 2as	 � / rm$n �	 LW	 nu�' o/$� s	 3	 V	
m$spr$m$n"	 op/$ons@	 summ$n"	 /o	 TSS]	 p r	 pos$/$onM	 an�	 p'o// �	 � /2  n	 /h 	
�an� '$on	���Ds ,	����D�a/as /	Ls  	�$"ur 	TM	an�	����	���Ds ,	�a/a	� s�r$� �	
$n	L
.	�$an"	 /	a'.	USTTA	G��XTZSYUM.	Th 	�orr 'a/$on	$n	 rror	�$s/r$�u/$ons	� /2  n	
/h 	 /2o	 �a/a	 s /s	 sho2s	 �ons$s/ n�4	 o!	 sp �$!$�	 m$sma/�h$n"	  rrors	 on'4	 $n	 /h 	
h 3am r	�$n�$n"	r "$on	Lpan '	�M.	
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esults	and	Discussion	
� 	 ana'45 �	 /2o	 $n� p n� n/'4	 " n ra/ �	 ���Ds ,	 �a/as /s@	 !o�us$n"	 on	 r a�s	
mapp$n"	/o	����	sp$& s	2h$�h	ar 	ar/$!$�$a'	���	!ra"m n/s	o!	&no2n	s ,u n� 	/ha/	
ar 	 a�� �	�ur$n"	 '$�rar4	pr para/$onL
.	 �$an"	 /	 a'.	 USTTM.	� v rs 	mapp$n"	 r a�s	
r pr s n/	 !$rs/	 s/ran�	 ����	 an�	 !or2ar�	mapp$n"	 r a�s	 r pr s n/	 s �on�	 s/ran�	
����.	 � �aus 	 /h 	 r ! r n� 	 s/ran�	 $s	 &no2n	 !or	 a''	 ����Gs@	 � v$a/$ons	 r pr s n/	
'$�rar4	 pr para/$on	 or	 s ,u n�$n"	  rrors@	 no/	 /ru 	 �$o'o"$�a'	 var$a/$on.	 �or	 a''	
pos$/$ons	 $n	 r v rs 	 an�	 !or2ar�	 r a�s@	 su�s/$/u/$on	  rrors	 2 r 	 �a'�u'a/ �	 �4	
pars$n"	/h 	s ,u n� 	an�	��	/a"	o!	a''	r a�s	$n	/h 	���	!$' .		 r @	/h 	m$sma/�h$n"	
an�	  3p �/ �	 nu�' o/$� 	 as	 2 ''	 as	 pos$/$on	 $s	 � no/ �.	 �ons$s/ n/	 2$/h	 pr v$ous	
r su'/s	L
.	�$an"	 /	a'.	USTTA	P$�&r ''	 /	a'.	USTUA	
$n	 /	a'.	USTUM@	2 	o�s rv �	/ha/	p r	
pos$/$on	 nu�' o/$� 	 m$sma/�h	 ra/ s	 ar 	 h$"h r	 !or	 /h 	 !$rs/	 s v n	 nu�' o/$� s	
�ompar �	 /o	 /h 	 r s/	 o!	 /h 	 s ,u n� 	 r a�s.	 �s	2 	 �an	 s para/ 	 !$rs/	 an�	 s �on�	
s/ran�	 s4n/h s$s	 2 	 sho2	 /ha/	 !$rs/	 s/ran�	 s4n/h s$s	 m$sma/�h	 ra/ 	 $s	 h$"h r@	
�ons$s/ n/	2$/h	���D���	h 3am r	m$spr$m$n"	L�$".	U.U.TM.	�!	$mpor/an� @	/h s 	ar 	
�as s	�a'' �	2$/h	h$"h	,ua'$/4@	an�	/hus	�o	no/	'$& '4	r pr s n/	s ,u n�$n"	 rror.	�	
s'$"h/	 $n�r as 	 $n	m$sma/�h	ra/ 	2as	a'so	� / �/ �	!or	 $n$/$a'	nu�' o/$� s	o!	s �on�	
s/ran�	 ����@	 su"" s/$n"	 /ha/	 ���D���	 h 3am r	 �$n�$n"	 $s	 no/	 $ns ns$/$v 	 /o	
m$spr$m$n"	  rrors.	 � ,u n� 	 /o	 r ! r n� 	m$sma/�h s	 ar 	 no/	 '$m$/ �	 /o	 /h 	 !$rs/	
nu�' o/$� 	as	�ommon'4	o�s rv �	 $n	 
''um$na	s ,u n�$n"	�a/a	L�ohm	 /	a'.	USS[M@	
�u/	 s$m$'ar	 /o	 !$rs/	 s/ran�	 ����@	 sho2	 h$"h r	 ra/ s	 $n	 /h 	 !$rs/	 s v n	 nu�' o/$� s	
�ompar �	/o	/h 	r s/	o!	/h 	r a�.	
	
�$rs/	 s/ran�	 ����	m$sma/�h s	 $n	 /h 	 !$rs/	 s v n	 �as 	 pa$rs	 �orr spon�$n"	 /o	 /h 	
h 3am r	�$n�$n"	s$/ 	an�	/h 	�as 	$mm �$a/ '4	�o2ns/r am	o!	/h$s	sho2	pos$/$onD
� p n� n/	 an�	 nu�' o/$� D� p n� n/	m$sma/�h	 pa// rns	 L�$".	 U.UM.	 Th s 	 sp �$!$�	
m$sma/�h	 pa// rns	 �$!! r	 mar& �'4	 !rom	 /h 	 m$sma/�h	 ra/ s	 an�	 �$s/r$�u/$on	
o�s rv �	�o2ns/r am	o!	�as 	s v n	�aus �	�4	s ,u n�$n"	or	P��	 rrors	L�$".	U.VM.	
���Ds ,	r a�s	� r$v �	!rom	!$rs/	s/ran�	����	/ha/	/ha/	s/ar/	2$/h	�	or	T	m$spr$m 	
$n	US]	o!	 /h 	 �as s@	 $n	2h$�h	 r�D��	 an�	 r�D��	m$spr$m$n"	 ar 	mos/	 �ommon.	 	 
n	
pos$/$ons	 UDY	 OYX]	 o!	 m$spr$m$n"	  v n/s	 �ons$s/	 o!	 r�D�G	 an�	 rGD�T@	 2h$�h	 ar 	
mos/	s/a�' 	amon"	a''	TU	poss$�' 	���D���	m$spr$m �	pa$rs	L�u"$mo/o	 /	a'.	USSSM.	
�v ra''@	 h 3am r	 m$spr$m$n"	 o��urs	 mos/	 �ommon'4	 a/	 ���	 �$n�$n"	 s$/ s	 2$/h	
ura�$'@	2h r as	�4/os$n 	$n	���	pr v n/s	mos/	h 3am rs	!rom	m$spr$m$n"	L�$".	U.UM.	
	
Thus@	2 	�on�'u� 	/ha/	m$spr$m$n"	$s	nonDran�om	an�	�an	� 	h av$'4	�$as �@	as	���	
�$n�$n"	s$/ s	2$/h	a	�	a/	pos$/$ons	/hr  	an�	!our	Lr 'a/$v 	/o	/h 	h 3am rs	XG	 n�M	
m$spr$m 	 2$/h	 h 3am rs	 hav$n"	 a	 G	 a/	 /ha/	 pos$/$on	 $n	 O[[]	 o!	 /h 	 m$spr$m$n"	
�as s.	 Th s 	 sp �$!$�	 m$sma/�h	 pa// rns	 2 r 	 o�s rv �	 �ons$s/ n/'4	 $n	 /2o	
$n� p n� n/	 �a/a	 s /s	 L�$".	 U.VM.	 Th 	 �$s/r$�u/$on@	 /4p 	 an�	 r p a/a�$'$/4	 o!	
m$sma/�h	 pa// rns	 � mons/ra/ 	 /ha/	 no/	 a''	 m$spr$m$n"	  v n/s	 hav 	 /h 	 sam 	
'$& '$hoo�	an�	���D���	h 3am r	m$spr$m$n"	$s	/h 	ma$n	sour� 	o!	 rror	$n	/h 	!$rs/	
s v n	nu�' o/$� s.	
	
�ons$s/ n/	m$sma/�h	pa// rns	o�s rv �	$n	/h 	!$rs/	s v n	nu�' o/$� s	o!	!$rs/	s/ran�	
����	2$''	a!! �/	�o2ns/r am	app'$�a/$ons	su�h	as	� 	novo	ass m�'4@	��P	�a''$n"	an�	
���D �$/$n"	ana'4s$s.	�or	$ns/an� @	�ons$s/ n/	an�	h$"h	LUS]M	m$sma/�h	ra/ s	�an	� 	
pro�' ma/$�	 !or	 &Dm r	 ass m�'4	 s/ra/ "$ s@	 as	 /h s 	  rron ous	 &Dm rs	 �anno/	 � 	
 !! �/$v '4	�om�$n �	2$/h	H/ru I	&Dm rs.	� �aus 	m$spr$m$n"	ra/ s	ar 	no/	ran�om	
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an�	!or	som 	pos$/$ons	h av$'4	�$as �	L�$".	U.UM	/h 4	�an	�on/r$�u/ 	/o	!a's 	pos$/$v 	
var$an/s	/ha/	m$"h/	no/	� 	� / �/ �	�as �	on	!$'/ r$n"	�r$/ r$a	su�h	as	r a�	�oun/	or	
,ua'$/4	 /hr sho'�s.	 
n�  �@	 m$sma/�h s	 � /2  n	 human	 ���Ds ,	 r a�s	 an�	 /h 	
human	r ! r n� 	" nom 	hav 	�  n	 $n/ rpr / �	as	 v$� n� 	 !or	2$� spr a�	���D
 �$/$n"	 L�.	 
$	  /	 a'.	 USTTM.	 � v ra'	 r por/s	 h$"h'$"h/	 /h 	 ov rr pr s n/a/$on	 o!	
m$sma/�h s	 $n	 /h 	 !$rs/	 s$3	 pos$/$ons	 o!	 !$rs/	 s/ran�	 ����L�' $nman	 <	 �a% 2s&$	
USTUA	P$�&r ''	 /	a'.	USTUA	
$n	 /	a'.	USTUM@	su"" s/$n"	h 3am r	m$spr$m$n"	on	���	
as	an	 3p'ana/$on	 !or	 /h 	o�s rv �	m$sma/�h s.	�ur	 s/u�4	�on!$rms	 /h 	" n ra'$/4	
an�	 sp �$!$�$/4	 o!	 h 3am r	 m$spr$m$n"@	 /hus	 prov$�$n"	 !ur/h r	 suppor/	 /o	 /h$s	
 3p'ana/$on.	 
n	 !a�/@	 /h r 	 ar 	  3amp' s	 o!	 !$'/ r$n"	 an�	 pr pro� ss$n"	 s/ ps	 /ha/	
�oun/ r	 /h 	  !! �/	 o!	 ran�om	 h 3am r	m$spr$m$n"	 $n�u� �	m$sma/�h s@	 ho2 v r@	
/h $r	or$"$n	 $s	no/	� s�r$� �.	�or	 3amp' @	 mp$r$�a''4	� r$v �	 !$'/ r$n"	param / rs	
!or	pu/a/$v 	soma/$�	mu/a/$ons	us �	$n	�ars�anU	 3�'u� 	/h 	!$rs/	/ n	�as s	o!	r a�s	
L�o�o'�/	 /	a'.	USTUM@	an�	XG	/r$mm$n"	has	�  n	app'$ �	/o	
''um$na	���Ds ,	r a�s	
sho2$n"	 an	 $n�r as �	�XS@	 av ra" 	 an�	ma3$mum	 �on/$"	 ' n"/h	 L�a/v$ n&o	  /	 a'.	
USTVM.	
	

� n/$!$�a/$on	o!	 /h 	h 3am rs	 /ha/	 ar 	mos/	 �ommon'4	 $nvo'v �	 $n	m$spr$m$n"	 as	
2 ''	as	/h 	/4p 	an�	pos$/$on	o!	/h 	m$sma/�h s	/h$s	" n ra/ s	�an	a$�	$n	/h 	� s$"n	
o!	 s/ra/ "$ s	 /o	 �oun/ r	 /h 	  !! �/s	 /ha/	 /h s 	  rrors	 �an	 hav 	 $n	 �o2ns/r am	
app'$�a/$ons.	 �ur	 r su'/s	 su"" s/	 /ha/	 $/	 �ou'�	 � 	 us !u'	 /o	  3p'or 	 ' ss	 a""r ss$v 	
approa�h s	/han	/r$mm$n".	�u�h	approa�h s	�ou'�	$n�'u� 	pos/Dmapp$n"	�orr �/$on	
o!	 XG	 m$sma/�h s@	 mo�$!$�a/$ons	 /o	 ran�om	 h 3am r	 � s$"n	 /o	  3�'u� 	 �ommon'4	
m$spr$m$n"	h 3am rs	an�	sp �$!$�	�$as	�orr �/$on	mo� 's	/ha/	mas&	or	r mov 	/h 	
o�s rv �	m$sma/�h s	$n	/h 	!$rs/	s v n	�as s	o!	r a�s.	
	
�onclusion	
�ur	ana'4s s	sho2	s/ron"	an�	�ons$s/ n/	�$as	$n	s ,u n� 	 rrors	$n	XG	 n�s	o!	���D
s ,	 r a�s@	 2h$�h	 LTM	 s/ron"'4	 suppor/s	 /h 	 h4po/h s$s	 /ha/	 ran�om	 h 3am r	
m$spr$m$n"	�ur$n"	!$rs/	s/ran�	����	s4n/h s$s	�aus s	/h 	 rrors@	an�	LUM	h$"h'$"h/s	
/h 	 r$s&	 o!	  rrors	 $n	 �o2ns/r am	 app'$�a/$ons	 as	2 ''	 as	 su�op/$ma'	 �a/a	 us .	� 	
�on�'u� 	 /ha/	 / �hn$�a'	 ar/$!a�/s	 $n	 s ,u n�$n"	 �a/a	 ar 	 $nsu!!$�$ n/'4	 � s�r$� �.	
�ur/h r	r s ar�h	on	ran�om	h 3am r	m$spr$m$n"	2$''	 $n!orm	op/$m$5 �	s/ra/ "$ s	
/o	m$/$"a/ 	/h $r	n "a/$v 	 !! �/	on	�o2ns/r am	ana'4s$s.	
	
Ac�no%ledgments	
� 	 /han&	 �o& 	 van	 �u"/	 an�	 �r% n	 �$ r 	 !or	 /h $r	 $ns$"h/!u'	 �omm n/s	 an�	
�$s�uss$on	on	/h 	manus�r$p/@	an�	�ar'a	�p'aa/	an�	�'$son	�ors 	!or	" n ra/$n"	/h 	
Tara3a�um	s ,u n� 	'$�rar$ s.	Th$s	$s	pu�'$�a/$on	XW\Z	o!	/h 	� /h r'an�s	
ns/$/u/ 	
o!	��o'o"4	L�
��D����M.	
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epi���*	re�erence-�ree	reduced	representation	�isul�ite	
se�uencing	
	
Thomas	P.	van	Gurp@	�$ 's	�.�.�.	�a" ma& r@	�%:rn	
�ou/ rs@	Ph$'$pp$n 	� r"  r@	�oop	�.�.	�u�or"	an�	�o n	�.�.	
� rho v n		
	
�(���&���	�!	�	&����'�,	�����%�!'	�"% 	�!	
�'(%�	��'�"�&	8<:;@9	;=.	=<<7=<>	
�"�0;:1;:=B6! �'�1=A@=		
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A�stract	
� 	� s�r$� 	 p$G��@	a	r �u� �	r pr s n/a/$on	�$su'!$/ 	s ,u n�$n"	m /ho�	!or	�os/D
 !! �/$v 	  3p'ora/$on	 an�	 �ompara/$v 	 ana'4s$s	 o!	 ���	 m /h4'a/$on	 an�	 " n /$�	
var$a/$on	$n	hun�r �s	o!	samp' s	��	!")"@	2$/hou/	/h 	n  �	!or	a	r ! r n� 	" nom .	
Th$s	m /ho�	us s	" no/4p$n"	�4	s ,u n�$n"	o!	�$su'!$/ D�onv r/ �	���	!o''o2 �	�4	
r '$a�' 	��	!")"	r ! r n� 	�ons/ru�/$on@	mapp$n"@	var$an/	�a''$n"@	an�	�$s/$n�/$on	o!	
s$n"' Dnu�' o/$� 	po'4morph$sms	 L��PsM	v rsus	m /h4'a/$on	var$a/$on	 Lso!/2ar 	 $s	
ava$'a�' 	a/	h//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M.	Th 	ou/pu/	�an	� 	'oa� �	
�$r �/'4	 $n/o	 a	 " nom 	 �ro2s r	 !or	 v$sua'$5a/$on	 an�	 $n/o	�n� a�s	 !or	 ana'4s$s	 o!	
�$!! r n/$a'	m /h4'a/$on.	
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�ntroduction	
�p$" n /$�	 �on/ro'	 �4	 ���	 m /h4'a/$on	 a/	 �4/os$n s	 LXm�M	 $s	 o!	 paramoun/	
$mpor/an� 	 !or	 � ''	 r "u'a/$on@	 �$!! r n/$a/$on	 an�	 /ransposa�' 	  ' m n/	 �on/ro'	
L�u5u&$	<	�$r�	USS[M.	�na'4s$s	o!	���	m /h4'a/$on	$s	 na�' �	�4	�$su'!$/ 	/r a/m n/@	
2h$�h	�onv r/s	unm /h4'a/ �	L�u/	no/	m /h4'a/ �M	�4/os$n s	/o	ura�$'.	�u�s ,u n/	
s ,u n�$n"	 o!	 �$su'!$/ D�onv r/ �	 ���	 a''o2s	 !or	 ,uan/$/a/$v 	  s/$ma/$on	 o!	 ���	
m /h4'a/$on.	�ar$ous	m /ho�s	 na�' 	�$su'!$/ 	s ,u n�$n"	o!	 sp �$!$�	 su�s /s	o!@	or	
a''	" nom$�	���	L� �&	USTSM.	� �u� �	r pr s n/a/$on	�$su'!$/ 	s ,u n�$n"	L����M	
!o�us s	on	a	� !$n �	su�s /	o!	" nom$�	���	�om�$n$n"	r s/r$�/$on	 n54m 	�$" s/$on	
2$/h	s$5 	s ' �/$on.	
/	2as	� s$"n �	/o	/ar" /	�pG	$s'an�s	LGu	 /	a'.	USTTM@	2h$�h	ar 	
a	 �ommon	 ! a/ur 	 $n	mamma'$an@	 �u/	 no/	 p'an/	 " nom s@	ma&$n"	 $/	 nonD$� a'	 !or	
nonDv r/ �ra/ 	s4s/ ms.	�urr n/'4	pu�'$sh �	����	m /ho�s	'$m$/	/h 	r s ar�h r	$n	
/ rms	 o!	  n54m 	 �ho$� 	 L�.	 �an"	  /	 a'.	 USTVMan�	 mu'/$p' 3$n"	 ' v '	 L�o4' 	  /	 a'.	
USTUM	2h$' 	r ,u$r$n"	a	r ! r n� 	" nom 	!or	 !!$�$ n/	mapp$n"	an�	var$an/	�a''$n"	
LGu	 /	a'.	USTTM.		 r 	2 	pr s n/	 p$G��@	a	m /ho�	/ha/	a''o2s	!or	s/ra$"h/!or2ar�@	
�os/D !! �/$v 	an�	r ! r n� D!r  	����	o!	h$"h'4	mu'/$p' 3 �	'$�rar$ s	$n	an	a��ura/ 	
an�	 v rsa/$' 	 2a4.	 Th 	 m /ho�	 �a''s	 �o/h	 ���	 m /h4'a/$on	 po'4morph$sms	 an�	
��Ps	!rom	/h 	sam 	�$su'!$/ D�onv r/ �	samp' s	2h$' 	r �ons/ru�/$n"	/h 	�ons nsus	
s ,u n� 	o!	/h 	/ar" / �	" nom$�	'o�$.	

	
�igure	 3+1	 Method	 design	 and	 results.	 LaM	 G nom$�	 ���	 $s	 �$" s/ �	 2$/h	 /h 	
s ' �/ �	 r s/r$�/$on	  n54m 	 !or	 samp' 	 TD�.	 �!/ r	 '$"a/$on	 o!	 �ar�o� �	 a�ap/ors	 �	
an�	 �	 LTM@	 !ra"m n/s	 ar 	 poo' �@	 P��	 pur$!$ �	 an�	 su�% �/ �	 /o	 S.[_	 �P�
	 s$5 	
s ' �/$on.	 �$�&	 /rans'a/$on	 LUM	 $s	 us �	 /o	 r pa$r	 /h 	 n$�&s	 � /2  n	 /h 	 a�ap/or	
an��/h 	 r s/r$�/$on	 !ra"m n/	 L�upp' m n/ar4	 �$".	 V.\M.	 �ra"m n/s	 ar 	 �$su'!$/ 	
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�onv r/ �	 LVM	 an�	 P��	 amp'$!$ �	 /o	 4$ '�	 a	 s ,u n�$n"	 '$�rar4.	 L�M	 �nm /h4'a/ �	
�4/os$n s	 ar 	 �$su'!$/ 	 �onv r/ �	 /o	 ura�$'@	 2h r as	 m /h4'a/ �	 �4/os$n s	 r ma$n	
$n/a�/.	�s	on'4	unm /h4'a/ �	Ps/
	r s/r$�/$on	s$/ s	r su'/	$n	�$" s/$on@	/h 	�4/os$n s	$n	
 n54m Dr �o"n$/$on	 s$/ s	 L"r  nM	 ar 	 �onv r/ �.	 Th 	 �4/os$n �$n	 /h 	 a�ap/or	 $s	
m /h4'a/ �	 Lr �M	 an�	 /hus	 r ma$ns	 un�han" �.	 �$"h/  n	 �4�' s	 o!	 P��	 4$ '�	 a	
s ,u n�$n"	 '$�rar4.	 � ,u n� �	 !ra"m n/s	 �on/a$n	 a	 �onv r/ �	 an�	an	un�onv r/ �	
r �o"n$/$on	 s$/ .	 Th 	 or$ n/a/$on	 o!	 /h s 	 s$/ s	 $s	 r v rs �	 !or	 �a/son	 an�	 �r$�&	
r a�sA	 !ra"m n/s	 2$/h	 un�onv r/ �	 r �o"n$/$on	 s$/ s	 on	 �ar�o� �	 a�ap/or	 �	 ar 	
ar�$/rar$'4	� !$n ��as	�a/son.	��@	�$su'!$/ 	s ,u n�$n"A���@	!or2ar�A	�@	r v rs .		
	

esults	and	Discussion	
�ommon	pro/o�o's	!or	����	�a''	!or	�sp
	�$" s/$on	o!	" nom$�	���	!o''o2 �	�4	 n�	
r pa$r@	 �D/a$'$n"@	 a�ap/or	 '$"a/$on	 an�	 s v ra'	 pur$!$�a/$on	 an�	 " 'D 3/ra�/$on	 s/ ps	
LGu	  /	 a'.	 USTTM.	 �p$G��	  3/ n�s	 " no/4p$n"	 �4	 s ,u n�$n"	 LG��M	 L�'sh$r 	  /	 a'.	
USTTM	 2$/h	 �$su'!$/ 	 /r a/m n/@	 2h$�h	 a''o2s	 !or	 a	 mu�h	 s$mp' r	 pro/o�o'	 an�	
su�s/an/$a'	 r �u�/$ons	 $n	 p rDsamp' 	 �os/s.	 
$& 	 G��@	 our	 pro/o�o'	 $nvo'v s	
 n54ma/$�	 �$" s/$on	 o!	 $n�$v$�ua'	 samp' s	 !o''o2 �	 �4	 �ar�o� �	 a�ap/or	 '$"a/$on	
an�	poo'$n"	o!	samp' s.	�u�s ,u n/'4@	�P�
	Lso'$�Dphas 	r v rs$�' 	$mmo�$'$5a/$onMD
�as �	s$5 	s ' �/$on@	n$�&	/rans'a/$on	L�$"�4	 /	a'.	T\ZZM@	�$su'!$/ 	/r a/m n/	an�	P��	
amp'$!$�a/$on	 ar 	 app'$ �	 L�$".	 V.TaM.	 � 	 us 	 nonphosphor4'a/ �	 a�ap/ors	 /o	
m$n$m$5 	a�ap/or	�$m r$5a/$on.	�$�&s	�aus �	�4	/h 	a�s n� 	o!	XG	phospha/ 	"roups	
$n	a�ap/ors	ar 	r pa$r �	us$n"	n$�&	/rans'a/$on@	2h$�h	s ,u n/$a''4	r p'a� s	a�ap/or	
nu�' o/$� s	 !rom	 XGDVG	 us$n"	 ���	 po'4m ras 	 
	 L�$".	 V.TaM.	 �4	 �om�$n$n"	 !or2ar�	
an�	 r v rs 	 $nD'$n 	 �ar�o� �	 a�ap/ors	 �ompa/$�' 	 2$/h	 
''um$na	 s ,u n�$n"	
pr$m rs@	on 	�an	a��omp'$sh	a	\YDp' 3	� s$"n	2$/h	on'4	TU	 !or2ar�	an�	[	r v rs 	
a�ap/ors	�on/a$n$n"	XDm /h4'�4/os$n s	L�upp' m n/ar4	�$".	V.TM.	�or2ar�	a�ap/ors	
�on/a$n	 WKYD�as 	 �ar�o� s	 op/$m$5 �	 !or	  ,ua'	 r pr s n/a/$on	 o!	 p rD�4�' 	
nu�' o/$� s	 �ur$n"	 s ,u n�$n"@	 /hus	 m$n$m$5$n"	 phas$n"	  rrors	 2h$' 	 ma3$m$5$n"	
s$"na'	$n/ ns$/4	$n	
''um$na	s ,u n�$n"	L�'sh$r 	 /	a'.	USTTM@	a''o2$n"	!or	h$"hD,ua'$/4	
 p$G��	'$�rar$ s.	
	
� 	�r a/ �	Ps/
D p$G��	 '$�rar$ s	 !or	 s v ra'	 sp �$ s	 /ha/	2 r 	poo' �	 $n	a	\YDp' 3	
s ,u n�$n"	 '$�rar4	 L�upp' m n/ar4	 �$".	 V.T M.	 �v ra" 	 p rDsp �$ s	 $ns r/s	 ran" �	
!rom	TVW	 /o	 T\V	 �as s	 L�upp' m n/ar4	 �$".	 V.T M.	 
n�'u� �	2 r 	 !our	�%����"#&�&	
'�����!�	L�%����"#&�&M	samp' s	� r$v �	!rom	'$n a" s	2$/h	&no2n	���	m /h4'a/$on	
!rom	 a	 pr v$ous	 2ho' D" nom 	 �$su'!$/ 	 s ,u n�$n"	 L�G��M	 s/u�4	 L� �& r	  /	 a'.	
USTTM.	� 	 �arr$ �	 ou/	 pa$r �D n�	 s ,u n�$n"	 o!	 /h s 	 'on"	 !ra"m n/s	 /o	 !a�$'$/a/ 	
 !!$�$ n/	��	!")"	�'us/ r$n"@	r ! r n� 	r �ons/ru�/$on	an�	�
��TD na�' �	!un�/$ona'	
�'ass$!$�a/$on.	
	
�s$n"	 /h 	 �$su'!$/ D�onv r/ �	 '$�rar$ s	 on'4@	 2 	 �u$'/	 a	 r ! r n� D!r  	 ��	 !")"	
�$o$n!orma/$�s	 p$p '$n 	 �4	 � s$"n$n"	 �us/om	 a'"or$/hms	
Lh//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M	a$m �	a/	�'us/ r$n"	�a/son	an�	�r$�&	
r a�s	� r$v �	!rom	/h 	sam 	" nom$�	'o�a/$on	Lsam 	or$"$nM	L�$".	V.T�M.	�s	�$su'!$/ 	
�onv rs$on	 /ar" /s	 on'4	 �4/os$n s@	 unmo�$!$ �	 "uan$n s	 !rom	 /h 	 oppos$/ 	 s/ran�	
prov$� 	 /h 	 �orr �/	 r ! r n� 	 �as 	 a!/ r	 a'$"nm n/	 L�$".	 V.T�M.	 �4	 a'$"n$n"	 sam D
or$"$n	�a/son	an�	�r$�&	r a�s@	on 	�an	r �ons/ru�/	/h 	r ! r n� 	s ,u n� 	��	!")"	
!rom	 �$su'!$/ D�onv r/ �	 r a�s	 L�upp' m n/ar4	 �$".	 V.UM.	 ��	 !")"	 r ! r n� 	
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r �ons/ru�/$on	!or	$ns r/s	'ar" r	/han	UWS	nu�' o/$� s	Ln/M	$s	'$m$/ �	/o	/h 	OTUS	n/	
a/	/h 	s/ar/	an�	 n�	o!	/h 	'o�us	L�upp' m n/ar4	�$".	V.VM.	
To	 va'$�a/ 	 our	 �'us/ r$n"	 approa�h@	 2 	 mapp �	 ��	 !")"Ko�/a$n �	 r ! r n� 	
s ,u n� s	!or	!our	�%����"#&�&	 p$G��	samp' s	/o	/h 	�%����"#&�&	r ! r n� 	" nom 	
LT�
�TSM.	�n	/h 	�as$s	o!	an	�!	&����"	�$" s/	o!	T�
�TS	2$/h	Ps/
@	2 	 3p �/ �	U@S\W	
!ra"m n/s	o!	TTKVSS	n/@	!rom	2h$�h	T@[YU	'o�$	L[\]M	�ou'�	� 	mapp �	�4	��	!")"K
o�/a$n �	�'us/ rs.	To	ass ss	/h 	/ �hn$�a'	p r!orman� 	o!	our	��	!")"	approa�h@	2 	
!o�us �	on	 a	 sma'' r	 su�s /	 o!	 T@Y\T	" nom$�	 'o�$	 �ov r �	�4	 a/	 ' as/	 / n	�a/son	
an�	/ n	�r$�&	r a�s.	�n	 !!$�$ n/	��	!")"	approa�h	2ou'�	pro�u� 	/h 	T@Y\T	�'us/ rs	
�orr spon�$n"	 /o	 /h 	 su�s /	 o!	 " nom$�	 'o�$	 2$/h	 su!!$�$ n/	 mapp �	 �a/son	 an�	
�r$�&	r a�s.	�'us/ rs	2 r 	mapp �	/o	T@YUY	ou/	o!	T@Y\T	'o�$	L\Y]M.	�!	/h s 	T@YUY	
'o�$@	X	2 r 	m$ss �@	T@XZT	L\Z]M	2 r 	�ov r �	on� 	an�	on'4	XS	LV]M	2 r 	�ov r �	
/2$� 	�4	/h 	��	!")"	" n ra/ �	�'us/ rs	2$/h	a	S.T]	ra/ 	o!	m$sma/�h	/o	/h 	" nom$�	
r ! r n� 	s ,u n� @	�on!$rm$n"	/h 	s ns$/$v$/4	an�	a��ura�4	o!	/h 	��	!")"	approa�h.	
Th 	 ��	 !")"	 �'us/ r$n"	 4$ '� �	 T@T\W	 a��$/$ona'	 �'us/ rs	 'ar" r	 /han	 VSS	 n/	 /ha/	
mapp �	 �a�&	 /o	 /h 	 T�
�TS	 r ! r n� @	 as	2 ''	 as	 TY@W\[	 �'us/ rs	 /ha/	mapp �	 /o	
m$�ro�$a'	" nom s	or	2 r 	un&no2n@	2h$�h	/4p$�a''4	sho2 �	'o2	�ov ra" .	
n	/o/a'@	
\Y]	o!	a''	mappa�' 	r a�s	mapp �	/o	V@SXY	��	!")"Ko�/a$n �	�%����"#&�&	�'us/ rs.	
	

	
�igure	 3+2	 -	 �nsert	 si(e	 and	 co$erage	 in��ra�idopsis	 thaliana	 and	 conte&t-
speci�ic	methylation	distri�ution	�or	se$en	species+	.a/	
ns r/	s$5 �an�	�ov ra" 	
!or	�%����"#&�&.	Th 	�'u �sha�$n"	$n�$�a/ s	/h 	av ra" 	p r� n/a" 	o!�s$/ s	�ov r �	
p r	 s$5 	 �$n	 o!	 TS	 n/	 !or	 a''	 !our	 �%����"#&�&	 samp' s	 s ,u n� �@	 2$/h	
�ov ra" �� !$n �	as	pr s n/	p r	$n�$v$�ua'	p r	s$/ 	$!	a/�' as/	/ n	�a/son	an�	�r$�&	
r a�s	 ar 	 pr s n/.	 �ppro3$ma/ '4	 \S]	 o!	 " nom$�	 'o�$	 2$/h�$ns r/	 s$5 s	 � /2  n	
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TZS	an�	UUS	2 r 	!u''4��ov r �.	Th 	av ra" 	�ov ra" 	2as	ma3$ma'�!or	!ra"m n/s	
o!	USS	n/.	
	

	
	.�/	Th 	p r� n/a" 	o!�s4mm /r$�a''4	m /h4'a/ �	�4/os$n s	!or	s v n�sp �$ s	$n	�G	
an�	�	G	 �on/ 3/s	 !or	 " n Dr 'a/ ��an�	nonK" n Dr 'a/ �	 �'us/ rs.	 P r	 sp �$ s@	2 	
�hos 	!our	r pr s n/a/$v 	un/r a/ �	$n�$v$�ua'	sp �$m ns	2$/h	/h 	h$"h s/	s ,u n� 	
�ov ra" @	  3� p/	 !or	�� (�(&	 �(''�'(&@	��(�(&	 ��%"'�	an�	����"#��	_	�"�� ���@	 !or	
2h$�h	 2 	 us �	 on'4	 /2o	 sp �$m ns	 L�a/ r$a's	 an�	 � /ho�sM.	 � su'/s	 !or	 	" "	
&�#��!&@	����( 	#"%%( 	an�	pha" 	N	ar 	no/	sho2n	� �aus 	o!	 $nsu!!$�$ n/	�ov ra" 	
L�a/ r$a's	an�	� /ho�sM.		
	
� 	 us 	 ���D��T		 !or	mapp$n"@	 as	 $/	 prov$� s	 a��ura/ 	 an�	 r '$a�' 	 r su'/s	 an�	
a''o2s	!or	/h 	/rans! r	o!	samp' D$� n/$!$�a/$on	$n!orma/$on	�$r �/'4	!rom	���T�	/o	
���	!$' s	LP � rs n	 /	a'.	USTWM.	�!/ r	mapp$n"@	/h 	r su'/$n"	���	!$' s	ar 	sp'$/	$n/o	
�a/son	 an�	 �r$�&	 s/ran�Dmapp$n"	 r a�s@	 a!/ r	 2h$�h	 var$an/	 �a''$n"	 $s	 �on 	2$/h	
�r  �a4 s	LGarr$son	<	�ar/h	USTUM.	�om�$n$n"	var$an/	�a''s	!rom	�o/h	�a/son	an�	
�r$�&	 s/ran�	 a''o2s	on 	 /o	 �$s/$n"u$sh	 " n /$�	 !rom	 p$" n /$�	 var$a/$on	 L
$u	  /	 a'.	
USTUM.	 Th$s	 $s	 poss$�' 	 � �aus 	m /h4'a/$on	 po'4morph$sms	 sho2	 as	 �JT	 Lon	 /h 	
�a/son	 s/ran�M	 or	 �JG	 Lon	 /h 	 �r$�&	 s/ran�M	 �u/	 ar 	 nonvar$a�' 	 $n	 /h 	 oppos$/ 	
s/ran�@	 2h r as	 " n /$�	 po'4morph$sms	 ar 	 var$a�' 	 on	 �o/h	 s/ran�s.	 G n /$�	
var$a/$ons	su�h	as	mu/a/$ons	$n	/h 	 n54m Dr �o"n$/$on	s$/ 	�an	' a�	/o	m$ss$n"	�a/a	
!or	mu/an/	samp' s.	
$& 2$s @	mu/an/	r a�s	2$/h	s/ru�/ura'	var$a/$on	�an	"$v 	r$s 	/o	
a��$/$ona'	 �'us/ rs	 /o	2h$�h	 on'4	mu/an/	 r a�s	2$''	map@	 a"a$n	 ' a�$n"	 /o	m$ss$n"	
�a/a.	�or	a	��	!")"	ana'4s$s@	samp' s	shou'�	/hus	� 	" n /$�a''4	s$m$'ar	$n	or� r	!or	
 p$G��	 /o	 !$n�	 su!!$�$ n/	 �'us/ rs	 2$/h	 �ov ra" 	 !or	 a''	 samp' s.	 � 	  s/$ma/ �	
non�onv rs$on	ra/ s	on	/h 	�as$s	o!	nonm /h4'a/ �	���	o!	pha" 	N	L�a/ r$a's	an�	
� /ho�sM.	 � su'/$n"	 m /h4'a/$on	 po'4morph$sms	 2 r 	 �onv r/ �	 $n/o	 samp' D
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sp �$!$�	 m /h4'a/$on	 ���	 !$' s	 a''o2$n"	 !or	 su�s ,u n/	 ana'4s$s	 2$/h	 �n� a�s	
L�ss nov	 /	a'.	USTWM	or	s$m$'ar	pa�&a" s.	
	
�ompar$sons	� /2  n	 3$s/$n"	����	s/u�$ s	an�	�G��	L
$s/ r	 /	a'.	USS[A	�o&us	 /	
a'.	 USS[M@	 /h 	 �urr n/	 "o'�	 s/an�ar�@	hav 	 sho2n	 /ha/	�sp
	����	prov$� s	 r su'/s	
/ha/	 � n�hmar&	 v r4	 2 ''	 a"a$ns/	 �G��	 �a/a@	 � mons/ra/$n"	 /h 	 a��ura�4	 an�	
s ns$/$v$/4	o!	����	L� �&	USTSA		arr$s	 /	a'.	USTSM.	To	va'$�a/ 	 p$G��@	2 	�ompar �	
 p$G��	m /h4'a/$on	�a''s	 !or	 !our	�%����"#&�&	 samp' s	 /o	�G��D�as �	m /h4'a/$on	
$n!orma/$on	 on	 pr v$ousD" n ra/$on	 p'an/s	 !rom	 an	  ar'$ r	 s/u�4	 L� �& r	  /	 a'.	
USTTM.	� 	�ompar �	m /h4'a/$on	o!	�4/os$n s	2$/h	a/	' as/	/ n	$n!orma/$v 	r a�s	$n	
�G��	 �a/a	 2$/h	 pos$/$ons	 �ov r �	 �4	 a/	 ' as/	 / n	 !or2ar�	 an�	 / n	 r v rs 	
$n!orma/$v 	  p$G��	 r a�s	 L�upp' m n/ar4	 �$".	 V.WM.	 � 	 o�/a$n �	 a	 P arson	�U	 o!	
S.\X	 !or	m /h4'a/$on	 ' v 's	 a/	 TU@V[\	 �4/os$n s	 $n	 /h 	 �G	 �on/ 3/	 L�upp' m n/ar4	
�$".	 V.W�M.	 Th$s	 $s	 a'mos/	 $� n/$�a'	 /o	 /h 	 �U	 o!	 S.\Y	 o�/a$n �	 !or	 �ompar$sons	 o!	
$n/ r" n ra/$ona'	�G��	L� �& r	 /	a'.	USTTM	va'u s	!or	�G	m /h4'a/$on	a/	/h 	sam 	
" nom$�	 'o�a/$ons	 L�upp' m n/ar4	 �$".	 V.WaM.	 �orr 'a/$ons	 !or	 �4/os$n s	 $n	 nonD�G	
�on/ 3/	 2 r 	 'o2 r	 an�	 sho2 �	 a	 s'$"h/	 �$as	 /ha/	 $s	 a//r$�u/a�' 	 /o	 /h 	 �	G	
m /h4'a/$on	 s ns$/$v$/4	 o!	 Ps/
	 L�upp' m n/ar4	 �$".	 V.W�M.	 LTh$s	 s'$"h/	 �$as	 �an	 � 	
�omp' / '4	avo$� �	$!	a	m /h4'a/$onD$ns ns$/$v 	r s/r$�/$on	 n54m 	su�h	as	�spY
	$s	
us �.M.	G$v n	su!!$�$ n/	�ov ra" @	/h$s	approa�h	r su'/s	$n	$n/ r" n ra/$ona'	�4/os$n 	
m /h4'a/$on	 �orr 'a/$ons	 !or	  p$G��	 �a/a	 /ha/	 ar 	 as	 s/ron"	 as	 $n/ r" n ra/$ona'	
�G��D�G��	 �ompar$sons	 L�upp' m n/ar4	 �$".	 V.W�M.	 �'so@	 /h 	 � / �/$on	 o!	
�$!! r n/$a''4	 m /h4'a/ �	 pos$/$ons	 L��PsM	 on	 /h 	 �as$s	 o!	 Ps/
D p$G��	 �a/a	
pro�u� �	r su'/s	n ar'4	$� n/$�a'	/o	/hos 	o�/a$n �	v$a	��P	�a''$n"	us$n"	�G��	�a/a	
L�upp' m n/ar4	�$".	V.XM.	
n	 p$G��@	/h 	num� r	an�	/4p 	o!	/ar" / �	'o�$	var4	2$/h	
" nom 	 s$5 	 an�	 r s/r$�/$onDs$/ 	 �$s/r$�u/$onA	 /h 	 av ra" 	 �ov ra" 	 $s	 /4p$�a''4	
h$"h s/	!or	!ra"m n/s	o!	aroun�	USS	n/	L�$".	V.UaM.	
$& 	G��@	 p$G��	$s	!' 3$�' 	2$/h	
r sp �/	/o	/h 	us 	o!	�$!! r n/	r s/r$�/$on	 n54m s@	an�	/h$s	�an	� 	 3p'o$/ �	/o	�$as	
s ,u n�$n"	 /o2ar�	 Lor	 a2a4	 !romM	 sp �$!$�	 " nom$�	 ! a/ur s.	 �s$n"	 Ps/
	 $n	
�ra�$�ops$s@	2 	/ar" / �	U@UYS	'o�$	2$/h	�ov ra" 	o!	bTSS@	r pr s n/$n"	OS.VZ]	o!	
" nom$�	���.	�s	Ps/
	$s	s ns$/$v 	/o	�	G	m /h4'a/$on@	r p /$/$v 	���	$n	�ra�$�ops$s	
$s	 'ar" '4	avo$� �	L�upp' m n/ar4	�$".	V.YM@	a''o2$n"	/h 	s ,u n�$n"	 !!or/	/o	!o�us	
on	�o�$n"	r "$ons	2h r 	mos/	�$!! r n/$a''4	m /h4'a/ �	r "$ons	 $n	�ra�$�ops$s	ar 	
'o�a/ �	L� �& r	 /	a'.	USTTM.	
nv s/$"a/$n"	a	�$as �	su�s /	o!	/h 	" nom 	a'so	m ans	
/ha/	 Ps/
D�as �	  p$G��	 m /h4'a/$on	 �hara�/ r$5a/$on	 $s	 no/	 n � ssar$'4	
r pr s n/a/$v 	 o!	 " nom D2$� 	 m /h4'a/$on	 pa// rns@	 �u/	 su�h	 �$as s	 �an	 � 	
ov r�om 	 as$'4	2$/h	/h 	us 	o!	a	�$!! r n/	Lm /h4'a/$onD$ns ns$/$v M	 n54m @	as	2 	
� mons/ra/ �	us$n"	�spY
	L�upp' m n/ar4	�$".	V.W�M.	
	
�ur	�$o$n!orma/$�s	p$p '$n 	pro�u� s	m /h4'a/$on	an�	��P	var$an/	�a''	!$' s	as	2 ''	
as	 m /h4'a/$onD' v '	 /a�u'ar	 !$' s	 su$/a�' 	 !or	 v$sua'$5a/$on	 $n	 a	 " nom 	 �ro2s r	
su�h	 as	 
G�	 L�upp' m n/ar4	 �$".	 V.ZM	 or	 /h 	 r � n/'4	 pu�'$sh �	 �n� a�s	 p$p '$n 	
L�ss nov	  /	 a'.	 USTWM@	 prov$�$n"	 s am' ss	 $n/ "ra/$on	 an�	 ana'4s$s	 o!	 ��Ps	 Ls  	
�a/ r$a'	an�	� /ho�sM.	
	
�ur	ana'4s$s	�on!$rms	a	pr$or	o�s rva/$on	$n	mo� '	sp �$ sB	�4/os$n 	m /h4'a/$on	$n	
/h 	�G	�on/ 3/	$s	h$"h r	$n	" n s	/han	$n	nonD" n 	�'us/ rs	L�$".	V.U�M.	� 	� / �/ �	
��Ps	 $n	 a''	 sp �$ s.	 �/r$&$n"'4@	 2 	 � / �/ �	 mor 	 �	G	 ��Ps	 $n	 nonmo� '	 p'an/	
sp �$ s	 /han	 $n	 �ra�$�ops$s	 L�upp' m n/ar4	 �$".	 V.[M.	 �ur	 ana'4s$s	 o!	 ��#�!��	
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 ��!�@	an	 $mpor/an/	 �o/o3$�o'o"$�a'	mo� '	sp �$ s@	prov$� s	�omp ''$n"	 v$� n� 	
!or	 /h 	 o��urr n� 	 o!	 ���	 m /h4'a/$on	 $n	 /h 	 �G	 �on/ 3/	 $n	 /h$s	 a,ua/$�	 sp �$ s	
L�an� " hu�h/ 	  /	 a'.	 USS\ML�$".	 V.U�M.	 �ur	 m /ho�	 �an	 /hus	 � 	 us �	 /o	  3pan�	
&no2' �" 	 on	 /h 	 pr s n� 	 o!	 ���	 m /h4'a/$on	 $n	 popu'a/$on	 or	  vo'u/$onar4	
s/u�$ s	 o!	 nonmo� '	 sp �$ s	 'a�&$n"	 a	 r ! r n� 	 " nom .	 Thus	  p$G��	 prov$� s	 a	
s$"n$!$�an/	 $mprov m n/	 ov r	  3$s/$n"	 mar& rD�as �	 m /h4'a/$on	 s�r  n$n"	 /oo's	
su�h	 as	 ��D��
P	 L��hr 4	  /	 a'.	 USTVM@	 a''o2$n"	 !or	 mu�h	 mor 	 �ompr h ns$v 	
s/u�$ s	on	�$!! r n� s	$n	���	m /h4'a/$on	$n	nonmo� '	sp �$ s.	

Materials	and	Methods	
��&�%�#'�"!	"�	�� #��&	
���	!rom	$n�$v$�ua's	o!	s v ra'	sp �$ s	2as	�o'' �/ �	/o	sho2�as 	/h 	v rsa/$'$/4	o!	
/h 	  p$G��	 m /ho�.	 �or	 s v ra'	 sp �$ s@	 samp' s	 /r a/ �	 2$/h	 XDa5a�4/$�$n @	
" n$s/ $n	 or	 o/h r	 s/r ssors	 2 r 	 $n�'u� �.	 
n	 /h 	 p r	 sp �$ s	 ���	 m /h4'a/$on	
ana'4s$s	 as	 pr s n/ �	 $n	 �$"ur 	 U�	 an�	 �upp' m n/ar4	 �$"ur 	 [@	 on'4	 un/r a/ �	
�on/ro'	samp' s	2 r 	$n�'u� �.	� /a$'s	!or	/h 	$n�$v$�ua'	/r a/m n/s	p r	sp �$ s	ar 	
pr s n/ �	 h r 	 /o	 !a�$'$/a/ 	 !ur/h r	 ana'4s$s	 on	 /h 	 �a/a	 pr s n/ �	 h r 	 Ls  	
�upp' m n/ar4	�a/a	TM.	

�����"&�	�"�( ��%��	 samp' s	or$"$na/ �	 !rom	an	 ar'$ r	 3p r$m n/	 L� r"  r	 /	a'.	
USTUM.	 �or	 /h$s	  3p r$m n/@	 s  �s	 2 r 	 �o'' �/ �	 $n	 a	 'ar" 	 �r n�h	 �a'�ar ous	
"rass'an�	a!/ r	2h$�h	p'an/s	2 r 	"ro2n	$n	/h 	"r  nhous 	o!	�a��ou�	�n$v rs$/4	
�$%m " n.	 P'an/s	 2 r 	 �ross �	 an�	 �T	 s  �s	 2 r 	 " rm$na/ �	 on	 !$'/ r	 pap r	
sa/ura/ �	2$/h	2a/ r	or	XS	d�	XDa5a�4/$�$n 	L� r"  r	 /	a'.	USTUM.	�  �'$n"s	2 r 	
/rans! rr �	/o	 $/h r	a	so$'	m$3/ur 	r s m�'$n"	�a'�ar ous	so$'s	Lp		Z.XD[.SM	or	a	so$'	
m$3/ur 	r s m�'$n"	a�$�$�	so$'	Lp		Y.SDY.XM.	�!/ r	V	mon/hs@	4oun"	' av sJp'an/	2 r 	
samp' �	 !or	 ���	  3/ra�/$on	 us$n"	 /h 	 �a�h r 4D�a" '	 nu�' osp$n	 p'an/	 

	 &$/	 !or	
$n�$v$�ua'	 /u� s.	 WSS	n"	"���	2as	us �	 !or	 /h 	  p$G��	ana'4s$s.	 P'an/s	 /ha/	2 r 	
$n�'u� �	$n	/h 	 p$G��	ana'4s$s	a''	or$"$na/ �	!rom	/h 	sam 	ma/ rna'	'$n .	

�� (�(&	�(''�'(&	s  �s	2 r 	�o'' �/ �	$n	a	'ar" 	�u/�h	popu'a/$on	$n	/h 	v$�$n$/4	o!	
�rnh m@	/h 	� /h r'an�s.	Th 	s  �s	2 r 	" rm$na/ �	an�	"ro2n	un� r	�on/ro'' �	
�on�$/$ons	$n	/h 	"r  nhous 	o!	�a��ou�	�n$v rs$/4	�$%m " n.	�uv n$' 	p'an/s	2 r 	
�$v$� �	 ov r	 W	  3p r$m n/a'	 /r a/m n/sB	 �on/ro'@	 �rou"h/@	 2a/ rD'o"" �	 or	
su�m r" �.	�!/ r	W	2  &s@	4oun"	' av s	2 r 	samp' �	!or	���	 3/ra�/$on	us$n"	/h 	
�a�h r 4D�a" '	nu�' osp$n	p'an/	

	&$/	!or	$n�$v$�ua'	/u� s.	�$"h/	samp' s	LU	�on/ro'@	
U	�rou"h/@	 U	2a/ r'o"" �	an�	U	 su�m r" �M	2 r 	 $n�'u� �	 $n	 /h 	 p$G��	ana'4s$s	
LWSS	n"	"���	o!	 a�h	samp' M.	

����( 	#"%%( 	an�	��(�(&	��%"'�	s  �s	2 r 	prov$� �	�4	�unh ms	� /h r'an�s	��	
K	 �a4 r	 �rop��$ n� .	 �!	  a�h	 �rop@	 s  �s	 o!	 an	 $n�r �	 an�	 h4�r$�	 '$n 	 2 r 	
" rm$na/ �	an�	"ro2n	un� r	 �on/ro'' �	 �on�$/$ons	 $n	 /h 	"r  nhous 	o!	�a��ou�	
�n$v rs$/4	�$%m " n.	 �  �s	2 r 	 " rm$na/ �	 on	 !$'/ r	 pap r	 sa/ura/ �	2$/h	2a/ r	
L�on/ro'M	 or	 WS	d�	" n$s/ $n	 so'u/$on	 L" n$s/ $nM.	 �!/ r	 W	2  &s@	 4oun"	 ' a!	 /$ssu 	
2as	samp' �	!or	���	 3/ra�/$on	us$n"	/h 	�a�h r 4D�a" '	nu�' osp$n	p'an/	

	&$/	!or	
$n�$v$�ua'	/u� s.	P r	samp' @	WSS	n"	"���	2as	us �	!or	/h 	 p$G��	ana'4s$s.	

��#�!��	 ��!�	 samp' s	2 r 	prov$� �	�4	Pro!.	� 	�  s/ r@	�n$v rs$/4	o!	
 uv n@	
� '"$um.	 
n�r �	 !am$'$ s	 2 r 	 o�/a$n �	 /hrou"h	 �'ona'	 s '!$n"	 2$/h$n	 �'on s	 /ha/	
2 r 	 $so'a/ �	 !rom	 !$sh	 pon�	 
an" �o� v$%v r	 n ar	 
 uv n	 $n	 � '"$um.	 �u/�r �	
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!am$'$ s	2 r 	� r$v �	!rom	r s/$n"	 ""s@	�o'' �/ �	!rom	/h 	�orman/	 ""	�an&	$n	!$sh	
pon�	 
an" �o� v$%v r@	 /ha/	 2 r 	 ha/�h �	 $n	 /h 	 'a�ora/or4.	 �or	 mor 	 � /a$' �	
$n!orma/$on@	 s  	 L�2$'' n	  /	 a'.	 USTXM.	 �$3	 samp' s	 LV	 ou/�r �	 an�	 V	 $n�r �	
$n�$v$�ua's	!rom	/h 	s �on�	�'u/�hM	2 r 	us �	$n	/h 	 p$G��	ana'4s$s	LWSS	n"	"���	
o!	 a�h	samp' M.	

����"#��	��#"!���	an�	����"#��	+	�"�� ���	samp' s	2 r 	prov$� �	�4	Pro!.	�hr$s/$na	
�$�har�s@	 �n$v rs$/4	 o!	 �ou/h	 �'or$�a@	 Tampa	 ���.	 �h$5om s	 2 r 	 �o'' �/ �	 !rom	
!$ '�	 s$/ s	 $n	 
on"	 
s'an�@	 ��@	 ���	 2h$�h	 2 r 	 su�s ,u n/'4	 propa"a/ �	 $n	 /h 	
"r  nhous 	/o	o�/a$n	!r sh	' a!	/$ssu .	���	2as	 3/ra�/ �	!rom	/h 	/h$r�	upp rmos/	
!u''4	 3pan� �	!r sh	' a!	us$n"	�$a" n	�� as4	P'an/	�$n$	&$/.	�''	samp' s	2 r 	us �	
/o	�r a/ 	a	� 	novo	r ! r n� 	�u/	on'4	/2o	samp' s	LVST	an�	VTWM	o!	o!	�	3	�oh m$�a	
L�o/h	!rom	roa�s$� 	ha�$/a/M	2 r 	$n�'u� �	$n	/h 	 p$G��	ana'4s$s	LWSS	n"	"���	o!	
 a�h	samp' M.	

��%�+��( 	 "���!���	 '$n 	 �Y[	 an�	 �VW	 ar 	 �'ona'	 apom$�/$�	 �an� '$on	 '$n s	
L� rho v n@	 van	 �$%&@	  /	 a'.	 USS\M@	 ma$n/a$n �	 un� r	 "r  nhous 	 �on�$/$ons	 !or	
s v ra'	 " n ra/$ons@	 o!	2h$�h	 ' a!	ma/ r$a'	 o!	 s v ra'	 $n�$v$�ua's	 !rom	 an	 on"o$n"	
 3p r$m n/	2 r 	�o'' �/ �	ov r	/h 	�ours 	o!	s v ra'	4 ars.	
 a!	ma/ r$a'	2as	s/or �	
a/	D[S	c�	!or	TDU	4 ars.	���	$so'a/$on	2as	p r!orm �	!or	a''	samp' s	s$mu'/an ous'4	
as	 � s�r$� �	 !or	 /h 	 o/h r	 samp' s.	 P'an/s	 2 r 	 "ro2n	 !or	 un/$'	 !'o2 r$n"	 2as	
�omp' / �	un� r	�on/ro'' �	�on�$/$ons	$n	a	"r  nhous 	L�a4Jn$"h/	/ mp ra/ur s	o!	
UTc�JTZc�@	TY	h	pho/op r$o�M.	

�%����"#&�&	 '�����!�	 s  �s	 2 r 	 prov$� �	 �4	 �.	 � �& r	 L�a3	 P'an�&	 $ns/$/u/ 	 !or	
� v 'opm n/a'	 �$o'o"4@	 T;�$n" n@	 G rman4M	 v$a	 �.	 �ohann s	 L� par/m n/	 o!	 P'an/	
��$ n� @	 T �hn$�a'	 �n$v rs$/4	 o!	 �un$�h@	 G rman4M.	 P'an/s	 !rom	 /h 	 pr v$ous	
" n ra/$on	 o!	 /h 	 sam 	 '$n a" 	 2 r 	 su�% �/ �	 /o	 �ho' 	 G nom 	 �$su'!$/ 	
� ,u n�$n"	L�G��M	[.	�or	 a�h	'$n a" @	up	/o	X	$n�$v$�ua'	p'an/s	2 r 	"ro2n	!or	W	
2  &s	 un� r	 �on/ro'' �	 �on�$/$ons	 $n	 a	 "r  nhous 	 L�a4Jn$"h/	 / mp ra/ur s	 o!	
UTc�JTZc�@	TY	h	pho/op r$o�M.	P r	'$n @	a	s$n"' 	p'an/	2as	us �	!or	���	$so'a/$on.		

	uman	���	2as	�ou"h/	!rom	Prom "a	L	uman@	� ma' @	or� r	nr.	GTXUTM	

Pha" 	 'am��a	 ���	 2as	 �ou"h/	 !rom	 Prom "a	 Le	 ���@	 �'[XZ	 �amZ@	 or� r	 nr.	
�TXUTM.	Pha" 	'am��a	�'[XZ	�amZ	���	2as	$so'a/ �	!rom	$n! �/ �	G�TT\@	an	�.	�o'$	
s/ra$n	'a�&$n"	�o/h	/h 	�am	an�	��m	m /h4'as 	a�/$v$/$ s	LProm "aM.	

�ur/h r	 samp' 	 � /a$'s	 ar 	 ava$'a�' 	 as	 a	 �upp' m n/ar4	 �a/a	 T	 $n	 2h$�h	 !or	 a''	
sp �$ s	 p rDsamp' 	 " no/4p s@	 /r a/m n/s@	 /$ssu @	 a" 	 an�	 �ar�o� s	 us �	 ar 	
sp �$!$ �.	
	
�
�	�+'%��'�"!	
P'an/	 ma/ r$a'	 2as	 homo" n$5 �	 �4	 � a�D� a/$n"	 !ro5 n	 ' a!	 /$ssu 	 $n	 a	 U	 m
	
 pp n�or!	 /u� 	2$/h	UDV	mm	s/a$n' ss	 s/  '	� a�s.	�o	mor 	 /han	TSS	m"	o!	 !r sh	
/$ssu 	2as	us �	p r	 samp' .	 �amp' s	2$/h	� a�s	2 r 	 /a& n	 !rom	 /h 	 !r  5 r	 an�	
s/or �	$n	'$,u$�	n$/ro" n.	P r	�a/�h	o!	TU	samp' s	/h 	/u� s	2 r 	pu/	$n	a	/$ssu '45 r	
UW	 a�ap/ r	 s /	 �'o�&@	 2h$�h	 2as	 par/$a''4	 su�m r" �	 $n	 '$,u$�	 n$/ro" n	 /o	 avo$�	
/ha2$n"	 �ur$n"	 samp' 	 p'a� m n/.	 �!/ r	 VS	 s �on�s	 o!	 sha&$n"	 a/	 VS	 h5	 J	 T[SS	
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os�$''a/$ons	p r	m$nu/ 	 /h 	 /u� s	2 r 	su�m r" �	 $n	 '$,u$�	n$/ro" n	a!/ r	2h$�h	a	
s �on�	roun�	o!	VS	s �on�	sha&$n"	2as	p r!orm �.	
	
�or	 mos/	 p'an/	 sp �$ s	 m n/$on �@	 2 	 $so'a/ �	 ���	 us$n"	 /h 	 �a�h r 4D�a" '	
nu�' osp$n	p'an/	 

	&$/	 L!or	� /a$'s	 s  	�upp' m n/ar4	�a/a	TM	 !or	 $n�$v$�ua'	 /u� s.	
� 	!o''o2 �	/h 	manu!a�/ur rGs	pro/o�o'	2$/h	/h 	!o''o2$n"	mo�$!$�a/$ons.	� ''	'4s$s	
2as	 p r!orm �	 us$n"	 � ''	 '4s$s	 �u!! r	 P
T	 !or	 VS	 $ns/ a�	 o!	 TS	 m$nu/ s.	 �!/ r	
!$'/ra/$on	/hrou"h	/h 	p$n&	nu�' osp$n	!$'/ r	/h 	!'o2D/hrou"h	$s	�ar !u''4	p$p // �	/o	
a	 !r sh	 T.X	 m
	 /u� @	 avo$�$n"	 /h 	 p '' /@	 2h$�h	 $s	 o!/ n	 !orm �	 a/	 /h$s	 s/a" .	 �n	
a��$/$ona'	� n/r$!u"a/$on	s/ p	2as	us �	/o	avo$�	a	sma''	p '' /A	/h 	�' ar	sup rna/an/	
2as	 us �	 $n	 /h 	 !o''o2$n"	 s/ ps	 a��or�$n"	 /o	 /h 	 manu!a�/ur rGs	 pro/o�o'.	 �s	
r s/r$�/$on	 n54m s	ar 	v r4	s ns$/$v 	/o	pro/ $ns	an�	o/h r	�on/am$na/$on	2 	on'4	
s ' �/ �	 samp' s	 2$/h	 h$"h	 pur$/4@	 sp �$!$�a''4	 UYSJU[S	 an�	 UYSJUVS	 ra/$os	 o!	 a/	
' as/	T.[	an�	T.X	r sp �/$v '4M.	���	�on� n/ra/$on	2as	� / rm$n �	us$n"	�u�$/Q	U.S	
�'uorom /r$�	�s���		�	�ssa4	�$/	L�VU[XT	
$! 	/ �hno'o"$ sM.	
	
��&'%��'�"!	����&'�"!	
P r	 $n�$v$�ua'@	 WSS	n"	o!	 " nom$�	���	 L"���M	2as	�$" s/ �	ov rn$"h/	 LTZhrsM	 a/	
VZc�	 $n	a	vo'um 	o!	WS	d
	�on/a$n$n"	T3	���u!! r	V.T@	TUX	d"	���	L���@	�\SSS�M	
an�	U	d
	J	WS	un$/s	o!	Ps/
	L���@	�STWS�M.	�o''o2$n"	�$" s/$on@	�ar�o� �	a�ap/ rs	
2 r 	'$"a/ �	/o	/h 	!ra"m n/s.	
	
���#'�%	����'�"!	
To	m$n$m$5 	 /h 	poss$�$'$/4	o!	m$s$� n/$!4$n"	 samp' s	 as	 a	 r su'/	 o!	 s ,u n�$n"	or	
a�ap/ r	 s4n/h s$s	  rrors@	 a''	 pa$rD2$s 	 �om�$na/$ons	 o!	 �ar�o� s	 �$!! r �	 �4	 a	
m$n$mum	o!	/hr  	mu/a/$ona'	s/ ps@	�ar�o� 	' n"/hs	2 r 	mo�u'a/ �	!rom	W	/o	Y	�p	
/o	ma3$m$5 	/h 	nu�' o/$� 	�a'an� 	o!	/h 	�as s	a/	 a�h	pos$/$on	$n	/h 	ov ra''	s /	o!	
s ,u n�$n"	 r a�s	 L�upp' m n/ar4	 �$".	 V.T�M.	 �amp' s	2 r 	 poo' �	 an�	 pro� ss �	
p r	 sp �$ s	 a!/ r	 '$"a/$on.	 �or	 /h 	 '$"a/$on	 TUSS	 p"	 o!	 �o/h	 !or2ar�	 an�	 r v rs 	
�ar�o� �	 a�ap/ rs	 L�upp' m n/ar4	 Ta�' 	 T�M	2 r 	 �om�$n �	 $n	 a	 YS	 d
	 r a�/$on	
�on/a$n$n"	WS	d
	"���	�$" s/@	T3	TW	���	'$"as 	�u!! r	an�	WSSS	un$/s	TW	���	'$"as 	
L���@	 �SUSU�J
M	 an�	 '$"a/ �	 !or	 Vhrs	 a/	 UUc�	 !o''o2 �	 �4	 Wc�	 ov rn$"h/@	 no	
$na�/$va/$on	a!/ r2ar�.	
	
����!(#	�!�	&�-�	&����'�"!	

n	 or� r	 /o	 ass ss	 /h 	 ,ua'$/4	 o!	 '$�rar$ s	 /h 	 poo'$n"	2as	 p r!orm �	 p r	 sp �$ s.	
�h n	 poo' �@	 /h 	 /o/a'	 '$�rar4	 vo'um 	 2as	 r �u� �	 �4	 �$a,u$�&	 P��	 �' anup	
L�$a" n@	 U[TSWM	 /o	 YS	 d
.	 Th 	 '$�rar$ s	 2 r 	 s$5 	 s ' �/ �	 �4	 a	 S.[3	 �" n�our/	
��Pur 	 �P	 L� �&man	 �ou'/ r@	 �YV[[SM	 pur$!$�a/$on	 !avor$n"	 bUSS	 �p	 ���	
!ra"m n/s	an�	 'u/ �	$n	a	/o/a'	vo'um 	o!	UW	d
.	
	

���	'%�!&��'�"!	
�u 	 /o	 /h 	 us 	 o!	 nonDphosphor4'a/ �	 a�ap/ rs@	  p$G��	 '$�rar$ s	 �on/a$n	 n$�&s	
� /2  n	 /h 	 VG	 !ra"m n/	 ov rhan"	 an�	 /h 	 XG	 nonDphosphor4'a/ �	 a�ap/ r	
nu�' o/$� .	 To	 pr v n/	 /h 	 'oss	 o!	 ss���	 a�ap/ r	 s/ran�s	 La/	 /h 	 n$�& �	 pos$/$onM	
�ur$n"	�$su'!$/ 	/r a/m n/	/h 	n$�&	2as	r pa$r �	Ls  	�upp' m n/ar4	�$".	V.\M	�4	a	TD
hour	n$�&	/rans'a/$on	r a�/$on	a/	TXc�	$n	a	r a�/$on	o!	UX	d
	�on/a$n$n"	T[	d
	o!	/h 	
pur$!$ �	 '$�rar4@	 U.X	 u
	 o!	 TS	 m�	 XDm /h4'�4/os$n 	 ��TP	 �$3	 L�4mo	 r s ar�h@	
�TSVSM@	T3	���u!! r	U	an�	Z.X	un$/s	���	po'4m ras 	
	L���@	�SUS\�M.	
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�#'�"!��	���	���	
�/	/h$s	s/a" @	an	op/$ona'	G��	P��	2as	p r!orm �	/o	�h �&	/h 	'$�rar4	,ua'$/4.	G��	
P��	2as	p r!orm �	us$n"	/h 	 p$G��	P��	pro/o�o'	Ls  	� 'o2M.	Th 	av ra" 	s$5 	o!	
/h 	 amp'$!$ �	 G��	 '$�rar4	 2as	  3p �/ �	 /o	 � 	 �$"" r	 /han	 /h 	 amp'$!$ �	  p$G��	
'$�rar4.	Th 	,ua'$/4	o!	/h s 	P��D'$�rar$ s	2as	ass ss �	�4	ana'45$n"	T	d
	o!	/h 	P��	
pro�u�/	on	a		$"h	� ns$/$v$/4	���	�h$p	on	a	UTSS	�$oana'45 r	s4s/ m	L�"$' n/M.	
	
��&(�#��'�	'%��' �!'	�!�	#(%�����'�"!	
�or	 �$su'!$/ 	 /r a/m n/	 US	 d
	 o!	 /h 	 n$�&D/rans'a/ �	 '$�rar4	 2as	 us �.	 �$su'!$/ 	
/r a/m n/	 2as	 p r!orm �	 us$n"	 /h 	 ��	 ���	 � /h4'a/$onD
$"h/n$n"R	 �$/	 L�4mo	
� s ar�hM	2$/h	/h 	!o''o2$n"	pro"ramB	[	m$nu/ s	\[c�@	T	hour	a/	XW	c�	!o''o2 �	�4	
up	/o	USh	a/	Wc�@	a''	a��or�$n"	/o	/h 	manu!a�/ur rGs	pro/o�o'.		
	
�#����	���	

$�rar4	amp'$!$�a/$on	2as	p r!orm �	p r	sp �$ s	$n	!our	$n�$v$�ua'	TS	d
	r a�/$ons	
�on/a$n$n"	T	d
	ss���	/ mp'a/ @	X	d
	��P�		$�$		o/�/ar/	�ra�$'^	� a�4�$3	L�apa	
�$os4s/ msM@	 V	 pmo'	 o!	  a�h	 $''um$na	 P�	 P��	 Pr$m r	 L�upp' m n/ar4	 Ta�' 	 T�M.	
T mp ra/ur 	�4�'$n"	�ons$s/ �	o!	\Xc�	!or	V	m$n	!o''o2 �	�4	T[	�4�' s	o!	\[c�	!or	TS	
s@	YXc�	!or	TX	s@	ZUc�	!or	TX	s	2$/h	a	!$na'	 3/ ns$on	s/ p	a/	ZUc�	!or	X	m$n.	� p'$�a/ 	
P��	pro�u�/s	2 r 	poo' �	an�	,uan/$!$ �	us$n"	a	�u�$/Q	�s���		�	�ssa4	�$/	L
$! 	
T �hno'o"$ sM.	Th 	,ua'$/4	o!	/h 	
$�rar$ s	2as	ass ss �	�4	ana'45$n"	T	d
	on	a		$"h	
� ns$/$v$/4	 ���	 �h$p	 on	 a	 UTSS	 �$oana'45 r	 s4s/ m	 L�"$' n/M.	 
$�rar$ s	 2 r 	
�ons$� r �	su$/a�' 	!or	s ,u n�$n"	$!	/h 	ma%or$/4	o!	���	!ra"m n/s	2 r 	� /2  n	
TXSKWSS	�p	an�	no	a�ap/ r	�$m rs	2 r 	!oun�.	T4p$�a''4@	 p$G��	P��	r a�/$ons	o!	
T[	�4�' s	o!	a	nonDpoo' �	p'an/	samp' 	4$ '�	VDTU	n"Jd
	o!	P��Dpro�u�/.	
	
	�h n	 /h 	 Fp r	 sp �$ sG	 poo' �	 '$�rar$ s	 pass �	 ,ua'$/4	 �on/ro'	 /h 4	 2 r 	 !ur/h r	
poo' �	a��or�$n"	/o	�on� n/ra/$on	an�	num� r	o!	samp' s	$n	/h 	sp �$ s	poo'	so	/ha/	
 a�h	 $n�$v$�ua'	 samp' 	2as	  3p �/ �	 /o	 4$ '�	 an	  ,ua'	 num� r	 o!	 �'us/ rs	 on	 /h 	

''um$na	!'o2� ''.	�	Fnano	runG	2as	p r!orm �	on	/h 	
''um$na	�$� ,	/o	,uan/$!4	p rD
samp' 	r a�	�oun/.	�as �	on	/h 	r a�	�oun/s	o�/a$n �	!rom	/h$s	run@	/h 	$n�$v$�ua'	
n$�&D/rans'a/ �	 �$" s/$onD'$"a/$ons	 2 r 	 poo' �	 $n	 su�h	 a	 mann r	 /ha/	 an	  ,ua'	
num� r	o!	r a�s	2ou'�	� 	 3p �/ �	p r	$n�$v$�ua'.	�$na''4@	�ap$�	�un	�o� 	Pa$r �D
�n�	 s ,u n�$n"	 2as	 p r!orm �	 on	 an	 
''um$na	 	$� ,UXSS	 s ,u n� r	 us$n"	 /h 	
	$� ,	 vW	 r a" n/s	 an�	 /h 	 'a/ s/	 v rs$on	 o!	 /h 		$� ,	 �on/ro'	 �o!/2ar 	 LvU.U.V[M@	
2h$�h	 op/$m$5 s	 /h 	 s ,u n�$n"	 o!	 'o2D�$v rs$/4	 '$�rar$ s	
Lh//pBJJr s.$''um$na.�omJ�o�um n/sJpro�u�/sJ/ �hno/ sJ/ �hno/ Dh$s ,D'o2D
�$v rs$/4.p�!M.	�s	 /h 	 !$rs/	 !$v 	�4�' s	o!	a	 s ,u n�$n"	run	ar 	us �	 /o	�a'�u'a/ 	 /h 	
�o'or	 ma/r$3@	 our	 �ar�o� 	 � s$"n	 a�h$ v s	 a'mos/	 p r! �/	 �a'an� 	 o!	 /h 	 !$rs/	 X	
nu�' o/$� s	2h n	 ,ua'	num� rs	o!	s ,u n� s	ar 	o�/a$n �	p r	!or2ar�	r a�	or	H�I	
�ar�o� .	Th 	r v rs 	r a�	or	H�I	�ar�o� s	�o	no/	hav 	/h$s	r ,u$r m n/@	h n� 	on'4	
�ar�o� s	o!	!our	nu�' o/$� s	2 r 	us �	Ls  	�upp' m n/ar4	Ta�' 	TaM.	
	
��'�"�&	�&#@
	���"%�'"%,	*"%�	
Th 	�spY
	  p$G��	 '$�rar$ s	2 r 	 �ons/ru�/ �	 $n	 s$m$'ar	 !ash$on	 as	 /h 	Ps/
	  p$G��	
'$�rar$ s	 2$/h	 /h 	 !o''o2$n"	 mo�$!$�a/$onsB	 Th 	 r s/r$�/$on	 �$" s/$on	 r a�/$on	
�on/a$n �	 T3	 ��	 �u!! r	 an�	 W	 d
	 J	 WS	 un$/s	 o!	 �spY
	 LTh rmo�$sh r	 ��$ n/$!$�@	
��SUTWM.	Th 	 '$"a/$on	 r a�/$on	 �on/a$n �	UWSS	p"	o!	�o/h	�	an�	�	a�ap/ rs	 L�o/h	
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a�%us/ �	 !or	 /h 	 �spY
	 s/$�&4	  n�M.	 �h$' 	 $n	 /h 	 Ps/
	 pro/o�o'	 2 	 us �	 !u''4	
m /h4'a/ �	 a�ap/ rs	 L�o/h	 s/ran�	 
	 an�	 

	m /h4'a/ �M	 !or	 /h 	 �spY
	 pro/o�o'	 2 	
us �	 h m$Dm /h4'a/ �	 a�ap/ rs.	 Th 	 a�ap/ r	 s/ran�s	 /ha/	 2 r 	 r s4n/h s$5 �	
L$n�orpora/$n"	Xm�	��TPGsM	�4	n$�&	/rans'a/$on	2 r 	no/	m /h4'a/ �	as	a''	�4/os$n s	
ar 	 r p'a� �	 �4	m /h4'a/ �	 Xm�	 Ls  	 �upp' m n/ar4	 �$".	 V.\M.	 �$na'	 amp'$!$�a/$on	
!or	/h 	�spY
	'$�rar4	4$ '� �	W	D	[	n"	J	d
	pro�u�/	!or	an	 p$G��	P��	o!	T[	�4�' s	o!	a	
'$�rar4	on'4	�on/a$n$n"	�ra�$�ops$s	samp' 	�U\.	
	
��"�!�"% �'��&	�!��,&�&	
�''	 �us/om	 p4/hon	 s�r$p/s	 m n/$on �	 ar 	 ava$'a�' 	 on	 "$/hu�	
Lh//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M.	�a2	r a�s	ar 	� pos$/ �	a/	/h 	���
	
shor/	 r a�	 ar�h$v 	 Lh//pBJJ222.n��$.n'm.n$h."ovJsraM	 un� r	 �$opro% �/	
P����U[ZZXX.	 Pro� ss �	 �a/a	 $s	 ava$'a�' 	 a/	 " nom spa� 	
Lh//psBJJ"su$." nom spa� .or"J%su$J"su$.h/m'Epa/h�r�r'`J	om J/homasvan"urpJ
 p$G��	 �a/ur 	 � /ho�sM.	 Th 	 �$o$n!orma/$�s	 p$p '$n 	 � s$"n	 $s	 v$sua'$5 �	 $n	
�upp' m n/ar4	�$".	V.TS.	
	
�� (�'�#��+�!�	
Pa$r �D n�	 r a�s	 !or	 �o/h	 /h 	 Ps/
D�as �	 /$/ra/$on	m$s ,	 nano	 run	 as	 2 ''	 as	 /h 	
	$s ,UXSS	run	2 r 	� mu'/$p' 3 �	us$n"	 /h 	�us/om	p4/hon	s�r$p/	� mu'/$p' 3.p4	
2$/h	an	appropr$a/ 	�ar�o� 	/o	samp' 	!$' .	�p	/o	/2o	m$sma/�h s	2 r 	a''o2 �	$n	
/h 	�ar�o� 	an�	 n54m 	r �o"n$/$on	s$/ 	on	�o/h	!or2ar�	an�	r v rs 	r a�s.	�ur$n"	
� mu'/$p' 3$n"	r a�	"roup	a//r$�u/ s	sp �$!4$n"	/h 	samp' 	nam 	2 r 	a�� �	/o	/h 	
r a�	nam 	2h r as	/h 	�ar�o� 	2as	s/r$pp �	!rom	�o/h	!or2ar�	an�	r v rs 	r a�s.	
���$/$ona''4@	a	samp' 	/4p 	/a"	L�TB�B2a/son	or	�TB�B�r$�&M	2as	a�� �	�as �	on	/h 	
or$ n/a/$on	o!	/h 	 n54m 	r �o"n$/$on	s$/ s	$n	/h 	pa$r �	r a�s	Ls  	�$".	V.T�M.	
	
��	!")"	%���%�!��	�"!&'%(�'�"!	
Th 	 pa$r �	  n�	 r a�s	 2 r 	 sp'$/	 p r	 sp �$ s	 us$n"	 un$3	 "r p.	 � 	 novo	 r ! r n� 	
�ons/ru�/$on	2as	�arr$ �	ou/	on	a	p r	sp �$ s	' v '.	� a�s	2 r 	m r" �	us$n"	P���	
vS.\.X	 L�$a%$ 	 �han"	  /	 a'.	 USTWM	2$/h	 /h 	 !o''o2$n"	 s //$n"s	 Lm$n$mum	pDva'u 	 !or	
a�� p/$n"	an	ov r'ap	S.SST@	m$n$mum	ov r'ap	TS@	no	/r$mm$n"@	m$n$mum	ass m�'4	
' n"/h	 SM.	 Th$s	 r su'/s	 $n	m r" �	 an�	 nonDm r" �	 r a�s.	 �onDm r" �	 r a�s	2 r 	
�on�a/ na/ �	 2$/h	 TS	 �	 nu�' o/$� s	 � /2  n	 /h 	 !or2ar�	 an�	 r v rs 	 r a�	
L�upp' m n/ar4	�$".	V.VM.	�o/h	m r" �	an�	nonDm r" �	r a�s	2 r 	sp'$/	$n	�a/son	
an�	 �r$�&	 r a�s	 us$n"	 �us/om	 un$3	 "r p	 ,u r$ s.	 � /h4'a/$on	 po'4morph$sms	 $n	
�a/son	 an�	 �r$�&	 r a�s	2 r 	 r mov �	 us$n"	 un$3	 s �@	 r p'a�$n"	 a''	 �Gs	2$/h	 T	 $n	
�a/son	an�	a''	GGs	2$/h	�	 $n	�r$�&	 r a�s.	�ompu/a/$ona''4	� r$v �	 H� m /h4'a/ �I	
s ,u n� s	 2 r 	 � r p'$�a/ �	 us$n"	 us ar�h	 Lh//pBJJ222.�r$v X.�omJus ar�hJM	
2$/h	/h 	� r p'$�a/$on	�omman�.	�n'4	�'us/ rs	�ons$s/$n"	o!	U	or	mor 	r a�s	2 r 	
r /a$n �.	To	 na�' 	pa$r$n"	o!	sam Dor$"$n	�a/son	an�	�r$�&	r a�s	�Gs	ar 	�onv r/ �	
/o	 TGs	 $n	�a/son	 r a�s	2h$' 	 GGs	 ar 	 �onv r/ �	 /o	 �Gs	 $n	 �r$�&	 r a�sA	 r n� r$n"	 a	
�$nar4	�T	on'4	s ,u n� 	ou/pu/@	2h$�h	$s	$� n/$�a'	!or	sam 	or$"$n	�a/son	an�	�r$�&	
r a�s	 L�upp' m n/ar4	�$".	V.UM.	Th 	 r ! r n� 	 s ,u n� 	p r	pa$r	 $s	 �a'' �	 !or	�o/h	
�a/son	an�	�r$�&	r a�s	us$n"	�om�$n �	�ash	p$p �	,u r$ s	us$n"	sam/oo's	mp$' up	
an�	 ��!/oo's	 !or	 var$an/	 �a''$n"	 !o''o2 �	 �4	 v�!u/$'s.p'	 v�!U!,	
Lh//psBJJ"$/hu�.�omJ'hVJsam/oo'sJ�'o�Jmas/ rJ��!/oo'sJv�!u/$'s.p'M	 !or	 �r a/$n"	
/h 	�a/son	an�	�r$�&	�ons nsus	s ,u n� .	�a/son	an�	�r$�&	�ons nsus	s ,u n� s	
ar 	us �	/o	r �r a/ 	/h 	or$"$na'	s ,u n� 	!rom	2h$�h	/h 	�$su'!$/ 	�onv r/ �	r a�s	
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2 r 	� r$v �.	�as s	!rom	�o/h	�a/son	an�	�r$�&	�ons nsus	s ,u n� 	ar 	pro� ss �	
s$mu'/an ous'4	p r	pos$/$on	2$/h	�r a/ P�ons nsus.p4.	
n	�as 	o!	�a/sonBT	J	�r$�&B�	
a	�	$s	a�� �	/o	/h 	r ! r n� 	s ,u n� 	ou/pu/@	2h r as	$n	�as 	o!	�a/sonBG	J	�r$�&B�	
a	G	$s	a�� �.	
!	pa$r �	nu�' o/$� s	ma/�h@	/ha/	nu�' o/$� 	$s	a�� �.	
n	a''	o/h r	�as s	
2h r 	 pa$r �	 nu�' o/$� s	 �o	 no/	 ma/�h	 an	 am�$"uous	 nu�' o/$� 	 L�M	 $s	 a�� �	
L�upp' m n/ar4	�$".	V.TTM.	
	
�%�  �!�	
Par/	 o!	 /h 	 r a�	 s ,u n� 	 $n	 �o/h	 �a/son	 an�	 �r$�&	 r a�s	 or$"$na/ s	 !rom	 !u''4	
m /h4'a/ �	 a�ap/ rs	 L�upp' m n/ar4	 �$".	 V.T�M.	 To	  3�'u� 	 /h s 	 a�ap/ r	
nu�' o/$� s	/h 	!$rs/	 !our	nu�' o/$� s	�orr spon�$n"	/o	a�ap/ r	s ,u n� 	'$"a/ �	/o	
/h 	  n54m 	 r �o"n$/$on	 s$/ 	 ar 	 /r$mm �.	 To	 a�h$ v 	 /h$s@	 �a/son	 r a�s	 2 r 	
/r$mm �	on	!or2ar�	LJTM	r a�s	2h r as	�r$�&	r a�s	2 r 	/r$mm �	on	r v rs 	LJUM	
r a�s.	
n	m r" �	�a/son	r a�s	/h 	!$rs/	!our	nu�' o/$� s	2 r 	r mov �	2h r as	$n	
m r" �	�r$�&	r a�s	/h 	'as/	!our	nu�' o/$� s	2 r 	r mov �.	
	
��##�!�	
P r	sp �$ s@	m r" �	an�	unm r" �	r a�s	2 r 	mapp �	us$n"	a	mo�$!$ �	v rs$on	o!	
�2am /h.p4	Ls  	h//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M	2$/h	� !au'/	s //$n"s.	
Th 	 r su'/$n"	 �am	 !$' s	 o!	 �o/h	 m r" �	 an�	 unm r" �	 r a�s	 2 r 	 sor/ �	 an�	
m r" �.	 � a�	 "roup	 $� n/$!$ rs	 �orr spon�$n"	 /o	 /h 	 samp' 	 nam 	 $� n/$!$ rs	
pr s n/	 $n	 /h 	mapp �	 r a�s	2 r 	 a�� �	 us$n"	 /h 	 sam/oo's	 �omman�	 r h a� r.	
�o/h	�a/son	an�	�r$�&	�am	!$' s	2 r 	$n� 3 �	us$n"	sam/oo's.	
	
�'%�!�	&#������	)�%��!'	�����!�	
�ar$an/	 �a''$n"	2as	 �on 	2$/h	 �r  �a4 s	 LGarr$son	<	�ar/h	 USTUM	 p r	 sp �$ s	 on	
�o/h	 �a/son	 an�	 �r$�&	 �am	 !$' 	 s para/ '4	 us$n"	 a	 �us/om	 P4/hon	 s�r$p/	
LmapPr a�s.p4	mo�u' 	run�r  �a4 sM.	Th$s	mo�u' 	runs	�r  �a4 s	$n	para'' '	2$/h	
s //$n"s	 /ha/	 !or� s	 var$an/s	 /o	 � 	 �a'' �	 on	 a''	 pos$/$ons	 L!r  �a4 s	 D!	
�ons nsusP�'us/ r.r nam �.!a		 	D�	S	D�	T	D�	S	DG	S	DDhap'o/4p D' n"/h	T	DDr por/Da''D
hap'o/4p Da'' ' s	 DDr por/Dmonomorph$�	 DDr por/D" no/4p D'$& '$hoo�Dma3	 DD
hap'o/4p D' n"/h	 T	 D�&�u$2a,	 UTM.	 Th 	 r su'/$n"	 v�!	 !$' s	 !rom	 /h 	 para'' '	 runs	
�on 	!or	�o/h	/h 	�a/son	an�	�r$�&	�am	!$' 	2 r 	m r" �@	�ompr ss �	2$/h	�"5$p@	
an�	$n� 3 �	us$n"	sam/oo's	mo�u' 	H/a�$3I	Lh//pBJJ222.h/s'$�.or"J�o�J/a�$3.h/m'M	
r su'/$n"	$n	a	���	!$' 	!or	�o/h	/h 	�a/son	an�	�r$�&	s/ran�.	
	
��'�,��'�"!	�����!�		
�	 �us/om	 p4/hon	 s�r$p/	m /h4'a/$onP�a''$n".p4	 us s	 /h 	 H2a'&/o" /h rI	m /ho�	 o!	
/h 	P4���	pa�&a" 	Ls  	h//psBJJ"$/hu�.�omJ%am s�as�onJP4���M	/o	s$mu'/an ous'4	
$/ ra/ 	 ov r	 �o/h	�a/son	 an�	 �r$�&	 ���	 !$' s.	 �4	 �o$n"	 so@	 ��Ps	 an�	m /h4'a/$on	
po'4morph$sms	 2 r 	 �$s/$n"u$sh �	 an�	 sp'$/.	 �JT	 po'4morph$sms	 $n	 �a/son	
�om�$n �	2$/h	�	on	 /h 	�r$�&	 s/ran�	 $n�$�a/ 	a	m /h4'a/$on	po'4morph$sm	on	 /h 	
�a/son	 s/ran�	2h r as	 a	 GJ�	 po'4morph$sm	 on	 �r$�&	 �om�$n �	2$/h	 a	 G	 on	 /h 	
�a/son	 s/ran�	 $n�$�a/ s	 a	m /h4'a/$on	 po'4morph$sm	 on	 /h 	 �r$�&	 s/ran�.	�h r 	
�om�$n �	��P	an�	m /h4'a/$on	' a�	/o	a	�JT	or	GJ�	po'4morph$sm	on	�o/h	�a/son	
an�	�r$�&	s/ran�	on'4	/h 	��P	$s	�a'' �@	as	/h 	m /h4'a/$on	ra/$o	�anno/	� 	r '$a�'4	
� / rm$n �.	 P r	 s$/ 	 p r	 $n�$v$�ua'	 m /h4'a/$on	 ' v 's	 ar 	 ava$'a�' 	 $n	 var$ous	
ou/pu/	 !orma/s@	 su�h	 as	 .���@	 .
G�	 an�	 .���	 !$' s	 /o	 prov$� 	 !or	 ana'4s$s	 an�	
v$sua'$5a/$on	o!	/h 	m /h4'a/$on	var$a/$on.	
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��'�,��'�"!	&(  �%,	&'�'�&'��&	����(��'�"!	&(##�� �!'�%,	�����	=1;�	
	P r	 sp �$ s@	 s$m$'ar$/4	 s ar�h s	 !or	 r ! r n� 	 s ,u n� s	 o!	 /h 	 �'us/ rs	 2$/h	 an	
appropr$a/ 	 pro/ om 	 2 r 	 �on 	 2$/h	 us ar�h	 u�'as/	 UV.	 �	 " n 	 h$/	 !or	 a	 p'an/	
sp �$ s	 2as	 � !$n �	 as	 a	 �'us/ r	 hav$n"	 an	  Dva'u 	 a	 T DX	 a!/ r	 mapp$n"	 /o	 /h 	
r ! r n� 	 pro/ om 	 Lr !s ,M	 o!	 a''	  u�$�o/	 p'an/	 sp �$ s.	 �or	 ��#�!��	  ��!�@	 a''	
�aphn$a	r 'a/ �	pro/ $nsL���
M	2 r 	us �	as	a	r ! r n� .	P r	sp �$ s@	 a�h	�'us/ r	
2as	'a� ' �	H" n I	or	HnonD" n I	�as �	on	/h 	r su'/s	o!	us ar�h	u�'as/.	� /h4'a/$on	
$s	 summar$5 �	 !or	 �4/os$n s	 $n	 s4mm /r$�	 �G	 an�	 �	G	 �on/ 3/	 !or	 �o/h	 " n 	 an�	
nonD" n 	r 'a/ �	�'us/ rs.	
	
Th 	!o''o2$n"	�r$/ r$a	2 r 	us �	!or	pos$/$ons	/o	� 	�ons$� r �	Lm /h4'a/ �MB	

T. P r	 pos$/$on	 m$n$mum	 r a�	 �ov ra" 	 !or	 !or2ar�	 an�	 r v rs 	 $n!orma/$v 	
r a�sb	TS	

U. �or	 �4/os$n s	 on	 /h 	 /op	 s/ran�	 on'4	 r a�s	 !rom	 /h 	 �a/son	 poo'	 ar 	
$n!orma/$v @	2h r as	!or	�4/os$n s	on	/h 	�o//om	s/ran�	on'4	�r$�&	r a�s	
ar 	 $n!orma/$v .	 Pos$/$ons	 2$/h	 ��Ps	 or	 am�$"uous	 �on/ 3/s	 �u 	 /o	
n $"h�or$n"	��Ps	ar 	 3�'u� �	!rom	/h$s	ana'4s$s.	

V. �$n$mum	m /h4'a/$on	ra/$o	!or	�o/h	!or2ar�	an�	r v rs 	$n!orma/$v 	r a�s	b	
S.SX@	o/h r2$s 	/h 	pos$/$on	$s	�ons$� r �	nonDm /h4'a/ �	

W. �n'4	 s4mm /r$�	 pos$/$ons	 $n	 �G	 an�	 �	G	 �on/ 3/	 2$/h	 su!!$�$ n/	 �ov ra" 	
a��or�$n"	 /o	 �r$/ r$on	 T	 ar 	 /a& n	 $n/o	 a��oun/.	 �or	 /h s 	 s4mm /r$�	
pos$/$ons@	!or	�o/h	�a/son	an�	�r$�&	s/ran�	nu�' o/$� s	�r$/ r$on	V	n  �s	
/o	app'4@	o/h r2$s 	/h 	s4mm /r$�	pa$r	$s	�ons$� r �	nonDm /h4'a/ �.	

X. � /h4'a/$on	 $s	 summar$5 �	 !or	 s4mm /r$�	 pa$rs	 !or	 a''	 pos$/$ons	 m  /$n"	
a�ov 	 �r$/ r$a	 $n	 up	 /o	 !our	 nonD/r a/ �	 J	 �on/ro'	 samp' s	 hav$n"	 /h 	
h$"h s/	 �ov ra" 	 p r	 sp �$ s.	 �or	�� (�(&	 �(''�'(&@	 ��(�(&	 ��%"'�	 an�	
����"#��	+	�"�� ��	on'4	/2o	$n�$v$�ua's	�ou'�	� 	$n�'u� �.	

Y. � /h4'a/$on	 summar4	 s/a/$s/$�s	 �a'�u'a/$on	 2 r 	 p r!orm �	 !or	 a''	 sp �$ s	
$n�'u� �	2$/h	su!!$�$ n/	�ov ra" .	�''$um	porrum	an�		omo	sap$ ns	2 r 	
 3�'u� �	 !rom	 /h 	 ana'4s$s	 �u 	 /o	 $nsu!!$�$ n/	 s ,u n� 	 �ov ra" .	
�/a/$s/$�s	ar 	�ompu/ �	 $n	 /h 	su�mo�u' 	 Hsummar4Pm /h4'a/$onI	o!	 /h 	
sam 	 p4/hon	 s�r$p/	 us �	 !or	 ��P	 � / �/$on	 $n	 a''	 sp �$ s	
Ha''P��PP� / �/$on.p4I.	

	
��'�"�&	�&#@
	��"�!�"% �'��&	
�or	 /h 	 �spY
	 '$�rar4	2 	mapp �	 a''	m r" �	 pa$r �D n�	 r a�s	 /o	 /h 	 �ra�$�ops$s	
T�
�TS	" nom .	�s	/h 	or$"$n	L�a/son	or	�r$�&M	o!	/h 	m r" �	r a�s	�ou'�	no/	� 	
 s/a�'$sh �	 �u 	 /o	 /h 	 a�s n� 	 o!	 a	 m /h4'a/$on	 s ns$/$v 	 r s/r$�/$on	  n54m 	
r �o"n$/$ons	 s$/ 	 as	pr s n/	 !or	Ps/
@	2 	hav 	a�%us/ �	 /h 	pro� �ur 	 !or	mapp$n"	
/h 	 r a�s.	�''	m r" �	 r a�s	2 r 	 �ompu/a/$ona''4	� m /h4'a/ �	us$n"	un$3	 s �	 $n	
/2o	�$!! r n/	2a4s@	�r a/$n"	a	�	/o	T	�op4	an�	a	G	/o	�	�op4	!or	 a�h	r a�.	Th s 	/2o	
�$!! r n/	�ompu/a/$ona''4	� r$v �	�op$ s	2 r 	su�s ,u n/'4	mapp �	2$/h	�2aDm m	
/o	a	�	 /o	T	 �onv r/ �	an�	G	 /o	�	 �onv r/ �	" nom 	 La'so	 �r a/ �	us$n"	un$3	 s �M.	
�n'4	on 	o!	/h s 	!our	mapp �	�op$ s	has	a	m an$n"!u'	an�	h$"hDs�or$n"	ma/�h.	To	
!$n�	 /ha/	 h$/	 /h 	 !our	 r su'/an/	 �am	 !$' s	 2 r 	 sor/ �	 on	 nam @	 2 r 	 /h 	 h$"h s/	
s�or$n"	 ma/�h	 2as	 r /a$n �	 $!	 $/	 2as	 ma/�h$n"	 ov r	 [S]	 o!	 $/Gs	 ' n"/h.	 Th$s	
pro� �ur 	m$m$�s	2ha/	�2aDm /h	norma''4	�o s	$n/ rna''4@	�u/	�ou'�	no/	�o	"$v n	
our	�spY
D�as �	 p$G��	�a/a.	
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�	�a/son	an�	�r$�&	�am	 !$' 	2 r 	pro�u� �	�4	a��$n"	 /h 	or$"$na'	nonD�onv r/ �	
s ,u n� 	 $n	 $/s	prop r	or$ n/a/$on	 /o	 /h 	appropr$a/ 	�am	 !$' .	� /h4'a/$on	 �a''$n"	
2as	 �on 	 us$n"	 sam/oo's	 mp$' up	 /hrou"h	 a	 �us/om	 p4/hon	 s�r$p/	 Lava$'a�' 	 on	
"$/hu�	 r pos$/or4	 h//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��	 un� r	
�ra�$�ops$sP 3/raJ�ra�$�ops$sP�spY$Pana'4s$s.p4M.	 �ompar$sons	 � /2  n	 �spY
	
� /h4'a/$on	  s/$ma/ s	 o�/a$n �	 !or	 �ra�$�ops$s	 " n ra/$on	 VU	 '$n 	 U\	 an�	
�orr spon�$n"	" n ra/$on	VT	�G��	 s/$ma/ s	!rom	� �& r	 /	a'	USTT	2 r 	o�/a$n �	
$n	/h 	sam 	2a4	as	!or	/h 	Ps/
D p$G��	�a/a	� s�r$� �	a�ov .	�am	!$' s	2$/h	mapp �	
r a�s	 !or	 �spY
	 ar 	 ava$'a�' 	 on	 G nom spa� 	
Lh//psBJJ"su$." nom spa� .or"J%su$J"su$.h/m'Epa/h�r�r'`J	om J/homasvan"urpJ
 p$G��	�a/ur 	� /ho�sJ�spY$M.	
	
���	��'��'�"!	�!	���	&#����&	
��Ps	2 r 	 � / �/ �	 $n	 up	 /o	 s$3	 pa$r2$s 	 �ompar$sons	 p r	 sp �$ s	 !or	 up	 /o	 !our	
$n�$v$�ua's	 o!	 nonD/r a/ �	 samp' s	 Ls  	 �upp' m n/ar4	 �a/a	 U	 ava$'a�' 	 on'$n 	 a/	
h//pBJJ222.na/ur .�omJnm /hJ%ourna'JvTVJnWJ 3/r !Jnm /h.VZYVD�V.3's3M	
hav$n"	 /h 	 h$"h s/	 s ,u n� 	 �ov ra" 	 Ls  	 ma/ r$a's	 an�	 m /ho�sM	 $n	 s$m$'ar	
!ash$on	as	 /h 	� / �/$on	�arr$ �	ou/	 !or	�ra�$�ops$s	 L�upp' m n/ar4	�$".	V.XM	2$/h	
/h 	  3� p/$on	 � $n"	 /ha/	 !or	 /h$s	 ana'4s$s	 2 	 �$�	 no/	 r ,u$r 	 a	 m$n$mum	 ra/$o	
�$!! r n� 	 o!	 ZS]	 or	 h$"h r@	 as	 2 	 a'so	 $n�'u� �	 /h 	 �	G	 �on/ 3/	 $n	 2h$�h	
�$!! r n� s	ar 	/4p$�a''4	sma'' r.	��P	!r ,u n�4	2as	 s/a�'$sh �	!or	�4/os$n s	$n	�G	
an�	 �	G	 �on/ 3/	 $n	 /h 	 " n 	 r 'a/ �	 an�	 nonD" n 	 r 'a/ �	 Lo/h rM	 �'us/ rs	
s para/ '4	 Ls  	 ma/ r$a's	 an�	 m /ho�sM.	 � 	 '$m$/ �	 ��P	 � / �/$on	 /o	 �4/os$n s	
� $n"	  $/h r	 m /h4'a/ �	 or	 nonDm /h4'a/ �	 s4mm /r$�a''4	 Lon	 �o/h	 �a/son	 an�	
�r$�&	s/ran�	�o/h	� 'o2	or	�o/h	h$"h r	/han	X]M	$n	�G	or	�	G	�on/ 3/.	�or	pos$/$ons	
/o	 � 	 �ons$� r �	 $n	 /h 	 ��P	 ana'4s$s	 2 	 app'$ �	 /h 	 sam 	 �r$/ r$a	 as	 us �	 !or	
� / �/$on	 o!	 m /h4'a/$on	 Ls  	 �a/ r$a's	 an�	 m /ho�s	 H� /h4'a/$on	 summar4	
s/a/$s/$�s	 !$"ur 	 U�IM.	 �''	 �a'�u'a/$ons	 2 r 	 �on 	 2$/h	 /h 	 �us/om	 p4/hon	 s�r$p/	
Ha''P��PP� / �/$on.p4I	 ava$'a�' 	 $n	 /h 	 "$/hu�	 r pos$/or4	
Lh//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M.	
	

"!2�"!)�%&�"!	�!�	���&�	 �'�,��'�"!	%�'�	�&'� �'�	
� 	�ompu/ �	nonD�onv rs$on	ra/ s	�as �	on	nonDm /h4'a/ �	pha" 	'am��a	���.	�	
/o/a'	 o!	 [@WZX	 �4/os$n s	 o!	 /h 	 Pha" 	 
am��a	 " nom 	2 r 	 �ov r �	 2$/h	 TSS	 or	
mor 	r a�s.	�n	av ra" @	S.V\]	o!	�4/os$n s	p r	pos$/$on	2 r 	nonD�onv r/ �.	Th$s	
nonD�onv rs$on	ra/ 	$s	no/	 3p �/ �	/o	hav 	an	$mpa�/	on	our	m /h4'a/$on	 s/$ma/ s	
as	$n	our	ana'4s$s	2 	r ,u$r 	�ov ra" 	/o	� 	h$"h r	/han	TS	an�	m /h4'a/$on	ra/ s	/o	
� 	h$"h r	/han	X]	$n	r a�	poo's	o!	�o/h	!or2ar�	an�	r v rs 	$n!orma/$v 	r a�s	Ls  	
� s�r$p/$on	 � /h4'a/$on	 summar4	 s/a/$s/$�s	 !$"ur 	 U�M.	 �s$n"	 /h$s	 �r$/ r$on@	 no/	 a	
s$n"' 	�4/os$n 	$n	pha" 	'am��a	2as	!oun�	/o	� 	m /h4'a/ �	a/	a	ra/ 	a�ov 	X].		
	
�"��	�)��������',	
�''	 �us/om	 p4/hon	 s�r$p/s	 m n/$on �	 ar 	 ava$'a�' 	 on	 "$/hu�	
Lh//psBJJ"$/hu�.�omJ/homasvan"urpJ p$G��M.	
����&&�"!	�"��&		
�a2	 r a�s	 hav 	 �  n	 � pos$/ �	 a/	 /h 	 ���
	 shor/	 r a�	 ar�h$v 	 un� r	 a�� ss$on	
P����U[ZZXX.	
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�c�nowledgements	
� 	/han&	�.	�ohann s	L� par/m n/	o!	P'an/	��$ n� @	T �hn$�a'	�n$v rs$/4	o!	�un$�h@	
�un$�h@	G rman4M	an�	�.	� �& r	 L�a3	P'an�&	 
ns/$/u/ 	 !or	� v 'opm n/a'	�$o'o"4@	
T;�$n" n@	 G rman4M	 !or	 prov$�$n"	�%����"#&�&	 '�����!�	 samp' s@	 an�	2 	 /han&	 G.	
�a s@	 �.	 van	 	ou�/	 an�	 �.	 ��h$%' n	 !or	 s ,u n�$n"	 s v ra'	  p$G��	 '$�rar$ s	 as	 2 	
� v 'op �	 /h 	 pro/o�o'.	��#�!��	 ��!�	 samp' s	2 r 	 prov$� �	 �4	 
.	 � 	�  s/ r	
L�n$v rs$/4	o!	
 uv n@	
 uv n@	� '"$umM.	����"#��	��#"!���	an�	����"#��	_	�"�� ���	
samp' s	2 r 	prov$� �	�4	�.	�$�har�s	L�n$v rs$/4	o!	�ou/h	�'or$�a@	Tampa@	�'or$�a@	
���M.	 ����( 	 #"%%( 	 an�	 ��(�(&	 ��%"'�	 s  �s	 2 r 	 prov$� �	 �4	 �unh ms	
� /h r'an�s	��K�a4 r	�rop��$ n� .	�$na''4@	2 	/han&	�.	�o�&@	�.	�$�har�s@	�.	�'sh$r @	
�.	van	� r	Pu// n	an�	�.	�$ r 	!or	�r$/$�a'	�omm n/s	an�	h 'p!u'	su"" s/$ons	on	/h 	
manus�r$p/.	 Th$s	 s/u�4	2as	 !un� �	 �4	 /h 	� /h r'an�s	 �r"an$5a/$on	 !or	 ��$ n/$!$�	
� s ar�h	L���D�
�	"ran/s	[YW.TS.SS[	�.�.�.�.	an�	[US.ST.SUX	�.�.�.�.M.		
�uthor	�ontri�utions	
T.P.v.G.	 �on� $v �	 /h 	m /ho�@	 p r!orm �	 'a�	2or&@	 � v 'op �	 so!/2ar @	 ana'45 �	
�a/a	 an�	 2ro/ 	 /h 	 pap r.	 �.�.�.�.�.	 �o� v 'op �	 /h 	 m /ho�@	 prov$� �	 samp' 	
ma/ r$a'@	 p r!orm �	 'a�	 2or&	 an�	 �on/r$�u/ �	 /o	 2r$/$n"	 o!	 /h 	 pap r.	 �.�.	
�o� v 'op �	 so!/2ar 	 an�	 � v 'op �	 /h 	 �n� a�s	 $n/ r!a� 	 s�r$p/s.	 �.�.�.�.	
�on/r$�u/ �	 /o	 $n/ rpr /a/$on	 o!	 /h 	  3p r$m n/	 an�	m /ho�	 an�	 /o	2r$/$n"	 o!	 /h 	
pap r.	 P.�.	 prov$� �	 samp' s	 !or	 /h 	 ��a�$osa	 �as 	 s/u�4	 an�	 �on/r$�u/ �	 /o	
$n/ rpr /a/$on	 o!	 /h 	  3p r$m n/	 an�	 m /ho�.	 �.�.�.�.	 �on/r$�u/ �	 samp' s	 an�	 /o	
$n/ rpr /a/$on	o!	/h 	 3p r$m n/	an�	m /ho�.	
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�upporting	in�ormation	
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�upplementary	 �igure	 3+1	 �arcodes)	 �arcoded	 adaptors	 and	 resulting	
e&pected	nucleotide	distri�utions	and	epi���	clusters+		
.a/	 Th 	 !o''o2$n"	 !or2ar�	 an�	 r v rs 	 $n'$n 	 �ar�o� s	 2 r 	 us �	 /o	 " n ra/ 	
�ar�o� �	 !or2ar�	 an�	 r v rs 	 a�ap/ rs	 L�upp' m n/ar4	 Ta�' 	 T�M@	 .�/	 �ar�o� �	
a�ap/ r	 � s$"n	 $s	 $� n/$�a'	 /o	 /h 	 a�ap/ rs	 us �	 $n	 G no/4p$n"	 �4	 � ,u n�$n"	
L�'sh$r 	 /	a'.	USTTM	2$/h	/h 	 3� p/$on	o!	/h 	us 	o!	/h 	�	a�ap/ r	�ar�o� 	2h$�h	$s	
no/	 pr s n/	 $n	 G��.	 �ar�o� �	 a�ap/ r	 s ,u n� s	 o!	 �o/h	 �	 an�	 �	 a�ap/ rs	 2 r 	
" n ra/ �	 us$n"	h//pBJJ222.�  na�$o.�omJs rv$� sJ"�sDa�ap/ rs	2$/h	 TU	 WDY	
nu�' o/$� s	 �ar�o� s	 !or	 /h 	 �	 a�ap/ r	 an�	 a	 su�s /	 o!	 [	 WDnu�' o/$� 	 �ar�o� �	
a�ap/ rs	2 r 	us �	 !or	 /h 	�	a�ap/ r.	Th 	s ,u n� 	o!	 
''um$na	P�DP��	pr$m rs	T	
an�	 U	 us �	 /o	 amp'$!4	 /h 	 '$�rar$ s	 ar 	 a'so	 '$s/ �.	 .c/	 �omp'$m n/ar4	
o'$"onu�' o/$� s	2$/h	XDm /h4'�4/os$n s	 $ns/ a�	o!	 �4/os$n s	ar 	ann a' �	 /o	 !orm	
a�ap/ rs.	 Th 	 !our	 �as 	 XGDVG	 ov rhan"	 �omp' m n/s	 /h 	 r s/r$�/$on	 s$/ 	 ov rhan"	
" n ra/ �	 �4	 Ps/
	 �u/	 �an	 � 	 mo�$!$ �	 � p n�$n"	 on	 /h 	 sp �$!$�	  n54m 	 us �.	
��ap/ r	�	$s	$� n/$�a'	/o	/h 	�ar�o� �	a�ap/ r	us �	$n	G��.	WDY	nu�' o/$� 	�ar�o� s	
ar 	� s$"n �	 /o	ma3$m$5 	�$v rs$/4	ov r	 /h 	 !$rs/	 �4�' s	o!	 /h 	 r a�s.	��ap/ r	�	 $s	
$� n/$�a'	 /o	 /h 	 �ommon	 a�ap/ r	 us �	 $n	G��@	2$/h	 /h 	  3� p/$on	 /ha/	 a	 �ar�o� �	
s ,u n� 	 $s	 p'a� �	� !or 	 /h 	  n54m 	ov rhan".	 �or	�spY
	2 	us �	XGD��T�DVG	 as	
!or2ar�	 an�	 XGD�TGGDVG	 as	 r v rs 	 �ar�o� .	 Th 	 ov rhan"	 o!	 �o/h	 �spY
	 a�ap/ rs	
2as	mo�$!$ �	2$/h	r sp �/	/o	Ps/
@	$ns/ a�	o!	XGDTG��DVG	2 	� s$"n �	a�ap/ rs	2$/h	
XGD�TDVG	 �omp' m n/ar4	 /o	 /h 	 ov rhan"	 " n ra/ �	 �4	 �spY
	 �$" s/$on.	 .d/	 G$v n	
 ,ua'	 r pr s n/a/$on	o!	 a''	TU	 !or2ar�	�ar�o� s	 /h 	 3p �/ �	p r	 �4�' 	nu�' o/$� 	
�ompos$/$on	 o!	 /h 	 !or2ar�	 r a�	 $s	 � p$�/ �.	 �p	 /o	 pos$/$on	 X	 /h 	 �ompos$/$on	 $s	
mos/'4	 un�$as �@	 a$�$n"	 /h 	 �a'�u'a/$on	 o!	 prop r	 runDsp �$!$�	 param / rs	 �ur$n"	

''um$na	s ,u n�$n"	an�	/hus	pr v n/$n"	phas$n"	an�	pr Dphas$n"	� / �/$on	 rrors	
/ha/	�an	' a�	/o	'o2	,ua'$/4	s ,u n�$n"	'$�rar$ s.	.e/	P r	sp �$ s	/h 	/o/a'	num� r	o!	
pa$r �D n�	s ,u n�$n"	 r a�s@	 $n�$v$�ua's	p r	 sp �$ s@	p r� n/a" 	o!	m r" �	r a�s@	
num� r	 o!	 � 	 novo	 �$s�ov r �	 �'us/ rs@	 �G	 �on/ n/@	 av ra" 	 s$5 	 an�	 num� r	 o!	
�'us/ rs	hav$n"	" n 	h$/s	Ls  	�a/ r$a's	an�	m /ho�sM	$s	sho2n.	
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�upplementary	�igure	3+2	De	no$o	re�erence	creation+		
��	 !")"	r ! r n� 	 �r a/$on	 2as	 p r!orm �	 a/	 /h 	 sp �$ s	 ' v '.	 L1M	 pa$r �D n�	 r a�s	 ar 	
 $/h r	m r" �	 us$n"	 P���	 L�$a%$ 	 �han"	  /	 a'.	 USTWM	or	 �on�a/ na/ �	 L�  	 �upp' m n/ar4	
�$"ur 	V.VM@	 a!/ r	2h$�h	�a/son	an�	�r$�&	r a�s	ar 	sp'$/.	�or	�on�a/ na/ �	pa$rs	on'4	 /h 	
OTUS	nu�' o/$� s	�orr spon�$n"	/o	/h 	r a�	' n"/h	m$nus	/h 	�ar�o� 	on	�o/h	 n�s	�an	� 	
r �ov r �.	L2M	� /h4'a/$on	var$a/$on	$s	r mov �	�!	&����"	�4	�	/o	T	�onv rs$on	$n	�a/son	an�	
G	 /o	 �	 �onv rs$on	 $n	 �r$�&	 r a�s.	 L3M	 � r p'$�a/$on	 m r" s	 $� n/$�a'	 r a�s.	 L4M	 �or	  a�h	
r ma$n$n"	 �a/son	 an�	 �r$�&	 r a�	 a	 �$nar4	 �T	 on'4	 r pr s n/a/$on	 $s	 �r a/ �	 �4	
s$mu'/an ous	 �	 /o	 T	 an�	 G	 /o	 �	 �onv rs$on	 L�$nar$5a/$onM.	 L5M	 
� n/$�a'	 �$nar4	
r pr s n/a/$v 	 s ,u n� s	 ar 	 pa$r �@	 4$ '�$n"	 �TDon'4	 pa$rs	 �on/a$n$n"	 �o/h	�a/son	 an�	
�r$�&	r a�s.	L6M	Th 	or$"$na'	�a/son	an�	�r$�&	r a�s	ar 	pa$r �	us$n"	/h 	�TDon'4	pa$rs	as	
/ mp'a/ .	�as �	on	/h 	a'$"n �	�a/son	�r$�&	r a�Dpa$r	/h 	or$"$na'	nonD�onv r/ �	s ,u n� 	
$s	 r �ons/ru�/ �.	 �	 an�	 T	 ar 	 $� n/$�a'	 $n	 /h 	 a'$"nm n/@	 �a/son	 G	 J	 �r$�&	 �	 4$ '�s	 a	 G	
2h r as	�a/son	T	J	�r$�&	�	4$ '�s	a	�.	L7M	�$na''4@	�ons nsus	s ,u n� s	ar 	�'us/ r �	2$/h	
\X]	$� n/$/4	/o	4$ '�	r ! r n� 	s ,u n� s@	a''o2$n"	!or	$ns r/$ons@	su�s/$/u/$ons	an�	par/$a'	
ma/�h s.	
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�upplementary	�igure	3+3	�reation	o�	merged	and	concatenated	reads+	
.aM	�	/4p$�a'	 p$G��	'$�rar4	sho2s	a	p a&	on	a	�$oana'45 r	$ma" 	�orr spon�$n"	/o	
!ra"m n/s	 o!	OVSS	 �as pa$rs	 L�pM@	 a'/hou"h	 'ar" r	 !ra"m n/s	 ar 	 a'so	 o�/a$n �.	 �	
VSS	�p	!ra"m n/	�orr spon�s	/o	an	 p$G��	!ra"m n/	L$ns r/M	o!	TYV	�p@	as	a�ap/ rs	
ar 	no/	 s ,u n� �.	 .�/	�ar�o� �	a�ap/ rs	�	an�	�	 �an	� 	 '$"a/ �	on	�o/h	 n�s	o!	
 a�h	 !ra"m n/@	 so	 !or	 an4	 "$v n	" nom$�	 'o�us	�o/h	 !or2ar�	an�	 r v rs 	or$ n/ �	
$ns r/s	  3$s/.	 �ra"m n/s	 � r$v 	 !rom	  $/h r	 �a/son	 or	 �r$�&	 s/ran�.	 .c)	 d/	
�v r'app$n"	 pa$r �D n�	 r a�s	 ar 	 m r" �	 2h r as	 nonDov r'app$n"	 pa$r �D n�	
r a�s	ar 	�on�a/ na/ �	/o	!a�$'$/a/ 	� 	novo	r ! r n� 	r �ons/ru�/$on.	�on�a/ na/$on	
$s	p r!orm �	�4	a��$n"	TS	�Gs	� /2  n	/h 	!or2ar�	an�	r v rs 	r a�.	�on�a/ na/ �	
r a�s	 �an	 � 	 us �	 /o	 � / rm$n 	 /h 	 s ,u n� 	 on	 �o/h	  n�s	 o!	 $ns r/s	 'ar" r	 /han	
OT@\3	/h 	r a�	' n"/h.	
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Supplementary	 Figure	 3.4:	 Intergenerational	 methylation	 rate	 comparisons	 for	
different	sequence	contexts	in	epiGBS	and	WGBS.	
Methylation	 rates	 are	 compared	 for	CG,	CHG	and	CHH	context	between	generation	31	
and	32	 for	WGBS	vs	WGBS	data	 and	WGBS	vs	 epiGBS	data.	Only	positions	with	10	or	
more	informative	reads	in	both	datasets	were	taken	into	account.	(a)	In	the	(Becker	et	
al.	 2011)	 WGBS	 data	 for	 line	 49	 we	 selected	 the	 subset	 of	 loci	 covered	 by	 PstI.	
Methylation	rates	between	cytosines	in	generation	31	and	32	plants	are	well	correlated.	
CG	and	CHG	contexts	have	Pearson	R2	values	of	respectively	0.94	and	0.92	whereas	rates	
in	CHH	context	show	a	lower	R2	of	0.80.	Heatmap	legends	on	the	right-hand	side	of	all	
figures	 in	 panel	 a-c	 indicate	 the	 number	 of	 data	 points	 per	 0.25*0.25	 block	 in	 each	
scatter	plot.	(b)	Methylation	rates	are	compared	in	all	sequence	contexts	between	PstI-
epiGBS	data	for	line	29	generation	32	with	the	Becker	et	al	WGBS	data	for	generation	31.	
Compared	 to	 the	WGBS	 vs	WGBS	 correlations	 shown	 in	 panel	 a,	 the	 CG	 methylation	
correlates	are	equally	good,	whereas	CHG	and	CHH	correlations	are	slightly	lower,	with	
R2	 values	 of	 0.74	 and	 0.59	 respectively.	 The	 methylation	 sensitivity	 of	 PstI	 in	 CHG	
context	 could	 be	 causing	 this	 lower	 correlation,	 as	 CHG	methylation	 in	Arabidopsis	 is	
spatially	auto-correlated	(Cokus	et	al.	2008).	Given	partial	methylation	of	CHG	sites	non-
digestion	of	methylated	PstI-sites	 could	 give	 rise	 to	 underestimating	 true	methylation	
rates	 of	 cytosines	 inside	 these	 fragments	 as	 internal	 CHG	 and	 CHH	methylation	 rates	
could	be	 spatially	 correlated	 to	methylation	 rates	of	 the	 two	CHG	positions	present	 in	
the	 PstI	 recognition	 site	 (‘5-	 C_TGCA^G-3’).	 (c)	 To	 assess	 whether	 the	 methylation	
sensitivity	of	PstI	contributed	to	the	lower	methylation	estimates	and	lower	R2	for	CHG	
and	CHH	context	we	have	generated	one	additional	epiGBS	library	with	the	methylation	
insensitive	 enzyme	 Csp6I	 for	 Arabidopsis	 line	 29.	 Given	 the	 same	 coverage	 threshold	
(more	than	10	 informative	reads)	as	used	 for	 the	WGBS-WGBS	and	WGBS-PstI-epiGBS	
comparison	 shown	 in	 panel	 (a)	 and	 (b)	we	have	 obtained	 fewer	positions	with	 lower	
median	coverage.	This	 in	turn	 leads	to	R2	values	for	CG,	CHG	and	CHH	context	of	0.89,	
0.76	 and	 0.61.	 (d)	 To	 test	 whether	 the	 lower	 coverage	 of	 the	 Csp6I	 epiGBS	 library	
contributed	to	the	lower	R2	values	obtained	compared	to	the	WGBS	data	we	calculated	
R2	values	between	WGBS	generation	31	and	subsets	of	the	generation	32	Csp6I	epiGBS	
data	 with	 increasingly	 stringent	 minimum	 read	 coverage	 criteria.	 R2	 values	 increase	
asymptotically	to	the	same	levels	as	obtained	for	the	WGBS	vs	WGBS	comparisons	made	
in	panel	a.	Thus,	given	sufficient	coverage,	epiGBS	estimates	of	methylation	ratios	with	
methylation	insensitive	enzymes	are	as	accurate	as	WGBS	based	estimates.	(e)	Median	
coverage	for	positions	 in	CHG	context	 for	WGBS	data	 in	 line	49	gen	31	and	for	epiGBS	
data	 in	 line	 29	 gen	 32	 for	 PstI	 and	 Csp6I.	 Median	 coverage	 for	 other	 contexts	 was	
comparable	to	that	of	CHG.	Median	coverage	was	151	in	the	epiGBS	PstI	library,	whereas	
median	 coverage	 was	 17	 for	 the	 Csp6I	 data.	 (f)	 For	 positions	 having	 unequal	 inter-	
generational	 methylation	 rates	 we	 divided	 the	 positions	 in	 two	 groups	 per	 sequence	
context,	 one	 having	 a	 higher	 methylation	 estimate	 in	 epiGBS	 compared	 to	 WGBS	
whereas	the	other	group	shows	the	opposite	pattern.	For	PstI,	the	group	with	positions	
showing	a	lower	epiGBS	rate	is	overrepresented	for	the	CHG	and	CHH	context.	For	Csp6I	
the	groups	are	more	or	less	of	equal	size,	suggesting	that	the	methylation	sensitivity	of	
PstI	contributed	to	the	overall	 lower	methylation	estimates	obtained	for	CHG	and	CHH	
context.



	

 
52

 

	



Chapter	3	epiGBS:	reference-free	reduced	representation	bisulfite	sequencing	

 53 

Supplementary	Figure	3.5:	Venn	diagrams	of	DMPs	detected	in	pairwise	between-
line	 comparisons	 of	 PstI-epiGBS	 versus	 WGBS	 data	 and	 of	 WGBS	 versus	 WGBS	
data.	
Venn	diagrams	of	DMPs	detected	 in	 pairwise	 between-line	 comparisons	 (a)	 Pair-wise	
comparisons	 show	 the	 overlap	 and	 differences	 between	DMPs	 detected	 between	 four	
genotypes	using	both	WGBS	generation	31	and	epiGBS	generation	32	data.	Per	diagram,	
only	 positions	 having	 sufficient	 informative	 read	 coverage	 in	 both	WGBS	 and	 epiGBS	
data	 were	 taken	 into	 account.	 (b)	 Pair-wise	 comparisons	 show	 the	 overlap	 and	
differences	between	DMPs	detected	between	the	Arabidopsis	line	39	and	49	using	both	
WGBS	generation	31	and	WGBS	generation	32	data.	Per	diagram,	only	positions	having	
sufficient	informative	read	coverage	in	both	WGBS	generation	31	and	WGBS	generation	
32	data	were	taken	into	account.	
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Supplementary	 Figure	 3.9:	 Nick	 translation.	 (a)	 Due	 to	 the	 use	 of	 non-
phosphorylated	 adapters,	 epiGBS	 libraries	 contain	 nicks	 between	 the	 3’	 fragment	
overhang	 and	 the	5’	 non-phosphorylated	 adapter	nucleotide	 (on	 the	bottom	strand	 in	
this	Figure).	To	prevent	the	partial	 loss	of	adapter	sequence	during	bisulfite	treatment	
the	nick	was	repaired	by	DNA	polymerase	 I.	DNA	polymerase	 I	 is	able	 to	repair	single	
stranded	nicks	in	dsDNA	in	two	steps.	(b)	first	it	removes	the	nucleotide	(in	this	case	C)	
at	 the	 5’	 side	 of	 the	 nick	 by	 5’-3’	 exonuclease	 activity	 after	 which	 (c)	 the	 3’	 hydroxyl	
terminus	is	elongated	with	a	single	dNTP	(in	this	case	5mC)	using	the	nucleotide	from	
the	 opposite	 strand	 (here	 G)	 as	 template.	 DNA	 polymerase	 I	 moves	 one	 nucleotide	
downstream	 towards	 the	 3’	 end	 of	 the	 bottom	 adapter	 strand.	 Steps	 (b)	 and	 (c)	 are	
repeated	 until	 the	 3’	 end	 of	 the	 adapter	 is	 reached,	 leaving	 no	 nicks	 in	 the	 adapter	
sequence.



	

 58 

	
�)	�apping	
(=)	 Because	 part	 of	 the	 sequenced	 fragment	 originates	 from	 the	 methylated	 adapter	
sequence,	this	part	needs	to	be	excluded	from	the	analysis.	Therefore,	the	first	@	bases	of	
merged	 and	 forward	 �atson	 reads	 as	 well	 as	 the	 last	 @	 of	 merged	 and	 first	 four	 of	
reverse	Crick	reads	are	removed.�	
(>)	�eads	are	mapped	against	either	de	novo	obtained	or	existing	reference	using	B�A-

�T		 (Pedersen	 et	 al.	 ><=@)	 as	 it	 is	 more	 sensitive	 9	 accurate	 compared	 to	 similar	
bisulfite	 sequence-aligners	 and	 allows	 for	 easy	 transfer	 or	 read	 group	 tags	 from	 the	
sequence	name	to	the	bam	output	file	(Pedersen	et	al.	><=@).	�	
	
�)	�ariant	calling	
(3)	�ariant	calling	is	done	using	Freebayes	(Garrison	2	
arth	><=>)	separately	for	both	
�atson	and	Crick	reads	for	all	samples	simultaneously.	The	settings	force	every	position	
to	be	 called	 for	 all	 samples.	 Freebayes	 is	used	because	 it	 allows	 for	 indel	 realignment	
and	sensitive	variant	calling.	�	
(@)	By	simultaneously	iterating	over	both	�atson	and	Crick	variant	call	files	(�CF)	SNPs	
and	 methylation	 polymorphisms	 can	 be	 distinguished.	 C9T	 polymorphisms	 in	 �atson	
combined	 with	 C	 on	 the	 Crick	 strand	 indicate	 a	 methylation	 polymorphism	 on	 the	
�atson	strand	whereas	a	G9A	polymorphism	on	Crick	combined	with	a	G	on	the	�atson	
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strand	indicates	a	methylation	polymorphism	on	the	Crick	strand.	�here	combined	SNP	
and	methylation	lead	to	a	C9T	or	G9A	polymorphism	on	both	�atson	and	Crick	strand	
only	the	SNP	is	called	as	the	methylation	ratio	cannot	be	determined.	�	
	
�)	�isuali�ation	
(5)	 SNPs	 and	 methylation	 polymorphisms	 are	 exported	 in	 �CF	 format.	 Furthermore,	
methylation	 ratios	 are	 calculated	 and	 exported	 in	 a	 tab	 separated	 IG�	 specific	 format	
(.IG�)	 including	 the	 context	 (CG,	 C	G	 or	 C		).	 Datasets	 for	 all	 species	 studied	 are	
available	 on	 genomespace	 (see	
https:99gsui.genomespace.org9!sui9gsui.html7path�r�rlG9	ome9thomasvangurp9epiG
BSF><NatureF><
ethods9).	
	
�)	�nnotation	
(B)	 �search	 blastx	 (�dgar	 ><=<)	 is	 performed	 against	 reference	 protein	 sequences	
related	to	the	species	sequenced.	�	
(C)	 �esulting	 blastx	 reads	 are	 imported	 into	 blast>go	 for	 mapping	 to	 gene	 ontology	
terms	and	en1yme	codes.	A	 list	of	all	 annotated	genes	 is	exported.	�ptionally,	 a	 list	of	
contigs	mapping	to	specific	genes	or	with	specific	G�	terms	can	be	exported	allowing	for	
a	focused	analysis	in	�nBeads	(Assenov	et	al.	><=@).	�	
	
�)	�nalysis	
(D)	A	pipeline	for	processing	the	sample	specific	methylation	bed	files	and	experimental	
details	 like	 treatment	 and9or	 sample	 groups	 allows	 for	 comparing	 differential	
methylation	 between	 combinations	 of	 treatments,	 including	 all	 possible	 >-way	
interactions	 between	 treatment	 groups	 using	 �nBeads	 (Assenov	 et	 al.	 ><=@)	 or	 other	
methylation	analysis	tools.	



	

 60 

	
Supplementary	 Figure	 $$:	 �e	 no�o	
clustering	algorit�m.	
	
=)	
a)	 Paired-end	 reads	 contain	 in-line	
barcodes	 in	 both	 forward	 and	 reverse	
reads.	 Barcodes	 are	 removed	 while	
sample	 specific	 tags	 are	 added	 to	 the	
read	name.	The	original	strand,	�atson	
or	 Crick,	 is	 determined	 based	 on	 the	
(non)conversion	 of	 the	 en1yme	
recognition	 site	 at	 both	 reads	 (Fig.	
3.=b).	�	
	
b)	 �verlapping	 paired-end	 reads	 are	
merged	 using	 Pear	 (�ia!ie	 �hang	 et	 al.	
><=@)	to	(i)	avoid	adapter	remnants	for	
reads	 derived	 from	 fragment	 with	 an	
insert	 si1e	 shorter	 than	 the	 number	 of	
read	 cycles	 as	 they	 can	 lead	 to	 false	
polymorphisms	 or	 mapping	 errors,	 (ii)	
avoid	 double	 calling	 of	 bases	 from	 the	
same	 molecule	 in	 the	 overlapping	
region	of	the	pair,	and	(iii)	lowering	the	
error	 rate	 by	 selecting	 the	 highest	
quality	 base	 from	 the	 two	 reads	 in	 the	
overlapping	 region.	 Non-overlapping	
reads	 are	 concatenated	 to	 allow	 for	
matching	 �atson	 and	 Crick	 pairs	
(Supplementary	Fig.	3.3).	�	
	
>)	 
ethylation	 polymorphisms	 are	
removed	by	converting	all	C’s	in	�atson	
to	T	and	all	G’s	in	Crick	to	A	to	allow	for	
clustering	 of	 same-origin	 reads	 with	
methylation	polymorphisms.	
	
3)	Identical	�atson	and	Crick	reads	are	
dereplicated	 using	 usearch	 (�dgar	
><=<).	 �nly	 �atson	 and	 Crick	 reads	
that	occur	twice	or	more	are	retained	to	
avoid	sequencing	errors.	
	
@)	Binari1ation:	To	aid	pairing	of	same-
origin	�atson	and	Crick	reads	all	C’s	are	
converted	 to	T’s	 in	�atson	reads	while	
G’s	 are	 converted	 to	 A’s	 in	 Crick	 reads	
rendering	 a	 binary	 AT	 only	 sequence	
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output,	that	is	identical	for	same	origin	�atson	and	Crick	reads	(see	Fig.	3.=b).	
	
5)	�sing	usearch	dereplication	binary	AT	only	watson	and	crick	reads	are	paired.	
	
B)	 Based	 on	 the	 alignment	 and	 orientation	 of	 the	 binary	 �atson	 and	 Crick	 reads	 the	
original	 unconverted	�atson	 and	Crick	 reads	 are	 aligned	 in	 a	 bam	 file.	 The	 reference	
sequence	of	each	pair	 is	called	using	combined	bash	piped	queries	using	the	 following	
components	of	samtools	(	.	�i	et	al.	><<E):	mpileup	and	bcftools	(	.	�i	et	al.	><<E)	for	
variant	calling	followed	by	vcfutils.pl	vcf>fq	for	creating	the	�atson	and	Crick	consensus	
sequence.	These	consensus	sequences	are	used	to	recreate	the	original	sequence.	In	case	
of	�atson:T	9	Crick:C	a	C	is	added,	whereas	in	case	of	�atson:G	9	Crick:A	a	G	is	added.	In	
all	other	cases	where	nucleotides	do	not	match	an	ambiguous	nucleotide	(N)	is	added.	
	
C)	Consensus	sequences	with	E5	F	ore	higher	identity	are	clustered,	leading	to	the	final	
reference	sequence.	
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Sample	
Description	 	 	 	 	 	 	 	

Species	 Common	name	 genotype	 treatment	 tissue	 age	 ng	 DNA	
used	 idy	

Arabidopsis	
thaliana	 thale	cress	 columbia	line	

29,119,109	and	89	 none	 young	
leaves	

4	weaks	after	
sowing	 400	ng	 10	

Allium	
porrum,	
hybrid	

Leak	 line	1	and	2	 control	or	genistein	
(40	microM)	

young	
leaves	

4	weaks	after	
sowing	 400	ng	 32	

Taraxacum	
officinalis	 common	dandelion	 Homebred	lines	 none	 young	

leaves	 	 400	ng	 24	
Daphnia	
magna	 Water	flee	 variable	 none	 whole	

animal	 adult	 400	ng	 20	
Fallopia	
japonica	

Japanese	knotweed	
sensu	lato	

417_Fallopia-	CMM	15		
haplotype	F	 none	 young	

leaves	 young	 400	ng	 66	
Fallopia	x	
bohemica	

Japanese	knotweed	
sensu	lato	

297_Fallopia-	RHC	1		
haplotype	G	 none	 young	

leaves	 young	 400	ng	 88	

Homo	sapiens	 Human	 Promega	(G1521)	
female	Human	 none	 unknow

n	 unknown	 400	ng	 46	

Phage	lambda	 Phage	lambda	 ʎ	DNA	cl857	Sam7	 none	 whole	
phage	 unknown	 400	ng	 -	

Daucus	carota	 carrot	 line	1	and	2	 control	or	genistein	
(40	microM)	

young	
leaves	

4	weaks	after	
sowing	 400	ng	 18	

Mimulus	
guttatus	

Common	monkey-
flower	 population	'Rozendaal'	 variable	 young	

leaves	
4	weaks	after	
sowing	 400	ng	 14	

Scabiosa	 small	scabious	 FR-3-4	 variable	 young	
leaves	 3	months	 400	ng	 16	

Supplementary	Data	1	|	Species	level	descriptions	
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	 	 	 	 	 ���C
D�S	

	 treatment	 tissue	 age	 ng	D	�	
used	 C
	 ��	

a29	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 GG�A	 CCACG	

a109	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 A��G	 CCACG	

a89	 none	 leaf	 4	weaks	
after	sowing	 400	ng	 CGG�	 CCACG	

a119	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 CCACG	

line	1	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 AA�GCA	

line	1	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 AAC�	 CCG�CA	

line	2	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 CCAG	 CCG�CA	

line	2	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 ��GA	 CCG�CA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 GG�A	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 A��G	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CGG�	 AAC�	

	 none	 leaf	 Mature	plants	after	 400	ng	 �GCG	 AAC�	
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	 	 	 	 	 ���C
D�S	

	 treatment	 tissue	 age	 ng	D	�	
used	 C
	 ��	

a29	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 GG�A	 CCACG	

a109	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 A��G	 CCACG	

a89	 none	 leaf	 4	weaks	
after	sowing	 400	ng	 CGG�	 CCACG	

a119	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 CCACG	

line	1	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 AA�GCA	

line	1	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 AAC�	 CCG�CA	

line	2	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 CCAG	 CCG�CA	

line	2	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 ��GA	 CCG�CA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 GG�A	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 A��G	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CGG�	 AAC�	

	 none	 leaf	 Mature	plants	after	 400	ng	 �GCG	 AAC�	
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officinalis	 seeding	
8	 �ara+acum	

officinalis	 A68	AR	8.5.4.4	 none	 leaf	 seeding	
17	 �ara+acum	

officinalis	 A68	JR	8.6.1.1	 none	 leaf	 seeding	
18	 �ara+acum	

officinalis	 A68	JR	5.8.4.4	 none	 leaf	 Ma
seeding	

19	 �ara+acum	
officinalis	 A68	JR	5.5.2.3	 none	 leaf	 seeding	

20	 �ara+acum	
officinalis	 A68	CR	3.6.4.3	 none	 leaf	 seeding	

21	 �ara+acum	
officinalis	 A34	AS	5.5.2.2	 none	 leaf	 seeding	

22	 �ara+acum	
officinalis	 A34	CR	8.4.2.4	 none	 leaf	 seeding	

23	 �ara+acum	
officinalis	 A34	JR	8.3.1.3	 none	 leaf	 seeding	

24	 �ara+acum	
officinalis	 A34	AR	2.3.2.3	 none	 leaf	 seeding	

25	 �ara+acum	
officinalis	 A34	CS	2.7.2.3	 none	 leaf	 seeding	

26	 �ara+acum	
officinalis	 A34	JR	7.6.4.4	 none	 leaf	 Ma

seeding	
27	 �ara+acum	

officinalis	 A34	CR	2.3.1.2	 none	 leaf	 seeding	
28	 �ara+acum	

officinalis	 A34	AC	2.3.2.1	 none	 leaf	 seeding	
29	 �ara+acum	

officinalis	 A68	JS	7.2.4.2	 none	 leaf	 seeding	
30	 �ara+acum	

officinalis	 A34	CR	2.3.1.3	 none	 leaf	 seeding	
31	 �ara+acum	

officinalis	 A34	AR	8.7.2.3	 none	 leaf	 seeding	
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	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 G�A�	 GG�A	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 GG�A	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 A��G	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CGG�	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 �GCG	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 G�A�	 AACCA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 CCACG	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 CCACG	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 CCACG	

	 none	 whole	
animal	 adult	 400	ng	 �GCG	 ��ACGA	

famNF_2_F1	 none	 whole	
animal	 adult	 400	ng	 G�A�	 ��ACGA	

	 none	 whole	
animal	 adult	 400	ng	 ��GA	 �GCACA	

	 none	 whole	
animal	 adult	 400	ng	 GG�A	 �GCACA	

	 none	 whole	 adult	 400	ng	 A��G	 �GCACA	
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	 	 	 	 	 ���C
D�S	

	 treatment	 tissue	 age	 ng	D	�	
used	 C
	 ��	

a29	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 GG�A	 CCACG	

a109	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 A��G	 CCACG	

a89	 none	 leaf	 4	weaks	
after	sowing	 400	ng	 CGG�	 CCACG	

a119	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 CCACG	

line	1	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 AA�GCA	

line	1	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 AAC�	 CCG�CA	

line	2	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 CCAG	 CCG�CA	

line	2	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 ��GA	 CCG�CA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 GG�A	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 A��G	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CGG�	 AAC�	

	 none	 leaf	 Mature	plants	after	 400	ng	 �GCG	 AAC�	
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animal	
94	 Daphnia	magna	 2_12_out_famD.3	 none	 whole	

animal	 adult	

10	 Fallopia	+	
bohemica	

301_Fallopia-	RHC	10	
haplotype	G	 none	 leaf	 young	

83	 Fallopia	+	
bohemica	

314_Fallopia-	RHC	3		
haplotype	G	 none	 leaf	 young	

89	 Fallopia	�aponica	 417_Fallopia-	CMM	15		
haplotype	F	 none	 leaf	 young	

90	 Fallopia	+	
bohemica	

297_Fallopia-	RHC	1		
haplotype	G	 none	 leaf	 young	

95	 Homo	sapiens	 Promega	(G1521)	
female	Human	 none	 unknow

n	 unknown	

48	 Parus	ma�or	 unknown	 none	 unknow
n	 unknown	

96	 Phage	lambda	 ʎ	DNA	cl857	Sam7	 none	 whole	
phage	 unknown	

72	 Daucus	carota	 line	2	 genistein	(40	EM)	 leaf	 sowing	
76	 Daucus	carota	 line	1	 genistein	(40	EM)	 leaf	 sowing	
77	 Daucus	carota	 line	2	 Control	 leaf	 sowing	
78	 Daucus	carota	 line	1	 Control	 leaf	 sowing	
79	 Mimulus	guttatus	 population	

'Rozendaal'	 Drought	 leaf	 sowing	
80	 Mimulus	guttatus	 population	

'Rozendaal'	 Control	 leaf	 sowing	
81	 Mimulus	guttatus	 population	

'Rozendaal'	 Control	 leaf	 sowing	
82	 Mimulus	guttatus	 population	

'Rozendaal'	 Drought	 leaf	 sowing	
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	 Waterlogged	 leaf	 4	weaks	after	
sowing	 400	ng	 GG�A	 ��ACGA	

	 Submerged	 leaf	 4	weaks	after	
sowing	 400	ng	 A��G	 ��ACGA	

	 Submerged	 leaf	 4	weaks	after	
sowing	 400	ng	 CGG�	 ��ACGA	

-3-4-1-S	 calcariousD5azacytidine	
(50EM)	 leaf	 3	months	 400	ng	 AAC�	 CCAG	

-3-4-6-S	 acidic	 leaf	 3	months	 400	ng	 ��GA	 CCAG	
-3-4-1-S	 acidic	 leaf	 3	months	 400	ng	 GG�A	 CCAG	
-3-4-6-S	 calcarious	 leaf	 3	months	 400	ng	 A��G	 CCAG	
3-4-29-C	 acidicD5azacytidine	

(50EM)	 leaf	 3	months	 400	ng	 CGG�	 CCAG	
-3-4-4-S	 calcarious	 leaf	 3	months	 400	ng	 �GCG	 CCAG	
-3-4-4-S	 acidic	 leaf	 3	months	 400	ng	 G�A�	 CCAG	
-3-4-1-S	 calcarious	 leaf	 3	months	 400	ng	 AAC�	 ��G�A	
-3-4-8-C	 calcarious	 leaf	 3	months	 400	ng	 CCAG	 ��G�A	
3-4-35-C	 calcariousD5azacytidine	

(50EM)	 leaf	 3	months	 400	ng	 ��GA	 ��G�A	
-3-4-3-S	 calcarious	 leaf	 3	months	 400	ng	 GG�A	 ��G�A	
-3-4-3-C	 calcarious	 leaf	 3	months	 400	ng	 A��G	 ��G�A	
3-4-26-C	 acidicD5azacytidine	

(50EM)	 leaf	 3	months	 400	ng	 CGG�	 ��G�A	
-3-4-5-C	 acidic	 leaf	 3	months	 400	ng	 �GCG	 ��G�A	
-3-4-2-S	 acidic	 leaf	 3	months	 400	ng	 G�A�	 ��G�A	
-3-4-2-C	 calcarious	 leaf	 3	months	 400	ng	 AAC�	 GG�GG	
-3-4-6-C	 calcarious	 leaf	 3	months	 400	ng	 CCAG	 GG�GG	
-3-4-4-C	 acidic	 leaf	 3	months	 400	ng	 ��GA	 GG�GG	
3-4-18-C	 acidicD5azacytidine	

(50EM)	 leaf	 3	months	 400	ng	 GG�A	 GG�GG	

Chapter	3	epiG�S/	reference-free	reduced	representation	bisulfite	se$uencing	

63 

	 	 	 	 	 ���C
D�S	

	 treatment	 tissue	 age	 ng	D	�	
used	 C
	 ��	

a29	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 GG�A	 CCACG	

a109	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 A��G	 CCACG	

a89	 none	 leaf	 4	weaks	
after	sowing	 400	ng	 CGG�	 CCACG	

a119	 none	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 CCACG	

line	1	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 �GCG	 AA�GCA	

line	1	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 AAC�	 CCG�CA	

line	2	 genistein	(40	EM)	 leaf	 4	weaks	after	
sowing	 400	ng	 CCAG	 CCG�CA	

line	2	 control	 leaf	 4	weaks	after	
sowing	 400	ng	 ��GA	 CCG�CA	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 AAC�	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CCAG	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 ��GA	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 GG�A	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 A��G	 AAC�	

	 none	 leaf	 Mature	plants	after	
seeding	 400	ng	 CGG�	 AAC�	

	 none	 leaf	 Mature	plants	after	 400	ng	 �GCG	 AAC�	
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61	 Scabiosa	 FR-3-4-1-S	 acidicD5azacytidine	
(50EM)	 leaf	 3	months	

62	 Scabiosa	 FR-3-4-2-S	 calcariousD5azacytidine	
(50EM)	 leaf	 3	months	

63	 Scabiosa	 FR-3-4-7-C	 acidic	 leaf	 3	months	
64	 Scabiosa	 FR-3-4-36-C	 calcariousD5azacytidine	

(50EM)	 leaf	 3	months	
65	 Scabiosa	 FR-3-4-5-S	 calcarious	 leaf	 3	months	
66	 Scabiosa	 FR-3-4-6-C	 acidic	 leaf	 3	months	
67	 Scabiosa	 FR-3-4-5-C	 calcarious	 leaf	 3	months	
68	 Scabiosa	 FR-3-4-17-C	 calcariousD5azacytidine	

(50EM)	 leaf	 3	months	

69	 Scabiosa	 FR-3-4-12-C	 calcariousD5azacytidine	
(50EM)	 leaf	 3	months	

70	 Scabiosa	 FR-3-4-21-C	 acidicD5azacytidine	
(50EM)	 leaf	 3	months	

Supplementary	Data	1	|	Sample	level	descriptions	
	
Supplementary	data	,	|		D��s	o�	all	species	is	availa�le	online%	
�ttp%(("""&nature&com(nmet�(�ournal(v1-(n.(e#tre�(nmet�&-0/-'S-&#ls#		
	
Supplementary	data	-	Data	�or	Supplementary	�igures	is	availa�le	online	at	
�ttp%(("""&nature&com(nmet�(�ournal(v1-(n.(e#tre�(nmet�&-0/-'S.&
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Transgenerational	inheritance	of	(stress-induced)	DNA	methylation	
in	apomictic	dandelions.	
	
	
T.P.	van	Gurp,	K.J.F.	Verhoeven	
	
To	be	submitted
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A�stract	
�nv$ron(en/a'	 per/ur�a/$on	 or	 �$o/$�	 ./re..	 �4	 $n.e�/	 her�$vor4	 �an	 re.u'/	 $n	 ���	
(e/h4'a/$on	�han"e.	$n	p'an/..	�u�h	./re..D$n�u�e�	���	(e/h4'a/$on	�han"e.	�an	$n�u�e	a	
p'an/	 �e!en.e	 re.pon.e	 a"a$n./	 /he	 her�$vore	 an�	 a.	 .u�h	 prov$�e	 a	 (e�han$.(	 !or	 a	
.4./e($�	 re.pon.e	 �4	 2h$�h	 "ene	 a�/$v$/4	 $.	 a'/ere�.	 ���	 (e/h4'a/$on	 pa//ern.	 .ho2	
ran�o(	 �han"e.	 �e/2een	 "enera/$on.,	 �u/	 �o/h	 .pe�$!$�	 N/ar"e/e�O	 an�	 nonD.pe�$!$�	
Nran�o(O	 �han"e.	 /ha/	 are	 env$ron(en/a''4	 $n�u�e�	 �an	 a��	 /o	 /h$.	 �a.e'$ne	 'eve'.	 The	
./a�$'$/4	 o!	 $n�u�e�	 ���	 (e/h4'a/$on	 �han"e.	 ha.	 h$/her/o	 no/	 �een	 ./u�$e�	 $n	 �e/a$'	
ou/.$�e	 o!	 /he	 (o�e'	 p'an/	 .pe�$e.	 � �bido�sis	 t���i���.	 �po($�/$�	 �an�e'$on.	 are	 an	
$n/ere./$n"	 .4./e(	 /o	 $nve./$"a/e	 /he	 e3/en/	 an�	 ./a�$'$/4	 o!	 N$n�u�e�O	 ���	 (e/h4'a/$on	
�han"e.	/ha/	are	/ran.($//e�	/ran."enera/$ona''4.	�.	par/	o!	/he	���	(e/h4'a/$on	�han"e.	
�an	 re.u'/	 !ro(	 "ene/$�	 �han"e.	 /ha/	 o��ur	 $n	 .e3ua'	 p'an/	 a!/er	 (e$o.$.,	 /he	 apo($�/$�	
repro�u�/$on	(o�e	$n	/he	�an�e'$on.	u.e�	avo$�.	/h$.	�o(p'$�a/$on.		ere,	
	a$(	/o	e./a�'$.h	
/he	e3/en/	/o	2h$�h	her$/a�'e	���	(e/h4'a/$on	�han"e.	are	/he	re.u'/	o!	ran�o(	pro�e..e.	
or	o!	aD�5a�4/$�$ne	an�	Ja.(on$�	a�$�	/rea/(en/.	
	�o	/h$.	�4	/ra�&$n"	���	(e/h4'a/$on	on	a	
.u�.e/	o!	po.$/$on.	�overe�	�4	�$.u'!$/e	.e,uen�$n"	rea�.	on	re./r$�/$onD.$/e	a..o�$a/e�	.e/	
o!	 ���	 !ra"(en/.	 u.$n"	 ep$G��.	 
	 !$n�	 '$($/e�	 �u/	 �'ear	 ev$�en�e	 !or	 env$ron(en/a'	
$n�u�/$on	o!	her$/a�'e	���	(e/h4'a/$on	�han"e.	a!/er	J�	app'$�a/$on.	�'.o,	
	�hara�/er$5e	/he	
./a�$'$/4	o!	overa''	'eve'.	o!	���	(e/h4'a/$on	o!	�4/o.$ne.	$n	�	G	N2here			$.	�,	�	or	TO	an�	
�G	.e,uen�e	�on/e3/	over	"enera/$ona'	/$(e.	
	 !$n�	a	.$"n$!$�an/	ne"a/$ve	re'a/$on	�e/2een	
/he	 .$($'ar$/4	 o!	 ���	 (e/h4'a/$on	 'eve'.	 an�	 $n/er"enera/$ona'	 �$./an�e.	 
	 �on�'u�e	 /ha/	
���	 (e/h4'a/$on	 $n	 �o/h	 �G	 an�	 �	G	 �on/e3/	 are	 her$/a�'e	 an�	 /ha/	 env$ron(en/a'	
per/ur�a/$on	 �an	 re.u'/	 $n	her$/a�'e	���	(e/h4'a/$on	 �han"e.	2h$�h	are	no/	2$�e.prea�.



�hap/er	`	Tran."enera/$ona'	$nher$/an�e	o!	N./re..D$n�u�e�O	���	(e/h4'a/$on	$n	apo($�/$�	
�an�e'$on..	
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4.5		ntroduction	
���	 (e/h4'a/$on	 $n	 /he	 !or(	 o!	 aD(e/h4'	 �4.o/$ne	 Na(�O	 $.	 a	 2e''D./u�$e�	 ep$"ene/$�	
(o�$!$�a/$on	2h$�h	 $.	 $(p'$�a/e�	 $n	�e''	�$!!eren/$a/$on	an�	"ene	re"u'a/$on	 $n	eu&ar4o/e..	
�$/o/$�a''4	 her$/a�'e	 �han"e.	 $n	 ���	 (e/h4'a/$on	 have	 �een	 o�.erve�	 $n	 p'an/.	 a!/er	
e3po.ure	/o	./re...	
n	.o(e	�a.e.,	/he.e	�han"e.	�an	a'.o	�e	/ran.($//e�	(e$o/$�a''4,	2h$�h	
herea!/er	 
	 2$''	 re!er	 /o	 a.	 env$ron(en/D$n�u�e�	 ep$"ene/$�	 $nher$/an�e.	 �p$"ene/$�	
$nher$/an�e	 ha.	 re�e$ve�	 (u�h	 $n/ere./	 !or	 $/.	 po/en/$a'	 ro'e	 $n	 rap$�	 an�	 rever.$�'e	
a�ap/a/$on	/o	�han"$n"	env$ron(en/.	e3per$en�e�	�4	.pe�$e..	�.	.u�h,	./u�4$n"	ep$"ene/$�	
var$a/$on	 $.	 h$"h'4	 re'evan/	 $n	 /he	 ./u�4	 o!	 e�o'o"4	 an�	 evo'u/$on	 N�o..�or!	 e/	 a'.	 ^\\cO.	
�urren/'4,	 $(por/an/	 open	 ,ue./$on.	 a�ou/	 /he	 ro'e	 o!	 ���	 (e/h4'a/$on	 $n	 e�o'o"4	 an�	
evo'u/$on	�on�ern	/he	e3/en/	o!	var$a/$on	o�.erve�	 $n	na/ura'	p'an/	(e/h4'o(e.,	ho2	/h$.	
var$a/$on	e!!e�/.	pheno/4p$�	 var$a/$on,	 /he	�e"ree	o!	�epen�en�e	o!	(e/h4'a/$on	var$a/$on	
on	 /he	 "eno/4pe	 an�	 $!	 $/	 �on/r$�u/e.	 /o	 evo'u/$onar4	 pro�e..e.	 N�$e�erhu/h	 <	 ��h($/5	
^\]`O.	�o	!ar,	/he	nu(�er	o!	./u�$e.	!o�u.$n"	on	/he	/ran."enera/$ona'	$nher$/an�e	o!	���	
(e/h4'a/$on	 $n	 p'an/.	 a/	 .$n"'e	 nu�'eo/$�e	 re.o'u/$on	 are	 a'(o./	 e3�'u.$ve'4	 '$($/e�	 /o	�'	
t���i���	 an�	 �e�	m�is	 N�e"u'.&$	 e/	 a'.	 ^\]_O,	 o!/en	 $n	 Nar/$!$�$a'	 ep$"ene/$�O	 re�o(�$nan/	

n�re�	'$ne.	N��h($/5,		e,	e/	a'.	^\]_O.	
	
To	 un�er./an�	 /he	 .�ope	 o!	 ep$"ene/$�.	 $n	 e�o'o"4	 an�	 evo'u/$on,	 !ur/her	 ./u�4	 o!	
/ran."enera/$ona'	$nher$/an�e	o!	���	(e/h4'a/$on	$n	a	�roa�er	ran"e	o!	.pe�$e.	$.	re'evan/	
!or	 .evera'	 rea.on..	 F$r./,	 ���	 (e/h4'a/$on	 'eve'.	 are	 h$"h'4	 var$a�'e	 $n	 �$!!eren/	 p'an/	
.pe�$e.,	2h$�h	 /o	.o(e	e3/en/	�an	�e	e3p'a$ne�	�4	�$!!eren�e.	 $n	"eno($�	repea/	�on/en/,	
2h$�h	po.$/$ve'4	$(pa�/	/he	(e/h4'a/$on	ra/e	N�$e�erhu/h,	�e2$�&,	J$,	�'a�a�4,	K$(,	
$,	e/	a'.	
^\]bO.	 �an4	 e3a(p'e.	 o!	 pheno/4p$�	 var$a/$on	 �au.e�	 �4	 her$/a�'e	 ���	 (e/h4'a/$on	
var$an/.	are	 !oun�	$n	nonD(o�e'	.pe�$e.,	�u/	/he4	are	poor'4	�hara�/er$5e�	NVerhoeven	e/	
a'.	^\]bO	2h$�h	$n$/$a''4	re,u$re.	e./a�'$.h$n"	/he$r	/ran."enera/$ona'	./a�$'$/4.	�e�on�,	/he	
po/en/$a'	 re'evan�e	o!	 ep$"ene/$�	 var$a/$on	(a4	�e	�$!!eren/	 !or	 .pe�$e.	2$/h	�$!!eren/	 '$!e	
h$./or4	 �hara�/er$./$�..	 For	 $n./an�e,	 re'evan�e	 o!	 ep$"ene/$�	 var$a/$on	(a4	 �e	 h$"her	 !or	
a.e3ua'	 �o(pare�	 /o	 .e3ua'	 p'an/	 .pe�$e.,	 a.	 a.e3ua'	 p'an/.	 �anno/	 "enera/e	 "ene/$�	
var$a/$on	 /hrou"h	 re�o(�$na/$on.	 �.e3ua'	 repro�u�/$on	 a'.o	 a''o2.	 !or	 �4pa..$n"	
ep$"ene/$�	 repro"ra(($n"	(e�han$.(.	�ur$n"	(e$o.$.,	2h$�h	�ou'�	a!!e�/	 /he	./a�$'$/4	o!	
N$n�u�e�O	 ���	(e/h4'a/$on	 var$a/$on	 NVerhoeven	 <	 Pre$/e	 ^\]`O.	 �.e3ua''4	 repro�u�$n"	
p'an/.	 '$&e	 /he	 apo($�/$�	 �an�e'$on	 T� �%�%um	 o��i�i���e	 /here!ore	 o!!er	 an	 $n/ere./$n"	
.4./e(,	a''o2$n"	/he	./u�4	o!	ep$"ene/$�	var$a/$on	$n	a	na/ura'	.4./e(	�evo$�	o!	$n/er!eren�e	
�4	"ene/$�	var$a/$on.	
	
���	(e/h4'a/$on	 $n	p'an/.	o��ur.	 $n	 /hree	�$!!eren/	 .e,uen�e	�on/e3/.,	�G,	�	G	an�	�			
N2here	 		 $.	 �,	 �	 or	 TO	 2h$�h	 are	 �on/ro''e�	 �4	 �$!!eren/	 en54(e..	 �4((e/r$�	 �G	
(e/h4'a/$on	 $.	 (a$n/a$ne�	 !a$/h!u''4	 �ur$n"	 ($/o.$.	 an�	 o!/en	 (e$o.$.	 N�a'a&oura.	 e/	 a'.	
^\]^O.	 The	 re'a/$on.h$p	 �e/2een	 ep$"ene/$�	 var$a/$on	 an�	 un�er'4$n"	 ���	 .e,uen�e	
var$a/$on	var$e.A	o!/en	ep$"ene/$�	var$an/.	are	un�er	�$re�/	"ene/$�	�on/ro'	 No�'$"a/or4O	or	
�an	on'4	ar$.e	"$ven	a	�er/a$n	"eno/4pe	N!a�$'$/a/e�O.	�n'4	pure	ep$"ene/$�	var$a/$on	$.	/ru'4	
$n�epen�en/	on	"ene/$�	var$a/$on,	2h$�h	(a4	ar$.e	!or	$n./an�e	�ue	/o	$(per!e�/	�op4$n"	o!	
(e/h4'a/$on	 pa//ern.	 �ur$n"	 �e''	 �$v$.$on.	 N�.	 J.	 �$�har�.	 ^\\bO.	 �..e..$n"	 /he	 �e"ree	 o!	
$n�epen�en�e	 o!	 ep$"ene/$�	 !ro(	 "ene/$�	 var$a/$on	 $.	 $(por/an/,	 a.	 o�'$"a/or4	 ep$"ene/$�	
var$a/$on	on'4	 re!'e�/.	 "eno/4p$�	 var$a/$on.	To	un�er./an�	 /he	po/en/$a'	 a��$/$ona'	 ro'e	 $n	
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e�o'o"4	 an�	 evo'u/$on	 o!	 ep$"ene/$�	 var$a/$on	 �o(pare�	 /o	 "ene/$�	 var$a/$on,	 re.ear�her.	
o!/en	 /r4	 /o	 !o�u.	 on	 Npar/$a''4O	 $n�epen�en/	 !a�$'$/a/e�	 or	 pure	 ep$"ene/$�	 var$a/$on	
N	au�en	e/	a'.	^\\eA	�or/$%o	e/	a'.	^\]`A	Johanne.	e/	a'.	^\\eO.	For	/h$.	purpo.e	re.ear�her.	
o!/en	 u.e	 $n�re�	 '$ne.,	 or	 even	 $n�re�	 '$ne.	 2$/h	 ar/$!$�$a''4	 a'/ere�	 ���	 (e/h4'a/$on	
N�or/$%o	e/	a'.	^\]`A	Johanne.	e/	a'.	^\\eO.	For	e3a(p'e,	ep$"ene/$�	re�o(�$nan/	$n�re�	'$ne.	
Nep$�

.O	 2ere	 �rea/e�	 $n	 �'	 t���i���,	 $n	 2h$�h	 on'4	 /he	 ���	 (e/h4'a/$on	 $.	 �$!!eren/	
�e/2een	 "ene/$�a''4	 un$!or(	 $n�$v$�ua'.	 o!	 /he	 ep$�

	 popu'a/$on	 NJohanne.	 e/	 a'.	 ^\\eA	
�or/$%o	e/	a'.	^\]`O.	��.en�e	o!	"ene/$�	�$!!eren�e.	per($/.	o�.erve�	ep$"ene/$�	�$!!eren�e.	
/o	�e	$n/erpre/e�	a.	FpureG.	� �bido�sis	t���i���	ep$�

.	.ho2	var$a/$on	an�	h$"h	her$/a�$'$/4	
!or	a	nu(�er	o!	,uan/$/a/$ve	/ra$/.	a.	2e''	a.	./a�'e	$nher$/an�e	o!	a	�on.$�era�'e	par/	o!	/he	
paren/a'	���	(e/h4'a/$on	var$an/.	Nep$a''e'e.O	over	a/	'ea./	e$"h/	"enera/$on.	NJohanne.	e/	
a'.	^\\eO.	The.e	./u�$e.	prov$�e	.o(e	o!	 /he	�e./	ev$�en�e	/ha/	her$/a�'e,	pure	ep$"ene/$�	
var$a/$on	�an	�au.e	her$/a�'e	pheno/4p$�	�$!!eren�e.	N�or/$%o	e/	a'.	^\]`O.	
	

!	 ep$"ene/$�	 var$a/$on	 $.	 her$/a�'e	 an�	 $(pa�/.	 /he	 pheno/4pe	 o!	 �o/h	 �urren/	 an�	
.u�.e,uen/	 "enera/$on.,	 /hen	 /here	 $.	 po/en/$a'	 !or	 her$/a�'e	 ep$"ene/$�	 var$a/$on	 /o	 �e	
.u�%e�/	 /o	 na/ura'	 .e'e�/$on	 an�	 /o	 �r$ve	 �$!!eren/$a/$on.	 The	 rever.$�'e	 na/ure	 an�	 'o2er	
./a�$'$/4	o!	ep$"ene/$�	var$a/$on	'$($/.	/he	po/en/$a'	o!	ep$"ene/$�	var$a/$on	/o	�on/r$�u/e	/o	a	
.u./a$ne�	.e'e�/$on	re.pon.e.		o2ever,	(o�e'$n"	./u�$e.	.ho2	/ha/	even	un�er	 re'a/$ve'4	
h$"h	rever.$on	ra/e.	/here	$.	a	�on.$�era�'e	$(pa�/	o!	ep$"ene/$�	var$a/$on	on	/he	�4na($�.	
o!	 a�ap/a/$on	 NKronho'(	 <	 �o''$n.	 ^\]bO.	 �u'/$D"enera/$on	 ./a�$'$/4	 o!	 na/ura''4	 ar$.$n"	
���	 (e/h4'a/$on	 var$a/$on	 ha.	 �een	 �e(on./ra/e�	 !or	 �'	 t���i���	 u.$n"	 $.o"en$�	
Nep$O(u/a/$on	a��u(u'a/$on	 '$ne.,	2$/h	e./$(a/e.	 !or	ep$(u/a/$on	ra/e.	 !or	(e/h4'a/$on	 $n	
�G	�on/e3/	o!	^.ab	M	]\D`	!or	!or2ar�	an�	b._\	M	]\D`	!or	�a�&2ar�	(u/a/$on	ra/e.	Nvan	�er	
Graa!	 e/	 a'.	 ^\]aO.	 �$(p'e	(o�e''$n"	 ./u�$e.	 $n�$�a/e	 /ha/	 /he.e	 ra/e.	 are	 h$"h	 enou"h	 /o	
rap$�'4	 un�oup'e	 "ene/$�	 !ro(	 ep$"ene/$�	 var$a/$on,	 �u/	 'o2	 enou"h	 !or	 ne2	 ep$a''e'e.	 /o	
.u./a$n	 'on"D/er(	 .e'e�/$on	 re.pon.e.	 Nvan	 �er	 Graa!	 e/	 a'.	 ^\]aO.	 Th$.	 .u""e./.	 /ha/	
her$/a�'e	 ���	 (e/h4'a/$on	 var$a/$on	 o!	 �4/o.$ne.	 $n	 �G	 �on/e3/	 �an	 un�erp$n	 .e'e�/$ve	
pheno/4p$�	�$ver"en�e.		
	
���	 (e/h4'a/$on	 �$!!eren�e.	 �o	 no/	 on'4	 �e!$ne	 �$!!eren/	 �e''u'ar	 /4pe.	 an�	 !un�/$on.	
N�$�(an	 e/	 a'.	 ^\]`O,	 �u/	 $/	 �an	 a'.o	 �han"e	 on	 an	 or"an$.(D2$�e	 .�a'e	 a.	 /he	 re.u'/	 o!	
env$ron(en/a'	 per/ur�a/$on.	 or	 ./re..	 N�e��o	 e/	 a'.	 ^\]aO.	 The.e	 �han"e.	 �an	 $(pa�/	 /he	
pheno/4pe	or	./re..	re.pon.e	'a/er	$n	'$!e	N.a(eD"enera/$onO	or	even	�e	/ran."enera/$ona''4	
/ran.($//e�	 /o	 .u�.e,uen/	 "enera/$on..	 For	 $n./an�e,	 �o'�	 ./re..	 $n	 (a$5e	 �an	 $n�u�e	
.pe�$!$�	�e(e/h4'a/$on	o!	 /he	���	a..o�$a/e�	2$/h	/he	nu�'eo.o(e	Npar/	o!	 /he	�hro(a/$n	
./ru�/ureO	o!	�(�
],	 $n�u�$n"	a'/ere�	e3pre..$on	o!	 /h$.	 re/ro/ran.po.on	 re'a/e�	"ene	�4	
�han"$n"	/he	�hro(a/$n	./ru�/ure.	Th$.	h4po(e/h4'a/e�	./a/e	re(a$ne�	!or	up	/o	.even	�a4.	
un�er	nor(a'	/e(pera/ure.	N�/e2ar�	e/	a'.	^\\^O,	.u""e./$n"	/ha/	/he	e!!e�/	(a$n/a$ne�	!or	
.o(e	 /$(e	 $n	 /he	 a�.en�e	 o!	 �o'�D./re...	 
n	 /o�a��o	 $/	 2a.	 .ho2n	 /ha/	 .evera'	 /4pe.	 o!	
env$ron(en/a'	 ./re..or.	 .u�h	 a.	 a'u($n$u(,	 .a'/,	 �o'�	 an�	 o3$�a/$ve	 ./re..e.	 �an	 $n�u�e	
���	�e(e/h4'a/$on	o!	/he	pro(o/or	re"$on	o!	a	"'4�eropho.pho�$e./era.e	"ene	N�t���	O,	
�orre'a/$n"	 2$/h	 $n�rea.e�	 �t���		 e3pre..$onN�ho$	 <	 �ano	 ^\\cO.	 �nv$ron(en/a''4	
$n�u�e�	ep$"ene/$�	�han"e.	�an	.o(e/$(e.	a'.o	�e	pa..e�	/ran."enera/$ona''4	an�	a.	.u�h	
�on./$/u/e	a	po/en/$a'	(e�han$.(	!or	/ran."enera/$ona'	pheno/4p$�	p'a./$�$/4	N	o'e.&$	e/	a'.	
^\]bO.	
n	�'	t���i���,	h4pero.(o/$�	./re..	2a.	.ho2n	/o	/ar"e/	N�eO(e/h4'a/$on	o!	�$./$n�/	
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re"$on.	/ha/	are	�on�$/$ona''4	$nher$/e�	/hrou"h	/he	!e(a'e	'$ne.	The.e	�han"e.	re.u'/	$n	an	
a�ap/$ve	 pheno/4pe	 !or	 �o/h	 /he	 ./re..e�	 paren/	 an�	 o!!.pr$n"	 p'an/..	 �ever.a'	 o!	 /he	
$n�u�e�	���	(e/h4'a/$on	 �han"e.	over	 /he	 �our.e	o!	 .u�.e,uen/	un./re..e�	 "enera/$on.	
2a.	 o�.erve�,	 $n�$�a/$ve	 o!	 a	 /ran.$en/	 .hor/D/er(	 ./re..D�epen�en/	 (e(or4	 o!	 /he	
a�,u$re�	 �han"e.	 N�$�o2o	 e/	 a'.	 ^\]bO.	 �'/hou"h	 .evera'	 e3a(p'e.	 o!	 ./re..D$n�u�e�	
her$/a�'e	ep$"ene/$�	�han"e.	are	repor/e�	$n	p'an/.	N�/e2ar�	e/	a'.	^\\^A	Verhoeven,	Jan.en,	
e/	 a'.	 ^\\eA	 
a/5e'	 e/	 a'.	 ^\]^O,	 $/	 $.	 un�'ear	 ho2	 �o((on	 .u�h	 �han"e.	 are	 N	ear�	 <	
�ar/$en..en	 ^\]`O	 an�	 2he/her	 /he4	 per.$./	 !or	 (ore	 /han	 one	 une3po.e�	 o!!.pr$n"	
"enera/$on.	
	

n	 nonD(o�e'	 .pe�$e.	 'a�&$n"	 a	 re!eren�e	 "eno(e	 ./u�$e.	 a$(e�	 a/	 un�er./an�$n"	
/ran."enera/$ona'	 $nher$/an�e	 o!	 ���	 (e/h4'a/$on	 have	 'ar"e'4	 re'$e�	 on	 (e/h4'a/$on	
.en.$/$ve	�F
P.	N��D�F
PO	NVerhoeven,	Jan.en,	e/	a'.	^\\eO.	��D�F
P	./u�$e.	are	'$($/e�	/o	
,ua'$/a/$ve	(e/h4'a/$on	e./$(a/e.	on	 !e2	anon4(ou.	��GG	.$/e.	N��hre4	e/	a'.	^\]_O.	��D
�F
P	re.u'/.	are	�$!!$�u'/	/o	$n/erpre/	an�	o!/en	a(�$"uou.	NFu'ne7e&	<	Kovar9&	^\]_O	an�	
(o./	ver.$on.	o!	/he	pro/o�o'	�o	no/	a''o2	!or	�$./$n�/$on	�e/2een	he($(e/h4'a/$on	on	/he	
e3/erna'	 �4/o.$ne.	 !ro(	 /he	 $n/erna'	 �4/o.$ne.	 �$.u'!$/e	 .e,uen�$n"	 �a.e�	 ./u�$e.	 o!!er	
a�van/a"e.	$n	�e$n"	a�'e	/o	�e/e�/	���	(e/h4'a/$on	var$a/$on	$n	a''	.e,uen�e	�on/e3/.	$n	a	
,uan/$/a/$ve	!a.h$on.	�/u�4$n"	/ran."enera/$ona'	(e/h4'o(e	�4na($�.	on	a	2ho'e	"eno(e	
.�a'e	u.$n"	.e,uen�$n"	re,u$re.	a	re!eren�e	"eno(e	�o(�$ne�	2$/h	2ho'e	"eno(e	�$.u'!$/e	
.e,uen�$n"	 N�G��O,	 2h$�h	 /o	 �a/e	 $.	 ava$'a�'e	 !or	 appro3$(a/e'4	 __	 p'an/	 .pe�$e.	
Nh//pBJJ.�h($/5'a�."ene/$�..u"a.e�uJp'an/(e/h4'o(e.O	 /ha/	 are	 (o./'4	 .pe�$e.	 o!	
a"rono($�	 $n/ere./.	�'/hou"h	/he	nu(�er	o!	p'an/.	2$/h	a	.e,uen�e�	re!eren�e	"eno(e	$.	
$n�rea.$n"	 rap$�'4	 N�$e�erhu/h,	 �e2$�&,	 J$,	 �'a�a�4,	 K$(,	 Pa"e,	 e/	 a'.	 ^\]bO,	 (an4	
e�o'o"$�a''4	$n/ere./$n"	.pe�$e.	�o	no/	4e/	have	a	.e,uen�e�	re!eren�e	"eno(e.	�ven	$!	/he4	
�o,	 /he	 �o./.	 a..o�$a/e�	 2$/h	 �G��	 are	 .u�./an/$a',	 e.pe�$a''4	 !or	 .pe�$e.	 2$/h	 'ar"e	
"eno(e.,	'$($/$n"	app'$�a�$'$/4	/o	.(a''	e3per$(en/a'	�e.$"n..	

	

n	/he	a�.en�e	o!	a	re!eren�e	"eno(e,	ep$"ene/$�	Geno/4p$n"	�4	�e,uen�$n"	Nep$G��O	an�	
�.�a�.e,,	�o/h	(o�$!$e�	�e�u�e�	�epre.en/a/$on	�$.u'!$/e	.e,uen�$n"	N����O	/e�hn$,ue.,	
o!!er.	.e,uen�$n"D�a.e�	a'/erna/$ve.	!or	./u�4$n"	���	(e/h4'a/$on	var$a/$on	$n	nonD(o�e'	
.pe�$e.	Nvan	Gurp	e/	a'.	^\]bA	Tru��h$	e/	a'.	^\]bO.	�p$G��	a''o2.	!or	re!eren�e	!ree	re�u�e�	
repre.en/a/$on	.e,uen�$n"	on	a	re./r$�/$on	.$/eDa..o�$a/e�	an�	rep'$�a�'e	.u�.e/	o!	"eno($�	
���	 o!	 hun�re�.	 o!	 $n�$v$�ua'.	 .$(u'/aneou.'4	 !or	 a	 'o2	 �o./.	 Th$.	 ena�'e.	 (e/h4'o(e	
�hara�/er$5a/$on	$n	/ran."enera/$ona'	e3per$(en/.	$nvo'v$n"	nonD(o�e'	.pe�$e..		ere,	
	u.e	
ep$G��	 /o	 ./u�4	 /he	 /ran."enera/$ona'	 �4na($�.	 o!	 ���	 (e/h4'a/$on	 var$a/$on,	 an�	 $/.	
"eno/4peD.pe�$!$�$/4,	$n	a	.$3D"enera/$on	e3per$(en/	2$/h	apo($�/$�	�an�e'$on.	NT� �%��um	
o��i�i���eO.	 
	 a'.o	 eva'ua/e	 ho2	 her$/a�'e	 (e/h4'a/$on	 var$a/$on	 $.	 a!!e�/e�	 �4	 an	
env$ron(en/a'	 per/ur�a/$on,	 .pe�$!$�a''4	 %a.(on$�	 a�$�	 /rea/(en/.	 Ja.(on$�	 a�$�	 NJ�O	 $.	 a	
p'an/	hor(one	$nvo've�	$n	re"u'a/$n"	p'an/	re.pon.e.	/o	a�$o/$�	an�	�$o/$�	./re..e.	a.	2e''	
a.	p'an/	"ro2/h	an�	�eve'op(en/	N�e'&er	e/	a'.	^\\bO.	Ja.(on$�	a�$�	ha.	�een	u.e�	2$�e'4	
a.	an	ar/$!$�$a'	a"en/	app'$e�	/o	$n�u�e	.4./e($�	p'an/	�e!en.e	pa/h2a4.	/4p$�a''4	a..o�$a/e�	
2$/h	 $n.e�/	her�$vor4	 NT4/"a/	 e/	 a'.	 ^\]_O.	Prev$ou.	2or&	 $n	�an�e'$on	ha.	 .ho2n	 /ha/	 $n	
.o(e	"eno/4pe.	o!!.pr$n"	o!	 J�De3po.e�	p'an/.	 $.	 avo$�e�	 $n	 a	 �ho$�e	 !ee�$n"	e3per$(en/	
!ea/ur$n"	 /he	 "enera'$./	 her�$vore	 
�odo�te �	 e%i�u�	 NVerhoeven	 <	 van	 Gurp	 ^\]^O,	
.u""e./$n"	 /ha/	 paren/a'	 J�De3po.ure	 �an	 a'/er	 /he	 ph4.$o'o"4	 o!	 o!!.pr$n"	 p'an/..	 Th$.	
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a'/ere�	ph4.$o'o"$�a'	 ./a/e	 �ou'�	�e	 �on/ro''e�	�4	ep$"ene/$�	(e�han$.(.,	 .u�h	a.	a'/ere�	
���	(e/h4'a/$on	pa//ern..	�on.$./en/	2$/h	/h$.	$�ea,	J�	/rea/(en/	2a.	prev$ou.'4	repor/e�	
/o	.ho2	$nher$/e�	���	(e/h4'a/$on	�han"e.	$n	a	��D�F
P	./u�4	NVerhoeven,	Jan.en,	e/	a'.	
^\\eO.	 �4	 .pe�$!$�	 o�%e�/$ve.	 are	 N]O	 /o	 �hara�/er$5e	 �on/e3/D.pe�$!$�	 ���	 (e/h4'a/$on	
'eve'.	$n	�po($�/$�	�an�e'$on.,	a.	2e''	a.	N^O	/o	e3a($ne	/he	/ran."enera/$ona'	./a�$'$/4	o!	
���	 (e/h4'a/$on	 $n	 �G	 an�	 �	G	 �on/e3/.	 Fur/her(ore,	 
	 N_O	 $nve./$"a/e	 $!	 J�	 e3po.ure	
$n�u�e.	 her$/a�'e	 �han"e.	 $n	 ���	 (e/h4'a/$on	 up	 /o	 .evera'	 o!!.pr$n"	 "enera/$on.	 a!/er	
e3po.ure.	 
	h4po/he.$5e	 /ha/	 N]O	���	(e/h4'a/$on	pa//ern.	o!	�an�e'$on,	 '$&e	(an4	o/her	
p'an/	.pe�$e.	N�$e�erhu/h	<	��h($/5	^\]bO,	.ho2	h$"her	va'ue.	!or	���	(e/h4'a/$on	$n	�G	
an�	 �	G	 �on/e3/	 �o(pare�	 /o	 � �bido�sis	 t���i���	 an�	 N^O	 h$"h	 ./a�$'$/4	 o!	 ���	
(e/h4'a/$on	on'4	$n	�G	�on/e3/	an�	N_O	/ha/	J�	e3po.ure	re.u'/.	$n	$n	$n�rea.e�	nu(�er	o!	
���	 (e/h4'a/$on	 �han"e.	 /ha/	 are	 /ran.($//e�	 /ran."enera/$ona''4.	 
	 have	 /e./e�	 /he	
h4po/he.$.	�4	(ea.ur$n"	���	(e/h4'a/$on	u.$n"	/he	ep$G��	(e/ho�	Nvan	Gurp	e/	a'.	^\]bO	
$n	/he	o!!.pr$n"	o!	apo($�/$�	�an�e'$on.	�er$ve�	!ro(	a	(u'/$D"enera/$ona'	e3per$(en/	2$/h	
J�D/rea/e�	 an�	 �on/ro'	 '$nea"e..	 
n/erD"enera/$ona'	 �o(par$.on.	 o!	 /he	 .a(e	 .u�.e/	 o!	
N(e/h4'a/e�O	 �4/o.$ne.	 a''o2	 !or	 a..e..$n"	 /he	 /ran."enera/$ona'	 ./a�$'$/4	 o!	 ���	
(e/h4'a/$on	pa//ern.,	2herea.	/he	/rea/(en/	e!!e�/	o!	J�	�an	�e	�e/er($ne�	�4	�o(par$n"	
���	(e/h4'a/$on	pa//ern.	�e/2een	/he	preD/rea/e�	an�	nonD/rea/e�	'$nea"e..	
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4.6	�aterial	and	�ethods	
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G1 G2 G3 G4 G5 G6

Treatment	line

Control	line

Co	line	1-8

x8

x8

JA	line	1-8

Control	lineage

JA	lineage

	
�igure	4.5.	�3per$(en/a'	�e.$"n.	For	�o/h	"eno/4pe.	�_`	an�		c^,	/2o	.$n"'eD.ee�	�e.�en/	
'$nea"e.	2$/h	 e$"h/	 '$ne.	 ea�h	 N'$ne.	 ]DdO	2ere	 $n$/$a/e�.	�ne	 '$nea"e	 re�e$ve�	 a	 Ja.(on$�	
a�$�	 NJ�O	 /rea/(en/	 '$nea"e	 2herea.	 /he	 �on/ro'	 N��O	 '$nea"e	 �$�	 no/.	 �o/h	 '$nea"e.	
�o(�$ne�	are	re!erre�	/o	a.	H/rea/(en/I	'$nea"e..	�e.�en�an/.	!ro(	a''	$n�$v$�ua'.	o!	/he.e	
/rea/(en/	'$nea"e.	2ere	"ro2n	.$(u'/aneou.'4	$n	a	�o((on	�on/ro'	env$ron(en/	!or	���	
(e/h4'a/$on	 .�reen$n".	 
	 2$''	 re!er	 /o	 /he.e	 p'an/	 a.	 /he	 ���	 $.o'a/$on	 '$nea"e.	 �.	 ���	
(e/h4'a/$on	 .�reen$n"	 $.	 per!or(e�	 $n	 /he	 o!!.pr$n"	 o!	 /he	 /rea/(en/	 '$nea"e.,	 /he	
$n/er"enera/$ona'	 �$./an�e	 �e/2een	 ���	 (e/h4'a/$onD.�reene�	 p'an/.	 !ro(	 .u�.e,uen/	
"enera/$on.	 $n	 /he	(u'/$"enera/$ona'	 e3per$(en/	 $.	 au"(en/e�	 �4	 /2o.	 For	 $n./an�e,	 /he	
$n/er"enera/$ona'	 �$./an�e	 �e/2een	 G]	 an�	 G^	 p'an/.	 o!	 /he	 .a(e	 '$ne	 $n	 /he	 /rea/(en/	
'$nea"e	$.	one	"enera/$on,	�u/	a.	/he	���	(e/h4'a/$on	$.	(ea.ure�	$n	/he	o!!.pr$n"	o!	�o/h	
G]	 an�	 G^	 $n�$v$�ua'.	 a	 H�$./an�eI	 o!	 /2o	 "enera/$on.	 $.	 a��e�,	 re.u'/$n"	 $n	 a	($n$(u(	
$n/er"enera/$ona'	 �$./an�e	 o!	 /hree	 "enera/$on..	 
$&e2$.e,	 /he	 $n/er"enera/$ona'	 �$./an�e	
�e/2een	 /he	o!!.pr$n"	o!	G]	an�	Gb	o!	 /he	 .a(e	 '$ne,	2h$�h	are	 !$ve	"enera/$on.	apar/,	 $.	
.even	"enera/$on..	
	
4.2.1	Multi-generation	experiment	
�$n"'e	 .ee�Dpropa"a/e�	 '$ne.	 o!	 apo($�/$�	 �an�e'$on.	2ere	 e./a�'$.he�	 !or	 /he	 "eno/4pe.	
�_`	an�		c^.	�_`	$.	a	re�en/	apo($�/	/ha/	2a.	pro�u�e�	$n	an	e3per$(en/a'	�ro..	�e/2een	
a	 .e3ua'	 �$p'o$�	(o/her	 an�	 �$p'o$�	 po''en	 !ro(	 a	 /r$p'o$�	 !a/her	 NTa.	 <	 Van	 �$%&	 ]eeeA	
Verhoeven,	van	�$%&,	e/	a'.	^\\eO.		c^	$.	an	e./a�'$.he�	apo($�/	�o''e�/e�	!ro(	/he	!$e'�	an�	
'a�Dpropa"a/e�	 !or	 .evera'	 "enera/$on.	 pr$or	 /o	 /he	 e3per$(en/	 NVerhoeven	 <	 van	 Gurp	
^\]^O.	Per	"eno/4pe,	/2o	'$nea"e.	2$/h	d	'$ne.	ea�h	2ere	e./a�'$.he�	an�	propa"a/e�	!or	b	
"enera/$on.	 v$a	 .$n"'eD.ee�	 �e.�en/	 NF$".	 `.]O.	 �ur$n"	 /he	 !$r./	 _	 "enera/$on.	 o!	 /he	
e3per$(en/	 NG]DG_O	 /he	d	 '$ne.	o!	 /he	 J�	 '$nea"e	 re�e$ve�	a	 Ja.(on$�	��$�	 NJ�O	 /rea/(en/	
N.ee	F$".	`.]O.	
n	/he	re./	o!	/h$.	�hap/er	
	re!er	/o	/he	'$ne.	/ha/	re�e$ve�	J�	$n	G]DG_	a.	FJ�	
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'$ne.G	an�	/he	o/her	'$ne.	are	�a''e�	F�on/ro'	'$ne.G.	�o/e	/ha/	p'an/.	!ro(	/he	J�	'$ne.	�$�	no/	
re�e$ve	J�	/rea/(en/	�ur$n"	"enera/$on.	G`DGb.	
n	ea�h	J�	'$ne	$n	"enera/$on	G]DG_,	J�	2a.	
app'$e�	/2$�e,	2hen	p'an/.	2ere	a	an�	c	2ee&.	o'�A	\.^a	('	N2ee&	aO	an�	\.ca	('	N2ee&	cO	
o!	 a	 ]\	 (�	 J�	 .o'u/$on	 N�$"(a	 JD^a\\,	 �$..o've�	 $n	 e/hano'	 an�	 �$'u/e�	 /o	 /he	 �e.$re�	
�on�en/ra/$on	 2$/h	 a	 \.]f	 Tr$/on	 �D]\\	 .ur!a�/an/	 .o'u/$onO	 2a.	 app'$e�	 an�	 (anua''4	
�$./r$�u/e�	over	/he	.ur!a�e	o!	/2o	'eave.	N2ee&	aO	or	!our	'eave.	N2ee&	cO.	Per	"eno/4pe,	
a''	 '$ne.	 !ro(	 �o/h	 '$nea"e.	 2ere	 !oun�e�	 �4	 a	 .$n"'e	 an�e./or	 $n�$v$�ua'	 NG\O.	 
n	 ea�h	
"enera/$on	o!	/he	e3per$(en/,	a''	p'an/.	2ere	"ro2n	$n	a	�o((on	"reenhou.e	env$ron(en/.	
For	 a''	 "enera/$on.,	 .ee�.	2ere	 "er($na/e�	 !or	 ]\D]]	 �a4.	 N]\	 h	 �ar&B	 ]`	 h	 '$"h/A	 ]`k�B	
]dk�O	 $n	 a	 "ro2/h	 �ha(�er.	 �ee�'$n".	 2ere	 $n�$v$�ua''4	 /ran.p'an/e�	 $n/o	 e�(	 po/.	
�on/a$n$n"	a	($3/ure	o!	d\f	po//$n"	.o$'	an�	^\f	pu($�e,	an�	per	"eno/4pe	po/.	2ere	!u''4	
ran�o($5e�	over	a	/a�'e	$n	a	"reenhou.e	2$/h	N]\	h	�ar&	B	]`	h	'$"h/A	]bk�	B	^]k�O.	P'an/.	
2ere	2a/ere�	ever4	V^	�a4.	a.	 re,u$re�,	an�	 /2$�e	per	2ee&	 /he	 /a�'e	2a.	 !'oo�e�	2$/h	
ha'!D./ren"/h	 	oa"'an�	 nu/r$en/	 .o'u/$on.	 �ohor/.	 2ere	 "ro2n	 un/$'	 jeaf	 o!	 p'an/.	
pro�u�e�	!'o2er.	an�	.ee�	hea�..		
	
4.2.2	���	met�&lation	 �reening	experiment	
�po($�/$�	 .ee�.	 2ere	 �o''e�/e�	 !ro(	 a''	 $n�$v$�ua'	 p'an/.	 !ro(	 /he	 (u'/$D"enera/$on	
e3per$(en/	 �e.�r$�e�	 a�ove	 an�	 ./ore�	 a/	 ]ak�	 $n	 a	 .ee�	 ./ora"e	 �a�$ne/	 2$/h	 _\f	
hu($�$/4	 $n	 /he	 a�.en�e	 o!	 '$"h/.	 �!/er	 �o(p'e/$on	 o!	 /he	(u'/$D"enera/$on	 e3per$(en/,	 a	
.$n"'e	o!!.pr$n"	 $n�$v$�ua'	 !ro(	ea�h	o!	 /he	e3per$(en/a'	p'an/.	2a.	"ro2n	 /o"e/her	 $n	 a	
�o((on	 env$ron(en/	 !or	 ���	 e3/ra�/$on	 an�	 ���	 (e/h4'a/$on	 ana'4.$..	 Th$.	 ���	
(e/h4'a/$on	.�reen$n"	e3per$(en/	2a.	�e.$"ne�	!or	]e^	p'an/.	N^	"eno/4pe.	3	]b	'$ne.	3	b	
"enera/$on.O	 �u/	 �e�au.e	 .o(e	 .ee�.	 2ere	 'o./,	 /he	 e3per$(en/	 2a.	 rea'$5e�	 2$/h	 ^	
"eno/4pe.	3	]a	 '$ne.	3	b	"enera/$on.,	 !or	a	 /o/a'	o!	]cd	p'an/.	N/2o	 '$ne.	ha�	"er($na/$n"	
.ee�.	 !or	 a	 $n./ea�	 o!	 b	 "enera/$on.O.	 �ee�.	 2ere	 ./er$'$5e�	 u.$n"	 \,\af	 �'ea�h	 an�	
"er($na/e�	on	^f	a"ar	$n	pe/r$	�$.he.	.ea'e�	2$/h	para!$'(	$n	a	"ro2/h	�a�$ne/	!or	c	�a4.	
N]\	h	�ar&B	]`	h	'$"h/A	]`k�	B	]dk�O.	�ee�'$n".	2ere	$n�$v$�ua''4	/ran.p'an/e�	$n/o	e�(	po/.	
�on/a$n$n"	 a	 ($3/ure	 o!	 d\f	 po//$n"	 .o$'	 an�	 ^\f	 pu($�e	 an�	 2ere	 "ro2n	 $n	 a	 !u''4	
ran�o($5e�	�e.$"n	 $n	a	�'$(a/e	�ha(�er	N]\	h	�ar&B	]`	h	 '$"h/A	]ak�	 B	^\k�O.	P'an/.	2ere	
2a/ere�	 ever4	 /2o	 �a4.,	 an�	 /2$�e	 per	 2ee&	 /he	 �ar/.	 2ere	 !'oo�e�	 2$/h	 ha'!D./ren"/h	
	oa"'an�	 nu/r$en/	 .o'u/$on.	 
ea!	 .a(p'e.	 2ere	 harve./e�	 a!/er	 _\D_b	 �a4.	 !or	 ���	
$.o'a/$on.	Per	p'an/,	b	 'ea!	pun�he.	2ere	 /a&en	 !ro(	 /he	.$3/h	 'ea!,	 avo$�$n"	 /he	 'a/e3Dr$�h	
($�Dve$n.	 
ea!	 pun�he.	 2ere	 !'a.h	 !ro5en	 $n	 '$,u$�	 n$/ro"en	 an�	 ./ore�	 a/	 Dd\k�	 a!/er	
.a(p'$n".	 �o/e	 /ha/	 �e�au.e	 /he	 p'an/.	 "ro2n	 !or	 ���	 (e/h4'a/$on	 .�reen$n"	 �$�	 no/	
re�e$ve	an4	/rea/(en/,	
	�an	on'4	�e/e�/	Ja.(on$�	a�$�	e!!e�/.	on	���	(e/h4'a/$on	/ha/	are	
/ran.($//e�	/ran."enera/$ona''4	an�	no/	�$re�/	J�	e!!e�/.	on	/he	/rea/e�	p'an/.	/he(.e've..		
	
4.2..	���	i olation	an�	epi���	li�rar&	preparation	
For	���	e3/ra�/$on	'ea!	�$.�.	2ere	ho(o"en$5e�	�4	�ea�D�ea/$n"	/he	!ro5en	'ea!	/$..ue	$n	a	
^D(
	 �ppen�or!	 /u�e	 2$/h	 ^D_((	 ./a$n'e..	 ./ee'	 �ea�..	 �o	(ore	 /han	 ]\\	("	 o!	 !re.h	
/$..ue	2a.	u.e�	per	.a(p'e.	�a(p'e.	2$/h	�ea�.	2ere	/a&en	!ro(	/he	!ree5er	an�	./ore�	$n	
'$,u$�	 n$/ro"en.	 For	 ea�h	 �a/�h	 o!	 ]^	 .a(p'e.,	 /he	 /u�e.	 2ere	 pu/	 $n	 a	 T$..ue
4.er	 ^`	
a�ap/or	.e/	�'o�&	/ha/	2a.	par/$a''4	.u�(er"e�	$n	'$,u$�	n$/ro"en	/o	preven/	/ha2$n"	�ur$n"	
.a(p'e	p'a�e(en/.	�!/er	_\	.e�on�.	o!	.ha&$n"	a/	_\		5	a/	],d\\	o.�$''a/$on.	per	($nu/e,	/he	
/u�e.	2ere	.u�(er"e�	$n	'$,u$�	n$/ro"en,	a!/er	2h$�h	a	.e�on�	_\	.e�on�	roun�	o!	.ha&$n"	



�hap/er	`	Tran."enera/$ona'	$nher$/an�e	o!	N./re..D$n�u�e�O	���	(e/h4'a/$on	$n	apo($�/$�	
�an�e'$on..	
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2a.	 per!or(e�	 a/	 /he	 .a(e	 .e//$n"..	 ���	 2a.	 $.o'a/e�	 u.$n"	 /he	 �a�here4D�a"e'	
�u�'eo.p$n	 P'an/	 

	 &$/.	 
	 !o''o2e�	 /he	 (anu!a�/urerG.	 pro/o�o'	 2$/h	 /he	 !o''o2$n"	
(o�$!$�a/$on..	For	�e''	'4.$.,	
	u.e�	�e''	'4.$.	�u!!er	P
]	!or	_\	($n	$n./ea�	o!	]\	($n.	�!/er	
!$'/ra/$on	 /hrou"h	 /he	 p$n&	 nu�'eo.p$n	 !$'/er,	 
	 �are!u''4	 p$pe//e�	 /he	 !'o2D/hrou"h	 $n/o	 a	
!re.h	].aD(
	/u�e,	avo$�$n"	/he	pe''e/	/ha/	$.	o!/en	!or(e�	a/	/h$.	./a"e.	
	u.e�	an	a��$/$ona'	
�en/r$!u"a/$on	./ep	/o	avo$�	a	.(a''	pe''e/A	/he	�'ear	.uperna/an/	2a.	u.e�	$n	/he	!o''o2$n"	
./ep.	a��or�$n"	/o	/he	(anu!a�/urerG.	pro/o�o'.	�.	re./r$�/$on	en54(e.	are	ver4	.en.$/$ve	/o	
pro/e$n.	 an�	 o/her	 �on/a($na/$on,	 
	 .e'e�/e�	 on'4	 .a(p'e.	2$/h	 h$"h	 pur$/4	 a��or�$n"	 /o	
�ano�rop	^\\\	(ea.ure(en/.	N.pe�$!$�a''4,	^b\J^d\	an�	^b\J^_\	ra/$o.	o!	a/	'ea./	].d	an�	
].a,	re.pe�/$ve'4O.	�a.e�	on	�ano�rop	(ea.ure(en/.,	per	$n�$v$�ua'	`\\	nano"ra(	o!	���	
2a.	u.e�.	�p$G��	 '$�rar$e.	2ere	prepare�	a.	�e.�r$�e�	prev$ou.'4	 Nvan	Gurp	e/	a'.	^\]bO	
u.$n"	 P./
	 a.	 en54(e.	 P./
	 Nre�o"n$/$on	 .$/e	 �XTG��UGO	 $.	 a	 !re,uen/'4	 u.e�	 re./r$�/$on	
en54(e	$n	Geno/4p$n"	�4	�e,uen�$n"	NG��O	N�'.h$re	e/	a'.	^\]]O,	ho2ever	$/	$.	(e/h4'a/$on	
.en.$/$ve	 !or	�	G	(e/h4'a/$on,	 !or	2h$�h	 /2o	.$/e.	are	pre.en/	 $n	 /he	en54(e	re�o"n$/$on	
.$/e.	�.	.u�h,	a	�$a.	a"a$n./	�	G	(e/h4'a/$on	2a.	�e/e�/e�	prev$ou.'4	Nvan	Gurp	e/	a'.	^\]bO,	
(a&$n"	 /h$.	 en54(e	 �e//er	 a/	 un�$a.e�	 ,uan/$!$�a/$on	 o!	 �G	 (e/h4'a/$on	 /han	 o!	 �	G	
(e/h4'a/$on.	
n	a��$/$on	/o	/he	P./
	ep$G��	'$�rar$e.,	./an�ar�	G��	'$�rar$e.	2ere	prepare�	
!ro(	/he	un�onver/e�	�$"e./$on	 '$"a/$on	($3/ure.	For	�o/h	ep$G��	an�	G��	 '$�rar$e.,	a	µ
	
ou/	o!	a	 /o/a'	o!	b\	µ
	2a.	u.e�	per	.a(p'e.	Poo'.	o!	a''	.a(p'e.	 !or	�o/h	/he	ep$G��	an�	
G��	 '$�rar$e.	2ere	 �'eane�	 up	 u.$n"	 �$a,u$�&	 P��	 �'eanup	 N�$a"enA	 ^d]\`O,	 e'u/$on	2a.	
per!or(e�	$n	/he	�$a"en	e'u/$on	�u!!er	N��O	$n	a	vo'u(e	o!	`\	µ
.	\.d3	�P�
	.$5e	.e'e�/$on	
2a.	app'$e�,	e'u/$on	2a.	�one	u.$n"	�$a"en	��	$n	a	vo'u(e	o!	^`	µ
.	For	/he	./an�ar�	G��	
'$�rar$e.,	 n$�&	 repa$r	 an�	 �$.u'!$/e	 �onver.$on	 2ere	 .&$ppe�.	 ^	 µ
	 o!	 /he	 .$5e	 .e'e�/e�	
�$"e./$on	'$"a/$on	($3/ure	2a.	u.e�	a.	a	/e(p'a/e	!or	/he	!$na'	P��	a��or�$n"	/o	Nvan	Gurp	
e/	a'.	^\]bO.	
	
4.2.4	�e�uen�ing	an�	�ioin�ormati� 		
	
.','.'+		ib � &	�u��ti�i��tio�	
For	a��ura/e	,uan/$!$�a/$on	o!	/he	.e,uen�$n"	'$�rar$e.,	a	($.e,	�ano	run	2a.	per!or(e�	on	
]cd	poo'e�	'$�rar$e.	!ro(	]cd	.a(p'e.	o!	2h$�h	d^	2ere	G��	an�	eb	2ere	ep$G��	'$�rar$e.,	
poo'e�	$n	e,ua'	ra/$o..	�4	�o(�$n$n"	G��	an�	ep$G��	'$�rar$e.	$n	a	.$n"'e	poo'	
	on'4	nee�e�	
one	.e,uen�$n"	run	!or	,uan/$!$�a/$on.	�.	
	have	]^	�ar�o�e�	a�ap/er.	!or	/he	!or2ar�	rea�	
an�	d	 !or	 /he	 rever.e	 rea�.,	 a	(a3$(u(	o!	 d3]^	h	 eb	 .a(p'e.	 �ou'�	 �e	(u'/$p'e3e�	per	
'ane.		o2ever,	ep$G��	an�	G��	'$�rar$e.	�an	�e	�$./$n"u$.he�	�ue	/o	�$!!eren/$a'	�onver.$on	
o!	/he	�4/o.$ne.	$n	/he	un(e/h4'a/e�	en54(e	re�o"n$/$on	.$/e	N.ee	Nvan	Gurp	e/	a'.	^\]bOO,	
2h$�h	 $.	 2ha/	 a''o2e�	 u.	 /o	 poo'	 ep$G��	 an�	 G��	 �e4on�	 /he	 ebD.a(p'e	 '$($/a/$on.	
�e,uen�$n"	 rea�.	 2ere	 �e(u'/$p'e3e�	 u.$n"	 �e(u'/$p'e3.p4	 N.ee	
h//p.BJJ"$/hu�.�o(J/ho(a.van"urpJep$G��J/reeJep$G��D�a/ureX(e/ho�.O	 2h$�h	 2a.	
e�$/e�	 /o	 a''o2	 !or	 �$./$n�/$on	 �e/2een	 ep$G��	 an�	 G��	 rea�..	 �ea�	 �oun/.	 !or	 G��	 an�	
ep$G��	 rea�.	2ere	(a�e	 �a.e�	 on	 /he	 !or2ar�	 an�	 rever.e	 �ar�o�e�	 /a"	 pre.en/	 $n	 /he	
rea�	 na(e.	 u.$n"	 /he	 !o''o2$n"	 �a.h	 �o((an�.	 !or	 ep$G��	 Np$"5	 D��	
�].a(p'e�o�e]^_X\\\\\\\\\D�\�JKX.X]X!a./,./3/."5K"rep	Z2a/.onWK�r$�&Z	K	 /r	 Y	 Y	 YW/YK�u/	 D
!^,_K/r	 YW/Y	 YXYK	a2&	YR�oun/P[]QggS	���	R!or	N2or�	$n	�oun/O	pr$n/	2or�,	�oun/P2or�QSYK.e�	
Y.J��B�BJJ"YKp��op4O	 an�	 G��	 Np$"5	 D��	 �].a(p'e�o�e]^_X\\\\\\\\\D



	

 78 

�\�JKX.X]X!a./,./3/."5K"rep	Z"�.Z	K	/r	Y	Y	YW/YK�u/	D!^,_K/r	YW/Y	YXYK	a2&	YR�oun/P[]QggS	���	R!or	
N2or�	 $n	 �oun/O	pr$n/	2or�,	 �oun/P2or�QSYK.e�	 Y.J��B�BJJ"YKp��op4O.	��.erve�	 �oun/.	 !or	
�ar�o�e.	2ere	(a/�he�	/o	/he	or$"$na'	.a(p'e..	Per	.a(p'e	�oun/.	2ere	u.e�	/o	a�%u./	/he	
.a(p'e	poo'$n"	ra/$o	 !or	.u�.e,uen/	ep$G��	 '$�rar4	.e,uen�$n"	N.ee	�e'o2O	 /o	�orre�/	 !or	
overD	 an�	 un�errepre.en/e�	 .a(p'e.	 �4	 a��$n"	 'e..	 or	 (ore	 ���	 !ro(	 /he	 �$"e./$onD
'$"a/$on	($3/ure	/o	/he	!$na'	P��.	
	
.','.',	e�i��
	�ib � &	se�ue��i��	
T2o	'ane.	o!	.e,uen�$n"	2ere	per!or(e�	on	an	
''u($na		$.e,^a\\	N]^aD�4�'e.	pa$re�Den�	
rea�.O	 u.$n"	 a	 ran�o('4	 �$./r$�u/e�	 ebDp'e3	 N�]D�ebO	 an�	 d^Dp'e3	 N�ecD�]cdO	 ep$G��	
'$�rar4	!or	a	/o/a'	o!	]cd	.a(p'e..	The	ebDp'e3	 '$�rar4	4$e'�e�	]_\,a^e,^ba	rea�.	2herea.	
/he	d^Dp'e3	 '$�rar4	4$e'�e�	]^`,ebd,^b^	 rea�..	�e(u'/$p'e3$n"	�$.�ar�.	 rea�.	 /ha/	 �anno/	
�e	 a..$"ne�	 re'$a�'4	 �ue	 a	 h$"h	 ra/e	 o!	($.(a/�he.	 $n	 /he	 �ar�o�e,	 4$e'�$n"	 ]\_,`\\,e^_	
u.a�'e	rea�.	 !or	 /he	ebDp'e3	an�	d^,]_^,b__	rea�.	 !or	 /he	d^Dp'e3	 '$�rar4.	�u�h	rea�.	are	
no/	!$'/ere�	ou/	here	a.	.u�h	'o2D,ua'$/4	rea�.	are	�$.�ar�e�	�ur$n"	/he	(app$n"	pro�e...	
�e/a$'.	 o!	 �e(u'/$p'e3$n"	 an�	(app$n"	 .e//$n".	 are	 �e.�r$�e�	prev$ou.'4	 Nvan	Gurp	 e/	 a'.	
^\]bO.		
	
.','.'-	
et�&��tio�	��d	
��	����i��	st �te�&	
�ea�.	2ere	(appe�	 a"a$n./	 /he	P./
D�a.e�	�an�e'$on	 ep$G��	p.eu�oDre!eren�e	 .e,uen�e	
pu�'$.he�	 prev$ou.'4	 $n	 Nvan	 Gurp	 e/	 a'.	 ^\]bO.	 Var$an/	 �a''$n"	 2a.	 �a.e�	 on	 .a(/oo'.	
(p$'eup	ver.$on	]._	�o(�$ne�	2$/h	a	�u./o(	p4/hon	.�r$p/	!or	(e/h4'a/$on	an�	��P	�a''$n"	
Nh//p.BJJ"$/hu�.�o(J/ho(a.van"urpJep$G��J�'o�J(a./erJ(app$n"Xvar�a''J(e/h4'a/$onX
�a''$n"X.a(/oo'..p4O.	 Th$.	 .�r$p/	 !o''o2.	 /he	 .a(e	 'o"$�	 a.	 /he	 (e/h4'a/$on	 �a''$n"	 .�r$p/	
�a.e�	 on	 Free�a4e.	 Nvan	 Gurp	 e/	 a'.	 ^\]bO.	 	o2ever,	 �o(pare�	 /o	 /ha/	 .�r$p/,	 /he	 ne2	
ver.$on	 $.	 (ore	 .en.$/$ve,	 run.	 !a./er	 an�	 �on/a$n.	 an	 $(prove�	 (e/h4'a/$on	 an�	 ��P	
�e/e�/$on	a'"or$/h(.	Var$an/	�a''.	 $n	"5$ppe�	V�F	!$'e.	2ere	"enera/e�	!or	/he	�a/.on	an�	
�r$�&	 ./ran�	 .epara/e'4	 u.$n"	 .a(/oo'.	 (p$'eup	 v]._	 2$/h	 /he	 !o''o2$n"	 �o((an�	
N.a(/oo'.	(p$'eup	 DDre!eren�e	 ..Jou/pu/X�enovoJ�on.en.u.X�'u./er.rena(e�.!a	 D"/	�P,	��,	

�F�J��,	 ��F,	 
�F�J��F,	 ���,	 
�F�J���	 D�	 ]\\\\\\\	 D,	 \	 D�	 \	 Dv	 N2a/.on.�a(	 or	
�r$�&.�a(O	j	N2a/.on.v�!."5	or	�r$�&.v�!."5O.	For	ever4	nonDre!eren�e	a''e'e	�a''e�	on	a''	]cd	
.a(p'e.,	on'4	a''e'e.	2$/h	a	!re,uen�4	o!	a/	'ea./	a	per�en/	o!	/he	rea�.	2ere	pre.erve�	/o	
avo$�	 po/en/$a'	 .e,uen�$n"	 error..	 �.	 pre.en/e�	 $n	 Nvan	 Gurp	 e/	 a'.	 ^\]bO,	 �r$�&	 ./ran�	
rea�.	 are	 �onver/e�	 /o	 /he	 rever.e	 �o(p'e(en/,	 /o	 a''o2	 !or	 repre.en/$n"	 N(e/h4'a/$onO	
var$an/.	 o!	 �o/h	 /he	 �a/.on	 an�	 �r$�&	 ./ran�	 �a.e�	 on	 /he	 .a(e	 N�a/.onO	 re!eren�e	
.e,uen�e.	�n	�o/h	./ran�.,	un(e/h4'a/e�	�4/o.$ne.	are	/ran.!or(e�	$n/o	/h4($ne,	�u/	"$ven	
/he	rever.e	�o(p'e(en/	repre.en/a/$on	o!	/he	�r$�&	./ran�,	(e/h4'a/$on	po'4(orph$.(.	on	
/he	 �r$�&	 ./ran�	 are	 �eno/e�	 a.	 G	 J	 �	 2herea.	 on	 /he	 �a/.on	 ./ran�	 /he4	 are	 �JT.	
�e/h4'a/$on	 �a''$n"	�a.e�	on	�a/.on	an�	�r$�&	 a''e'e	o�.erva/$on.	 !o''o2.	 /he	pro�e�ure	
�e.�r$�e�	 $n	 Nvan	Gurp	e/	a'.	^\]bO.	�r$e!'4,	 /he	P4/hon	.�r$p/	(e/h4'a/$onX�a''$n".p4	u.e.	
/he	F2a'&/o"e/herG	(e/ho�	o!	/he	P4V�F	pa�&a"e	Nh//p.BJJ"$/hu�.�o(J%a(e.�a.�onJP4V�FO	
/o	 .$(u'/aneou.'4	 $/era/e	 over	 �o/h	 �a/.on	 an�	 �r$�&	 V�F..	 
n	 /h$.	 2a4,	 ��P.	 an�	
(e/h4'a/$on	 po'4(orph$.(.	 2ere	 �$./$n"u$.he�	 an�	 .p'$/.	 �JT	 po'4(orph$.(.	 $n	 /he	
�a/.on	./ran�	�o(�$ne�	2$/h	�	on	/he	�r$�&	./ran�	$n�$�a/e	a	(e/h4'a/$on	po'4(orph$.(	
on	/he	�a/.on	./ran�,	2herea.	a	GJ�	po'4(orph$.(	on	/he	�r$�&	./ran�	�o(�$ne�	2$/h	a	G	
on	 /he	�a/.on	 ./ran�	 $n�$�a/e.	 a	(e/h4'a/$on	 po'4(orph$.(	on	 /he	 �r$�&	 ./ran�.	�here	
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�o(�$ne�	 ��P	 an�	 (e/h4'a/$on	 'ea�	 /o	 /he	 .a(e	 po'4(orph$.(	 N�JT	 or	 GJ�O	 on	 �o/h	
�a/.on	an�	�r$�&	./ran�.,	on'4	/he	��P	$.	�a''e�,	a.	/he	(e/h4'a/$on	ra/$o	�anno/	�e	re'$a�'4	
�e/er($ne�.	��P	var$an/	�a''$n"	2a.	re!$ne�	�4	2r$/$n"	a	ne2	a'"or$/h(	a��or�$n"	/o	a	.e/	
o!	ru'e.	a$(e�	a/	($n$($5$n"	!a'.e	po.$/$ve	��P..	�.	a	�a.$�	ru'e,	��P	var$an/.	/ha/	are	no/	
o�.�ure�	�4	�$.u'!$/e	�onver.$on,	.u�h	a.	!or	e3a(p'e	�JT	��P.,	are	re,u$re�	/o	�e	pre.en/	
on	�o/h	./ran�	 $n	or�er	 !or	 /he(	/o	�e	�a''e�.	Fur/her(ore,	��P.	�on/a$n$n"	a	�	or	G	are	
.u�%e�/	/o	ru'e	^	an�	_B	

	
]. Per	.a(p'e	��P	var$an/	o�.erva/$on.	$n	�a/.on	an�	�r$�&	./ran�	.hou'�	(a/�h,	e.".	$!	

/he	re!eren�e	$.	T	an�	an	�	var$an/	$.	o�.erve�	on	/he	�a/.on	./ran�,	/ha/	�	.hou'�	
a'.o	�e	pre.en/	a.	a	var$an/	on	/he	�r$�&	./ran�.	Var$an/.	no/	(ee/$n"	/h$.	�r$/er$on	
are	no/	�a''e�	

^. �JT	an�	GJ�	��P.	�an	on'4	�e	�a''e�	�a.e�	on	re.pe�/$ve'4	�r$�&	or	�a/.on	./ran�	
a.	/he.e	"eno/4pe	�a''.	�an	on'4	�e	$n/erpre/e�	a.	"ene/$�	var$a/$on	2$/h	rea�.	!ro(	
one	./ran�,	a.	(e/h4'a/$on	var$a/$on	�an	�au.e	/he	.a(e	"eno/4pe	�a''	on	/he	�a/.on	
./ran�	N�JTO	or	�r$�&	./ran�	NGJ�O	a!/er	�$.u'!$/e	�onver.$on.		

7. ��P.	 �on/a$n$n"	 a	 �	 or	 T	 a''e'e	 are	 �a''e�	 on	 �o/h	 ./ran�.	2henever	 po..$�'e.	 For	
e3a(p'e,	a	�J�	��P	�an	�e	TJ�	on	/he	�a/.on	./ran�	on'4	$!	a	T	a''e'e	$.	a�.en/	!ro(	
/he	�r$�&	./ran�.	
n	/h$.	�a.e,	/he	�a/.on	T	a''e'e	$.	 $n/erpre/e�	a.	ev$�en�e	!or	a	�	
N2h$�h	2a.	�$.u'!$/e	 �onver/e�O	 an�	 $.	 u.e�	 $n	 �on%un�/$on	2$/h	 /he	�	 a''e'e	 �oun/	
!ro(	/he	�r$�&	./ran�.	

	
.','.'.	
��	�i�te i��	��d	s�m��e	e%��usio�	
To	a..e..	2he/her	a''	.a(p'e.	2ere	"eno/4pe�	�orre�/'4	an�	no	.a(p'e.	2ere	a��$�en/a''4	
.2appe�	 �e/2een	 "eno/4pe.	 
	 .e'e�/e�	 a	 nu(�er	 o!	 h$"h	 ,ua'$/4	 ��P.	 a��or�$n"	 /o	 /he	
!o''o2$n"	�r$/er$aB	

]. �u(�er	o!	�a''e�	.a(p'e.	$.	h$"her	/han	]a\	
^. The	nu(�er	o!	 .a(p'e.	 Nou/	o!	]cdO	�a''e�	a.	ho(o54"ou.	re!eren�e,	ho(o54"ou.	

a'/erna/e	or	he/ero54"ou.	are	a''	�e'o2	]\\	$n	or�er	/o	e3�'u�e	.pur$ou.	��P.	/ha/	
are	on'4	!oun�	$n	a	!e2	$n�$v$�ua'..	

	
Th$.	!$'/er$n"	pro�e�ure	re.u'/e�	$n	]^a	��P.	/ha/	/o"e/her	�$!!eren/$a/e	/he	�_`	!ro(	/he	
	c^	"eno/4pe.	�u�.e,uen/'4,	/he	re.u'/$n"	!$'/ere�	var$an/	�a''	!$'e	2a.	u.e�	a.	an	$npu/	/o	a	
�u./o(	 �	 .�r$p/	
Nh//p.BJJ"$/hu�.�o(J/ho(a.van"urpJep$G��J�'o�J(a./erJ(app$n"Xvar�a''J��PX/ree.�O	
/o	(a&e	a	�en�ro"ra(	u.$n"	 /he	 .np"�.	�'u./er,	 .np"�.
��	an�	 .np"�.�u/Tree	 !un�/$on	
!ro(	/he	��P�e'a/e	'$�rar4	N�.	�hen"	e/	a'.	^\]^O.	�a.e�	on	eva'ua/$on	o!	/h$.	�en�ro"ra(	
a''	.a(p'e.	!ro(	J�	'$ne	c	o!	�_`	N�_`XJ�XcO	2ere	e3�'u�e�,	a.	/hree	.a(p'e.	!ro(	/h$.	'$ne	
NG`DGbO	2ere	�'u./ere�	$n	/he		c^	"roup,	2h$�h	$.	(o./	 '$&e'4	/he	re.u'/	o!	an	$n�orre�/'4	
'a�e'e�	 .a(p'e	 $n	 G`	 �ur$n"	 /he	 e3e�u/$on	 o!	 /he	 (u'/$D"enera/$ona'	 "reenhou.e	
e3per$(en/.	 �''	 $n�$v$�ua'	 .a(p'e.	 �'u./er$n"	 .epara/e'4	 2$/h	 a	 no�e	 he$"h/	 N�u�'$�ean	
�$./an�e	�e/2een	.a(p'e.O	a�ove	\.]	2ere	e3�'u�e�	!ro(	/he	ana'4.$.	N.ee	F$".	`.^O,	a.	/he	
"ene/$�	 �$..$($'ar$/4	 o!	 /he.e	 .a(p'e.	 �o(pare�	 /o	 /he	 o/her	 o�.erve�	 .a(p'e.	 �ou'�	
$n�$�a/e	 a	 pro�'e(	2$/h	 /he	 "eno/4p$n"	 ,ua'$/4.	 �ven	 /hou"h	 
	 app'$e�	 ./r$�/	 !$'/er$n"	 on	
��P.,	 /e�hn$�a'	 ar/e!a�/.	�ue	 /o	 !or	 e3a(p'e	e3�e..$ve	P��D�up'$�a/e.	 �an	o��ur.	 �a(p'e.	
�_`X��XaX"_	an�		c^X��XcX"],	2ere	�$.�ar�e�	�a.e�	on	a	'o2	rea�	�oun/	o!	re.pe�/$ve'4	
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]].eb]	 an�	 a`.^\]	 rea�..	
	c^XJ�XbX"_,	 	c^XJ�X]X"]	 an�	
�_`X��XbX"^	 2ere	 e3�'u�e�	
!ro(	 /he	 ana'4.$.	 �a.e�	 on	
hav$n"	 a	 no�e	 h	 .�ore	 j	 \.].	
The	 !$na'	 ana'4.$.	 /hu.	
�on/a$ne�	 ]bc	 .a(p'e.	 N.ee	
F$".	 `.^O.	 Pr$n�$pa'	 �o(ponen/	
ana'4.$.	 on	 /he	 ���	
(e/h4'a/$on	 o!	 a''	 $n�$v$�ua'.	
.ho2.	 �'ear	 .epara/$on	 o!	 /he	
/2o	 "eno/4pe.	 N.ee	
�upp'e(en/ar4	F$".	`.^O.	
	
�igure	4.6.	�'u./er$n"	�a.e�	on	
"ene/$�	 �$./an�e.	 �a.e�	 on	 /he	
$�en/$/4	 �4	 ./a/e	 propor/$on	
�e/2een	a''	]cd	.a(p'e.	�a.e�	
on	]^a	��P..	The	�	a3$.	.ho2.	
/he	 $n�$v$�ua'	 �$..$($'ar$/4	 $n	
/he	 $�en/$/4	 �4	 ./a/e	 N.ee	 N�.	
�hen"	 e/	 a'.	 ^\]^OO.	 �a(p'e.	
�_`X��XaX"_,	 	c^X��XcX"],	
	c^XJ�XbX"_,	 	c^XJ�X]X"],	
�_`X��XbX"^	 an�	 a''	 .$3	
.a(p'e.	 �e'on"$n"	 /o	 J�D'$ne	 c	
$n	 �_`	 N�_`XJ�XcX�O	 2ere	
e3�'u�e�	 !ro(	 /he	 ana'4.$.	
N'$ne.	 .ho2n	 $n	 re�O,	 'eav$n"	 a	
/o/a'	 o!	 ]bc	 .a(p'e..	 The	 'e!/	
N(a$nO	�ran�h	o!	 /he	 /ree	2$/h	
/he	 �'a�&	 �o//e�	 .a(p'e.	
�on/a$n	 /he	 	c^	 .a(p'e.	
2herea.	 /he	 r$"h/	 N(a$nO	
�ran�h	o!	/he	/ree	�on/a$n.	/he	
�_`	 $n�$v$�ua'..
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.','.'/	�i�te i��	o�	met�&��tio�	����s	
�	 �u./o(	 P4/hon	 .�r$p/	 2a.	 2r$//en	 /o	 ana'45e	 /he	 (e/h4'a/$on.�e�	 !$'e	 ou/pu/	 o!	 /he	
(e/h4'a/$on	�a''$n"	p$pe'$ne.	
	!o�u.e�	/he	ana'4.$.	on	�	G	an�	�G	.$/e.,	a.	�			(e/h4'a/$on	
$.	 ver4	 'o2	 /o	 a�.en/	 an�	 /hu.	 �a''e�	2$/h	 /he	 'ea./	 a��ura�4A	�			(e/h4'a/$on	2a.	on'4	
a..e..e�	$n	�e.�r$�$n"	/he	���	(e/h4'a/$on	'an�.�ape.	�n'4	�G	an�	�	G	po.$/$on.	�a''e�	$n	
a/	 'ea./	 ]_`	 ou/	 o!	 ]bc	 .a(p'e.	 Njd\fO	 2ere	 �on.$�ere�	 !or	 �o(para/$ve	 ana'4.$..	 Per	
�4/o.$ne	(e/h4'a/$on	 ra/$o.	are	 �a'�u'a/e�	�4	�$v$�$n"	 /he	un�onver/e�	 rea�	�oun/	�4	 /he	
/o/a'	 rea�	 �oun/,	 re.u'/$n"	 $n	 a	 ra/$o	 o!	 \	 Nno	 ev$�en�e	 o!	 (e/h4'a/$onO	 /o	 ]	 N!u''	
(e/h4'a/$onO.	For	 .o(e	�o2n./rea(	ana'4.e.	a	 !ur/her	($n$(u(	rea�	�overa"e	�r$/er$on	
2a.	 .pe�$!$e�	 N.ee	 re.u'/.O	 2h$�h	 re./r$�/.	 /ho.e	 ana'4.$.	 /o	 a	 .(a''	 .u�.e/	 o!	 h$"hD
�on!$�en�e	(e/h4'a/$on	�a''..	
	
.','.'0	����u��ti��	�o  e�ted	�o  e��tio�	�oe��i�ie�ts	o�	i�te (i�di$idu��	���	met�&��tio�	
�ne	2a4	o!	'oo&$n"	a/	/ran."enera/$ona'	�4na($�.	$n	���	(e/h4'a/$on	$.	/o	�e/er($ne	/he	
�orre'a/$on	o!	(e/h4'a/$on	'eve'.	Na�ro..	a''	�4/o.$ne.	�a''e�O	�e/2een	.a(p'e.	o!	�$!!eren/	
"enera/$on..	Th$.	2a.	�one	.epara/e'4	!or	�4/o.$ne.	$n	�G	an�	�	G	�on/e3/.	�.	(an4	'o�$	are	
no/	 �a''e�	 $n	 a''	 ]bc	 .a(p'e.,	 pa$r2$.e	 �o(par$.on.	 �e/2een	 $n�$v$�ua'.	 are	 �a.e�	 on	
�$!!eren/	.u�.e/.	o!	 'o�$.	 
n	pre'$($nar4	ana'4.$.,	 
	o�.erve�	/ha/	/he	nu(�er	o!	 'o�$	�a''e�	
an�	/he	.e,uen�e	�overa"e	o!	/he.e	'o�$	are	$(por/an/	�on!oun�$n"	!a�/or.,	'ea�$n"	/o	a	�$a.	
$n	/he	$n/erD$n�$v$�ua'	Pear.on	�^	!or	/he	(e/h4'a/$on	ra/$o..	The	nu(�er	o!	'o�$	�a''e�	an�	
/he	$n/erD$n�$v$�ua'	Pear.on	�^	./a/$./$�	are	po.$/$ve'4	�orre'a/e�	N.ee	F$".	`._OA	�o(par$.on.	
�e/2een	 /2o	.a(p'e.	2$/h	h$"h	.e,uen�$n"	�overa"e	have	a	h$"her	nu(�er	o!	 'o�$	 �a''e�	
2$/h	"oo�	�overa"e,	(a&$n"	/he	$n�$v$�ua'	e./$(a/e.	o!	/he	(e/h4'a/$on	'eve'	o!	/he.e	'o�$	
(ore	a��ura/e.	�onver.e'4,	.a(p'e.	2$/h	'o2	.e,uen�$n"	�overa"e	have	a	'o2er	nu(�er	o!	
'o�$	 �a''e�,	 ea�h	 2$/h	 'o2er	 �overa"e	 2$/h	 (e/h4'a/$on	 e./$(a/e.	 /ha/	 are	 'e..	 a��ura/e.	

n$/$a''4,	 
	 /r$e�	 /o	 �orre�/	 !or	 /h$.	 �4	 $n�'u�$n"	 on'4	 'o�$	2$/h	($n$(u(	 ]a�	 �overa"e	 $n	
jd\f	o!	 /he	 .a(p'e..	 Th$.	 !$'/er$n"	 �$�	 no/	 .u!!$�$en/'4	 re(ove	 /he	 o�.erve�	 �$a.,	2h$�h	
pro(p/e�	u.	 /o	�e.$"n	a	(ore	e'a�ora/e	 �orre�/$on	 ./ra/e"4.	Th$.	 ./ra/e"4	�on.$./.	o!	 N]O	
e3�'u�$n"	�orre'a/$on.	�e/2een	$n�$v$�ua'.	hav$n"	'e..	/han	^,d\\	�4/o.$ne.	$n	�G	�on/e3/	
�overe�A	an�	N^O	./a/$./$�a''4	�orre�/$n"	/he	$n/erD$n�$v$�ua'	Pear.on	�orre'a/$on	�oe!!$�$en/.	
!or	 /he	 nu(�er	 o!	 'o�$	 $n�'u�e�	 $n	 /he	 pa$r2$.e	 �o(par$.on.	 The	 /hre.ho'�	 o!	 ^,d\\	
�4/o.$ne.	$n	�G	�on/e3/	2a.	�e/er($ne�	�a.e�	on	v$.ua'	$n.pe�/$on	o!	/he	�$./r$�u/$on	o!	/he	
.�a//er	 p'o/	 NF$".	 `._O.	 The	 !$r./	 !$'/er	 �$.�ar�.	 $n/erD$n�$v$�ua'	 �o(par$.on.	 o!	 $n�$v$�ua'.	
/ha/	 have	 'e..	 /han	 ^,d\\	 �4/o.$ne.	 $n	 �G	 �on/e3/	 $n	 �o((on,	 2h$�h	 a'.o	 ra$.e.	 /he	
($n$(u(	nu(�er	o!	�4/o.$ne.	$n	�	G	�on/e3/	/o	aroun�	a,_\\.	�a.e�	on	/h$.	!$'/er,	^a_	ou/	
o!	],a^b	�o(par$.on.	!or	�_`	N]cfO	an�	_dd	ou/	o!	],d_`	�o(par$.on.	!or		c^	N^]fO	2ere	
�$.�ar�e�.	 The	 .e�on�	 !$'/er	 �orre�/.	 ./a/$./$�a''4	 !or	 a	 �overa"eD�epen�en/	 �$a.	 /ha/	 
	
�e/e�/e�.	 �.$n"	 �$�ro.o!/	 e3�e'	 !or	 �a�,	 /ren�	 '$ne.	 2ere	 !$//e�	 u.$n"	 �o/h	 '$near	 an�	
e3ponen/$a'	e,ua/$on..	 
n	�a.e	o!	e3ponen/$a'	e,ua/$on.,	e3�e'	repor/.	 /he	Pear.on	�^	o!	a	
'$near	appro3$(a/$on	o!	/he	N3,	'nN4OO	va'ue..	The	re'a/$on	�e/2een	/he	nu(�er	o!	ava$'a�'e	
po.$/$on.	an�	un�orre�/e�	Pear.on	�^	$.	�e./	�e.�r$�e�	2$/h	e3ponen/$a'	e,ua/$on.	N.ee	F$".	
`._O,	 2h$�h	 "ave	 h$"her	 �^	 .�ore.	 N�a.e�	 on	 /he	 a!ore(en/$one�	 '$near	 appro3$(a/$onO	
�o(pare�	 /o	 a	 .$(p'e	 '$near	 re"re..$on	 N�a/a	 no/	 .ho2nO.	 The	 �$!!eren�e	 �e/2een	 /he	
e3pe�/e�	�^	 .�ore	 N�a.e�	on	 /he	 re"re..$on	 '$neO	 an�	o�.erve�	 Nun�orre�/e�O	�^	 .�ore	 $.	
a��e�	/o	an	ar�$/rar$'4	�e!$ne�	�a.e'$ne	va'ue	/o	4$e'�	a	�orre�/e�	Pear.on	�^	.�ore	/ha/	$.	
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$n�epen�en/	o!	/he	nu(�er	o!	'o�$	ava$'a�'e.	The	�a.e'$ne	va'ue	!or	/he	�er$ve�	N�orre�/e�O	
�^	./a/$./$�	2a.	�e/er($ne�	�4	�a'�u'a/$n"	/he	ou/�o(e	o!	/he	�er$ve�	e,ua/$on.	NTa�'e	]O	
!or	a	nu(�er	o!	�4/o.$ne.	�'o.e	 /o	 /he	(a3$(u(	o!	 /he	ran"eA	_,\\\	 !or	�G	an�	a,d\\	 !or	
�	G.	�'/hou"h	/he	�a.e'$ne	�ho$�e	$.	ar�$/rar4,	
	�e'$eve	/ha/	/he	o�.erve�	$n/erD$n�$v$�ua'	
�orre'a/$on.	 are	 (o./	 a��ura/e	 $n	 �o(par$.on.	 2$/h	 /he.e	 (a3$(u(	 nu(�er	 o!	 'o�$	
$n�'u�e�,	(a&$n"	/he	�^	va'ue.	a/	/h$.	en�	o!	/he	.�a'e	a	na/ura'	�a.e'$ne	�ho$�e.	Th$.	'ea�.	
/o	/he	�a.e'$ne	va'ue.	'$./e�	$n	Ta�'e	].	�orre�/e�	Pear.on	�^	�oe!!$�$en/.	2ere	.u�.e,uen/'4	
�e/er($ne�	per	"eno/4peD/rea/(en/	�o(�$na/$on	N�_`	��,	�_`	J�,		c^	��	an�		c^	J�O	!or	
a''	pa$rD2$.e	�o(par$.on.	2$/h$n	an�	�e/2een	/he	c	/o	d	'$ne.	o!	ea�h	"eno/4peD/rea/(en/	
"roup.	 
	 .u.pe�/	 /ha/	 e.pe�$a''4	 !or	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 /he.e	 �orre�/e�	 Pear.on	 �^	
�oe!!$�$en/.	 '$&e'4	 un�ere./$(a/e	 /he	 F/rueG	 �orre'a/$on	 �oe!!$�$en/	 an�	 a�.o'u/e	 �^	 va'ue.	
.hou'�	/hu.	�e	$n/erpre/e�	2$/h	�au/$on.	Th$.	$.	�e�au.e	/he	(e/h4'a/$on	.en.$/$v$/4	o!	/he	
en54(e	P./
	
	u.e�,	a.	2e''	a.	P��	�up'$�a/e.,	have	a	ne"a/$ve	$(pa�/	on	/he	a��ura�4	o!	/he	
�orre'a/$on	e./$(a/e.	Nvan	Gurp	e/	a'.	^\]bO.	The	�orre�/e�	Pear.on	�^	.�ore.	$n	/h$.	./u�4	
are	u.e�	/o	�$.�ern	pa//ern.	 $n	���	(e/h4'a/$on	�han"e.	o��urr$n"	over	"enera/$on..	For	
/h$.	purpo.e,	$/	�oe.	no/	(a//er	/ha/	/he.e	.�ore.	'$&e'4	un�ere./$(a/e	/he	/rue	�orre'a/$on.	
a.	/he	/e�hn$�a'	$..ue.	/ha/	'ea�	/o	/h$.	�$a.	are	�on./an/.	For	�e/2eenD'$ne	�o(par$.on	/he	
(a3$(u(	$n/erD"enera/$ona'	�$./an�e	$.	]`	�e/2een	o!!.pr$n"	o!	/he	G`	$n�$v$�ua'.	N.ee	F$".	
`.]O.	The	($n$(u(	$n/erD"enera/$ona'	�$./an�e	$.	`,	!or	/he	o!!.pr$n"	o!	G]	$n�$v$�ua'.	!ro(	
�$!!eren/	'$ne..	
n/raD'$ne	�o(par$.on.	ran"e	$n	$n/erD"enera/$ona'	�$./an�e	!ro(	_	N�e/2een	
o!!.pr$n"	 o!	 .u�.e,uen/	 "enera/$on.O	 /o	 c	 N!ro(	 o!!.pr$n"	 o!	 G]	 /o	 o!!.pr$n"	 o!	 GbO.	
�o(par$.on.	2ere	(a�e	on	_,]_c	�G	an�	a,ded	�	G	po.$/$on.	�$./r$�u/e�	over	a`b	�on/$"..	
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�igure	4.7.	�u(�er	o!	�4/o.$ne.	ava$'a�'e	$n	$n/erD$n�$v$�ua'	�o(par$.on	v.	�orre�/e�	an�	
un�orre�/e�	Pear.on	�^	$n	�o/h	/he	J�	an�	�on/ro'	'$nea"e	!or		c^	N�,	�O	a.	2e''	a.	�_`	N�,	
�O.	 �3ponen/$a'	 e,ua/$on.	 N.ee	 Ta�'e	 `.]O	 e3p'a$n	 b]fDc]f	 o!	 /he	 o�.erve�	 var$a/$on	
�e/2een	 nu(�er	 o!	 �4/o.$ne.	 ava$'a�'e	 !or	 �o(par$.on	 an�	 un�orre�/e�	 Pear.on	 �^	

�e/2een	 $n�$v$�ua'.	 .har$n"	 (ore	 /han	 ^,d\\	 �4/o.$ne.	 $n	 �G	 �on/e3/.	 The	 un�orre�/e�	
Pear.on	�^	va'ue.	are	.ho2n	$n	"reen	2herea.	/he	�orre�/e�	Pear.on	�^	are	.ho2n	$n	�'ue.	
�e"re..$on	 '$ne.	 are	 �a.e�	 on	 �o(par$.on.	 �e/2een	 $n�$v$�ua'.	 2$/h	 a/	 'ea./	 ^,d\\	
�4/o.$ne.	 $n	 �G	 �on/e3/.	 �O	 �n�orre�/e�	 an�	 �orre�/e�	 Pear.on	 �^	 !or	 �4/o.$ne.	 $n	 �	G	
�on/e3/	$n		c^.	�O	�n�orre�/e�	an�	�orre�/e�	Pear.on	�^	!or	�4/o.$ne.	$n	�G	�on/e3/	$n		c^.	
�O	 �n�orre�/e�	 an�	 �orre�/e�	 Pear.on	 �^	 !or	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 $n	 �_`.	 �O	
�n�orre�/e�	 an�	 �orre�/e�	 Pear.on	 �^	 !or	 �4/o.$ne.	 $n	 �G	 �on/e3/	 $n	 �_`.	 The	 �^	 .�ore.	
.ho2n	 $n	 /he	 !$"ure	 !or	 /he	 e3ponen/$a'	 !$/	 are	 �er$ve�	u.$n"	��	�3�e'	 an�	 repre.en/	 /he	
Pear.on	 �^	 �oe!!$�$en/	 !or	 a	 '$near	 appro3$(a/$on	 o!	 /he	 N�,	 'nN�OO	 va'ue.	2here	 �	 $.	 /he	
nu(�er	o!	�4/o.$ne.	an�	�	$.	/he	�orre.pon�$n"	�^	.�ore.	
	
Ta�le	4.5.	�3ponen/$a'	e,ua/$on.	�er$ve�	!or	/he	�orre�/e�	Pear.on	�^	.�ore.	
"eno/4pe	 �e,uen�e	

�on/e3/	 �,ua/$on	 �a.e'$ne	
va'ue	

�3p'a$ne�	
var$an�e	�^	

�_`	 �G	 �N3O	h	e\_	g	\.\\\]__Me\.\\`^a	M	3	 \.e`d	 \.c]	
�_`	 �	G	 �N3O	h	^b^	g	_.ceeD]]Me\.\\a\a	M	3	 \.`b]	 \.bc	
	c^	 �G	 �N3O	h	ddc	g	\.\\^^]Me\.\\__e	M	3	 \.e`a	 \.be	
	c^	 �	G	 �N3O	h	^dd	g	c.c_eD]]	Me\.\\`^a	M	3	 \.`ce	 \.b]	
	
.','.'1	���ot�tio�	o�	��uste s	
�on/$".	o!	/he	p.eu�oDre!eren�e	2ere	eva'ua/e�	!or	.$($'ar$/4	/o	Gene	an�	T�	anno/a/$on.	
u.$n"	������		��
��T	N��"ar	^\]\O.	�	"ene	h$/	2a.	�e!$ne�	!or	�on/$".	2$/h	an	eDva'ue	o!	
i	]eLa	a!/er	(app$n"	/o	/he	re!eren�e	pro/eo(e	N�e!�e,O	o!	a''	eu�$�o/	p'an/	.pe�$e..	T�D
re'a/e�	 �'u./er.	2ere	�$.�overe�	u.$n"	u.ear�h	�'a./3	a"a$n./	 a	 �o(po.$/e	�a/a�a.e,	2$/h	

�� �� 

�� �� 



	

 84 

.e,uen�e.	�er$ve�	 !ro(	/he	p'an/	repea/	�a/a�a.e.	 !or	a''	 /a3a	 !or	a''	 repea/	�'a..e.	 !ro(	
�$�h$"an	 ./a/e	 un$ver.$/4	 �o2n'oa�e�	 $n	 �ove(�er	 ^\]a	
Nh//pBJJp'an/repea/..p'an/�$o'o"4.(.u.e�uJ�o2n'oa�..h/('O.	
.','.'2	�ete�ti��	e��e�ts	o�	��	t e�tme�t	i�	� e$ious	�e�e �tio�s	o�	���	met�&��tio�	

n	 or�er	 /o	 /e./	 2he/her	 paren/a'	 Ja.(on$�	 a�$�	 app'$�a/$on	 re.u'/e�	 $n	 her$/a�'e	 ���	
(e/h4'a/$on	�han"e.,	
	per!or(e�	�o/h	un$var$a/e	an�	(u'/$var$a/e	ana'4.$.,	�on/ra./$n"	J�	
an�	 �on/ro'	 '$ne.	 o!	 �o/h	 "eno/4pe.	 .epara/e'4.	 
n	 /he	 un$var$a/e	 ana'4.$.,	 
	 a$(	 /o	 !$n�	
�$!!eren/$a''4	(e/h4'a/e�	 �4/o.$ne.	 �e/2een	 J�	 an�	 �on/ro'	 '$ne.	 on	 a	 per	 "enera/$on	 per	
"eno/4pe	�a.$..	 
n	/he	(u'/$var$a/e	ana'4.$.,	 
	v$.ua'$5e�	/he	���	(e/h4'a/$on	�$./r$�u/$on	
u.$n"	pr$n�$pa'	�o(ponen/	ana'4.$.	NP��O	!or	an	e3p'ora/or4	�a/a	ana'4.$..	
	.u�.e,uen/'4	
per!or(	a	re�un�an�4	ana'4.$.	N���O	/o	/e./	!or	/he	./a/$./$�a'	.$"n$!$�an�e	o!	/he	paren/a'	
preD/rea/(en/	h$./or4	N�on/ro'	or	J�O	on	/he	(e/h4'a/$on	pa//ern.	!or	�o/h	�4/o.$ne.	$n	�G	
an�	�	G	�on/e3/	per	"eno/4pe.	
	
.','.'2'+	u�i$� i�te	����&sis	to	dete�t	di��e e�ti���&	met�&��ted	�&tosi�es	
For	 /he	un$var$a/e	 ana'4.$.,	 on'4	po.$/$on.	2$/h	 �overa"e	o!	 a/	 'ea./	 !$!/een	 rea�.	 /ha/	 are	
pre.en/	 $n	 jd\f	 o!	 /he	 ]bc	 .a(p'e.	 are	 �on.$�ere�.	 Fur/her(ore,	 
	 .u�%e�/	 on'4	 /ho.e	
�4/o.$ne.	 /o	 a	 ./a/$./$�a'	 /e./	 /ha/	 have	 a/	 'ea./	 _	 .a(p'e.	 $n	 ea�h	 o!	 /he	 ^	 e3per$(en/a'	
"roup.	 NJ�	 or	 �on/ro'O	 a!/er	 /he	 a�ove	 !$'/er$n"	 ./ep.	 The	 /o/a'	 �a/a.e/	 .u�%e�/e�	 /o	
un$var$a/e	Nan�	(u'/$var$a/eO	ana'4.$.	ha.	]bc	.a(p'e.	3	^d,d\e	�4/o.$ne.	$n	/he	re!eren�e,	
2h$�h	 e,ua'.	 `,d]],]\_	 �a/a	 po$n/..	 
	 u.e�	 a	 'o"$./$�	 re"re..$on	 approa�h,	 /e./$n"	 /he	
Fe3per$(en/a'	"roupG	e!!e�/	on	���	(e/h4'a/$on	'eve'	u.$n"	�a'�	�h$	�,uare	/e./..	
!	(o�e'	
!$/	2a.	poor,	a.	%u�"e�	�4	.$"n$!$�an/	Pear.on	or	�ev$an�e	"oo�ne..	o!	!$/	/e./,	
	repea/e�	/he	
'o"$./$�	 re"re..$on	 2$/h	 /he	 �$''$a(.	 .�a'$n"	 op/$on	 /o	 a��oun/	 !or	 over�$.per.$on.	
�ver�$.per.$on,	or	/oo	(u�h	var$a�$'$/4	aroun�	/he	(ean,	2h$�h	$.	o!/en	!oun�	$n	�oun/	an�	
ra/$o	�a/a	a.	/he	(ean	$n�rea.e.,	2a.	�on.$�ere�	/he	(o./	'$&e'4	�au.e	o!	poor	(o�e'	!$/.	
	
re/a$ne�	/he	p	va'ue.	!ro(	/he.e	(o�e'.	on'4	$!	�$''$a(.	.�a'$n"	re.u'/e�	$n	"oo�	(o�e'	!$/	
NnonD.$"n$!$�an/	Pear.on	an�	�ev$an�e	"oo�ne..	o!	 !$/	 /e./O.	For	/ho.e	�4/o.$ne.	 !or	2h$�h	
a'.o	 /he	 �$''$a(.	 .�a'$n"	 op/$on	 �$�	 no/	 re.u'/	 $n	 (o�e'.	 2$/h	 "oo�	 (o�e'	 !$/	 
	 �o	 no/	
pre.en/	p	va'ue..	�''	re/a$ne�	p	va'ue.	2ere	.u�%e�/e�	/o	a	!a'.e	�$.�over4	ra/e	�orre�/$on,	
2h$�h	2a.	app'$e�	per	"eno/4pe	3	�on/e3/	on	a''	/e./.	per!or(e�.	�na'4.e.	2ere	�one	u.$n"	
���	e.^	N���	
n./$/u/e,	�ar4,	��O.	
	
.','.'2',	mu�ti$� i�te	����&sis	to	dete�t	��	� et e�tme�t	e��e�ts	o�	���	met�&��tio�	
For	/he	(u'/$var$a/e	ana'4.$.,	
	a��e�	/2o	o/her	!$'/er$n"	�r$/er$a	/o	/he	one.	�e!$ne�	!or	/he	
un$var$a/e	 ana'4.$.,	 e3�'u�$n"	 nonDvar$a�'e	 .$/e.	 an�	 .$/e.	 2$/h	 ($..$n"	 �a/a.	 The	 !$r./	
�r$/er$on	!o''o2.	NGu""er	e/	a'.	^\]bO	an�	a$(.	/o	e3�'u�e	'o�$	/ha/	�on/r$�u/e	no$.e	�u/	no/	
.$"na'	 !or	 �$./$n"u$.h$n"	 �e/2een	 "roup..	 Fo''o2$n"	 NGu""er	 e/	 a'.	 ^\]bO,	 �4/o.$ne.	2ere	
$n�'u�e�	 $n	 /he	 ana'4.$.	 $!	 /he	 ran"e	 o!	 (e/h4'a/$on	 'eve'.	 a�ro..	 a''	 .a(p'e.	 No!	 /ha/	
"eno/4pe	 an�	 �on/e3/O	 $.	 h$"her	 /han	 \.]	 N]\fO	 N.o	 !or	 e3a(p'eB	 $!	 a''	 .a(p'e.	 have	
(e/h4'a/$on	 'eve'.	�e/2een	\	an�	\.]	 !or	 a	 "$ven	 �4/o.$ne,	 /hen	 /ha/	 �4/o.$ne	 $.	 e3�'u�e�	
!ro(	/he	ana'4.$.,	�u/	 $!	(e/h4'a/$on	'eve'.	ran"e	�e/2een	\	an�	\.]]	/hen	/he	�4/o.$ne	$.	
$n�'u�e�	$n	/he	ana'4.$.O.	�e�on�'4,	
	e3�'u�e�	po.$/$on.	/ha/	2ere	no/	�a''e�	$n	a''	.a(p'e.	
!or	 a	 "$ven	 "eno/4pe	 Nno	 ($..$n"	 �a/a	 $.	 a''o2e�O.	 For	 e3p'ora/or4	 ana'4.$.	 an�	
v$.ua'$5a/$on,	
	u.e�	pr$n�$pa'	�o(ponen/	ana'4.$.	NP��O,	�o'or$n"	.a(p'e	�4	'$nea"e	NJ�	or	
��O.	To	/e./	!or	./a/$./$�a'	.$"n$!$�an�e	o!	'$nea"e	NJ�D/rea/e�	or	�on/ro'O	on	/he	(e/h4'a/$on	
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pa//ern.,	
	u.e�	a	re�un�an�4	ana'4.$.	N���O.	�e/h4'a/$on	'eve'.	2ere	ar�.$nD/ran.!or(e�	
an�	�en/ere�	N�4	�4/o.$neO	/o	(a&e	/he	�a/a	�e//er	.u$/a�'e	!or	���.	For	ea�h	�o(�$na/$on	
o!	"eno/4pe	an�	.e,uen�e	�on/e3/	
	 !$//e�	/2o	(o�e'.	/o	/e./	 $!	/rea/(en/	e!!e�/.	N'$nea"eO	
(e/h4'a/$on.	 F$r./,	 
	 !$//e�	 a	 !u''	 (o�e'	 2$/h	 /rea/(en/	 N'$nea"eO,	 "enera/$on,	 an�	 /he	
/rea/(en/	N'$nea"eO	3	"enera/$on	$n/era�/$on.	
!	/h$.	(o�e'	2a.	.$"n$!$�an/,	
	pro�ee�e�	2$/h	
/e./$n"	/he	(a$n	e!!e�/	o!	/rea/(en/,	an�	.u�.e,uen/'4	
	!$//e�	/h$.	(o�e'	/o	.u�.e/.	o!	/he	
�a/a	/ha/	repre.en/	a	.$n"'e	"enera/$on	ea�h.	Th$.	$.	an	a//e(p/	/o	/ea.e	ou/	$!	/rea/(en/	ha.	
an	 e!!e�/,	 an�	 $!	 .o,	 $n	 2h$�h	 "enera/$on.	 /h$.	 $.	 e3pre..e�.	 �na'4.$.	 2ere	 �one	 u.$n"	
������	va.\_.	
	
4.2.0	�tati ti�al	anal& i 	o�	�e�rea ing	�orrelation	o#er	generational	�i tan�e	
To	�e/er($ne	 $!	 /he	ne"a/$ve	 /ren�	 !or	 /he	 �orre�/e�	Pear.on	�^	�$./an�e	a.	a	 !un�/$on	o!	
$n/er"enera/$ona'	�$./an�e	a.	.ho2n	$n	F$"ure	`.aD`.c	$.	./a/$./$�a''4	.$"n$!$�an/,	
	per!or(e�	
oneD2a4	���V�.	 !or	 �4/o.$ne.	 $n	�G	an�	�	G	�on/e3/	 !or	�o/h	 '$nea"e.	o!	 /he	"eno/4pe.	
�_`	 an�		c^.	 Per	 '$nea"e,	 
	 per!or(e�	�o/h	 ana'4.$.	2$/h$n	 $n�$v$�ua'	 '$ne.	 an�	 ana'4.$.	
�e/2een	'$ne.	Ne3�'u�$n"	$n/raD'$ne	�o(par$.on.O.	�'/hou"h	/he	$n/erD'$ne	�o(par$.on.	have	
a	"rea/er	$n/erD"enera/$ona'	�$./an�e,	�o(par$.on.	�e/2een	$n�$v$�ua'.	!ro(	�$!!eren/	'$ne.	
are	no/	'$near	/hrou"h	/$(e	an�	a.	.u�h	�an	$n�u�e	a	�$a.,	2herea.	$n/raD'$ne	�o(par$.on.	
are	�evo$�	o!	/h$.	�$a.	Ne.".	Gb	2a.	a'2a4.	"ro2n	a/	a	�$!!eren/	po$n/	$n	/$(e	/han	G`O.	Per	
'$nea"e,	a''	�orre�/e�	Pear.on	�^	�$./an�e.	are	/a&en	$n/o	a��oun/	a.	$n�$v$�ua'	�a/a	po$n/..	
�na'4.$.	2ere	per!or(e�	u.$n"	�P��	v^`.	
	
4.7 �esults	
	
4...1	�an�elion	���	met�&lation	lan� �ape	
�epen�$n"	on	/he	"eno($�	�'a..$!$�a/$on	o!	/he	ep$G��	�'u./er	�e/2een	]df	N$n	T�Dre'a/e�	
�'u./er.O	an�	_`f	N$n	"ene	re'a/e�	�'u./er.O	o!	 �4/o.$ne.	 $n	�G	�on/e3/	are	(e/h4'a/e�	Nj	
]\f	(e/h4'a/$onO	 N.ee	 F$".	 `.`O.	 �n'4	 `f	o!	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 are	(e/h4'a/e�	 Nj	
]\f	 (e/h4'a/$onO.	 �			 (e/h4'a/$on	 'eve'.	 $n	 �an�e'$on	 are	 a'.o	 'o2,	 2$/h	 on'4	 _f	 o!	
�4/o.$ne.	 $n	�			�on/e3/	 .ho2$n"	(e/h4'a/$on	 a�ove	]\f.	GeneDanno/a/e�	 �'u./er.	have	
h$"her	'eve'	o!	�G	(e/h4'a/$on	an�	'o2er	'eve'.	o!	�	G	an�	�			(e/h4'a/$on	�o(pare�	/o	
nonDanno/a/e�	�'u./er.,	$n�$�a/$ve	o!	"eneD�o�4	(e/h4'a/$on	NTa&uno	<	Gau/	^\]_A		.	�an"	
e/	a'.	^\]aO	,	2herea.	T�Dre'a/e�	�'u./er.	have	h$"her	'eve'.	o!	�	G	an�	�			(e/h4'a/$on,	
�on.$./en/	2$/h	prev$ou.	repor/.	N�o&u.	e/	a'.	^\\dA	�on"	e/	a'.	^\]_A	�.	
$	e/	a'.	^\]^A		.	
�an"	e/	a'.	^\]aO	NF$".	`.`O.		
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�igure	4.4.	���	(e/h4'a/$on	'eve'	�$./r$�u/$on	!or	�4/o.$ne.	$n	�G,	�	G	an�	�			�on/e3/	$n	
"eneDre'a/e�,	T�Dre'a/e�	or	o/her	�'u./er..	�e/h4'a/$on	'eve'.	are	re�or�e�	!or	�4/o.$ne.	$n	
�on/$".	2$/h	jd\f	o!	/he	.a(p'e.	�e$n"	�a''e�	2$/h	a	($n$(u(	�overa"e	o!	^\	rea�..		
	
4...2 �ran generational	 ta�ilit&	o�	���	met�&lation	#ariant 	

!	���	(e/h4'a/$on	$.	'ar"e'4	un�er	"ene/$�	�on/ro'	an�	no	(u/a/$on.	o��ur	
	2ou'�	e3pe�/	
h$"h	 �orre'a/$on.	 o!	 ���	 (e/h4'a/$on	 ra/$o.	 �e/2een	 "enera/$on..	 �$($'ar'4,	 ���	
(e/h4'a/$on	var$an/.	/ha/	are	no/	un�er	"ene/$�	�on/ro'	�u/	/ha/	are	ep$"ene/$�a''4	$nher$/e�	
$n	 a	 ver4	 ./a�'e	 2a4	 2ou'�	 'ea�	 /o	 /he	 .a(e	 re.u'/.	 �n./a�'e	 an�	 nonDher$/a�'e	 ���	
(e/h4'a/$on	 �han"e.	 2ou'�	 'ea�	 /o	 a	 'o2er	 $n/er"enera/$ona'	 �orre'a/$on,	 a.	 2ou'�	
/e�hn$�a'	 no$.e	 $n	 /he	 (e/h4'a/$on	 .�ore.	 Ne.".	 �ue	 /o	 P��	 �up'$�a/e.,	 'o2	 �overa"e,	 or	
en54(e	 (e/h4'a/$on	 .en.$/$v$/4	 Nvan	 Gurp	 e/	 a'.	 ^\]bO	 N.ee	 �$.�u..$onO.	 �n'4	 nove'	 �u/	
her$/a�'e	 ep$(u/a/$on.	 .hou'�	 'ea�	 /o	 a	 �e�rea.e	 o!	 /he	 �orre'a/$on	 NPear.on	 �^O	 over	
"enera/$ona'	 �$./an�e.	 
n	 /ha/	 �a.e,	 /he	 �orre'a/$on	 o!	 ���	 (e/h4'a/$on	 �e/2een	 �'o.e'4	
re'a/e�	 $n�$v$�ua'.	 .hou'�	�e	h$"her	 /han	 /ha/	o!	(ore	�$./an/	 re'a/$ve.	�ue	 /o	ep$"ene/$�	
�$ver"en�e	 over	 "enera/$on..	 The	 .'ope	 o!	 /h$.	 �e�'$n$n"	 �orre'a/$on	 �oe!!$�$en/	 over	
"enera/$ona'	�$./an�e	prov$�e.	an	$n�$�a/$on	o!	/he	ra/e	an�	/he	./a�$'$/4	o!	her$/a�'e	���	
(e/h4'a/$on	�han"e..		
	
�vera'',	
	o�.erve�	a	ne"a/$ve	/ren�	$n	/he	$n/er"enera/$ona'	�orre'a/$on	o!	���	(e/h4'a/$on	
�e/2een	 $n�$v$�ua'.	over	"enera/$ona'	�$./an�e,	 !or	�4/o.$ne.	 $n	�G	an�	�	G	�on/e3/	 N.ee	
F$".	 `.a	 an�	bO.	 
	 !oun�	 �on.$�era�'e	 var$a/$on	 $n	 /he	 $n/er"enera/$ona'	(e/h4'a/$on	 va'ue	
�orre'a/$on.	NPear.on	�^O	!or	$n�$v$�ua'	'$ne.,	.ho2$n"	2ea&	or	even	a�.en/	pa//ern.	2hen	
�on.$�er$n"	 .o(e	 '$ne.	 $n	 $.o'a/$on	 N.ee	 �upp'e(en/ar4	 F$".	 `.]O,	 po..$�'4	 re'a/e�	 /o	
/e�hn$�a'	no$.e	$n	/he	P./
D�a.e�	ep$G��	(e/h4'a/$on	�a''..	�o(�$ne�	ho2ever,	/he	avera"e	
�orre�/e�	Pear.on	�^	va'ue.	!or	a''	pane'.	$n	F$".	`.a	an�	pane'	�,�	an�	�	$n	F$".	`.b	.ho2	a	
�'ear	 /ren�,	2$/h	 a	 ne"a/$ve	 re"re..$on	 �oe!!$�$en/	 /ha/	2a.	 .$"n$!$�an/	 !or	(o./	 $n/erD'$ne	
�o(par$.on.	 $n	�G	 �on/e3/	 an�	 !or	(o./	 $n/ra	 an�	 $n/er	 '$ne	 �o(par$.on.	 $n	�	G	�on/e3/	
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N.ee	�upp'e(en/ar4	Ta�'e	`.aO.	The	�orre'a/$on	�oe!!$�$en/.	!or	�	G	are	(ar&e�'4	'o2er	!or	
�4/o.$ne.	$n	�	G	�on/e3/	�o(pare�	/o	�4/o.$ne.	$n	�G	�on/e3/,	2h$�h	�ou'�	�e	e3p'a$ne�	�4	
/e�hn$�a'	 error.	 or	 a	 h$"her	 .en.$/$v$/4	 /o	 env$ron(en/a'	 �han"e.	 N.ee	 �$.�u..$onO.	 The	
.'ope	!or	/he	re"re..$on	'$ne.	�a.e�	on	�	G	(e/h4'a/$on	$n	�on/ro'	'$ne.	NF$".	`.bO	$.	]\D!o'�	
h$"her	 �o(pare�	 /o	 /he	 re"re..$on	 �a.e�	 on	 �G	 (e/h4'a/$on	 $n	 �on/ro'	 '$ne.	 NF$".	 `.aO,	
$n�$�a/$n"	a	h$"her	ra/e	o!	her$/a�'e	(e/h4'a/$on	�han"e.	$n	�	G	�on/e3/	/han	$n	�G	�on/e3/.		
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�igure	 4.9.	 Genera/$ona'	 �$./an�e	 ver.u.	 avera"e	 �orre�/e�	 Pear.on	 �^	 !or	 /he	 J�	 an�	 �on/ro'	
'$nea"e	 !or	 �4/o.$ne.	 $n	 �G	 �on/e3/,	 �o/h	2$/h$n	 N�,	 �O	 an�	 �e/2een	 '$ne.	2$/h$n	 a	 '$nea"e	 N�,	 �O.	
�rror	 �ar.	 .ho2	 ./an�ar�	 �ev$a/$on.	 !or	 avera"e	 �orre�/e�	 Pear.on	 �^	 .�ore..	 
$near	 re"re..$on	
'$ne.	are	p'o//e�	!or	/he	�on/ro'	'$nea"e.	A)	�_`	�G	�on/e3/	2$/h$n	'$ne.	�)	�_`	�G	�on/e3/	�e/2een	
'$ne.	on'4.	�)		c^	�G	�on/e3/	2$/h$n	 '$ne.	D)		c^	�G	�on/e3/	�e/2een	'$ne.	on'4.	�./er$.&.	ne3/	/o	
/he	 '$ne.	 $n	 a''	 pane'.	 $n�$�a/e	 a	 .$"n$!$�an/	 re'a/$on	 �e/2een	 /he	 �orre�/e�	 Pear.on	 �^	 .�ore	 an�	
$n/er"enera/$ona'	�$./an�e	N.ee	�upp'e(en/ar4	Ta�'e	`.aO	

��	 ��	

��	 ��	

�	

�	

�	
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�igure	 4.:.	 Genera/$ona'	 �$./an�e	 ver.u.	 avera"e	 �orre�/e�	 Pear.on	 �^	 !or	 /he	 J�	 an�	 �on/ro'	
'$nea"e	!or	�4/o.$ne.	$n	�	G	�on/e3/,	�o/h	2$/h$n	N�,	�O	an�	�e/2een	'$ne.	N�,	�O.	�rror	�ar.	.ho2	
./an�ar�	 �ev$a/$on.	 !or	 avera"e	 �orre�/e�	 Pear.on	 �^.	 
$near	 re"re..$on	 $.	 p'o//e�	 !or	 �on/ro'	
'$nea"e..	 �O	 �_`	 �	G	 �on/e3/	 2$/h$n	 '$ne.	 �O	 �_`	 �	G	 �on/e3/	 �e/2een	 '$ne.	 on'4.	 �O	 	c^	 �	G	
�on/e3/	2$/h$n	'$ne.	�O		c^	�	G	�on/e3/	�e/2een	'$ne.	on'4.	�./er$.&.	ne3/	/o	/he	'$ne.	$n	a''	pane'.	
$n�$�a/e	 a	 .$"n$!$�an/	 re'a/$on	 �e/2een	 /he	 �orre�/e�	 Pear.on	 �^	 .�ore	 an�	 $n/er"enera/$ona'	
�$./an�e	N.ee	�upp'e(en/ar4	Ta�'e	`.aO	
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4....	 � 	 t�ere	 an	 e��e�t	 o�	 	a moni�	 a�i�	 )	�*	 pre-treatment	 on	 ���	 met�&lation	 in	
�an�elion .	
�e	 a..e..e�	 2he/her	 J�	 preD/rea/(en/	 ha�	 an	 $(pa�/	 on	 $n/er"enera/$ona'	 ���	
(e/h4'a/$on	 ./a�$'$/4	 �4	 �o(par$n"	 �orre�/e�	 Pear.on	 �^	 .�ore.	 o!	 J�D/rea/e�	 No!!.pr$n"O	
p'an/.	 2$/h	 �on/ro'	 p'an/..	 
	 a'.o	 $nve./$"a/e�	 $!	 J�	 /rea/(en/	 re.u'/e�	 $n	 .pe�$!$�	 ���	
(e/h4'a/$on	 �han"e.	 u.$n"	 �o/h	 un$var$a/e	 an�	(u'/$var$a/e	 ana'4.$.	 o!	���	(e/h4'a/$on	
var$a/$on	$n	�o/h	�G	an�	�	G	�on/e3/.	
	
.'-'-'+	)�� e�t��*	��	t e�tme�t	e��e�t	o�	i�te �e�e �tio���	���	met�&��tio�	�o  e��tio�	

n	 pr$n�$p'e,	 J�	 e3po.ure	 �ou'�	 'ea�	 /o	 her$/a�'e	 �han"e.	 $n	 ���	 (e/h4'a/$on	 $n	 /2o	
�$!!eren/	 2a4..	 F$r./,	 J�	 e3po.ure	 �ou'�	 /r$""er	 /ar"e/e�	 (o�$!$�a/$on.	 N.hare�	 �e/2een	
rep'$�a/e	p'an/.O.	�e�on�,	 J�	e3po.ure	�ou'�	enhan�e	/he	ra/e	o!	nonD/ar"e/e�	(e/h4'a/$on	
�han"e..	 Fro(	 /he	 '$/era/ure,	 /here	 $.	 ev$�en�e	 !or	 /he	 o��urren�e	 o!	 �o/h	 ran�o(	 an�	
/ar"e/e�	���	(e/h4'a/$on	po'4(orph$.(.	a!/er	./re..	e3po.ure		
N�.	 J$an"	 e/	 a'.	 ^\]`A	�$�o2o	 e/	 a'.	 ^\]bO,	 2h$�h	 "ra�ua''4	 �$.appear	 a!/er	 /he	 ./re..	 $.	
re'$eve�.	Tar"e/e�	�han"e.	are	e3pe�/e�	/o	re�u�e	/he	Pear.on	�orre'a/$on	�oe!!$�$en/	a!/er	
a	.h$!/	 $n	 /he	env$ron(en/.	�on/ar"e/e�	�han"e.	a'.o	re�u�e	 /he	�orre'a/$on	a!/er	ea�h	 J�	
e3po.ure.	Thu.,	
	e3pe�/	an	overa''	re�u�/$on	$n	/he	$n/er"enera/$ona'	�orre'a/$on	$n	/he	J�	
'$ne.	 �o(pare�	 /o	 /he	 �on/ro'	 '$ne..	 �orre�/e�	 Pear.on	 �^	 .�ore.	 !or	 $n/er"enera/$ona'	
�o(par$.on.	 $n	 /he	 J�	 '$nea"e	are	 $n�ee�	.'$"h/'4	 'o2er	a�ro..	 /he	�oar�	 !or		c^	 $n	�o/h	
�on/e3/.	 an�	 !or	 �_`	 $n	 �	G	 �on/e3/.	 	o2ever,	 Na'(o./O	 no	 .$"n$!$�an/	 �$!!eren�e.	 $n	
$n/er"enera/$ona'	�orre'a/$on.	�ou'�	�e	�e/e�/e�	�e/2een	J�	an�	�on/ro'	'$ne.	�a.e�	on	a	/D
/e./	 N�upp'e(en/ar4	 Ta�'e	 `._O,	 $n�$�a/$n"	 /ha/	 /he	 �a/a	 �o	 no/	 prov$�e	 ev$�en�e	 !or	 an	
overa''	$n�rea.e	$n	/ran."enera/$ona''4	./a�'e	J�D$n�u�e�	ep$(u/a/$on..		
	
Fo''o2$n"	/he	.a(e	ar"u(en/a/$on,	 
	e3pe�/	 /ha/	 /he	avera"e	�orre�/e�	Pear.on	�^	.�ore.	
!or	 �o(par$.on.	(a�e	 �e/2een	 o!!.pr$n"	 p'an/.	 !ro(	 G]DG_	 o!	 /he	 J�	 '$nea"e	 /o	 .ho2	 a	
'o2er	 �orre'a/$on	 �o(pare�	 /o	 /ho.e	 !ro(	 "enera/$on	 G`DGb	 or	 /he	 �on/ro'	 '$nea"e,	
a..u($n"	/ha/	/he	J�	/rea/(en/	e!!e�/.	on	/he	Nran�o(O	ep$(u/a/$on	ra/e	are	/ran.$en/	an�	
!a�e	 $n	 /he	 po./D/rea/(en/	 "enera/$on..	 
	 /here!ore	 �o(pare�	 $n/raD'$ne	 �orre'a/$on.	 o!	
�4/o.$ne	 (e/h4'a/$on	 ra/$o.	 �e/2een	 .u�.e,uen/	 "enera/$on.	 N2$/h	 an	 $n/er"enera/$ona'	
�$./an�e	o!	_,	.ee	F$".	`.cO	�e/2een	o!!.pr$n"	o!	/rea/e�	$n�$v$�ua'.	N"]D"_O	$n	/he	J�D'$nea"e	
/o	/he	�orre.pon�$n"	"enera/$on.	o!	/he	�on/ro'	'$nea"e.	
	!oun�	a	.$"n$!$�an/	J�	e!!e�/	!or	/he	
$n/raD'$ne	$n/erD"enera/$ona'	avera"e	�orre�/e�	Pear.on	�^	.�ore	�e/2een	"^	an�	"_	!or		c^	
�G	(e/h4'a/$on,	$n	2h$�h	/he	.$3	ava$'a�'e	J�	'$ne.	.ho2e�	an	avera"e	�orre�/e�	Pear.on	�^	
.�ore	 o!	 \.ea^	 �o(pare�	 /o	 \.e`\	 o!	 /he	 .$3	 ava$'a�'e	 �on/ro'	 '$ne.	 N/h^.ea	 ph\.\]`,	 .ee	
�upp'e(en/ar4	Ta�'e	`._O.	�ne	(ar"$na''4	.$"n$!$�an/	/e./	re.u'/.	$n		c^	!or	�4/o.$ne.	$n	�G	
�on/e3/	2a.	 !oun�	 !or	 /he	 avera"e	Pear.on	�^	 .�ore	 �e/2een	 "]	 an�	 "^	 N/h\.ca	ph\.\cO,	
2herea.	no	.$"n$!$�an/	re.u'/.	2ere	�e/e�/e�	!or	�4/o.$ne.	�G	�on/e3/	$n	�_`	an�	�4/o.$ne.	
$n	�	G	�on/e3/	$n	e$/her	�_`	or		c^.	The	e(er"$n"	pa//ern.	h$n/	a/	a	J�	$n�u�e�	e!!e�/	on	
�G	(e/h4'a/$on	$n		c^,	a'/hou"h	/h$.	�$�	no/	re.u'/	$n	.$"n$!$�an/	va'ue.	!or	a''	�o(par$.on.	
/ha/	$n�'u�e	o!!.pr$n"	o!	J�	/rea/e�	p'an/.	N�upp'e(en/ar4	Ta�'e	`._O.		
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�igure	 4.;.	 �orre�/e�	 Pear.on	 �^	 !or	 o!!.pr$n"	 !ro(	 a�%a�en/	 "enera/$on.	
N$n/er"enera/$ona'	�$./an�e	o!	_O	!or	/he	J�	an�	�on/ro'	'$nea"e	!or	�4/o.$ne.	$n	�G	an�	�	G	
�on/e3/.	�rror	�ar.	.ho2	./an�ar�	�ev$a/$on.	!or	avera"e	�orre�/e�	Pear.on	�^	.�ore..		
	
.'-'-',	��(t e�tme�t	i�du�ed	���	met�&��tio�	�����es	
To	 /e./	 $!	 .pe�$!$�	 N/ar"e/e�O	 �han"e.	 o��urre�	 �ue	 /o	 J�	 /rea/(en/	 
	 u.e�	 'o"$./$�	
re"re..$on.	/o	/e./	2he/her	/here	are	$n�$v$�ua'	�4/o.$ne.	/ha/	.ho2	a	�on.$./en/	�$!!eren�e	
$n	���	(e/h4'a/$on	$n	/he	o!!.pr$n"	o!	J�D/rea/e�	p'an/.	�o(pare�	/o	�on/ro'	p'an/.	o!	/he	
.a(e	 "enera/$on.	 
	 !oun�	 on'4	 !e2	 po.$/$on.	 2$/h	 ./a/$./$�a''4	 .$"n$!$�an/	 �$!!eren�e.	 $n	
(e/h4'a/$on	ra/e	�e/2een	/he	J�D/rea/e�	an�	�on/ro'	p'an/.	N.ee	Ta�'e	`.^O.	
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Ta�le	 4.6.	 �4/o.$ne.	 2$/h	 .$"n$!$�an/	 J�D��	 �$!!eren�e.	 per	 "eno/4pe,	 �$!!eren/$a/e�	 per	
"enera/$on	an�	.e,uen�e	�on/e3/.	

genotype	 conte*t	 generation	 Tested	
cytosines	

�ignificant	

A-��	
difference	

�_`	 �G	 G]	 ^,a_^	 \	
	 	 G^	 ^,_^c	 \	
	 	 G_	 ^,bea	 ^	
	 	 G`	 ^,`ad	 \	
	 	 Ga	 ^,__c	 ]	
	 	 Gb	 ^,a_b	 \	
�_`	 �	G	 G]	 `,a`c	 ^	
	 	 G^	 _,e``	 \	
	 	 G_	 `,e`_	 d	
	 	 G`	 `,^b^	 \	
	 	 Ga	 `,\e`	 \	
	 	 Gb	 `,ad\	 \	
	c^	 �G	 G]	 ^,^^d	 \	
	 	 G^	 ^,a__	 ]	
	 	 G_	 ^,__c	 \	
	 	 G`	 ^,`ea	 \	
	 	 Ga	 ^,^e]	 \	
	 	 Gb	 ^,^^_	 \	
	c^	 �	G	 G]	 _,d]^	 \	
	 	 G^	 `,a`^	 \	
	 	 G_	 `,\]d	 \	
	 	 G`	 `,_aa	 \	
	 	 Ga	 _,db^	 \	
	 	 Gb	 _,bc^	 ]	
Per	"eno/4pe,	�on/e3/	an�	"enera/$on	/he	nu(�er	o!	�4/o.$ne.	 $n	/he	 !$'/ere�	�a/a	.e/	an�	
/he	 nu(�er	 o!	 �4/o.$ne.	2$/h	 a	 .$"n$!$�an/	 J�D��	 �$!!eren�e	 a!/er	 �on/ro''$n"	 !or	(u'/$p'e	
/e./$n"	are	.ho2n.		
	
�u/	o!	/he	/o/a'	o!	]a	�on/$".	/ha/	$n�'u�e	a	.$"n$!$�an/'4	�$!!eren/$a''4	(e/h4'a/e�	po.$/$on	
N�a/a	 no/	 .ho2nO,	 _	 have	 .$"n$!$�an/	 �'a./	 h$/.	 /o	 "ene.	 N.ee	 �upp'e(en/ar4	 Ta�'e	 `.`O	
2herea.	no	T�Dre'a/e�	�on/$".	2ere	 !oun�.	�u/	o!	 /he	/o/a'	o!	a`b	�on/$".	 $n�'u�e�	 $n	/he	
ana'4.$.	 /ha/	 �on/a$ne�	 po.$/$on.	 2$/h	 .u!!$�$en/	 .e,uen�$n"	 �overa"e,	 eb	 ha�	 .$"n$!$�an/	
�'a./	 h$/.	 /o	 "ene.	 an�	 ]_	 /o	 /ran.po.a�'e	 e'e(en/..	 Gene	 re'a/e�	 �on/$".	 are	 /hu.	
.$"n$!$�an/'4	overDrepre.en/e�	$n	/he	.e/	o!	�on/$".	$n	2h$�h	
	!oun�	�$!!eren/$a'	(e/h4'a/$on	
N�h$	 .,uare	 b.da	 ph\.\]O,	 2herea.	 /he	 a�.en�e	 o!	 T�Dre'a/e�	 �on/$".	 $n	 /h$.	 .e/	 2a.	 no/	
.$"n$!$�an/	N�h$	.,uare	\.c]_	ph\.`\O.	The	ver4	!e2	�e/e�/e�	J�D$n�u�e�	���	(e/h4'a/$on	
�$!!eren�e.	2ere	/hu.	�$a.e�	/o	o��ur	$n	"ene.,	no/	$n	/ran.po.a�'e	e'e(en/..		o2ever,	/h$.	
(a4	 �e	 �$a.e�	 �e�au.e	 "ene.	 are	 u.ua''4	 (ore	 ea.$'4	 anno/a/e�	 /han	 /ran.po.a�'e	
e'e(en/..		
	



	

 92 

To	 �he�&	 $!	 /he	 J�	 an�	 �on/ro'	 '$ne.	�$!!er	 $n	���	overa''	(e/h4'a/$on	pro!$'e.	 Neva'ua/e�	
a�ro..	a''	po.$/$on.	.$(u'/aneou.'4O	
	per!or(e�	P��	on	�4/o.$ne.	$n	�G	an�	�	G	�on/e3/.	
!or	�o/h	"eno/4pe.	N.ee	F$".	`.dO.	
n	a''	�a.e.,	/he	a(oun/	o!	var$a/$on	e3p'a$ne�	�4	/he	!$r./	
^	 P��	 a3e.	 $.	 .(a''.	 �u/,	 e.pe�$a''4	 !or	 �	G	 (e/h4'a/$on	 $n	 �_`,	 /he	 ��	 an�	 J�	 .a(p'e	
�$./r$�u/$on	 .ee(	 no/	 ran�o(,	 a	 .$"n$!$�an/	 .epara/$on	 �ue	 /o	 paren/a'	 J�D/rea/(en/	 $.	
pre.en/	N.ee	F$".	`.dO.	

	
�igure	 4.<.	 Pr$n�$pa'	 �o(ponen/	 ana'4.$.	 NP��O	 �a.e�	 on	 .$/e.	 2$/h	 var$a�'e	 ���	
(e/h4'a/$on,	 per!or(e�	 !or	 �G	 an�	�	G	 �on/e3/	 .epara/e'4	 !or	 �o/h	 "eno/4pe.,	 $n�'u�$n"	
o!!.pr$n"	!ro(	a''	.$3	"enera/$on.	A)	�_`	�G	�)	�_`	�	G	�)		c^	�G	D)		c^	�	G	
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Ta�le	4.7.	�e.u'/.	o!	re�un�an�4	ana'4.$.	/e./.	o!	 /he	e!!e�/.	o!	Trea/(en/	N'$nea"eB	 J�	or	
�on/ro'O	an�	Genera/$on	on	���	(e/h4'a/$on	pro!$'e.		

"eno/4pe	 �e,uen�e	
�on/e3/	

Fa�/or.	$n	
(o�e'	

NGh"enera/$on
,	Th/rea/(en/O	

e3p'a$ne�	
var$a/$on]	

�!!$�$en�4	o!	
�on./ra$ne�	

a3$.^	
Te./	 PDva'ue	

�_`	

�G	 G,	T,	G	3	T	 ]`._f	 	 Fu''	(o�e'	 \.]cd	

�	G	

G,	T,	G	3	T	 ]`.df	 	 4.459	
G	 b.af	 	 Genera/$on	 \.^e`	
T	 ^.af	 _].ef	

Trea/(en/	
	

4.445	
T,	G]	on'4	 c.ef	 `].cf	 \._^^	
T,	G^	on'4	 e._f	 a].]f	 4.44<	
T,	G_	on'4	 e.]f	 _d._f	 \.]`c	
T,	G`	on'4	 ]].]f	 a_.df	 4.454	
T,	Ga	on'4	 d.]f	 __.`f	 \.bab	
T,	Gb	on'4	 d.`f	 `\.bf	 \.]a	

	c^	 �G	 G,	T,	G	3	T	 ]^.af	 	 Fu''	(o�e'	 \.cb]	
�	G	 G,	T,	G	3	T	 ]^.ef	 	 \._\e	

]	f	var$a/$on	$n	/he	(e/h4'a/$on	�a/a	/ha/	$.	e3p'a$ne�	�4	/he	!a�/or.	$n	/he	(o�e'	
^	 e!!$�$en�4	 o!	 /he	 !$r./	 ���	 a3$.	 $.	 �a'�u'a/e�	 �4	 �o(par$n"	 /2o	 va'ue.	 o!	 fe3p'a$ne�	
var$a/$on	 $n	 /he	(e/h4'a/$on	 �a/aB	 N]O	fe3p'a$ne�	 var$a/$on	 �4	 /he	 ���	 a3$.	 N2h$�h	 $.	 a	
�on./ra$ne�	a3$.,	(ean$n"	/ha/	$/	(a3$($5e.	/he	var$a/$on	/ha/	$.	a..o�$a/e�	2$/h	/he	!a�/or.	
$n	 /he	(o�e'O,	 �o(pare�	 /o	 N^O	fe3p'a$ne�	var$a/$on	�4	 /he	 a3$.	 !ro(	 /he	un�on./ra$ne�	
(e/ho�	 P��	 N2h$�h	 (a3$($5e.	 /he	 var$a/$on	 �e/2een	 .a(p'e.	 $rre.pe�/$ve	 o!	 an4	
a..o�$a/$on	2$/h	!a�/or.	$n	/he	(o�e'O.	Th$.	he'p.	$n/erpre/$n"	/he	./ren"/h	o!	/he	e!!e�/	o!	
/he	(o�e'	 !a�/or.	 on	(e/h4'a/$onB	 /he	 overa''	fe3p'a$ne�	 var$a/$on	(a4	 �e	 .(a''	 No!/en	
i]\fO	�u/	a	(u'/$var$a/e	.u((ar4	o!	/he	�a/a	a'on"	/he	'eve'.	o!	/he	(o�e'	!a�/or.	e3p'a$n.	
V_\Da\f	o!	a	(u'/$var$a/e	.u((ar4	o!	 /he	�a/a	 /ha/	 $.	�'$n�	 /o	 /he	(o�e'	 !a�/or..	�o	 /he	
(o�e'	 !a�/or.	 N/rea/(en/,	 .pe�$!$�a''4O	 $.	 a	 non/r$v$a'	 .our�e	 o!	 /he	 var$a/$on	 $n	 /he	
(e/h4'a/$on	�a/a.	
	
To	 �e/er($ne	 ./a/$./$�a'	 .$"n$!$�an�e	 o!	 /he	 J�	 preD/rea/(en/	 e!!e�/	 on	 overa''	 ���	
(e/h4'a/$on	pro!$'e.	
	per!or(e�	a	re�un�an�4	ana'4.$.	N���O	on	/he	(e/h4'a/$on	ra/$o.	o!	
�4/o.$ne.	 $n	�G	an�	�	G	�on/e3/	 !or	�o/h	 "eno/4pe..	 
	 !oun�	no	ev$�en�e	 !or	 an	 e!!e�/	 o!	
/rea/(en/	or	"enera/$on	!or	�4/o.$ne.	$n	�G	�on/e3/	$n	e$/her	�_`	or		c^.	�	.$"n$!$�an/	!u''	
(o�e'	/e./	2a.	o�.erve�	!or	"eno/4pe	�_`	!or	�4/o.$ne.	$n	�	G	�on/e3/	Nph\.\]aA	.ee	Ta�'e	
`._O,	 $n�$�a/$n"	 /ha/	 !or	 /h$.	 "eno/4pe	 /he	 �	G	 (e/h4'a/$on	 pro!$'e	 �$!!ere�	 �e/2een	
"enera/$on.	an�Jor	/rea/(en/	"roup..	For	�_`	�	G,	
	/hu.	pro�ee�e�	2$/h	/e./$n"	/he	e!!e�/	
o!	 /rea/(en/	 2$/h$n	 ea�h	 o!	 /he	 "enera/$on.	 .epara/e'4.	 
	 !oun�	 a	 .$"n$!$�an/	 e!!e�/	 !or	
/rea/(en/	a�ro..	a''	"enera/$on.	.$(u'/aneou.'4,	an�	$n�$v$�ua''4	$n	"enera/$on	^	Nph\.\\dO	
an�	 "enera/$on	 `	 Nph\.\]`O.	 J�D/rea/(en/	 e!!e�/.	 are	 /hu.	 .$"n$!$�an/,	 �u/	 /he4	 are	 no/	
�on.$./en/'4	�e/e�/e�	 $n	 a''	 "enera/$on..	 The	�$!!eren�e	 a'.o	 $.	 no/	 pre!eren/$a''4	 !oun�	 $n	
/he	o!!.pr$n"	o!	/rea/(en/	"enera/$on.	G]DG_,	a.	no	.$"n$!$�an/	e!!e�/.	2ere	�e/e�/e�	!or	G]	
an�	G_	N.ee	Ta�'e	`._O.	
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4.4	Discussion	
Th$.	./u�4	$.	/he	!$r./	/o	u.e	ep$G��	$n	an	e3per$(en/	�e.$"ne�	/o	/ra�&	/ran."enera/$ona'	
./a�$'$/4	o!	���	(e/h4'a/$on.	The	a$(	o!	/h$.	./u�4	2a.	/o	$O	�hara�/er$5e	���	(e/h4'a/$on	
$n	 apo($�/$�	 �an�e'$on.	 $n	 �e/a$'	 u.$n"	 ep$G��,	 $$O	 �e/er($ne	 /he	 ./a�$'$/4	 o!	 ���	
(e/h4'a/$on	over	"enera/$on.	an�	$$$O	�e/er($ne	/he	$(pa�/	o!	Ja.(on$�	a�$�	/rea/(en/	on	
her$/a�'e	 ���	 (e/h4'a/$on	 �han"e..	 
	 per!or(e�	 /h$.	 ./u�4	 u.$n"	 a	 re�en/'4	 e./a�'$.he�	
apo($�/	�_`	a.	2e''	a.	/he	na/ura''4	o��urr$n"	Nan�	evo'u/$onar$'4	o'�erO	apo($�/		c^,	/o	
eva'ua/e	2he/her	/he	a"e	o!	an	apo($�/$�	'$nea"e	ha.	an	$n!'uen�e	on	/he	���	(e/h4'a/$on	
/ran.($..$on	 an�	 ./a�$'$/4.	 �o(pare�	 /o	 o/her	 p'an/	 .pe�$e.	 N�$e�erhu/h,	 �e2$�&,	 J$,	
�'a�a�4,	K$(,	
$,	e/	a'.	^\]bO	 ,	 /he	���	(e/h4'a/$on	pa//ern.	repor/e�	on	here	 !a''	 $n	 '$ne	
2$/h	 prev$ou.'4	 �e.�r$�e�	 .pe�$e.,	 e3�ep/	 !or	 /he	 .o(e2ha/	 'o2er	 'eve'.	 o!	 �	G	
(e/h4'a/$on,	2h$�h	�ou'�	2e''	�e	a//r$�u/e�	/o	/e�hn$�a'	ar/$!a�/	re'a/e�	/o	/he	(e/h4'a/$on	
.en.$/$ve	en54(e	P./
	u.e�	Na.	�e.�r$�e�	$n	/he	(e/ho�.	.e�/$onO.	
	have	!oun�	a	.$"n$!$�an/	
J�	 /rea/(en/	 e!!e�/	 $n	 a	(u'/$var$a/e	 ana'4.$.	 on	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 !or	 /he	 re�en/	
apo($�/$�	 "eno/4pe	 �_`.	 
	 a'.o	 !oun�	 ev$�en�e	 o!	 a	 !e2	 .$"n$!$�an/'4	 �$!!eren/$a''4	
(e/h4'a/e�	'o�$	u.$n"	un$var$a/e	ana'4.$..	The	'a//er	2ere	overDrepre.en/e�	$n	"eneDre'a/e�	
�on/$"..	 
/	 /hu.	 appear.	 /ha/	 Ja.(on$�	 a�$�	 app'$�a/$on	 re.u'/.	 $n	 .o(e	 her$/a�'e	 ���	
(e/h4'a/$on	�han"e.,	�u/	 /h$.	e!!e�/	 $.	no/	�on.$./en/'4	o�.erve�	 $n	a''	"eno/4pe.	or	 $n	a''	
.e,uen�e	�on/e3/..	
	
4.4.1	�an�elion	���	met�&lation	lan� �ape		
���	(e/h4'a/$on	pa//ern.	are	o!/en	�$./$n�/	�e/2een	p'an/	!a($'$e.,	2$/h	�	G	(e/h4'a/$on	
!or	 $n./an�e	 �e$n"	 re�u�e�	 $n	 /he	 �ra..$�a�eae	 an�	 re�u�e�	 he/ero�hro(a/$�	 �			
(e/h4'a/$on	a.	�hara�/er$./$�	o!	/he	Poa�eae	N�$e�erhu/h,	�e2$�&,	J$,	�'a�a�4,	K$(,	
$,	e/	a'.	
^\]bO.	�'/hou"h	/he	nu(�er	o!	!u''4	.e,uen�e�	p'an/	(e/h4'o(e.	$.	rap$�'4	$n�rea.$n",	 $n	
/he	�./era�eae	!a($'4	/o	2h$�h	T'	o��i�i���e	�e'on".	no	(e/h4'o(e.	are	4e/	ava$'a�'e.	
	!oun�	
(o./	���	(e/h4'a/$on	$n	�G	�on/e3/,	�on.$./en/	2$/h	o�.erva/$on.	$n	a''	o/her	p'an/	.pe�$e.	
N�$e�erhu/h,	�e2$�&,	J$,	�'a�a�4,	K$(,	
$,	e/	a'.	^\]bO.	The	'eve'.	o!	�	G	(e/h4'a/$on	
	!oun�	
2ere	 'o2	 �o(pare�	 /o	(o./	 o/her	 p'an/	 .pe�$e.,	 �u/	 /h$.	 �ou'�	 �e	 /he	 �on.e,uen�e	 o!	 a	
/e�hn$�a'	ar/e!a�/	N.ee	(a/er$a'.	an�	(e/ho�.O.	
	
4.4.2	�ran generational	 ta�ilit&	o�	���	met�&lation	#ariant 	
�/a�'e	���	(e/h4'a/$on,	2h$�h	$.	e$/her	"ene/$�a''4	�e/er($ne�	or	pure	N$n�epen�en/	!ro(	
"ene/$�	var$a/$onO,	 $.	e3pe�/e�	/o	re.u'/	 $n	a	�on./an/	an�	h$"h	�orre'a/$on	�oe!!$�$en/	over	
"enera/$ona'	 /$(e	 2hen	 �o(par$n"	 /he	 (e/h4'a/$on	 pro!$'e.	 o!	 an�e./or.	 2$/h	 /he$r	
o!!.pr$n".	 Ver4	 un./a�'e	 �u/	 nonDher$/a�'e	 ���	 (e/h4'a/$on,	 2h$�h	 �han"e.	 ever4	
"enera/$on,	 .hou'�	 �on/r$�u/e	 /o	 a	 �on./an/	 �u/	 'o2er	 �orre'a/$on	 �oe!!$�$en/	 over	
"enera/$ona'	 /$(e.	 
n	 /h$.	 ./u�4,	 
	 o�.erve�	 a	 �e�'$n$n"	 �orre'a/$on	 �oe!!$�$en/	 over	
"enera/$ona'	/$(e,	re"ar�'e..	o!	/he	�on./an/	po.$/$ve	$(pa�/	o!	./a�'e	var$an/.	an�	ne"a/$ve	
$(pa�/	 o!	 un./a�'e	 nonDher$/a�'e	 (e/h4'a/$on	 var$an/..	 Th$.	 ./ea�4	 ���	 (e/h4'a/$on	
�$ver"en�e	 over	 "enera/$on.	 .u""e./.	 /he	 pre.en�e	 o!	 nove'	(e/h4'a/$on	 var$an/.	 $n	 ea�h	
"enera/$on	/ha/	are	./a�'4	$nher$/e�.	�e.$�e.	/he.e	nove'	var$an/.,	e3$./$n"	var$an/.	�an	a'.o	
rever/	/o	/he	or$"$na'	NnonD(e/h4'a/e�O	./a/e,	.u�h	a.	o�.erve�	$n	.evera'	./u�$e.	N�e�&er	e/	
a'.	^\]]A	van	�er	Graa!	e/	a'.	^\]aO.	
	o�.erve�	/h$.	ne"a/$ve	/ren�	$n	/he	�orre�/e�	Pear.on	
�^	.�ore.	�o(par$n"	���	(e/h4'a/$on	$n	�o/h	�G	an�	�	G	�on/e3/..		
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�orre'a/$on.	 !or	 �4/o.$ne.	 $n	�	G	 �on/e3/	2ere	 'o2er	 /han	 /ho.e	 $n	�G	 �on/e3/	2h$'e	 /he	
�e�'$ne	$n	�orre'a/$on	over	"enera/$ona'	�$./an�e	2a.	./ron"er	!or	�4/o.$ne.	$n	�	G	�on/e3/	
�o(pare�	 /o	 �4/o.$ne.	 $n	 �G	 �on/e3/.	 �n	 avera"e,	 �'o.e'4	 re'a/e�	 $n�$v$�ua'.	 2$/h	 an	
$n/er"enera/$ona'	�$./an�e	o!	/hree	ha�	a	�orre�/e�	Pear.on	�^	!or	�4/o.$ne.	$n	�G	�on/e3/	o!	
\.ea	 2herea.	 /ha/	 o!	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 2a.	 \.a`.	 There	 are	 .evera'	 po/en/$a'	
�on/r$�u/$n"	!a�/or.	/o	/h$.	�$!!eren�e.	F$r./,	a.	(en/$one�	�e!ore,	$.	/he	u.e	o!	/he	en54(e	
P./
,	 2h$�h	 $.	 �'o�&e�	 �4	(e/h4'a/$on	 $n	 �	G	 �on/e3/.	 �.	 (e/h4'a/$on	 $n	 �	G	 �on/e3/	 $.	
.pa/$a''4	au/oD�orre'a/e�	N�o&u.	e/	a'.	^\\dO,	.e,uen�e.	2$/h	a	(e/h4'a/e�	re./r$�/$on	.$/e	
are	 (ore	 '$&e'4	 /o	 �on/a$n	 �	G	 (e/h4'a/e�	 .$/e..	 �.	 /he	 en54(e	 $.	 �'o�&e�,	 .u�h	
o�.erva/$on.	 2ou'�	 �e	 ($..e�,	 'ea�$n"	 /o	 an	 un�ere./$(a/e	 o!	 /he	 ���	 (e/h4'a/$on	 o!	
�4/o.$ne.	 $n	 �	G	 �on/e3/.	 �e�on�,	 /he	 �$./r$�u/$on	 o!	 ���	 (e/h4'a/$on	 $n	 �G	 �on/e3/	 $.	
�$(o�a',	 2herea.	 �	G	 an�	 �			 (e/h4'a/$on	 $n	 p'an/.	 have	 a	 un$(o�a'	 �on/$nuou.	
�$./r$�u/$on	N�o&u.	e/	a'.	^\\dA	
$./er	e/	a'.	^\\dA	van	�er	Graa!	e/	a'.	^\]aO.	�han"e.	$n	�G	
(e/h4'a/$on	 are	 !ro(	 ver4	 'o2	 /o	 ver4	 h$"h,	 or	 v$�e	 ver.a,	 (a&$n"	 .u�h	 even/.	 ea.$'4	
�e/e�/a�'e,	even	2$/h	'$($/e�	rea�	�overa"e	or	.evere	P��	�$a..	�	G	an�	�			(e/h4'a/$on	
ra/$o.	$n	p'an/.	on	/he	o/her	han�	are	no/	�$(o�a''4	�$./r$�u/e�,	(a&$n"	�e/e�/$on	o!	.u�/'e	
�han"e.	$n	/he.e	ra/$o.	(ore	�ha''en"$n".	The.e	'$($/a/$on.	on	/he	a��ura�4	o!	our	e./$(a/e.	
!or	 (e/h4'a/$on	 o!	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 (a4	 �on/r$�u/e	 /o	 a	 'o2er	 $n/erD$n�$v$�ua'	
�orre'a/$on	!or	(e/h4'a/$on	$n	�	G	�on/e3/.	�u/	/he4	are	no/	e3pe�/e�	/o	�e	a	�au.e	o!	/he	
ne"a/$ve	 /ren�	 $n	 �orre'a/$on	 over	 "enera/$ona'	 /$(e	 /ha/	 
	 o�.erve�,	 a.	 /he4	 repre.en/	 a	
/e�hn$�a'	 ar/e!a�/	 /ha/	 .hou'�	 have	 a	 .$($'ar	 e!!e�/	 $n	 ea�h	 "enera/$on.	 The	 .'ope	 o!	 /he	
ne"a/$ve	 /ren�	 o�.erve�	 !or	 $n/er"enera/$ona'	 ���	(e/h4'a/$on	 �orre'a/$on.	2a.	 ]\D!o'�	
h$"her	!or	�4/o.$ne.	$n	�	G	�on/e3/	�o(pare�	/o	�4/o.$ne.	$n	�G	�on/e3/,	.u""e./$n"	(ore	
�han"e.	$n	���	(e/h4'a/$on.	Fro(	our	�a/a,	$/	$.	ho2ever	no/	�'ear	$!	/h$.	$.	�ue	/o	a	h$"her	
propor/$on	o!	var$a�'e	.$/e.	$n	�	G	�o(pare�	/o	�G	�on/e3/	or	a	h$"her	rever.a'	ra/e	N'o2er	
./a�$'$/4O	o!	���	(e/h4'a/$on	var$an/.	$n	�	G	�on/e3/	/han	�G	�on/e3/.	
	
Prev$ou.	 ./u�$e.	 Nvan	 �er	 Graa!	 e/	 a'.	 ^\]aA	 �e�&er	 e/	 a'.	 ^\]]O	 have	 no/	 �hara�/er$5e�	
her$/a�$'$/4	 o!	 ���	 (e/h4'a/$on	 $n	 �	G	 �on/e3/,	 2h$�h	 �ou'�	 �e	 e3p'a$ne�	 �4	 /he	 2a4	
her$/a�$'$/4	o!	���	(e/h4'a/$on	var$an/.	2a.	�e/er($ne�.	The	/ran."enera/$ona'	./a�$'$/4	o!	
���	(e/h4'a/$on	var$an/.	$n	/he.e	./u�$e.	$.	/4p$�a''4	a..e..e�	�4	�a'�u'a/$n"	/he	nu(�er	o!	
�$!!eren/$a''4	(e/h4'a/e�	po.$/$on.	 /ha/	ar$.e	per	"enera/$on.	The	./a/$./$�a'	po2er	 !or	 /he	
�e/e�/$on	o!	�$!!eren/$a''4	(e/h4'a/e�	po.$/$on.	N��P.O	$.	h$"her	!or	�4/o.$ne.	$n	�G	�on/e3/,	
a.	�$(o�a'	�G	(e/h4'a/$on	/4p$�a''4	.2$/�he.	!ro(	V\f	/o	V]\\f	or	v$�e	ver.a,	2h$�h	$.	
/hou"h/	 /o	�e	a	(a%or	�on/r$�u/or	 /o	 /he$r	overDrepre.en/a/$on	�o(pare�	 /o	�$!!eren/$a''4	
(e/h4'a/e�	po.$/$on.	$n	o/her	�on/e3/.	N�e�&er	e/	a'.	^\]]O.	�o./	/ran."enera/$ona'	./u�$e.	
$"nore	nonD�G	��P.,	a.	 /he.e	on'4	repre.en/	a	ver4	.(a''	 !ra�/$on	o!	 /he	 /o/a'	��P.	 /ha/	
�an	 �e	 �e/e�/e�	 N��h($/5	 e/	 a'.	 ^\]]A	 �.	 J$an"	 e/	 a'.	 ^\]`O.	 �	 �e/a$'e�	 ./u�4	 on	 /he	
/ran."enera/$ona'	 ./a�$'$/4	o!	���	(e/h4'a/$on	 $n	�'	 t���i���	�$�	no/	 !$n�	�han"e.	 $n	�	G	
(e/h4'a/$on	�e/2een	"enera/$on.	Nvan	�er	Graa!	e/	a'.	^\]aO.		o2ever,	/he	pre.en/Da�.en/	
./a/$./$�	 u.e�	 !or	 ���	 (e/h4'a/$on	 $.	 .u$/a�'e	 !or	 �4/o.$ne.	 $n	 �G	 �u/	 no/	 �	G	 �on/e3/.	
�here	(e/h4'a/$on	o!	�4/o.$ne.	$n	�G	�on/e3/	$.	�$(o�a''4	�$./r$�u/e�,	(e/h4'a/$on	$n	�	G	
�on/e3/	$n	�'	t���i���	$.	near'4	nor(a''4	�$./r$�u/e�,	2$/h	avera"e	(e/h4'a/$on	aroun�	aaf	
N�e�&er	e/	a'.	^\]]O.	
	.u.pe�/	/ha/	�4	u.$n"	/he	pre.en�eDa�.en�e	(e/r$�	.u�/'e	�han"e.	$n	
/he	 ,uan/$/a/$ve	 ra/$o	 o!	 ���	 (e/h4'a/$on	 o!	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 are	 ($..e�,	 an�	
/here!ore	her$/a�$'$/4	o!	���	(e/h4'a/$on	$n	�	G	�on/e3/	ha.	no/	�een	�e/e�/e�.	
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4.4..	�tre  	in�u�e�	���	met�&lation	#ariation	)	�-e��e�t*	
�e	!oun�	.u�/'e	e!!e�/.	o!	paren/a'	 %a.(on$�	a�$�	/rea/(en/	on	���	(e/h4'a/$on	pa//ern.	
/ha/	 2a.	 �$./$n�/	 �e/2een	 /he	 /2o	 "eno/4pe.	 �_`	 an�	 	c^.	 
n	 /he	 4oun"	 apo($�/	 �_`	
paren/a'	 J�	 /rea/(en/	 re.u'/e�	 $n	 a'/ere�	 ���	(e/h4'a/$on	 �4/o.$ne.	 $n	 �	G	 �u/	 no/	 �G	
�on/e3/	 NF$".	 `.dO.	 
n	 /he	 e./a�'$.he�	 apo($�/	 	c^	 
	 �$�	 no/	 !$n�	 �'u./er$n"	 re!'e�/$n"	
paren/a'	 NJ�O	 /rea/(en/	or	 .$"n$!$�an/	(o�e'	 re.u'/.	 !ro(	���,	�u/	 
	 !oun�	a	 .$"n$!$�an/'4	
'o2er	 $n/er"enera/$ona'	 �orre'a/$on	 !or	 �4/o.$ne.	 $n	 �G	 �on/e3/	 �e/2een	 o!!.pr$n"	 o!	 J�D
/rea/e�	 p'an/.	 �o(pare�	 /o	 o!!.pr$n"	 o!	 nonD/rea/e�	 p'an/..	 �.$n"	 un$var$a/e	 ana'4.$.,	 
	
�e/e�/e�	.$"n$!$�an/	�$!!eren/$a''4	(e/h4'a/e�	po'4(orph$.(.	�e/2een	/he	o!!.pr$n"	o!	 J�D
/rea/e�	 p'an/.	 an�	 p'an/.	 !ro(	 /he	 �on/ro'	 '$ne	 !or	 �orre.pon�$n"	 "enera/$on..	 The.e	
�han"e.	2ere	(a$n'4	!oun�	$n	�	G	�on/e3/	an�	2ere	overrepre.en/e�	$n	�on/$".	(app$n"	
/o	"ene.,	$n�$�a/$n"	/ha/	�4/o.$ne.	$n	"eneDre'a/e�	.e,uen�e.	are	(ore	'$&e'4	/o	�e	$(pa�/e�	
�4	./re..	$n�u�e�	���	(e/h4'a/$on	�han"e..	
	
�/her	./u�$e.	!o�u.$n"	on	/he	/ran."enera/$ona'	./a�$'$/4	o!	./re..	$n�u�e�	���	(e/h4'a/$on	
�han"e.	$n	�'	t���i���	!oun�	�o/h	.$($'ar	an�	�$!!eren/	re.u'/..	N�.	J$an"	e/	a'.	^\]`O	e3po.e�	
�'	 t���i���	 /o	 h$"hD.a'$n$/4	 .o$',	 2h$�h	 re.u'/e�	 $n	 $n�rea.e�	 'eve'.	 o!	 �$!!eren/$a''4	
(e/h4'a/e�	 po.$/$on.	 N��P.O,	(a$n'4	 $n	 �G	 �on/e3/.	 �p	 /o	Vcaf	 o!	 /he.e	 ./re..D$n�u�e�	
���	(e/h4'a/$on	 �han"e.	2ere	 !a$/h!u''4	 /ran.($//e�	 !or	up	 /o	 /2o	"enera/$on.	 $n	p'an/.	
"ro2n	 $n	 �on/ro'	 env$ron(en/.	 �'ear'4,	 /he.e	 re.u'/	 �on/ra./	 2$/h	 our	 !$n�$n"..	 
	 !oun�	
a'(o./	no	��P.	 $n	�G	�on/e3/	an�	/he	�GD��P.	/ha/	 
	 !oun�	2ere	no/	./a�'4	 $nher$/e�	 $n	
/he	a�.en�e	o!	./re..,	a.	
	�e/e�/e�	har�'4	an4	�GD��P.	�e/2een	/he	o!!.pr$n"	o!	J�	G`DGb	
an�	 /he	�on/ro'	 '$ne.	�	(ore	�e/a$'e�	 ./u�4	on	 /he	 /ran."enera/$ona'	 ./a�$'$/4	o!	 repea/e�	
.a'/D./re..D$n�u�e�	 ���	 (e/h4'a/$on	 �han"e.	 $n	 �'	 t���i���	 un�overe�	 /ha/	 �$./$n�/	
ep$"ene/$�a''4	 'a�$'e	 re"$on.	 $n	 /he	 �'	 t���i���	 "eno(e	 .ho2	 e3/en.$ve	 �han"e.	 $n	 ���	
(e/h4'a/$on	 N�$�o2o	 e/	 a'.	 ^\]bO.	 N�$�o2o	 e/	 a'.	 ^\]bO	 !oun�	 on	 avera"e	 b,dbb	 ��P.	
N`\f	�G,	]af	�	G	an�	`af	�		O,	 �e/e�/e�	per	 "enera/$on	u.$n"	pa$r2$.e	 �o(par$.on.	
�e/2een	 /he	 o!!.pr$n"	 o!	 .a'/D./re..e�	 an�	 �on/ro'	 p'an/.,	 2h$�h	 repre.en/	 \.]cf	 o!	 /he	
avera"e	 nu(�er	 o!	 (e/h4'a/e�	 �4/o.$ne.	 /ha/	 �ou'�	 �e	 �e/e�/e�.	 
n	�$�o2oG.	 re.u'/.,	 $n	
�on/ra./	2$/h	/he	!$n�$n".	�e.�r$�e�	�4	N�.	J$an"	e/	a'.	^\]`O,	.e�on�	"enera/$on	o!!.pr$n"	o!	
./re..e�	p'an/.	�$�	no/	.ho2	/ha/	/he.e	./re..D$n�u�e�	��P.	2ere	(a$n/a$ne�,	.u""e./$n"	
/ha/	 /he.e	are	 /ran.$en/.	 
	�o	no/	 !$n�	��P.	 /ha/	are	(a$n/a$ne�	 !or	(u'/$p'e	"enera/$on.,	
�u/	 
	�o	 !$n�	a	 !e2	��P.	�e/2een	/he	 J�	an�	�on/ro'	 '$nea"e	 $n	"enera/$on	G`DGb	 $n	�o/h	
�_`	an�		c^,	.u""e./$n"	/ha/	a	($nor	propor/$on	o!	./re..Dre'a/e�	�$!!eren/$a'	(e/h4'a/$on	
�ou'�	have	'on"er	'a./$n"	e!!e�/.		
	
�	prev$ou.	��D�F
P	�a.e�	./u�4	on	/he	 $(pa�/	o!	env$ron(en/a'	./re..or.	on	�han"e.	 $n	
���	(e/h4'a/$on	an�	/ran.($..$on	$n	apo($�/$�	�an�e'$on.	!oun�	/ha/	$O	(ore	po'4(orph$�	
��D�F
P	'o�$	2ere	!oun�	$n	p'an/.	.u�%e�/e�	/o	./re..	/rea/(en/	�o(pare�	/o	�on/ro'	p'an/.	
an�	 $$O	 (o./	 o!	 /he	 �han"e�	 'o�$	 2ere	 /ran.($//e�	 !a$/h!u''4	 /o	 /he	 ne3/	 "enera/$on	
NVerhoeven,	 Jan.en,	 e/	 a'.	 ^\\eO.	 �.$n"	 our	 �urren/	 �a/a.e/,	 
	 �anno/	 �e/er($ne	 $!	 (ore	
�han"e.	$n	���	(e/h4'a/$on	o��urre�	$n	p'an/	.u�%e�/e�	/o	�$re�/	J�D/rea/(en/,	a.	
	�$�	no/	
�o''e�/	���	!ro(	/he.e	p'an/..		ere,	
	on'4	(ea.ure	���	(e/h4'a/$on	$n	/he	o!!.pr$n"	o!	J�D
/rea/e�	p'an/..	�a.e�	on	/he	h$"h	her$/a�$'$/4	!oun�	o!	/he	./re..D$n�u�e�	���	(e/h4'a/$on	
�han"e.	 $n	 /he	prev$ou.	��D�F
P	�a.e�	./u�4,	 
	 �an	ho2ever	 .a4	 /ha/	 /he	 ./re..	 $n�u�e�	
���	(e/h4'a/$on	var$an/.	
	!$n�	here	appear	(u�h	2ea&er	/han	/ho.e	!oun�	$n	Verhoeven	



�hap/er	`	Tran."enera/$ona'	$nher$/an�e	o!	N./re..D$n�u�e�O	���	(e/h4'a/$on	$n	apo($�/$�	
�an�e'$on..	
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^\]\.	 Verhoeven	 .u�%e�/e�	 a	 .$n"'e	 "enera/$on	 o!	 �_`,	 /he	 .a(e	 apo($�/$�	 �an�e'$on	
"eno/4pe	u.e�	here,	/o	/he	.a(e	Ja.(on$�	a�$�	/rea/(en/	
	u.e�	here.	J�	/rea/(en/	re.u'/e�	
$n	 a	 ]\f	 $n�rea.e	 N!ro(	 c.a	 /o	 ]c.dfO	 $n	 /he	 nu(�er	 o!	 po'4(orph$�	 ��D�F
P	 'o�$	
�o(pare�	 /o	 .pon/aneou.'4	 o��urr$n"	 ���	 (e/h4'a/$on	 �han"e.	 $n	 �on/ro'	 '$ne..	 The.e	
ana'4.e.	2ere	�a.e�	on	a	.(a''	.u�.e/	o!	'a�$'e	��D�F
P	'o�$	2h$�h	2ere	o!/en	po'4(orph$�	
a(on"	 rep'$�a/e.	 $n	 (u'/$p'e	 env$ron(en/..	 �han"e.	 $n	 ���	(e/h4'a/$on	 �e/e�/e�	 u.$n"	
��D�F
P	are	a'(o./	e3�'u.$ve'4	!oun�	$n	/he	�G	�on/e3/	NFu'ne7e&	<	Kovar9&	^\]_O.	
n	(o./	
o!	 /he	 ana'4.e.	 
	 !o�u.e�	 on	 a''	 .�ora�'e	 'o�$,	 e3�ep/	 !or	 P��	 an�	 ���	 ana'4.$.	 2h$�h	
re,u$re�	 a/	 'ea./	 one	 �$!!eren�e	 $n	 ���	(e/h4'a/$on	 ra/$o	 h$"her	 /han	 \.].	 Th$.	(a&e.	 $/	
�$!!$�u'/	 /o	 �o(pare	 /he	 re.u'/.	 �e/2een	 /he	 /2o	 ./u�$e..	 �o(pare�	 /o	��D�F
P,	 ep$G��	
o!!er.	 a	 h$"her	 re.o'u/$on	 N(ore	 'o�$O	 a	 ,uan/$/a/$ve	 $n./ea�	 o!	 a	 ,ua'$/a/$ve	 .$"na'	 an�	
$n!or(a/$on	on	a''	.e,uen�e	�on/e3/.	2h$�h	.hou'�	'ea�	/o	(ore	re'$a�'e	re.u'/..		
	
�/re..D$n�u�e�	 ���	 (e/h4'a/$on	 �han"e.	 2ere	 �$./$n�/	 �e/2een	 �_`	 an�	 	c^.	 �pe�$!$�	
./re..	$n�u�e�	�han"e.	$n	�	G	���	(e/h4'a/$on	2ere	o�.erve�	$n	/he	4oun"	apo($�/	�_`	
an�	no/	$n	/he	e./a�'$.he�	apo($�/		c^	N�a.e�	on	/he	���	ana'4.$.O.	Geno/4p$�	�$!!eren�e.	
$n	 /he	 .en.$/$v$/4	 /o	 env$ron(en/a'	 ./re..	 have	 �een	 !oun�	 �e!ore.	 For	 $n./an�e,	 �rou"h/	
./re..	 $n	 �e si�� i�	 m��u�os�	 �an	 'ea�	 /o	 an�	 a�ap/$ve	 /ran."enera/$ona'	 re.pon.e	 $n	
o!!.pr$n"	"ro2$n"	un�er	�r4	�on�$/$on.,	2h$�h	�eve'op	a	�$""er	roo/	.4./e(	�o(pare�	/o	
o!!.pr$n"	o!	paren/.	"ro2n	un�er	�on/ro'	�on�$/$on.	N	er(an	<	�u'/an	^\]bO.	Th$.	a�ap/$ve	
/ran."enera/$ona'	e!!e�/	$.	un�erp$nne�	�4	���	(e/h4'a/$on,	a.	5e�u'ar$ne	/rea/(en/	2h$�h	
re(ove.	 ���	 (e/h4'a/$on	 a'.o	 re(ove�	 /he	 a�ap/$ve	 /ran."enera/$ona'	 e!!e�/..	 
n	
�o(par$n"	�$!!eren/	"eno/4pe.	o!	�'	m��u�os�,	/he	au/hor.	!oun�	.u�./an/$a'	var$a/$on$n	/he	
�e"ree	 o!	 �o/h	 /he	 a�ap/$ve	 /ran."enera/$ona'	 e!!e�/	 a.	 2e''	 a.	 /he	 e!!e�/	 o!	 5e�u'ar$ne	
/rea/(en/,	 .u""e./$n"	 /ha/	 /here	 $.	 .u�./an/$a'	 �$ver.$/4	 $n	 /he	 �e"ree	 o!	 .en.$/$v$/4	 o!	
env$ron(en/	 $n�u�e�	 ���	 (e/h4'a/$on	 �e/2een	 "eno/4pe..	 Th$.	 $.	 �on.$./en/	 2$/h	 /he	
�$!!eren/	re.pon.e	/ha/	
	o�.erve�	�e/2een	�_`	an�		c^,	.u""e./$n"	/ha/	/he	.en.$/$v$/4	o!	
�o/h	"eno/4pe.	/o	env$ron(en/a'	./re..	($"h/	�e	�$!!eren/.	
	
�e	 un�overe�	 .pe�$!$�	 ./re..	 $n�u�e�	 �han"e.	 $n	���	(e/h4'a/$on	 $n	 /he	 4oun"	 apo($�/	
�_`	 u.$n"	(u'/$var$a/e	 ana'4.$.	 $n	 �	G	 an�	 no/	 �G	 �on/e3/.	 The	 o�.erve�	 �han"e.	2ere	
var$a�'e	�e/2een	o!!.pr$n"	p'an/.	!ro(	J�	"enera/$on.	G]DGb,	2$/h	a	.$"n$!$�an/	e!!e�/	on'4	
$n	G^	an�	G`	an�	a	'o2	�u/	nonD.$"n$!$�an/	e!!e�/	$n	G_	Nph\.]`cA	.ee	Ta�'e	`._O.	The	$(pa�/	
o!	 ./re..	 /rea/(en/	on	 /ran."enera/$ona'	���	(e/h4'a/$on	�han"e.	 $.	o!/en	./ron"er	a!/er	
(u'/$p'e	 �on.e�u/$ve	 /rea/(en/..	 For	 $n./an�e,	�$�o2o	 et	 ��'	 !oun�	 no	 /ran."enera/$ona'	
e!!e�/.	on	���	(e/h4'a/$on	a!/er	/he	!$r./	./re..	"enera/$on.,	�u/	�$�	!oun�	.u�h	e!!e�/.	$n	
/he	 o!!.pr$n"	 o!	 !ro(	 a	 '$na"e	 2$/h	 _	 an�	 a	 .u�.e,uen/	 "enera/$on.	 o!	 ./re..De3po.ure	
N�$�o2o	 e/	 a'.	 ^\]bO.	 Th$.	($"h/	 e3p'a$n	 2h4	 
	 �$�	 no/	 !$n�	 .$"n$!$�an/	 �han"e.	 $n	 ���	
(e/h4'a/$on	$n	/he	o!!.pr$n"	o!	/he	!$r./	J�	/rea/(en/	"enera/$on	NG]O.	The	$n�$�a/$on	o!	an	
e!!e�/	 $n	"enera/$on.	G^DG`,	�u/	no/	 $n	 'a/er	"enera/$on.,	.u""e./.	/ha/	 $n�u�e�	e!!e�/.	are	
her$/a�'e	�u/	rever/	rap$�'4	2$/h$n	]D^	o!!.pr$n"	"enera/$on.,	�on.$./en/	2$/h	!$n�$n".	$n	�'	
t���i���	 N�$�o2o	e/	a'.	^\]bO.	For	"eno/4pe		c^	
	�$�	no/	o�/a$n	.$"n$!$�an/	re.u'/.	 !ro(	
/he	 ���	 ana'4.$..	 
n/ere./$n"'4,	 /he	 on'4	 .u�D.$"n$!$�an/	 va'ue	 N\.\b`O	 2a.	 o�/a$ne�	 !or	
�4/o.$ne.	 $n	 �	G	 �on/e3/,	 .u""e./$n"	 /ha/	 a'.o	 $n		c^	 �4/o.$ne.	 $n	 �	G	 �on/e3/	 are	(ore	
'$&e'4	/o	�e	a!!e�/e�	�4	J�	/rea/(en/.	The	!a�/	/ha/	
	!oun�	.pe�$!$�	e!!e�/.	$n	�	G	an�	no/	�G	
�on/e3/	$.	�orro�ora/e�	�4	N�$�o2o	e/	a'.	^\]bO.	�eana'4.$.	�4	�$�o2o	et	��'	o!	/he	�a/a	o!	
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J$an"	 et	 ��'	 !o�u.$n"	 on	 �$!!eren/$a''4	 (e/h4'a/e�	 re"$on.	 .ho2e�	 /ha/	 �			 an�	 �	G	
(e/h4'a/$on	 $n	 .a'/	 ./re..e�	 p'an/.	 �orre'a/e�	 2e''	 2$/h	 ./re..	 /rea/(en/	 N�$�o2o	 e/	 a'.	
^\]bO,	2herea.	�han"e.	$n	�G	(e/h4'a/$on	�$�	no/,	2h$�h	$.	�on.$./en/	2$/h	/he	J�D$n�u�e�	
.pe�$!$�	�han"e.	$n	�	G	(e/h4'a/$on	
	o�.erve�	$n	�_`.		

	
4.4.4	Mea uring	���	met�&lation	in	non-mo�el	organi m 	an�	epi���	�a#eat 	
�ea.ur$n"	 ���	(e/h4'a/$on	 $n	 .pe�$e.	 2$/hou/	 a	 re!eren�e	 "eno(e	 ha.	 h$/her/o	 (o./'4	
re'$e�	 on	 "'o�a'	 ,uan/$/a/$ve	 (e/ho�.	 .u�h	 a.	 h$"hDper!or(an�e	 '$,u$�	 �hro(a/o"raph4	
N	P
�O	 or	 "e'D�a.e�	 ��D�F
P.A	 �u/	 .ee	 NP'a//	 e/	 a'.	 ^\]aO	 !or	 .e($D,uan/$/a/$ve	 an�	
,uan/$/a/$ve	NGu""er	e/	a'.	^\]bO	�$.u'!$/e	.e,uen�$n"	�a.e�	approa�he..	The	'o�a'	.e,uen�e	
�on/e3/	N"ene,	T�,	e/�.O	a.	2e''	a.	/he	,uan/$/a/$ve	'eve'	o!	���	(e/h4'a/$on	$n	a	re"$on	�an	
�$!!er,	2h$�h	�anno/	�e	p$�&e�	up	�4	��D�F
P.	For	.pe�$e.	2$/h	a	re!eren�e	"eno(e	2ho'e	
"eno(e	�$.u'!$/e	.e,uen�$n"	N�G��O	ha.	�een	u.e�	.u��e..!u''4	 /o	�e/er($ne	.$n"'e	�a.e	
re.o'u/$on	 ,uan/$/a/$ve	 ���	 (e/h4'a/$on	 pro!$'e..	 
n	 a�.en�e	 o!	 a	 T'	 o��i�i���e	 re!eren�e	
"eno(e,	 �G��	 �anno/	 �e	 e(p'o4e�.	 �ven	 2$/h	 a	 re!eren�e	 "eno(e	 ava$'a�'e,	 app'4$n"	
�G��	 on	 a	 'ar"e	 nu(�er	 o!	 $n�$v$�ua'.	 2ou'�	 �e	 proh$�$/$ve'4	 e3pen.$ve.	 �e�u�e�	
repre.en/a/$on	 �$.u'!$/e	 .e,uen�$n"	 N����O	 a''o2.	 !o�u.$n"	 /he	 .e,uen�$n"	 e!!or/	 on	 a	
ran�o(	 �u/	 �e!$ne�	 .u�.e/	 o!	 "eno($�	 ���,	 a''o2$n"	 /o	 ./u�4	 (ore	 $n�$v$�ua'.	
.$(u'/aneou.'4	 2$/h	 a	 '$($/e�	 .e,uen�$n"	 e!!or/.	 �.	 /he	 pre.en/	 ./u�4	 .ho2.,	 /he	 ep$D
"eno/4p$n"	�4	.e,uen�$n"	Nep$G��O	(e/ho�	/ha/	2e	�eve'ope�	Nvan	Gurp	e/	a'.	^\]bO	$.	an	
e!!$�$en/	 /e�hn$,ue	 /ha/	 ena�'e.	 re.ear�her.	 /o	 ./u�4	 ,uan/$/a/$ve	 ���	 (e/h4'a/$on	 $n	
.pe�$e.	 2$/hou/	 a	 re!eren�e	 "eno(e,	 .$(u'/aneou.'4	 a''o2$n"	 /he	 �e/e�/$on	 o!	 ���	
(e/h4'a/$on	an�	��P	po'4(orph$.(.	2h$'e	on	a	�o(pu/a/$ona''4	�er$ve�	p.eu�oDre!eren�e	
.e,uen�e	 !ro(	�$.u'!$/e	 �onver/e�	 rea�..	�ur	 ./u�4	 .ho2�a.e.	 /he	po/en/$a'	 o!	 ep$G��	 /o	
per!or(	.e,uen�$n"	�a.e�	./u�$e.	 $n	nonD(o�e'	or"an$.(.	on	a	.�a'e	an�	 'eve'	o!	�e/a$'.	
/ha/	2ere	h$/her/o	$(po..$�'e.		
	
4.4.0	�on�lu ion	an�	�uture	per pe�ti#e 	
�e	prov$�e	/he	!$r./	�$.u'!$/e	.e,uen�$n"D�a.e�	./u�4	on	/he	/ran."enera/$ona'	./a�$'$/4	o!	
���	(e/h4'a/$on	 $n	an	a.e3ua'	p'an/	2$/hou/	a	 re!eren�e	"eno(e,	prov$�$n"	ev$�en�e	 !or	
her$/a�'e	�$ver"en�e	over	"enera/$on.	$n	���	(e/h4'a/$on	$n	�o/h	�G	an�	�	G	�on/e3/..	 
	
!oun�	!e2	an�	.u�/'e	e!!e�/.	o!	./re..D$n�u�e�	���	(e/h4'a/$on	�han"e.	/ha/	are	�on.$./en/	
2$/h	 re�en/	 ./u�$e.	 u.$n"	 2ho'e	 "eno(e	 �$.u'!$/e	 .e,uen�$n"	 $n	 �'	 t���i���.	 �/u�$e.	 on	
./re..D$n�u�e�	 ���	 (e/h4'a/$on	 $n	 /he	 (o�e'	 .pe�$e.	 �'	 t���i���	 pa$n/	 an	 $n�rea.$n"'4	
�o(p'e3	 p$�/ure,	 2h$�h	 (a&e.	 $/	 �$!!$�u'/	 /o	 a..e..	 /he	 !un�/$ona'	 re'evan�e	 o!	 ���	
(e/h4'a/$on	var$a/$on	un�overe�	$n	(o./	e�o'o"$�a'	ep$"ene/$�.	./u�$e..	�'/hou"h	./re..	�an	
$n�u�e	�han"e.	$n	/he	���	(e/h4'a/$on	./a/u.	o!	$n�$v$�ua'	�4/o.$ne.	N��P.O,	/he	!un�/$ona'	
.$"n$!$�an�e	 o!	 .u�h	 �han"e.	 are	 un�'ear	 N	a"(ann	 e/	 a'.	 ^\]aO.	 Th$.	 $.	 apparen/	 2hen	
�on.$�er$n"	 �4/o.$ne.	 $n	 �G	 �on/e3/,	 2h$�h	 are	 ./ron"'4	 a..o�$a/e�	 2$/h	 �on./$/u/$ve'4	
e3pre..e�	"ene..	N�.	 J$an"	e/	a'.	^\]`O	!oun�	(an4	�G	��P.,	�u/	/he$r	�$!!eren/$a/$on	2a.	
no/	.pe�$!$�a''4	a..o�$a/e�	2$/h	./re..,	 $n	�on/ra./	/o	/ho.e	!oun�	$n	�			an�	�	G	�on/e3/	
N�$�o2o	 e/	 a'.	 ^\]bO.	 The	 re'evan�e	 o!	 �$!!eren/$a'	 ���	 (e/h4'a/$on	 pa//ern.	 �e/e�/$on	
u.$n"	��D�F
P.,	2h$�h	!o�u.	on	���	(e/h4'a/$on	$n	�G	an�	no"	�	G	�on/e3/	NFu'ne7e&	<	
Kovar9&	 ^\]_O	 $.	 /here!ore	 ,ue./$ona�'e.	 Fu/ure	 2or&	 a..e..$n"	 /he	 .u$/a�$'$/4	 o!	 /he	
a'"or$/h(.	 �urren/'4	 u.e�	 /o	 �e/e�/	 ���.	 $n	 �G��	 �a/a	 !or	 ep$G��	 �a/a	 are	 ho2ever	
re,u$re�.	 �en�h(ar&$n"	 ./u�$e.	 '$&e	 2e	 have	 �one	 �eve'op$n"	 ep$G��	 �o(par$n"	 ���	
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�e/e�/$on	 $n	 �G��	 �a/a	 an�	 ep$G��	 �a/a	 !ro(	 /he	 .a(e	 .our�e	 �an	 he'p	 /o	 "u$�e	
�eve'op(en/.	 $n	 �u./o(	 a'"or$/h(	 �eve'op(en/.	 
$&e2$.e,	 /ar"e/e�	 G��	 approa�he.	
e(p'o4$n"	 o'$"onu�'eo/$�e	 �a$/.	 !or	 .pe�$!$�	 "eno($�	 re"$on.	 have	 �een	 �eve'ope�	 !or	
"eno/4p$n"	�4	.e,uen�$n"	 N�$/�e2$''$"en	e/	a'.	^\]_O.	�$($'ar	 /ar"e/e�	approa�he.	�an	�e	
ea.$'4	env$.$one�	/o	�e	app'$�a�'e	/o	ep$G��,	a''o2$n"	!or	/ar"e/e�	�$.u'!$/e	.e,uen�$n".	Th$.	
approa�h	�ou'�	�e	u.e!u'	even	$n	(o�e'	or"an$.(.,	a.	$/	�ou'�	�e	u.e�	/o	/ar"e/	pro(o/or.	
or	o/her	.e,uen�e.	o!	$n/ere./.	
	
�upporting	information	
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�upplementary	 �igure	 4.5.	 
n/er"enera/$ona'	 �orre'a/$on	 !or	 �	G	 (e/h4'a/$on	 !or	 �o/h	
�_`	an�		c^	!or	a''	'$ne.	$n	�o/h	/he	�on/ro'	a.	2e''	a.	/he	Ja.(on$�	��$�	/rea/(en/	'$nea"e.	

n	"enera',	a	ne"a/$ve	/ren�	$.	�'ear'4	v$.$�'e,	a'/hou"h	e3�ep/$on.	o��ur,	(o./	pro($nen/'4	
$n	 /he	 �on/ro'	 '$nea"e	o!	�_`	 !or	 �4/o.$ne.	 $n	�	G	 �on/e3/,	 $n	2h$�h	 !or	 
$ne	]	 an�	c	 /he	
ne"a/$ve	/ren�	$.	no/	a/	a''	�'ear.	
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�upplementary	 Ta�le	 4.6.	 �4/o.$ne.	 
n�'u�e�	 $n	(u'/$var$a/e	 ana'4.$.A	 2$/hou/	($..$n"	
o�.erva/$on.	N�a''e�	2$/h	a/	'ea./	]a	rea�.	$n	a''	.a(p'e.O.	
�enotype	 �e#uence	

conte*t	
Total	positions	 �alled	 in	 all	

samples	
�ith	 co(erage	
>	59	

�alled	 in	 all	
samples	 and	
(aria�le	
across	
samples	

A74	 �G	 _,]_c		 cdc	 aa`	
A74	 �	G	 a,ded		 ],a`b	 d`d	
�;6		 �G	 _,]_c		 d_d		 b\b	
�;6	 �	G	 a,ded		 ],bd^		 ecd	
	
	

	 	
	
�upplementary	�igure	4.6.	P��	u.$n"	a''	.a(p'e.,	re.u'/.	$n�$�a/e	/ha/	!or	�4/o.$ne.	$n	�G	
an�	�	G	�on/e3/,	(e/h4'a/$on	$.	�$!!eren/	�e/2een	/he	"eno/4pe.A	.ho2$n"	�'ear	.epara/$on	
o!	 $n�$v$�ua'.	 !ro(	 �o/h	 "eno/4pe.	 on	 /he	 F$r./	 P��	 �3$..	 Geno/4pe	 	c^	 .ho2.	 (ore	
var$a/$on	$n	!or	�o/h	�G	an�	�	G	�on/e3/	�o(pare�	/o	�_`.	
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�upplementary	Ta�le	4.7.	 
n�epen�en/	.a(p'e	/	/e./.	!or	�orre�/e�	Pear.on	�^	.�ore.	o!	
$n/er"enera/$ona'	 ���	 (e/h4'a/$on	 ra/$o.	 o�/a$ne�	 2$/h$n	 '$ne.,	 �o(par$n"	 /he	 .�ore.	
o�/a$ne�	2$/h$n	J�	an�	�on/ro'	'$ne..	
�enotype	 conte*t	 generations	

included	
intergenerationa

l	distance	 t-statistic	 p-(alue	 �e(ene2s	test	

A74	 �G	 �''	 _Dc	 D\.e`	 \._a	 \.ae	
A74	 �	G	 �''	 _Dc	 \.ec	 \.__	 \.a_	
A74	 �G	 �''	 _	 D\.`a	 \.bb	 \.\^	
A74	 �	G	 �''	 _	 \.b^	 \.a`	 \.`]	
A74	 �G	 �''	 `	 D\.\bd	 \.e`b	 \.`eb	
A74	 �	G	 �''	 `	 \.^^^	 \.d^a	 \.ced	
A74	 �G	 �''	 a	 D\._]e	 \.ca]	 \.``a	
A74	 �	G	 �''	 a	 \.aad	 \.ad]	 \.d\e	
A74	 �G	 �''	 b	 D].\ee	 \.^d_	 \.^ee	
A74	 �	G	 �''	 b	 \.`dd	 \.b_	 \.`e_	
A74	 �G	 �''	 c	 D\.^`^	 \.d]`	 \.c_d	
A74	 �	G	 �''	 c	 ].]`	 \.^ce	 \.]dc	
A74	 �G	 "]	v.	"^	 _	 \._\	 \.cc	 \.ae	
A74	 �	G	 "]	v.	"^	 _	 \.b\	 \.ab	 \.__	
A74	 �G	 "^	v.	"_	 _	 \._]	 \.cc	 \.`]	
A74	 �	G	 "^	v.	"_	 _	 \._`	 \.c`	 \.b^	
A74	 �G	 "_	v.	"`	 _	 \.ab	 \.ae	 \.]\	
A74	 �	G	 "_	v.	"`	 _	 ].\_	 \.__	 \.\`	
A74	 �G	 "`	v.	"a	 _	 D].c\	 \.]_	 \._`	
A74	 �	G	 "`	v.	"a	 _	 D\.e_	 \._d	 \.c]	
A74	 �G	 "a	v.	"b	 _	 D].a_	 \.]b	 \.]\	
A74	 �	G	 "a	v.	"b	 _	 \._\	 \.cc	 \.\e	
�;6	 �G	 �''	 _Dc	 ].e_	 \.\b	 \.__	
�;6	 �	G	 �''	 _Dc	 ].]`	 \.^b	 \.aa	
�;6	 �G	 �''	 _	 ].^d	 \.^]	 \.be	
�;6	 �	G	 �''	 _	 \.c_	 \.`c	 \.ab	
�;6	 �G	 �''	 `	 \.]c	 \.dc	 \.``	
�;6	 �	G	 �''	 `	 \.^^	 \.d_	 \.\^	
�;6	 �G	 �''	 a	 \.a\	 \.b^	 \.`b	
�;6	 �	G	 �''	 a	 D\.\_	 \.ed	 \.\b	
�;6	 �G	 �''	 b	 ].ab	 \.]_	 \.`a	
�;6	 �	G	 �''	 b	 \.b`	 \.a_	 \.a`	
�;6	 �G	 �''	 c	 ].\]	 \.__	 \.d^	
�;6	 �	G	 �''	 c	 ].`c	 \.]c	 \.cd	
�;6	 �G	 "]	v.	"^	 _	 ^.\\	 \.\c	 \.`]	
�;6	 �	G	 "]	v.	"^	 _	 ].]]	 \.^e	 \.^^	
�;6	 �G	 "^	v.	"_	 _	 ^.ea	 4.45	 \.ed	
�;6	 �	G	 "^	v.	"_	 _	 D\.^e	 \.cd	 \._]	
�;6	 �G	 "_	v.	"`	 _	 \.ca	 \.`c	 \.\c	
�;6	 �	G	 "_	v.	"`	 _	 D\.bb	 \.a_	 \.ed	
�;6	 �G	 "`	v.	"a	 _	 D].]\	 \.^e	 \.\c	
�;6	 �	G	 "`	v.	"a	 _	 ]._c	 \.^\	 \.]c	
�;6	 �G	 "a	v.	"b	 _	 D\.a^	 \.b]	 \.c_	
�;6	 �	G	 "a	v.	"b	 _	 \.]c	 \.dc	 \.e_	
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�upplementary	Ta�le	4.4.	 �'a./^"o	 re.u'/.	 !or	 _	 "eneDre'a/e�	 �on/$".	2$/h	�$!!eren/$a''4	
(e/h4'a/e�	po.$/$on.	N��P.O	$n	�	G	an�	�G	�on/e3/.	
�ontig	
id	 Description	 �ontig	

length	
3	

�last�its	
�in	

e-�alue	
sim	
mean	

]^e	 /e/ra.pan$nD_D'$&e	 ]_b	 ^\	 _._c�D^_	 d].^f	
`]e	 �_	u�$,u$/$nD	'$"a.e	P�Tb	 ^`^	 ^\	 _._a�D]c	 ebf	
`bb	 nu�'eopor$n	N��F_`]`O	 ^a]	 ^\	 b.be�De	 bd.]f	

�e.�r$p/$on	.ho2.	 /he	na(e	o!	 /he	 /op	�'a./	h$/,	 'en"/h	.ho2.	 /he	.e,uen�e	 'en"/h	o!	 /he	
�on/$".,	($n	eDva'ue	$.	/he	eDva'ue	o!	/he	/op	�'a./	h$/.	H�$(	(eanI	$.	/he	avera"e	.$($'ar$/4	
o!	/he	/ran.'a/e�	�on/$"	.e,uen�e	�o(pare�	/o	/ha/	o!	/he	/op	�'a./	h$/	pro/e$n	.e,uen�e.	
	
�upplementary	Ta�le	4.9.	�e"re..$on	re.u'/.	o!	�orre�/e�	Pear.on	�^	.�ore.	N�epen�en/	
var$a�'eO	on	$n/er"enera/$ona'	�$./an�e	N$n�epen�en/	var$a�'eO	!or	�4/o.$ne.	$n	�G	an�	�	G	
.e,uen�e	�on/e3/	 !or	�o(par$.on.	(a�e	2$/h$n	 '$ne.	N$n/raD'$neO	an�	�e/2een	 '$ne.	o!	 /he	
.a(e	'$nea"e	N$n/erD'$neO.	
	

conte*t	 line	 genotype	 lineage	 �-statistic	 p-(alue	

��	


n/raD'$ne	
�_`	 ��	 `.`e`	 4.47<	

J�	 `.]ab	 4.449	

	c^	 ��	 ].a\^	 \.^^`	
J�	 `.bb_	 4.474	


n/erD'$ne	
�_`	 ��	 dc.\^d	 =4.444	

J�	 ]c.__]	 =4.444	

	c^	 ��	 e\.bdb	 =4.444	
J�	 ^a.e^e	 =4.444	

���	


n/raD'$ne	
�_`	 ��	 ]a.\]b	 =4.444	

J�	 ^].\^d	 =4.444	
	c^	 ��	 ]].]\^	 4.445	

J�	 ]\.\a]	 4.446	


n/erD'$ne	
�_`	 ��	 ab.\a^	 =4.444	

J�	 a.\`c	 4.469	

	c^	 ��	 cc.^ee	 =4.444	
J�	 ]`a.`cb	 =4.444	
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�election	on	early	flo)ering	in	ase*ually	reproducing	

Dandelions,	using	epigenetic	(ariation	as	a	su�strate	for	

artificial	selection	

	
T.P.	van	Gurp,	�.	�$ere,	K.J.F.	Verhoeven	
	
To	be	submitted	
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A�stract	
Pheno/4p$�	 var$a/$on	 $n	 p'an/.	 $.	 e..en/$a'	 !or	 a�ap/a/$on	 /o	 a�ver.e	 or	 �han"$n"	
env$ron(en/..	 Pheno/4p$�	 var$a/$on	 $.	 �e/er($ne�	 �4	 /he	 �o(p'e3	 $n/erp'a4	 o!	 "ene/$�,	
ep$"ene/$�	an�	env$ron(en/a'	var$a/$onA	ho2ever,	/he	ro'e	o!	ep$"ene/$�	var$a/$on	re(a$n.	
poor'4	 un�er./oo�.	 
	 u.e�	 apo($�/$�	 �an�e'$on.	 /ha/	 o��ur	 $n	 a	2$�e	 ran"e	 o!	 /e(pera/e	
env$ron(en/.	 an�	 !ea/ure	 a	 2or'�D2$�e	 �$./r$�u/$on	 /o	 �e/er($ne	 /he	 po/en/$a'	 ro'e	 o!	
ep$"ene/$�	 var$a/$on	 $n	 .hap$n"	 /he	 pheno/4pe.	�an4	 �an�e'$on	 '$nea"e.	 have	 an	 a.e3ua'	
repro�u�/$ve	 (o�e	 an�	 'a�&	 re�o(�$na/$on	 2h$�h	 $.	 /4p$�a'	 !or	 .e3ua''4	 repro�u�$n"	
or"an$.(..	 The$r	 a.e3ua'	 repro�u�/$on	 ($"h/	 $(p'4	 /ha/	 ep$"ene/$�	 var$a/$on	 $.	 (ore	
$(por/an/	 $n	 .u�h	 .4./e(.	 /han	 $n	 .e3ua'.	 a.	 a	 .our�e	 o!	 pheno/4p$�	 var$a/$on,	 a.	 ne2	
"ene/$�	 var$a/$on	 �anno/	 ar$.e	 /hrou"h	 re�o(�$na/$on.	�p$"ene/$�	 var$a/$on	 �an	�e	 �au.e�	
�4	env$ron(en/a'	./re..	an�	�an	�au.e	pheno/4p$�	var$a/$on	$n	/ra$/.	/ha/	�an	�e	$nher$/e�	
�4	 .u�.e,uen/	 "enera/$on..	 To	 /e./	 $!	 .e'e�/$on	 on	 ep$"ene/$�	 var$an/.	 �an	 �r$ve	her$/a�'e	
�$ver"en�e,	 
	 per!or(e�	 ar/$!$�$a'	 .e'e�/$on	 on	 an	 ar�$/rar4	 4e/	 $(por/an/	 an�	 ea.$'4	
$�en/$!$a�'e	 pheno/4p$�	 /ra$/,	 !'o2er$n"	 /$(e,	 2$/h$n	 "ene/$�a''4	 un$!or(	 apo($�/$�	
�an�e'$on	'$nea"e..	
	.u�%e�/e�	/hree	"eno/4pe.	o!	apo($�/$�	�an�e'$on.	/o	(u'/$D"enera/$on	
./re..Dpre/rea/(en/	2$/h	/he	ph4/ohor(one	Ja.(on$�	a�$�	or	.$n"'e	"enera/$on	/rea/(en/	
2$/h	 aDa5a�4/$�$ne	 2h$�h	 �$.rup/.	 ���	 (e/h4'a/$on.	 
	 h4po/he.$5e�	 /ha/	 /he.e	
env$ron(en/a'	/rea/(en/.	�rea/e	a��$/$ona'	ep$"ene/$�	var$a/$on	/ha/	$.	her$/a�'e,	.o	/ha/	a	
.e'e�/$on	 re.pon.e	 $.	 e3pe�/e�	 /o	 �e	 ./ron"er	 a!/er	 /he.e	 /rea/(en/..	 �!/er	 e3po.ure,	 
	
�rea/e�	 .e'e�/$on	 '$ne.	 !or	 !a./	 !'o2er$n"	 a.	 2e''	 a.	 ran�o(	 '$ne.	 an�	 �o(pare�	 /he$r	
!'o2er$n"	/$(e	!or	/2o	"enera/$on..	
	!oun�	ev$�en�e	!or	$n�u�/$on	o!	Nep$O"ene/$�	var$a/$on	
$n!'uen�$n"	 !'o2er$n"	 /$(e	 $n	 one	 o!	 /he	 "eno/4pe.,	 a.	 2e''	 a.	 �'ear	 $n�$�a/$on.	 !or	 /he	
pre.en�e	 o!	 ./an�$n"	 Nep$O"ene/$�	 var$a/$on	 upon	 2h$�h	 .e'e�/$on	 �an	 a�/.



�hap/er	a	�e'e�/$on	on	ear'4	!'o2er$n"	$n	a.e3ua''4	repro�u�$n"	�an�e'$on.	
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9.5		ntroduction	
Pheno/4p$�	var$a/$on	 $n	p'an/.	ar$.e.	a.	 /he	re.u'/	o!	a	 /hreeD2a4	 $n/era�/$on	�e/2een	/he	
"eno/4pe,	/he	ep$D"eno/4pe	an�	/he	env$ron(en/	N�o..�or!	<	�uan4e	�han"	^\]]O.	The	ep$D
"eno/4pe	$.	�e!$ne�	�4	ep$"ene/$�	(ar&.	on	or	a..o�$a/e�	2$/h	/he	���	.e,uen�e,	.u�h	a.	
h$./one	(o�$!$�a/$on.	 or	 ���	(e/h4'a/$on,	 2h$�h	 �an	 $n!'uen�e	 ���	 ./ru�/ure	 an�	 "ene	
e3pre..$on.	Par/	o!	 /h$.	ep$"ene/$�	var$a/$on	 $.	�e/er($ne�	�4	"ene/$�	var$a/$on,	2h$�h	ha.	
�een	 �o$ne�	 �epen�en/	 ep$"ene/$�	 var$a/$on,	 2herea.	 !a�$'$/a/e�	 an�	 pure	 ep$"ene/$�	
var$a/$on	 are	 re.pe�/$ve'4	 par/'4	 an�	 �o(p'e/e'4	 $n�epen�en/	 on	 "ene/$�	 var$a/$on	 N�.	 J.	
�$�har�.	 ^\\bO.	 �p$"ene/$�	 (ar&.	 .erve	 an	 $(por/an/	 ro'e	 $n,	 !or	 $n./an�e,	 .$'en�$n"	
/ran.po.a�'e	 e'e(en/.	 NT�O,	 /hu.	 �on/r$�u/$n"	 /o	 pre.erv$n"	 "eno(e	 $n/e"r$/4	 N�'o/&$n	 <	
�ar/$en..en	 ^\\cO.	 ���	(e/h4'a/$on	 var$a/$on	 $.	 o!	 par/$�u'ar	 $n/ere./	 /o	 e�o'o"$./.	 an�	
evo'u/$onar4	�$o'o"$./.	 a.,	 $n	 �on/ra./	 /o	h$./one	(o�$!$�a/$on.,	���	(e/h4'a/$on	 �han"e.	
�an	 �e	 /ran."enera/$ona''4	 her$/a�'e	 NVerhoeven	 e/	 a'.	 ^\]bO.	 
n	 p'an/.,	���	(e/h4'a/$on	
o��ur.	 a/	 �4/o.$ne.	 $n	 �G,	 �	G	 an�	 �			 �on/e3/,	 2here	 		 $.	 �,	 �	 or	 T.	 �$!!eren/$a''4	
�e/h4'a/e�	 Po.$/$on.	 N��P.O	 are	 o!/en	 her$/a�'e.	 The	 !un�/$ona'	 .$"n$!$�an�e	 o!	 ��P.	 $.	
o!/en	 'o2,	 2herea.	 re"$ona'	 �$!!eren�e.	 $n	 ���	 (e/h4'a/$on	 N�$!!eren/$a''4	 (e/h4'a/$on	
re"$on.,	���.O	are	o!/en	$(p'$�a/e�	$n	�$!!eren/$a'	"ene	e3pre..$on	N�e$"e'	<	�o'o/	^\]^O.		
	
�on/rar4	 /o	 "ene/$�	 �han"e.,	 ep$"ene/$�	 �han"e.	 �an	 o��ur	 rap$�'4	 an�	 $n	 re.pon.e	 /o	
env$ron(en/a'	per/ur�a/$on.,	2h$�h	($"h/	a''o2	p'an/.	 /o	a�ap/	 /o	�$ver.e	env$ron(en/.	
2$/hou/	an4	"ene/$�	�han"e	2h$�h	/a&e.	a	ver4	 'on"	/$(e	/o	a��u(u'a/e	 $n	a.e3ua'	p'an/..	
Gene/$�a''4	 un$!or(	 � �bido�sis	 t���i���	 ep$"ene/$�	 re�o(�$nan/	 $n�re�	 '$ne.	 Nep$�

.O	
2$/h	 re�o(�$ne�	 "eno(e.	 /ha/	 are	 (o.a$�.	 o!	 ar/$!$�$a''4	 un(e/h4'a/e�	 an�	 nor(a''4	
(e/h4'a/e�	 �hro(o.o(e.	 .ho2	 a	 2$�e	 �$./r$�u/$on	 $n	 �o(p'e3	 /ra$/.	 .u�h	 a.	 !'o2er$n"	
/$(e,	 p'an/	 he$"h/	 an�	 pr$(ar4	 roo/	 'en"/h.	 Var$a/$on	 $n	 /he.e	 /ra$/.	2a.	 '$n&e�	 /o	 ./a�'4	
/ran.($//e�	���	(e/h4'a/$on	var$an/.	2h$�h	2ere	�e/e�/e�	a.	ep$"ene/$�	,uan/$/a/$ve	/ra$/	
'o�$	NJohanne.	e/	a'.	^\\eA	�or/$%o	e/	a'.	^\]`O	a��oun/$n"	!or	b\f	/o	e\f	o!	/he	her$/a�$'$/4	
o!	!'o2er$n"	/$(e	an�	pr$(ar4	roo/	'en"/h	N�or/$%o	e/	a'.	^\]`O.	N�u�$n	e/	a'.	^\]aO	.urve4e�	
ep$"ene/$�	 an�	 "ene/$�	 var$a/$on	 $n	 a	 na/ura'	 �'	 t���i���	 popu'a/$on	 an�	 !oun�	 a	 ./ron"	
a..o�$a/$on	�e/2een	ep$"ene/$�	an�	"ene/$�	var$a/$on,	.u""e./$n"	/ha/	/he	"ene/$�	var$a/$on	
�e/er($ne.	 /he	 ep$"ene/$�	 var$a/$on.	 	o2ever,	 a'.o	 pure	 Nun�oup'e�O	 ep$"ene/$�	 var$an/.	
o��ur.	 �oph$./$�a/e�	 ana'4.$.	 o!	 "ene/$�	 var$a/$on	 an�	 �$!!eren/$a''4	 (e/h4'a/e�	 re"$on.	
N���.O	 a..o�$a/e�	 2$/h	 "ene	 e3pre..$on	 �han"e.	 $n	 na/ura''4	 o��urr$n"	 �'	 t���i���	
a��e..$on.	 $n�$�a/e	 /he	 pre.en�e	 o!	 ���.	 /ha/	 are	 no/	 '$n&e�	 /o	 "ene/$�	 var$a/$on,	
.u""e./$n"	 /ha/	 ep$"ene/$�	 var$a/$on	 $n�epen�en/	 o!	 /he	���	 .e,uen�e	 �an	 p'a4	 a	 ro'e	 $n	
a�ap/a/$on	o!	p'an/	popu'a/$on.	N��h($/5,	��hu'/5,	e/	a'.	^\]_O.		
	
�p$"ene/$�	var$a/$on	/ha/	$.	her$/a�'e	�u/	un�oup'e�	!ro(	"ene/$�	var$a/$on	ha.	/he	po/en/$a'	
/o	�on/r$�u/e	/o	.e'e�/$on	re.pon.e.	$n	/he	a�.en�e	o!	an4	"ene/$�	var$a/$on.	�ven	2hen	no	
per(anen/	ep$"ene/$�	a�ap/a/$on	(a4	�e	pro�u�e�	�e�au.e	her$/a�'e	ep$"ene/$�	(u/a/$on.	
are	 (e/a./a�'e	 an�	 rever/,	 .e'e�/$on	 a�/$n"	 on	 (e/a./a�'e	 ep$(u/a/$on.	 ha.	 .$"n$!$�an/	
e!!e�/.	on	/he	�4na($�.	o!	a�ap/a/$on	even	2hen	rever.a'	ra/e.	are	h$"h	NK'$rono(o.	e/	a'.	
^\]_O.	 �e'e�/$on	 !or	 $(prove�	 ener"4	 u.e	 e!!$�$en�4	 an�	 �rou"h/	 /o'eran�e	 $n	 $.o"en$�	
�ou�'e�	 hap'o$�	 �ano'a	 N� �ssi��	 ���usO	 over	 /hree	 .u�.e,uen/	 "enera/$on.	 re.u'/e�	 $n	
ep$'$ne.	2$/h	enhan�e�	ener"4	u.e	e!!$�$en�4	N	au�en	e/	a'.	^\\eO,	�rou"h/	 /o'eran�e	an�	
n$/ro"en	 u.e	 e!!$�$en�4	 NVer&e./	 e/	 a'.	 ^\]aO.	 The	 .e'e�/e�	 '$ne.	 .ho2e�	 �$!!eren/$a''4	
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e3pre..e�	 ./re..D/o'eran�e	 re"u'a/$n"	 "ene.,	 2h$�h	 2a.	 a��o(pan$e�	 �4	 $n�rea.e�	
/r$(e/h4'a/$on	 o!	 /he	 per($..$ve	 h$./one	(ar&	 N	_K`(e_O	 $n	 /he.e	 "ene.	 NVer&e./	 e/	 a'.	
^\]aO,	 $n�$�a/$n"	 /ha/	 ep$"ene/$�	 var$a/$on	 2a.	 a..o�$a/e�	 2$/h,	 an�	 pre.u(a�'4	
re.pon.$�'e	 !or,	 /he	 enhan�e�	 ./re..	 /o'eran�e.	 �e�au.e	 o!	 /he	 '$($/e�	 .�ope	 !or	 �e	 novo	
"ene/$�	(u/a/$on.	a.	a	�a.$.	 !or	/ra$/	var$a/$on	 $n	/he.e	e3per$(en/.	NVer&e./	e/	a'.	^\]aO,	
./ron"	 ev$�en�e	 !or	 /he	 po/en/$a'	 o!	 ep$"ene/$�	 var$a/$on	 /o	 e!!e�/	 pheno/4p$�	 �han"e.	 $n	
p'an/.	$.	/hu.	prov$�e�,	a.	2e''	a.	/he	a�$'$/4	/o	.e'e�/	on	$/.	�e�au.e	/he.e	./u�$e.	$n	�ano'a	
N� �ssi��	���usO	u.e�	�ou�'e�	hap'o$�	'$ne.	NVer&e./	e/	a'.	^\]aA		au�en	e/	a'.	^\\eO,	an�	
hap'o$�$5a/$on	 ha.	 �een	 .ho2n	 /o	 $(pa�/	 ���	 (e/h4'a/$on	 N�.	 �.	 �.	 F.	 �hen	 ^\]`O,	 $/	
re(a$n.	/o	�e	�e(on./ra/e�	/o	2ha/	e3/en/	na/ura'	her$/a�'e	ep$"ene/$�	var$a/$on	�an	�e	a	
/ar"e/	o!	.e'e�/$on	$n	"ene/$�a''4	un$!or(	2$'�D/4pe	p'an/..	
	
�/re..!u'	env$ron(en/.	 �an	 'ea�	 /o	�o/h	enhan�e�	.pon/aneou.	"ene/$�	(u/a/$on	 ra/e.	a.	
2e''	a.	an	enhan�e�	ep$(u/a/$on	ra/e.	$n	p'an/.	N�app	<	�en�e'	^\\aA	�.	J$an"	e/	a'.	^\]`O.	
�	 ./u�4	 /ra�&$n"	 �o/h	 .pon/aneou.	 "ene/$�	 (u/a/$on.	 an�	 ep$(u/a/$on.	 $n	 a	 (u/a/$on	
a��u(u'a/$on	'$nea"e	o!	�'	t���i���	"ro2n	!or	/en	.u��e..$ve	"enera/$on.	un�er	.a'/	./re..	
re.u'/e�	 $n	 an	 $n�rea.e	 o!	 V`af	 $n	 $n/er"enera/$ona'	 �$!!eren/$a''4	 (e/h4'a/e�	 po.$/$on.	
an�	a	V]\\f	h$"her	"ene/$�	(u/a/$on	ra/e	�o(pare�	/o	ra/e.	o�.erve�	!or	�on/ro'	p'an/.	
"ro2n	$n	nor(a'	.o$'	N�.	J$an"	e/	a'.	^\]`O.	�ven	/hou"h	/h$.	./u�4	re.u'/e�	$n	a	^D!o'�	h$"her	
$n�rea.e	$n	/he	(u/a/$on	ra/e	�o(pare�	/o	/he	ep$(u/a/$on	ra/e,	/he	a�.o'u/e	$n�rea.e	$n	/he	
nu(�er	 o!	 ep$(u/a/$on.	 per	 "enera/$on	 $.	 (u�h	 h$"her	 /han	 /he	 $n�rea.e	 $n	 nu(�er	 o!	
(u/a/$on.	 per	 "enera/$on	 a.	 /he	 (u/a/$on	 ra/e	 !or	 �'	 t���i���	 $.	 e./$(a/e�	 a/	 c	 M	 ]\De	

N�..o2.&$	e/	a'.	^\]\O	2herea.	/he	ep$(u/a/$on	ra/e	$n	�'	t���i���	$.	e./$(a/e�	/o	�e	`	M	]\D`	
Nvan	�er	Graa!	 e/	 a'.	 ^\]aO,	 a	�$!!eren�e	o!	 !$ve	or�er.	o!	(a"n$/u�e.	�'/hou"h	 /he	 ./re..D
$n�u�e�	 "ene/$�	 �han"e.	 !oun�	 $n	 /he	 .a'/	 ./re..	(u/a/$on	 a��u(u'a/$on	 ./u�4	 .ho2e�	 a	
�$./$n�/	pa//ern,	2$/h	a	.pe�$!$�	$n�rea.e	$n	re'a/$ve	!re,uen�4	o!	/ran.ver.$on.	an�	$n.er/$on	
J	 �e'e/$on.,	 /he	 ./re..Da..o�$a/e�	 �GD��P.	 2ere	 .$"n$!$�an/'4	 overrepre.en/e�	 $n	 "en$�	
re"$on..	 Th$.	 .u""e./.	 a	 .pe�$!$�	 re.pon.e	 $n	 ���	 (e/h4'a/$on	 �han"e.	 /ha/	 �ou'�	
po/en/$a''4	'ea�	/o	her$/a�'e	���	(e/h4'a/$onD$n�u�e�	"ene	e3pre..$on	�han"e.	N�.	J$an"	e/	
a'.	 ^\]`O,	 a'/hou"h	 "en$�	 (e/h4'a/$on	 $n	 p'an/.	 �oe.	 no/	 a'2a4.	 have	 !un�/$ona'	
�on.e,uen�e.	N�$e�erhu/h	<	��h($/5	^\]bO.	
	
�an4	(ore	e3a(p'e.	o!	$n�u�e�	���	(e/h4'a/$on	�han"e.	are	&no2n	NPen"	<	J$n"	�han"	
^\\dO.	�he($�a'	a'/era/$on	o!	���	2$/h	aDa5a�4/$�$ne,	a	�4/$�$ne	ana'o"	 /ha/	 $nh$�$/.	���	
(e/h4'a/$on,	 ha.	 proven	 e!!e�/$ve	 $n	 �han"$n"	 "eno(eD2$�e	 ���	 (e/h4'a/$on	 pa//ern.	
N�hr$./(an	 ^\\^O.	 aDa5a�4/$�$ne	 �an	 �e	 $n�orpora/e�	 $n	 ���	 �ur$n"	 rep'$�a/$on,	 /here�4	
$nh$�$/$n"	(e/h4'/ran.!era.e.	an�	�au.$n"	par/$a'	�e(e/h4'a/$on	NP.	�.	Jone.	]edaA	�urn	e/	
a'.	]ee_A	F$e'�e.	<	�(4o/	^\\\A	�o..�or!	e/	a'.	^\]\O.	Trea/(en/	2$/h	�he($�a'.	 .u�h	a.	
Ja.(on$�	��$�	NJ�O	o!	.a'$�4'$�	a�$�	N��O,	�o/h	.$"na'$n"	(o'e�u'.	$nvo've�	$n	p'an/	�e!en.e	
re.pon.e	 pa/h2a4.,	 �an	 re.u'/	 $n	 'ar"e	 an�	 .pe�$!$�	 e!!e�/.	 on	���	(e/h4'a/$on	 pa//ern..	
Ja.(on$�	a�$�	 $.	a	na/ura'	p'an/	hor(one	u.e�	a.	a	 .$"na'$n"	hor(one	 /o	 $n$/$a/e	a	 ./re..	
re.pon.e	NP$e/er.e	<	�$�&e	^\\cO	2h$�h	�an	�e	u.e�	/o	e3per$(en/a''4	($($�	�$o/$�	a//a�&	
an�	 /o	 $n�u�e	 �e!en.e	 pa/h2a4.	 NVerhoeven	 <	 van	 Gurp	 ^\]^O.	 ��	 app'$�a/$on	 on	 �e''	
�u'/ure.	 o!	 �itis	 �mu e�sis	 $n�u�e.	 .pe�$!$�	 �han"e.	 $n	 /he	 ���	 (e/h4'a/$on	 $n	 "ene.	
$nvo've�	 $n	 .e�on�ar4	 (e/a�o'$/e	 pro�u�/$on,	 �han"$n"	 /he$r	 e3pre..$on	 NK$.e'ev	 e/	 a'.	
^\]`O.	J�	an�	��D/rea/e�	�an�e'$on.,	T� �%��um	o��i�i���e	.ho2e�	a	.$"n$!$�an/	$n�rea.e	$n	
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po'4(orph$�	��D�F
P	�an�.	�o(pare�	/o	�on/ro'	p'an/..	�u�h	po'4(orph$.(.	2ere	�4	an�	
'ar"e	/ran.($//e�	/o	/he	ne3/	"enera/$on,	$n�$�a/$n"	/ha/	/he	/rea/(en/	ha�	�au.e�	her$/a�'e	
���	(e/h4'a/$on	 �han"e.	 NVerhoeven,	 Jan.en,	 e/	 a'.	 ^\\eO,	 �u/	 .ee	 a'.o	 �hap/er	 `	 o!	 /he	
pre.en/	 /he.$..	 �/re..	 �an	 /hu.	 $n�u�e	 her$/a�'e	 ���	 (e/h4'a/$on	 var$a/$on,	 2h$�h	 �an	
un�erp$n	N.pe�$!$�O	./re..	re'a/e�	re.pon.e..		o2ever,	/he	(a%or$/4	o!	./re..D$n�u�e�	���	
(e/h4'a/$on	(o�$!$�a/$on.	(a4	no/	�e	her$/a�'e	 NGro..n$&'au.	e/	a'.	^\]_A		a"(ann	e/	a'.	
^\]aO	an�	'$//'e	$.	&no2n	a�ou/	/he	po/en/$a'	ro'e	o!	/h$.	$n�u�e�	���	(e/h4'a/$on	var$a/$on	
/o	!a�$'$/a/e	.e'e�/$on.	
	
Fe2	./u�$e.	$n	p'an/.	have	e3p'ore�	/he	po/en/$a'	o!	.e'e�/$on	on	pheno/4p$�	/ra$/.	�4	(ean.	
o!	./re..D$n�u�e�	�han"e.	$n	���	(e/h4'a/$on	N�u	^\]bO,	2herea.	/h$.	�ou'�	o!!er	va'ua�'e	
$n.$"h/.	$n	/he	ro'e	ep$"ene/$�	var$a/$on	�an	p'a4	$n	a�ap/a/$on	or	p'an/	�ree�$n"	NJa'$"o/	<	
�$va'	 ^\]aA	 Pen"	<	 J$n"	 �han"	 ^\\dO.		ere,	 
	 .e'e�/	 on	 ear'4	 !'o2er$n"	 $n	 /he	 "ene/$�a''4	
un$!or(	o!!.pr$n"	o!	apo($�/$�	�an�e'$on	popu'a/$on.,	an�	 
	 /e./	 $!	a	.e'e�/$on	re.pon.e	 $.	
!a�$'$/a/e�	 a!/er	 e3po.ure	 /o	 Ja.(on$�	 a�$�	 NJ�O	 or	 aDa5a�4/$�$ne.	 
	 h4po/he.$5e	 /ha/	
!'o2er$n"	/$(e	$n	apo($�/$�	�an�e'$on	�an	�e	$n!'uen�e�	�4	�han"e.	$n	���	(e/h4'a/$on.	
	
e3pe�/	 /ha/	 aDa5a�4/$�$ne	 an�	 J�	 /rea/(en/	 2$''	 /r$""er	(ore	 her$/a�'e	 ���	(e/h4'a/$on	
�han"e.,	2h$�h	.hou'�	re.u'/	$n	a	./ron"er	.e'e�/$on	re.pon.e	$n	/he.e	'$nea"e..	
	per!or(e�	
/he	 .e'e�/$on	 e3per$(en/	 on	 /hree	 �$!!eren/	 "eno/4pe.	 o!	 apo($�/$�	 �an�e'$on.,	2$/h	 /2o	
e./a�'$.he�	an�	one	re�en/	/r$p'o$�	apo($�/	/o	a..e..	2he/her	"eno/4p$�	�$!!eren�e.	e3$./	$n	
.e'e�/$on	 re.pon.e.	 
n	 /h$.	 ./u�4,	 
	 a$(	 /o	 an.2er	 /he	 !o''o2$n"	 ,ue./$on.B	 N]O	 �oe.	
.u!!$�$en/	 her$/a�'e	 var$a/$on	 ar$.e	 2$/h$n	 a	 !e2	 "enera/$on.	 /o	 .uppor/	 a	 re.pon.e	 on	
.e'e�/$on	 on	 !'o2er$n"	 /$(eE	 N^O	 
.	 /he	 re.pon.e	 /o	 .e'e�/$on	 ./ron"er	 !or	 p'an/.	 /ha/	
re�e$ve�	a	 Ja.(on$�	��$�	or	aDa5a�4/$�$ne	preD/rea/(en/E	�n�	 N_O	 
.	 /here	a	�$!!eren�e	 $n	
/he	.e'e�/$on	re.pon.e	a(on"	/he	/hree	"eno/4pe.E	
	

	h4po/he.$5e	/ha/	N]O	�r/$!$�$a'	.e'e�/$on	on	ear'4	!'o2er$n"	�an	'ea�	/o	a	.h$!/	$n	!'o2er$n"	
/$(e	$n	.u�.e,uen/	"enera/$on.	a.	Nep$O"ene/$�	var$an/.	re.pon.$�'e	!or	/h$.	ear'4	!'o2er$n"	
pheno/4pe	 are	 .e'e�/e�	 upon.	 Fur/her(ore,	 N^O	 
	 e3pe�/	 /ha/	 ./re..	 /rea/(en/.	 2$/h	 aD
a5a�4/$�$ne	 an�	 Ja.(on$�	 ��$�	 �rea/e	 (ore	 her$/a�'e	 ep$"ene/$�	 var$a/$on	 $n!'uen�$n"	
!'o2er$n"	/$(e	/ha/	2$''	re.u'/.	$n	a	./ron"er	.e'e�/$on	re.pon.e	!or	preD/rea/e�	'$ne..	F$na''4	
N_O	
	h4po/he.$5e	/ha/	"ene/$�	an�	ep$"ene/$�	�$!!eren�e.	�e/2een	/he	/hree	"eno/4pe.	2$''	
'ea�	/o	�$!!eren�e.	$n	/he	re.pon.e	/o	/rea/(en/,	an�	/he	e!!$�a�4	o!	.e'e�/$on	on	�o/h	./re..	
/rea/e�	 an�	 un/rea/e�	 '$ne..	 
	 e3pe�/	 a	 h$"her	 'eve'	 o!	 "eno($�	 $n./a�$'$/4	 !or	 /he	 re�en/	
apo($�/$�	'$ne	�_`,	2h$�h	�ou'�	!a�$'$/a/e	a	./ron"er	.e'e�/$on	re.pon.e	$n�epen�en/	o!	preD
/rea/(en/	�a.e�	on	na/ura'	Nep$O"ene/$�	var$a/$on.	�ven	/hou"h	/he	/ra$/	/ha/	
	.e'e�/	upon	$.	
�ho.en	(a$n'4	�ue	/o	/he	ea.e	2$/h	2h$�h	$/	�an	�e	.�ore�,	!'o2er$n"	/$(e	$.	an	$(por/an/	
pheno/4p$�	/ra$/	un�er	./ron"	.e'e�/$on	$n	.e3ua'	p'an/	popu'a/$on.	N�hr'8n	<	�;n5�er"ov6	
^\\eO.	 For	 ou/�ro..$n"	 p'an/.,	 .4n�hronou.	 !'o2er$n"	 $.	 $(por/an/	 a.	 p'an/.	 nee�	 /o	
e3�han"e	po''en	/o	repro�u�e.	�ar'4	!'o2er$n"	p'an/.	have	a	�e(on./ra/e�	a�van/a"e	over	
'a/er	"er($na/$n"	�on.pe�$!$�.	N�o''$er	<	�o"./a�	^\\`O	an�	re!eren�e.	/here$n,	.u""e./$n"	
/ha/	.e'e�/$on	!or	ear'4	!'o2er$n"	($"h/	o��ur	$n	apo($�/$�	�an�e'$on..	F'o2er$n"	/$(e	$.	a	
/$"h/'4	 re"u'a/e�	 pro�e..,	 �on/ro''e�	 �4	 �o(p'e3	 $n�epen�en/'4	 �eve'ope�	 (u'/$D"ene	
pa/h2a4.	 $n�orpora/$n"	.en.$/$v$/4	 /o	�o/h	�a4	 'en"/h	an�	 /e(pera/ure	 Nverna'$5a/$onO	a.	
para(e/er.	 /o	 a�%u./	 !'o2er$n"	 /$(e	 N�n�r8.	 <	 �oup'an�	 ^\]^O.	 
n	 �an�e'$on,	 prev$ou.	
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2or&	�e(on./ra/e�	/ha/	na/ura',	her$/a�'e	�$ver"en�e	$n	!'o2er$n"	/$(e	2$/h$n	an	apo($�/$�	
'$nea"e	$.	(e�$a/e�	�4	���	(e/h4'a/$on	N�$'.�hu/	e/	a'.	^\]bO.	
	
9.6	�aterials	and	�ethod	
	
/','+	�e�e ��	e%�e ime�t��	set(u�	
For	ea�h	o!	/he	/hree	"eno/4pe.	N�_`,	�bd	an�		c^O	u.e�	$n	/h$.	e3per$(en/,	o!!.pr$n"	!ro(	
a	 .$n"'e	 !oun�$n"	 $n�$v$�ua'	 2a.	 e3po.e�	 !or	 /hree	 �on.e�u/$ve	 "enera/$on.	 N2$/hou/	
�on.�$ou.	.e'e�/$onO	/o	e$/her	�on/ro'	�on�$/$on.	or	Ja.(on$�	a�$�	/rea/(en/.	Ja.(on$�	a�$�	
2a.	app'$e�	 !or	 /hree	 .u�.e,uen/	"enera/$on.	a.	 repea/e�	e3po.ure	 /o	 /he	 .a(e	./re..	 $.	
/hou"h/	 /o	 $n�u�e	 Fpr$($n"G	or	 Fa��'$(a/$onG	v$a	ep$"ene/$�	 �han"e.	 NN�$�o2o	e/	a'.	^\]bO	
an�	re!eren�e.	/here$nO.	For	/he	!$r./	/2o	"enera/$on.	NT]	an�	T^,	.ee	F$".	a.]O,	d	rep'$�a/e	
'$ne.	per	"roup	2ere	(a$n/a$ne�	u.$n"	.$n"'eD.ee�	�e.�en/.	To	(a3$($5e	/he	po/en/$a'	 !or	
J�D$n�u�e�	 ep$"ene/$�	 �han"e.	 2$/h	 an	 $(pa�/	 on	 !'o2er$n"	 /$(e,	 /he	 �ohor/	 .$5e	 2a.	
$n�rea.e�	!ro(	d	/o	b`	p'an/.	$n	T_	Nd	o!!.pr$n"	!ro(	ea�h	o!	d	T^	$n�$v$�ua'.	per	"roupO.	
Fro(	T_,	.$n"'eD.ee�	�er$ve�	o!!.pr$n"	!or(e�	/he	�a.e	popu'a/$on.	�\	!ro(	2h$�h	
	./ar/e�	
/he	.e'e�/$on	e3per$(en/.	
n	a��$/$on	/o	a	F�on/ro'G	an�	a	FJ�G	preD/rea/e�	�a.e	popu'a/$on,	a	
/h$r�	 Fa5a�4/$�$neG	 preD/rea/e�	 �a.e	 popu'a/$on	 2a.	 "enera/e�	 �4	 e3po.$n"	 an	 a��$/$ona'	
"roup	o!	b`	T_	p'an/.	!ro(	/he	�on/ro'	'$nea"e.	/o	a	aDa5a�4/$�$ne	/rea/(en/.	
	$n$/$a''4	u.e�	
/2o	 �$!!eren/	 a5a�4/$�$ne	 �on�en/ra/$on.	 �u/	 
	 pro�ee�e�	 /he	 .e'e�/$on	 "enera/$on.	 2$/h	
on'4	 one	 o!	 /he.e	 N�e.�r$�e�	 �e'o2O.	 Fro(	 ea�h	 �a.e	 popu'a/$on,	 
	 �er$ve�	 /2o	 .e'e�/$on	
'$ne.B	one	.e'e�/e�	!or	ear'4	!'o2er$n"	N.e'e�/$on	'$neO,	an�	one	.e'e�/e�	ran�o('4	Nran�o(	
'$neO.	 Per	 "eno/4pe,	 /he	 �$!!eren/	 '$ne.	 are	 �eno/e�	 �4	 /he	 !$r./	 'e//er	 o!	 /he$r	 paren/a'	
/rea/(en/	 NH�I	 !or	aDa5a�4/$�$ne,IJI	 !or	 Ja.(on$�	a�$�	an�	 H�I	 !or	�on/ro'O	 �o(�$ne�	2$/h	
H�I	!or	ran�o(	an�	H�I	!or	/he	.e'e�/$on	'$ne	re.pe�/$ve'4,	re.u'/$n"	$n	.$3	'$ne.	per	"eno/4pe	
N��,	��,	 J�,	 J�,	 ��	 an�	��O.	 
n	 /he	 �\	 an�	 �]	 "enera/$on.,	 
	 .e'e�/e�	 /he	]b	 N^afO	 !a./e./	
!'o2er$n"	 p'an/.	 N.e'e�/$on	 '$neO	 an�	 ]b	 ran�o(	 p'an/.	 Nran�o(	 '$neO	 /o	 ea�h	 �on/r$�u/e	
!our	apo($�/$�	o!!.pr$n"	$n�$v$�ua'.	/o	/he	ne3/	"enera/$on	!or	/he.e	/2o	'$ne.,	re.pe�/$ve'4.		
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�igure	9.6	�3per$(en/a'	�e.$"n	!or	/rea/(en/	"enera/$on.	an�	.u�.e,uen/	.e'e�/$on.		

	
0.2.2	�lant	material	

	 .u�%e�/e�	 /hree	 "eno/4pe.	 o!	 /he	 a.e3ua'	 apo($�/$�	 �o((on	 �an�e'$on,	 T� �%��um	
o��i�i���e	�e�er	e3	�$"".,	�_`,	�bd	an�		c^,	/o	/he	.e'e�/$on	e3per$(en/	�e.�r$�e�	a�ove	
/o	 eva'ua/e	 2he/her	 .e'e�/$on	 re.u'/.	 are	 "eno/4pe	 �epen�en/.	 �_`	 $.	 a	 re�en/	 .4n/he/$�	
apo($�/	2h$�h	2a.	pro�u�e�	$n	an	e3per$(en/a'	�ro..	�e/2een	a	.e3ua'	�$p'o$�	(o/her	an�	
�$p'o$�	po''en	!ro(	a	/r$p'o$�	apo($�/$�	!a/her	NTa.	<	Van	�$%&	]eeeA	Verhoeven,	van	�$%&,	e/	
a'.	^\\eO.	�bd	an�		c^	are	e./a�'$.he�	apo($�/.	�o''e�/e�	!ro(	/he	!$e'�	NVerhoeven	<	van	
Gurp	^\]^O.	�.e3ua'	�an�e'$on.	are	po'4p'o$�	Nu.ua''4	 /r$p'o$�,	_�h^`O	o�'$"a/e	apo($�/.	
/ha/	 pro�u�e	 �'ona'	 .ee�.	 $n	 a	 pro�e..	 /ha/	 $nvo've.	 unre�u�e�	 e""	 �e''	 !or(a/$on	
N�$p'o.por4O,	 par/heno"en$�	 e(�r4o	�eve'op(en/	 an�	au/ono(ou.	en�o.per(	 !or(a/$on	
NVan	�$%&	e/	a'.	]eeeO.		
	
0.2..	�reatment	generation	�1	to	�.		
For	a''	p'an/.	$n	/he	J�	'$ne.	$n	/he	/hree	/rea/(en/	"enera/$on.	T]DT_,	J�	2a.	app'$e�	/2$�e,	
2hen	p'an/.	2ere	a	an�	c	2ee&.	o'�.	�pp'$�a/$on.	2ere	�o.e�	a/	\.^a	('	N2ee&	aO	an�	\.ca	
('	N2ee&	cO	o!	a	]\	(�	J�	.o'u/$on	N�$"(a	JD^a\\,	�$..o've�	$n	e/hano'	an�	�$'u/e�	/o	/he	
�e.$re�	�on�en/ra/$on	2$/h	a	\.]f	Tr$/on	�D]\\	.ur!a�/an/	.o'u/$onO	2h$�h	2a.	app'$e�	an�	
(anua''4	�$./r$�u/e�	over	 /he	.ur!a�e	o!	 /2o	 'eave.	 N2ee&	aO	or	 !our	 'eave.	 N2ee&	cO.	T_	
Fa5a�4/$�$neG	 .ee�'$n".	2ere	"er($na/e�	on	a"ar	 �on/a$n$n"	e$/her	\.]	l�	or	].\	l�	o!	aD
a5a�4/$�$ne	 N���O.	 �	 d,\\\	 l�	 ./o�&	 .o'u/$on	 2a.	 (a�e	 �4	 �$..o'v$n"	 ]\\	 ("	 o!	 aD
a5a�4/$�$ne	 $n	 a].^	(
	o!	 ./er$'e	2a/er.	�ppropr$a/e	 �$''u/$on.	2ere	(a�e	�4	($3$n"	 /h$.	
./o�&	 .o'u/$on	 2$/h	 \.df	 a"ar,	 2h$�h	 2a.	 poure�	 $n	 pe/r$D�$.he.	 /ha/	 2ere	 .ea'e�	 2$/h	
para!$'(	a!/er	.ee�.	2ere	pu/	 $n.	�ee�.	2ere	"er($na/e�	 !or	]\D]]	�a4.	N]\	h	�ar&B	]`	h	
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'$"h/A	]`k�B	]dk�O	a!/er	2h$�h	.ee�'$n".	2ere	 /ran.p'an/e�	 $n�$v$�ua''4	 /o	po/..	 
n	T_,	per	
e3per$(en/a'	"roup	b`	.ee�'$n".	2ere	$n�$v$�ua''4	/ran.p'an/e�	$n/o	e	�(	po/.	�on/a$n$n"	a	
($3/ure	o!	d\f	po//$n"	.o$'	an�	^\f	pu($�e.	T_	p'an/.	2ere	p'a�e�	/o"e/her	$n	�'o�&.	o!	
b`	$n�$v$�ua'.	per	"eno/4peD/rea/(en/	�o(�$na/$on	on	a	.$n"'e	/a�'e.	For	ea�h	o!	/he	/hree	
"eno/4pe.,	!our	�$!!eren/	'$ne.	!or	/he	preD/rea/(en/.	e3$./	N�on/ro',	J�,	���	\.]	an�	].\	l�O.	
The.e	!our	'$ne.	2$/h	b`	p'an/.	ea�h	re.u'/	$n	a	/o/a'	o!	cbd	p'an/.	Nb`	p'an/.	3	`	'$ne.	3	_	
"eno/4pe.O	2h$�h	2ere	pu/	on	a	.$n"'e	 'ar"e	 /a�'e	 $n	a	"reenhou.e	2$/h	 N]\	h	�ar&B	]`	h	
'$"h/A	]bk�B	^]k�O.	P'an/.	2ere	2a/ere�	ever4	V^	�a4.,	/2$�e	per	2ee&	/he	/a�'e	2a.	!'oo�e�	
2$/h	 	oa"'an�	 nu/r$en/	 .o'u/$on.	 P'an/.	 2ere	 "ro2n	 un/$'	 /he	 'ar"e	 (a%or$/4	 o!	 p'an/.	
pro�u�e�	 !'o2er.	 an�	 .ee�	 hea�..	 F'o2er$n"	 /$(e	 2a.	 no/e�	 �a$'4.	 F'o2er$n"	 /$(e	 2a.	
�e!$ne�	a.	 /he	nu(�er	o!	�a4.	 $/	 /oo&	un/$'	 /he	 !$r./	 !'o2er	hea�	ha�	opene�	an�	.ho2e�	
e(er"$n"	 4e''o2	 pe/a'.	 !or	 (ore	 /han	 ha'!	 o!	 /he	 !'o2erDhea�,	 2$/h	 /he	 .ee�'$n"	
/ran.p'an/a/$on	$n	/he	po/	a.	�a4	].	Per	p'an/,	one	.ee�Dhea�	2a.	�o''e�/e�	an�	./ore�	$n	a	
.ee�	./ora"e	�ha(�er	a/	]a	k�	a/	_\f	re'a/$ve	hu($�$/4	N�	O.	
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0.2.4	�a e	population	�+	
The	 �a.eDpopu'a/$on	 !or	 .e'e�/$on	 2a.	 o�/a$ne�	 u.$n"	 .$n"'eD.ee�	 �e.�en/	 !ro(	 T_.	 The	
e3pe�/e�	nu(�er	o!	p'an/.	!or	/h$.	"enera/$on	$.	cbd	N_	"eno/4pe.	M	`	preD/rea/(en/.	M	b`	
p'an/.O.	 Per	 '$ne,	 �e/2een	 cef	 D	 ebf	 o!	 /he	 paren/a'	 p'an/.	 pro�u�e�	 .ee�.	 /ha/	
"er($na/e�.	]^	.ee�.	per	paren/	p'an/	2ere	"er($na/e�	on	\.df	a"ar	!or	c	�a4..	d^	paren/	
p'an/.	�$�	no/	pro�u�e	"er($na/$n"	.ee�.	or	ha�	!a$'e�	/o	!'o2er	�e!ore	/er($na/$on	o!	/he	
T_	"enera/$on,	'eav$n"	a	/o/a'	o!	bdb	paren/	p'an/.	2$/h	.ee�.	/ha/	�ou'�	�e	$n�'u�e�	$n	�\.	
The.e	bdb	.ee�'$n".	2ere	/ran.!erre�	/o	e�(	po/.	�on/a$n$n"	a	($3/ure	o!	d\f	po//$n"	.o$'	
an�	^\f	pu($�e	an�	pu/	$n	a	"reenhou.e	un�er	/he	.a(e	�on�$/$on.	a.	�e.�r$�e�	!or	T_.	
n	
�on/ra./	/o	T_,	p'an/.	!ro(	a''	 '$ne.	2ere	!u''4	ran�o($5e�	per	"eno/4pe	on	a	.$n"'e	/a�'e.	
Po/.	2ere	'a�e'e�	2$/h	a	�ar�o�e	'$n&e�	/o	a	un$,ue	$�en/$!$er	/o	!a�$'$/a/e	!a./	an�	a��ura/e	
re�or�$n"	o!	!'o2er$n"	/$(e	per	p'an/.	�	�o2ne4	($'�e2	$n!e�/$on	o��urre�	�ur$n"	"ro2/h	
$n	/he	"reenhou.e	on	.evera'	/a�'e.,	!or	2h$�h	/rea/(en/	2$/h	�a4�or	F'o2	].\	('J'	Na�/$ve	
$n"re�$en/	 �$/er/ano'O	 2$/h	 �"ra'	 ].\('J'	 2a.	 "$ven	 .evera'	 /$(e..	 F'o2er$n"	 /$(e	 2a.	
re�or�e�	�a$'4	u.$n"	a	�ar�o�eD.�anner.	�!/er	.ee�D.e/,	�o(p'e/e	.ee�Dhea�.	2ere	�o''e�/e�	
$n	a	�ar�o�e�	paper	�a",	a!/er	2h$�h	/he	p'an/	2a.	�$.�ar�e�.	�ee�.	2ere	./ore�	un�er	.ee�	
./ora"e	�on�$/$on.	a.	�e.�r$�e�	prev$ou.'4.	
	
0.2.0	�orre�ting	�lo$ering	time	�or	 patial	e��e�t 	
�	�'ear	po.$/$on	e!!e�/	2a.	o�.erve�	!or	!'o2er$n"	/$(eB	!'o2er$n"	var$e�	2$/h	po/	po.$/$on	
on	 /he	 "reenhou.e	 /a�'e.	 N.ee	 F$".	 a.^O.	 
	 �orre�/e�	 !or	 /h$.	 env$ron(en/a'	 var$a/$on	 an�	
u.e�	/he	�orre�/e�	!'o2er$n"	/$(e	!or	.u�.e,uen/	ana'4.$.	an�	.e'e�/$on	N!or	�e/a$'.	.ee	F$"		
a.^O.	
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�igure	 9.6	 �orre�/$n"	 !'o2er$n"	 /$(e	 !or	 /a�'e	 po.$/$on.	 e!!e�/..	 Na)	 �	 po.$/$ve	 /ren�	 $.	
o�.erve�	 !or	 !'o2er$n"	 /$(e	�epen�en/	 on	 /he	 /a�'e	 ro2	po.$/$on	 !or	�_`	 an�		c^.	�a�h	
/a�'e	ha�	_e	ro2.	an�	]\	�o'u(n.,	prov$�$n"	.pa�e	!or	_e\	p'an/..	�	�orre�/$on	$.	app'$e�	
per	 /a�'e	 Nea�h	 2$/h	 one	 "eno/4peO	 �4	 a��$n"	 /he	 �$!!eren�e	 �e/2een	 /he	 avera"e	 Nper	
/a�'eO	 !'o2er$n"	 /$(e	2$/h	 /he	ou/�o(e	o!	 /he	e,ua/$on	�er$ve�	 !ro(	 '$near	 re"re..$on	o!	
!'o2er$n"	/$(e	on	/a�'e	ro2.	�r$//en	a.	a	!or(u'a	/h$.	re.u'/.	$nB	�orre�/e�	!'o2er$n"	/$(e	h	
��.erve�	 !'o2er$n"	 /$(e	 g	 per	 /a�'e	 avera"e	 !'o2er$n"	 /$(e	 Nh	 d^	 !or	 	c^O	 L	 po.$/$on	
pre�$�/e�	 !'o2er$n"	 /$(e.	 Pre�$�/e�	 !'o2er$n"	 /$(e	 $.	 �a'�u'a/e�	 �a.e�	 on	 /he	 e,ua/$on	
�er$ve�	!ro(	'$near	re"re..$on	o!	/a�'e	po.$/$on	Nro2O	N$n�epen�en/	var$a�'eO	on	!'o2er$n"	
/$(e	N�epen�en/	var$a�'eO.	For		c^	/h$.	re'a/$on	$.	�e.�r$�e�	a.	pre�$�/e�	!'o2er$n"	/$(e	h	
\.]ac`	 M	 ro2Xpo.$/$on	 g	 cd.e`A	 !or	�bd	 an	 e,ua/$on	2a.	 �er$ve�	 $n	 $�en/$�a'	 !a.h$on.	 (�)	
Po.$/$on	e!!e�/.	2ere	a'.o	o�.erve�	over	/he	2$�/h	o!	/he	/a�'e.,	/he.e	e!!e�/.	2ere	ho2ever	
no/	a'2a4.	'$near,	!or	�bd	p'an/.	on	�o/h	e�"e.	!'o2ere�	ear'$er	/hen	�en/ra'	p'an/..	�	perD
�o'u(n	�orre�/$on	2a.	/hu.	app'$e�.	Per	"eno/4pe,	/he	�$!!eren�e	�e/2een	/he	avera"e	perD
�o'u(n	!'o2er$n"	/$(e	2$/h	/he	avera"e	!'o2er$n"	/$(e	o!	/he	2ho'e	/a�'e	2a.	a��e�	/o	/he	
!'o2er$n"	 /$(e	 !or	 ever4	 p'an/	 $n	 /ha/	 �o'u(n	 N.ee	 cO,	 'ea�$n"	 /o	 an	 avera"e	 per	 �o'u(n	
!'o2er$n"	/$(e	/ha/	 $.	�orre�/e�	!or	/he	o�.erve�	/a�'e	�o'u(n	e!!e�/	N.ee	dO.	�r$//en	a.	a	
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!or(u'a	 /h$.	 re.u'/.	 $nB	 �orre�/e�	 !'o2er$n"	 /$(e	 h	 ��.erve�	 !'o2er$n"	 /$(e	 g	 per	 /a�'e	
avera"e	!'o2er$n"	/$(e	Nh	d^O	L	per	�o'u(n	avera"e	!'o2er$n"	/$(e.		
	
0.2.1	��enot&pi�	 ele�tion	
�a.e�	on	 /he	 !'o2er$n"	 /$(e	�$./r$�u/$on	 ana'4.$.	 o!	T_	 N�a/a	no/	 .ho2nO,	2h$�h	 .ho2e�	
/ha/	(an4	���	]	l�	p'an/.	!or	a''	"eno/4pe.	!'o2ere�	ver4	'a/e,	
	�e�$�e�	/o	�$.�ar�	p'an/.	
2$/h	 ���	 ]	 l�	 preD/rea/(en/,	 'eav$n"	 a	 �on/ro',	 J�	 an�	 ���	 \.]	 l�	 preD/rea/(en/	 !ro(	
2h$�h	 
	 ./ar/e�	 .e'e�/$on	 $n	 �\	 2$/h	 b`	 p'an/.	 ea�h,	 (a&$n"	 !or	 a	 /o/a'	 o!	 .$3	 '$ne.	 per	
"eno/4pe	$n	.u�.e,uen/	"enera/$on.	�]D�^	N.ee	F$".	a.]�O.	�.	�$.�ar�$n"	/he	���	]	l�	'$ne	
'eave.	 u.	2$/h	 on'4	 /he	���	\.]	 l�	 '$ne	 
	 re!er	 /o	 /h$.	 '$ne	 a.	 H���I	 !ro(	here	 on.	 �.	 $n	
ear'$er	 N/rea/(en/O	"enera/$on.	 !un"a'	 $n!e�/$on.	2ere	.o(e/$(e.	pre.en/	on	"er($na/$n"	
.ee�.,	
	pro�ee�e�	/o	.ur!a�eD./er$'$5e	.ee�.	./ar/$n"	!ro(	�\	on2ar�..	^\	.ee�.	per	p'an/	
2ere	 .ur!a�eD./er$'$5e�	 !or	 a	 ($nu/e.	 2$/h	 \.af	 .o�$u(	 h4po�h'or$/e	 $n�'u�$n"	 \.\af	
T2een^\	 N�$"(aD�'�r$�h,	 �2$%n�re�h/,	 The	 �e/her'an�.O	 an�	 a!/er2ar�.	 2a.he�	 2$/h	
�e($nera'$5e�	 2a/er.	 �/er$'$5e�	 .ee�.	 2ere	 "er($na/e�	 $n	 $n�$v$�ua'	 pe/r$�$.he.	 .ea'e�	
2$/h	para!$'(	on	(o$./	!$'/er	paper.	�ee�.	2ere	"er($na/e�	!or	]\D]]	�a4.	N]\	h	�ar&B	]`	h	
'$"h/A	 ]`k�	 B	 ]dk�O.	 Per	 pe/r$�$.h,	 !our	 .ee�'$n".	2ere	 $n�$v$�ua''4	 /ran.p'an/e�	 $n/o	 e�(	
po/.	 �on/a$n$n"	 a	 ($3/ure	 o!	 d\f	 po//$n"	 .o$'	 an�	 ^\f	 pu($�e.	 P'an/.	 2ere	 a..$"ne�	 a	
ran�o(	nu(�er	"enera/e�	u.$n"	ran�o(.or".	Per	"eno/4pe,	_d`	p'an/.	N_	preD/rea/(en/.	3	
^	.e'e�/$on	'$ne.	3	b`	p'an/.O	2ere	pu/	on	a	.$n"'e	/a�'e	$n	a.�en�$n"	or�er	a��or�$n"	/o	/he	
ran�o(	 nu(�er	 "enera/e�	 per	 p'an/.	 P'an/.	 2ere	 2a/ere�	 a.	 �e.�r$�e�	 prev$ou.'4	 $n	 a	
"reenhou.e	 (a$n/a$ne�	 a/	 /he	 .a(e	 �on�$/$on.	 a.	 �e.�r$�e�	 !or	 prev$ou.	 "enera/$on..	
�e'e�/$on	2a.	app'$e�	a.	�e.�r$�e�	a�ove	!or	/2o	�on.e�u/$ve	"enera/$on.	$n	�\	an�	�].	�	
!$na'	eva'ua/$on	o!	!'o2er$n"	/$(e	2a.	�one	$n	�^,	un�er	�o((on	"reenhou.e	�on�$/$on.	a.	
�e.�r$�e�	!or	/he	prev$ou.	"enera/$on..	
	
��t�	����&sis	
Po.$/$onD�orre�/e�	!'o2er$n"	/$(e	!or	a''	 $n�$v$�ua'.	 !ro(	�\,	�]	an�	�^	2ere	 $(por/e�	 $n	
�P��	 v^`	 !or	 �a�	 ���.	 To	 /e./	 2he/her	 preD/rea/(en/.	 re.u'/e�	 $n	 an	 a'/ere�	 (ean	
!'o2er$n"	/$(e,	
	/e./e�	per	"eno/4pe	2he/her	/he	(ean	po.$/$onD�orre�/e�	!'o2er$n"	/$(e	
o!	 /he	 �\	 p'an/.	 /ha/	 re�e$ve�	 a	 ���	 \.]	 l�,	 ���	 ]	 l�	 or	 J�	 preD/rea/(en/	 �$!!ere�	
.$"n$!$�an/'4	 !ro(	 p'an/.	 2$/h	 a	 �on/ro'	 preD/rea/(en/	 u.$n"	 a	 oneD2a4	 ���V�	 N.ee	
�upp'e(en/ar4	 /a�'e	 `O.	 The	 �$./r$�u/$on	 o!	 /he	 �epen�en/	 var$a�'e	 po.$/$onD�orre�/e�	
!'o2er$n"	/$(e	2a.	no/	nor(a'.	
	/hu.	/e./e�	/he	�$!!eren�e	on	po.$/$onD�orre�/e�	!'o2er$n"	
/$(e	on	a	
�D/ran.!or(e�	po.$/$onD�orre�/e�	!'o2er$n"	/$(e	u.$n"	a	oneD2a4	���V�	u.$n"	
preD/rea/(en/	 N�on/ro',	 ���	 \.]	 l�,	 ���	 ]	 l�	 or	 J�O	 a.	 /he	 $n�epen�en/	 an�	 
�D
/ran.!or(e�	 po.$/$onD�orre�/e�	 !'o2er$n"	 /$(e	 a.	 /he	 �epen�en/	 var$a�'e.	 
	 /e./e�	 !or	
e,ua'$/4	o!	var$an�e	u.$n"	
eveneG.	/e./	on	
�D/ran.!or(e�	�orre�/e�	!'o2er$n"	/$(e,	2h$�h	
�$�	no/	re.u'/	$n	an4	.$"n$!$�an/	pDva'ue..	�/an�ar�$5e�	re.$�ua'.	2ere	p'o//e�	/o	a..e..	/he	
nor(a'$/4	o!	 /he	�$./r$�u/$on.	�'/hou"h	.'$"h/	�ev$a/$on.	 !ro(	nor(a'$/4	2ere	�e/e�/e�	a''	
�$./r$�u/$on.	 appro3$(a/e'4	 !o''o2e�	 a	 nor(a'	 �$./r$�u/$on,	 2h$�h	 $(prove�	 a!/er	 
�D
/ran.!or(a/$on	N�a/a	no/	.ho2nO.	
	

	 per!or(e�	 a	 /2oD2a4	 ���V�	 2$/h	 preD/rea/(en/	 N�on/ro',	 ���	 or	 J�O	 an�	 .e'e�/$on	
re"$(e	N.e'e�/$on	or	 ran�o(O	a.	 /he	 $n�epen�en/	var$a�'e.	an�	
�D/ran.!or(e�	po.$/$onD
�orre�/e�	!'o2er$n"	/$(e	a.	/he	�epen�en/	var$a�'e.	Per	"eno/4pe	an�	"enera/$on,	
	�e"$n	�4	
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�e.�r$�$n"	 /he	(a$n	 .e'e�/$on	 e!!e�/	 �e/e�/e�	 u.$n"	 /h$.	 /2oD2a4	���V�.	 �u�.e,uen/'4,	 
	
p$npo$n/	/he	preD/rea/(en/	$n	2h$�h	a	.$"n$!$�an/	re.pon.e	/o	.e'e�/$on	!or	ear'4	!'o2er$n"	
2a.	�e/e�/e�	�e/2een	/he	.e'e�/$on	an�	ran�o(	'$ne	u.$n"	a	oneD2a4	���V�A	�o(par$n"	
/he	 ran�o(	 an�	 .e'e�/$on	 '$ne	 2$/h$n	 ea�h	 preD/rea/(en/	 "roup.	 For	 /he.e	 oneD2a4	
���V�G.	 
	 /e./e�	 !or	 e,ua'$/4	 o!	 var$an�e	 �e/2een	 /he	 ran�o(	 an�	 �on/ro'	 '$ne	 u.$n"	

eveneG.	 /e./.	 
n	.o(e	�a.e.,	 .$"n$!$�an/	�ev$a/$on.	 !ro(	var$an�e	e,ua'$/4	2ere	o�.erve�.	
For	 /he.e	 �a.e.,	 
	 per!or(e�	 /e./.	 2$/h	 a	 ro�u./	 ���V�	 (o�e'	 /ha/	 a''o2.	 !or	 .u�h	
�$!!eren�e.	$n	var$an�e,	�er$v$n"	pDva'ue.	!or	�o/h	a	�e'�h	an�	�ro2nDFor.4/he	/e./.	�one	
o!	 /he	 ./a/$./$�a''4	 .$"n$!$�an/	 pDva'ue.	 �han"e�	 a!/er	 /he.e	 �orre�/$on.,	 '$&e2$.e	 
	 �$�	 no/	
o�.erve	 ./a/$./$�a''4	 .$"n$!$�an/	 pDva'ue.	 !ro(	 /he.e	 /e./.	 /ha/	 �$�	 no/	 �on!$r(	 pDva'ue.	
o�/a$ne�	 !ro(	 a	 ./an�ar�	 ���V�.	 
	 /hu.	 repor/	 �e'�hJFor.4/he	 pDva'ue.	 N2h$�h	 2ere	
a'2a4.	e,ua'O	$n	�a.e	o!	.$"n$!$�an/	
eveneG.	/e./	$n�$�a/$n"	une,ua'	var$an�e	an�	repor/	pD
va'ue.	 on	 ./an�ar�	 ���V�.	 o/her2$.e.	 Fur/her(ore,	 
	 a'.o	 e3p'ore	 2he/her	 /here	 $.	 a	
.$"n$!$�an/	�$!!eren�e	�e/2een	/he	.e'e�/$on	'$ne.	o!	/he	J�	an�	���	preD/rea/(en/	"roup	NJ�	
an�	��O	 �o(pare�	 /o	 /he	 ran�o(	 '$ne	 o!	 /he	 �on/ro'	 preD/rea/(en/	 "roup	u.$n"	 oneD2a4	
���V�.	N�upp'e(en/ar4	Ta�'e	a.^O.	Th$.	prov$�e.	a��$/$ona'	$n!or(a/$on	on	/he	�oheren�e	
o!	 /he	 re.pon.e	 o�.erve�	 2$/h$n	 a	 preD/rea/(en/	 "roup.	 
n	 pr$n�$p'e,	 2hen	 a	 .$"n$!$�an/	
.e'e�/$on	 e!!e�/	 $.	 ev$�en/	 �e/2een	 /he	 .e'e�/$on	 an�	 ran�o(	 '$ne	 o!	 /he	 J�	 or	 ���	 preD
/rea/(en/	"roup	/h$.	.hou'�	a'.o	"$ve	r$.e	/o	a	.$"n$!$�an/	�$!!eren�e	�e/2een	/he	.e'e�/$on	
'$ne	o!	/h$.	preD/rea/(en/	"roup	an�	/he	ran�o(	'$ne	o!	/he	�on/ro'	"roup.	F$na''4,	
	eva'ua/e	
2he/her	 preD/rea/(en/	 ha.	 a	 .$"n$!$�an/	 $(pa�/	 on	 /he	 re.pon.e	 /o	 .e'e�/$on	 !or	 ear'4	
!'o2er$n"	�4	'oo&$n"	a/	/he	pDva'ue	o!	/he	$n/era�/$on	/er(	preD/rea/(en/	3	.e'e�/$on	re"$(e	
$n	/he	/2oD2a4	���V�.	
n	�a.e	/he	preD/rea/(en/	ha.	an	$(pa�/	on	/he	.e'e�/$on	re.pon.e,	
/he	 $n/era�/$on	 /er(	 preD/rea/(en/	 3	 .e'e�/$on	 re"$(e	 $.	 e3pe�/e�	 /o	 �e	 .$"n$!$�an/.	 
n	
�on/ra./	/o	/he	prev$ou.	/e./.,	/he	/2oD2a4	���V�.	2ere	per!or(e�	u.$n"	���	e.^	a.	�P��	
�oe.	no/	a''o2	!or	�e!$n$n"	a	pr$or$	�on/ra./	/e./.	o!	/he	.e'e�/$on	re.pon.e.	
	u.e�	aDpr$or$	
�e!$ne�	�on/ra./	/e./	/o	eva'ua/e	$!	/he	�$!!eren�e	$n	(ean	po.$/$onD�orre�/e�	!'o2er$n"	/$(e	
�e/2een	/he	.e'e�/$on	an�	ran�o(	"roup	N.e'e�/$on	re.pon.eO	$.	�$!!eren/	$n	/he	J�	an�	���	
preD/rea/(en/	"roup.	�o(pare�	/o	/he	�on/ro'	"roup,	2h$�h	2ou'�	$n�$�a/e	a	�epen�en�e	
o!	/he	.e'e�/$on	re.pon.e	on	N./re..O	preD/rea/(en/.	
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9.7	�esults	
	
0...1	�reatment	e��e�t 	on	 ee�	germination	in	�.	

	o�.erve�	a	ne"a/$ve	e!!e�/	o!	aDa5a�4/$�$ne	/rea/(en/	on	"er($na/$on.	The	per�en/a"e	o!	
].\	l�	���	.ee�'$n".	!a$'$n"	/o	"er($na/e	2a.	.$"n$!$�an/'4	h$"her	/han	!or	�on/ro'	p'an/.	$n	
�o/h	�bd	N�h$D.,uare	c._`	ph\.\\cO	an�		c^	N�h$D.,uare	e._	ph\.\\^O,	2herea.	$/	�$�	no/	
a!!e�/	"er($na/$on	$n	�_`	N�h$D.,uare	\.`e	ph\.`eO.	J�	preD/rea/(en/	re.u'/e�	$n	a	^D	an�	_D
!o'�	h$"her	"er($na/$on	 !a$'ure	 $n	�_`	an�		c^,	 re.pe�/$ve'4	 N.ee	Ta�'e	]O	2herea.	 $/	�$�	
no/	have	an4	$(pa�/	on	/he	"er($na/$on	ra/e	$n	�bd.	�vera'',	/he	"er($na/$on	!a$'ure	ra/e	o!	
�on/ro'	p'an/.	2$/hou/	/rea/(en/	2a.	_	/$(e.	h$"her	!or	/he	4oun"	apo($�/	�_`,	po/en/$a''4	
$n�$�a/$n"	"eno($�	$n./a�$'$/4	$n	/h$.	re�en/	apo($�/.	
	
Ta�le	5)	PreD/rea/(en/	�epen�en/	nonD"er($na/$on	ra/e.	per	"eno/4peD/rea/(en/	$n	T_.	
�enotype	 A�A	4.5?�	 A�A	5?�	 ��NT���	 
A	

�_`	 ]]f	 ]_f	 ]\f	 ^]f	
�bd	 ]`f	 ]df	 _f	 `f	
	c^	 ]\f	 ^\f	 _f	 ef	

Per�en/a"e.	 $n�$�a/e	 /he	 !ra�/$on	 o!	 /he	 b`	 paren/a'	 p'an/.	 o!	 T_	 �$�	 no/	 have	 an4	
.u��e..!u''4	"er($na/$n"	.ee�..	
	
0...2	�reatment	in�u�e�	tran generational	e��e�t 	on	�lo$ering.		

!	 aDa5a�4/$�$ne	 or	 J�	 /rea/(en/	 2ou'�	 .u��e..!u''4	 a'/er	 her$/a�'e	 ���	 (e/h4'a/$on	
pa//ern.	 $n!'uen�$n"	 !'o2er$n"	 /$(e,	 /h$.	 .hou'�	 re.u'/	 $n	 a	 �han"e	 $n	 e$/her	 /he	(ean	 or	
var$an�e	 o!	 !'o2er$n"	 /$(e	 o!	 /he	 preD/rea/e�	 p'an/.	 NJ�	 or	���O,	 !or	2h$�h	 /he	 ./ron"e./	
re.pon.e	$.	e3pe�/e�	$n	�\.	
	�$�	no/	o�.erve	an4	e!!e�/	o!	preD/rea/(en/	on	e$/her	/he	(ean	
or	 var$an�e	 o!	 po.$/$onD�orre�/e�	 !'o2er$n"	 /$(e	 !or	 �_`	 �\.	 For	 �bd	 �\	 
	 !oun�	 no	
�$!!eren�e	 $n	 (ean	 !'o2er$n"	 /$(e,	 �u/	 var$an�e	 2a.	 .$"n$!$�an/'4	 a!!e�/e�	 Nph\.\`]	
�upp'e(en/ar4	 /a�'e	`O.	�u�.e,uen/	pa$r2$.e	oneD2a4	���V�.	�e/2een	�on/ro'	an�	preD
/rea/(en/	"roup.	���	\.],	���	].\	an�	J�	�$�	ho2ever	no/	re.u'/	$n	a	.$"n$!$�an/	pDva'ue	!or	

eveneG.	/e./.	�o(par$n"	���	\.]	v.	J�	an�	���	\.]	v.	���	].\	$n	�bd	�\	�$�	ho2ever	re.u'/	
$n	 .$"n$!$�an/	 pDva'ue.	 N.ee	 �upp'e(en/ar4	 /a�'e	 `O,	 .u""e./$n"	 /ha/	 �on/ra./$n"	 paren/a'	
e!!e�/.	�ue	/o	 '$ne	preD/rea/(en/.	2$/h	 J�	an�	\.]	l�	aDa5a�4/$�$ne	�ou'�	�e	p$�&e�	up	 $n	
/he	/e./	 $n�'u�$n"	a''	preD/rea/(en/	 '$ne.,	a.	/he	J�	preD/rea/(en/	"roup	.ho2e�	a	.'$"h/'4	
$n�rea.e�	 var$an�e	 2herea.	 /he	 ���	 \.]	 preD/rea/(en/	 "roup	 .ho2e�	 a	 �e�rea.e	 o!	 /he	
var$an�e	$n	!'o2er$n"	/$(e	�$./r$�u/$on	NF$".	a._	an�	�upp'e(en/ar4	/a�'e	`O.	For		c^	$n	/he	
�\	 "enera/$on,	 
	 !oun�	 a	 .$"n$!$�an/	 �e'a4	 o!	 Va	 �a4.	 $n	 !'o2er$n"	 !or	 /he	 o!!.pr$n"	 o!	 aD
a5a�4/$�$ne	/rea/e�	p'an/.	!or	�o/h	/he	]	l�	Npi\.\\]O	an�	\.]	l�	Npi\.\\]O	aDa5a�4/$�$ne	
�on�en/ra/$on.	 N.ee	 �upp'e(en/ar4	 /a�'e	 `	 an�	 F$".	 a._O.	 
eveneG.	 /e./.	 !or	 oneD2a4	
���V�.	�o(par$n"	var$an�e.	o!	(ean	po.$/$onD�orre�/e�	 !'o2er$n"	 /$(e	�e/2een	�on/ro'	
an�	�o/h	aDa5a�4/$�$ne	�on�en/ra/$on.	u.e�	re.u'/e�	$n	nonD.$"n$!$�an/	pDva'ue.	N\._ca	!or	
���	]	l�	an�	\.`\_	!or	���	\.]	l�O	$n�$�a/$n"	/ha/	/he	var$an�e	$n	!'o2er$n"	/$(e	2a.	no/	
a!!e�/e�.	For	/he	J�	preD/rea/(en/	ho2ever,	 /he	���V�	re.u'/	2a.	nonD.$"n$!$�an/	�u/	/he	

eveneG.	 /e./	 !or	 e,ua'$/4	 o!	 var$an�e	 2a.	 (ar"$na''4	 .$"n$!$�an/	 Nph\.\bO,	 2$/h	 a	 h$"her	
var$an�e	!oun�	!or	/he	J�	preD/rea/(en/	"roup	$n	�\	N.ee	�upp'e(en/ar4	/a�'e	`O.		
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Ta�le	9.6)	�!!e�/.	o!	preD/rea/(en/	an�	.e'e�/$on	on	!'o2er$n"	/$(e	$n	�]	an�	�^	"enera/$on..	
Geno/4pe	 "enera/$on	 ���V�	/4pe	 Fa�/or	J	�o(par$.on	 FDva'ue	 pDva'ue	 
eveneG.	

/e./	

�_`	
	

�]	

�neD2a4	
��	v.	��	 	 4	 \._]d	
J�	v.	J�	 	 \.]_e	 \.dbd	
��	v.	��	 	 4.444	 \.\c	

^D2a4	

PreD/rea/(en/	 ]_.bb	 =.4445	 	
�e'e�/$on	re"$(e	 e.a]	 4.4466	 	
Pre.	/rea/(.	�	.e'.	�e".	 d.\\	 4.4444	 	
�e'	�	v.	���	 \.ec	 \._^b_	 	
�e'	�	v.	J�	 ]`.b\	 4.4446	 	

�^	

�neD2a4	
��	v.	��	 	 4.4561	 4.454	
J�	v.	J�	 	 4.4451	 4.45	
��	v.	��	 	 \.\cdT	 4.44<	

^D2a4	

PreD/rea/(en/	 ^.`_	 \.\de^	 	
�e'e�/$on	re"$(e	 ]e._]	 =.4445	 	
Pre.	/rea/(.	�	.e'.	�e".	 \.b]	 \.a`a\	 	
�e'	�	v.	���	 ].]_	 \.^dce	 	
�e'	�	v.	J�	 \.\d	 \.cc_b	 	

�bd	
	

�]	

�neD2a4	
��	v.	��	 	 \.daa	 \.e^`	
J�	v.	J�	 	 4.44<	 \.\de	
��	v.	��	 	 \._c`	 \.ebb	

^D2a4	

PreD/rea/(en/	 ^.``	 \.\dd`	 	
�e'e�/$on	re"$(e	 \.]\	 \.caab	 	
Pre.	/rea/(.	�	.e'.	�e".	 ].`\	 \.^`dd	 	
�e'	�	v.	���	 \.c^	 \._ec`	 	
�e'	�	v.	J�	 \.b\	 \.`_e^	 	

�^	

�neD2a4	
��	v.	��	 	 4.475	 \.a\`	
J�	v.	J�	 	 4.445	 \.b`_	
��	v.	��	 	 \.bc]	 \.`ed	

^D2a4	

PreD/rea/(en/	 _._b	 \.\_ae	 	
�e'e�/$on	re"$(e	 \.\b	 \.d\c`	 	
Pre.	/rea/(.	�	.e'.	�e".	 d.^a	 4.4447	 	
�e'	�	v.	���	 ^.\c	 \.]a]\	 	
�e'	�	v.	J�	 ]b.\c	 =.4445	 	

	c^	
	

�]	

�neD2a4	
��	v.	��	 	 \.aee	 \.^__	
J�	v.	J�	 	 \.bea	 \.^ad	
��	v.	��	 	 4.4641	 4.446	

^D2a4	

PreD/rea/(en/	 \.d]	 \.```\	 	
�e'e�/$on	re"$(e	 ].a]	 \.^^\b	 	
Pre.	/rea/(.	�	.e'.	�e".	 ].ee	 \.]_d^	 	
�e'	�	v.	���	 _.da	 \.\a\b	 	
�e'	�	v.	J�	 \.``	 \.a\c]	 	

�^	

�neD2a4	
��	v.	��	 	 \.b``	 \.^ab	
J�	v.	J�	 	 \.`ca	 \.^``	
��	v.	��	 	 \.^a\	 \.]`b	

^D2a4	

PreD/rea/(en/	 `.a]	 \.\]]c	 	
�e'e�/$on	re"$(e	 ].d^	 \.]ccc	 	
Pre.	/rea/(.	�	.e'.	�e".	 \.]`	 \.dc^`	 	
�e'	�	v.	���	 \.^c	 \.b\be	 	
�e'	�	v.	J�	 \.]]	 \.c`\]	 	



�hap/er	a	�e'e�/$on	on	ear'4	!'o2er$n"	$n	a.e3ua''4	repro�u�$n"	�an�e'$on.	
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�neD2a4	an�	/2oD2a4	���V�	re.u'/.	on	po.$/$on	�orre�/e�	
�D/ran.!or(e�	!'o2er$n"	/$(e	
are	pre.en/e�	per	"eno/4pe	an�	"enera/$on	$n	Ta�'e	a.^.	�neD2a4	���V�	re.u'/.	are	/e./.	
o!	/he	.e'e�/$on	e!!e�/	N�o(par$n"	ran�o(	ver.u.	.e'e�/e�	'$ne.O	2$/h$n	ea�h	preD/rea/(en/	
"roup.	 �$"n$!$�an/	 pDva'ue.	 Ni\.\aO	 are	 .ho2n	 $n	 �o'�.	 
n	 �a.e	 o!	 a	 .$"n$!$�an/	 re.u'/	 !or	

eveneG.	/e./	!or	e,ua'$/4	o!	var$an�e	/he	�e'�h	/e./	pDva'ue	�a.e�	!or	une,ua'	var$an�e	$.	
.ho2n	 NTO.	 T2oD2a4	 ���V�.	 are	 per!or(e�	 2$/h	 $n�epen�en/	 var$a�'e.	 preD/rea/(en/	
"roup	 N�on/ro',	 ���	 \.]	 or	 J�O,	 .e'e�/$on	 re"$(e	 Nran�o(	 or	 .e'e�/$on	 '$neO	 an�	 /he	
$n/era�/$on	 /er(	 preD/rea/(en/	 3	 .e'e�/$on	 re"$(e.	 For	 /2oD2a4	 ���V�.	 /he	 re.u'/.	 are	
a'.o	.ho2n	o!	a	pr$or$	�e!$ne�	�on/ra./	/e./.	/ha/	�o(pare	/he	.e'e�/$on	re.pon.e	a!/er	���	
or	J�	preD/rea/(en/	/o	/he	.e'e�/$on	re.pon.e	a!/er	�on/ro'	preD/rea/(en/.	
	
0....	
e pon e	to	 ele�tion	in	�.4	�1	
The	(a$n	 e!!e�/	 o!	 .e'e�/$on	 re"$(e	 $n	 /he	 /2oD2a4	���V�	2a.	 h$"h'4	 .$"n$!$�an/	 NFhe.a	
ph\.\\^,	Ta�'e	a.^	an�	F$".	a.aO,	 $n�$�a/$n"	a	.$"n$!$�an/	po.$/$ve	re.pon.e	 /o	.e'e�/$on	 !or	
ear'4	!'o2er$n".	�neD2a4	���V�.	per!or(e�	�e/2een	/he	ran�o(	an�	.e'e�/$on	'$ne	2$/h$n	
ea�h	 o!	 /he	 preD/rea/(en/	 "roup.	 .ho2.	 /ha/	 .e'e�/$on	 re.u'/e�	 $n	 .$"n$!$�an/'4	 ear'$er	
!'o2er$n"	$n	p'an/.	!ro(	/he	�on/ro'	Nb.a	�a4.	pi\.\\\]O	an�	���	preD/rea/(en/	"roup	N`.^	
�a4.	ph\.\\aO,	�u/	no/	 $n	 /he	 J�	preD/rea/(en/	"roup	 N.ee	F$".	a.aO.	PDva'ue.	 !or	
eveneG.	
/e./	!or	e,ua'$/4	o!	var$an�e	2ere	no/	.$"n$!$�an/	!or	an4	o!	/he	oneD2a4	���V�.	�o(par$n"	
.e'e�/$on	an�	ran�o(	'$ne	per	preD/rea/(en/	"roup,	$n�$�a/$n"	/ha/	/he	!$r./	.e'e�/$on	roun�	
�$�	no/	re.u'/	 $n	a	.$"n$!$�an/	�han"e	o!	/he	var$a/$on	$n	!'o2er$n"	/$(e.	The	�$!!eren�e.	 $n	
.e'e�/$on	 re.pon.e	 a(on"	 preD/rea/(en/	 "roup.	 re.u'/e�	 $n	 a	 .$"n$!$�an/	 preD/rea/(en/	 3	
.e'e�/$on	 re"$(e	 $n/era�/$on	 !or	 /he	 ^D2a4	 ���V�	 NFhd.\	 pi\.\\],	 Ta�'e	 a.^O.	 �	 pr$or$	
�on/ra./	/e./	�o(par$n"	/he	.e'e�/$on	re.pon.e	$n	/he	�on/ro'	"roup	N��D��O	2$/h	/ha/	o!	/he	
���	an�	J�	"roup	$n�$�a/e�	a	.$"n$!$�an/'4	�$!!eren/	.e'e�/$on	re.pon.e	$n	/he	�on/ro'	"roup	
�o(pare�	 /o	 /he	 J�	 "roup	 NFh]`.b,	 pi\.\\],	 Ta�'e	 a.^O	 an�	 no	 �$!!eren�e	 $n	 .e'e�/$on	
re.pon.e	�e/2een	 /he	�on/ro'	an�	���	"roup	NFh].\,	ph\._^b,	Ta�'e	a.^O,	 .u""e./$n"	 /ha/	
preD/rea/(en/	2$/h	a5a�4/$�$ne	�$�	no/	'ea�	/o	a	./ron"er	.e'e�/$on	re.pon.e.	�''	�_`	'$ne.	
!'o2ere�	 ear'$er	 $n	 �]	 �o(pare�	 /o	 �\	 N�upp'e(en/ar4	 Ta�'e	 a._O,	 e3�ep/	 !or	 ��	 2h$�h	
!'o2ere�	`.a	�a4.	'a/er	$n	�]	�o(pare�	/o	�\,	a	.$"n$!$�an/	�e'a4	N]D2a4	���V�	2$/h	�e'�h	
/e./	 !or	 une,ua'	 var$an�e	 ph\.\]_O	 .u""e./$n"	 /ha/	 /he	 .$"n$!$�an/	 $n/era�/$on	 /er(	 preD
/rea/(en/	M	.e'e�/$on	re"$(e	o�.erve�	$n	/he	/2oD2a4	���V�	($"h/	re!'e�/	an	une3pe�/e�	
�e'a4	$n	!'o2er$n"	$n	/he	��	"roup	$n	�]	ra/her	/han	a	./ron"	.e'e�/$on	re.pon.e	$n	/he	���	
or	J�	preD/rea/(en/	"roup..	�o/h	/he	ran�o(	an�	.e'e�/$on	'$ne	o!	/he	J�	"roup	NJ�	an�	J�O	
!'o2ere�	 .$"n$!$�an/'4	 ear'$er	 /han	 /he	 ran�o(	 '$ne	 o!	 /he	 �on/ro'	 "roup	 N��O	
N�upp'e(en/ar4	Ta�'e	a.^O.	The	��	'$ne	!'o2ere�	.$"n$!$�an/'4	ear'$er	/han	/he	��	'$ne	an�	.o	
�$�	a''	o/her	'$ne.,	$n�$�a/$n"	a	�e'a4e�	!'o2er$n"	o!	/he	��	'$ne	�o(pare�	/o	a''	o/her	'$ne..		
	
0...4	
e pon e	to	 ele�tion	in	�.4	�2	
�on.$./en/	2$/h	 /he	re.u'/.	o�/a$ne�	 $n	�],	 /he	(a$n	e!!e�/	o!	.e'e�/$on	re"$(e	 $n	 /he	/2oD
2a4	 ���V�	 2a.	 h$"h'4	 .$"n$!$�an/	 NFh]e._	 pi\.\\],	 Ta�'e	 a.^O	 2$/h	 .e'e�/$on	 '$ne.	
!'o2er$n"	 ear'$er	 /han	 ran�o(	 '$ne.	 $n	 a''	 �u/	 /he	 ���	 preD/rea/(en/	 "roup	 NF$".	 a.aO,	
$n�$�a/$n"	a	.$"n$!$�an/	po.$/$ve	re.pon.e	/o	.e'e�/$on	!or	ear'4	!'o2er$n".	
n	/he	�on/ro'	an�	
/he	 J�	 "roup,	 .e'e�/$on	 re.u'/e�	 $n	 a	 .$"n$!$�an/	 _.e	 an�	 _.]	 �a4.	 ear'$er	 !'o2er$n",	
re.pe�/$ve'4.	 
n	 /he	���	 "roup,	 .e'e�/$on	 on'4	 re.u'/e�	 $n	 a	(ar"$na''4	 .$"n$!$�an/,	 ^	 �a4.	
ear'$er	 !'o2er$n"	 Nph\.\cbO.	 	o2ever,	 /he	 $n/era�/$on	 /er(	 preD/rea/(en/	 3	 .e'e�/$on	
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re"$(e	 o!	 /he	 /2oD2a4	���V�	2a.	 no/	 .$"n$!$�an/	 NFh\.b]	 ph\.aa,	 Ta�'e	 a.^O,	 $n�$�a/$n"	
/ha/	/he	.e'e�/$on	re.pon.e	2a.	�o(para�'e	$n	a''	/hree	preD/rea/(en/	"roup..	The	pDva'ue.	
!or	
eveneG.	 /e./	 !or	e,ua'$/4	o!	var$an�e	o!	 /he	oneD2a4	���V�.	�o(par$n"	/he	.e'e�/$on	
an�	 ran�o(	 '$ne	per	 preD/rea/(en/	 "roup	2ere	 .$"n$!$�an/	 !or	 a''	 "roup.	 N.ee	Ta�'e	 a.^O.	
�/an�ar�	 error.	 !or	 /he	 !'o2er$n"	 /$(e	�$./r$�u/$on	o!	 .e'e�/$on	 '$ne.	 o!	 a''	 preD/rea/(en/	
"roup.	2ere	 .$"n$!$�an/'4	 'o2er	 �o(pare�	 /o	 �o/h	 /he	 ran�o(	 '$ne.	 o!	 �^	 a.	2e''	 a.	 /he	
.e'e�/$on	'$ne.	o!	/he	prev$ou.	"enera/$on	�]	N�upp'e(en/ar4	F$".	a.^O,	 $n�$�a/$n"	/ha/	/2o	
.u�.e,uen/	 roun�.	 o!	 .e'e�/$on	 on	 ear'4	 !'o2er$n"	 re.u'/e�	 $n	 a	 .$"n$!$�an/	 �e�rea.e	 o!	
var$an�e	 $n	 !'o2er$n"	 /$(e,	 $rre.pe�/$ve	 o!	 preD/rea/(en/.	 The	 .e'e�/$on	 '$ne	 o!	 /he	 ���	
"roup	 N��O	 !'o2ere�	 `.b	 �a4.	 ear'$er	 /han	 /he	 ran�o(	 '$ne	 o!	 /he	 �on/ro'	 "roup	 N��O,	 a	
h$"h'4	.$"n$!$�an/	�$!!eren�e	Npi\.\\]O	N�ee	F$".	a.a	an�	�upp'e(en/ar4	Ta�'e	a.^O.	 J�	a'.o	
!'o2ere�	.$"n$!$�an/'4	ear'$er	/han	��.	
n	�o/h	"enera/$on	�]	an�	�^	
	!$n�	a	preD/rea/(en/	
"roup	 !or	 2h$�h	 no	 .$"n$!$�an/	 �$!!eren�e	 $n	 !'o2er$n"	 /$(e	 $.	 �e/e�/e�	 �e/2een	 /he	
.e'e�/$on	an�	ran�o(	'$ne	NJ�	!or	�]	an�	���	!or	�^O.	
n	�o/h	�a.e.	/he.e	.e'e�/$on	'$ne.	�o	
!'o2er	ear'$er	�o(pare�	/o	/he	ran�o(	"roup	o!	/he	�on/ro'	'$ne.	
	
0...0	
e pon e	to	 ele�tion	in	�13	�1	
The	 (a$n	 e!!e�/	 o!	 .e'e�/$on	 re"$(e	 $n	 /he	 /2oD2a4	 ���V�	 2a.	 no/	 .$"n$!$�an/	 NFh\.]\	
ph\.cbO,	 $n�$�a/$n"	 /ha/	 no	 �'ear	 overa''	 re.pon.e	 /o	 .e'e�/$on	 !or	 ear'4	 !'o2er$n"	 2a.	
a�h$eve�.	�ever/he'e..,	oneD2a4	���V�	$n�$�a/e�	a	.$"n$!$�an/	re.pon.e	/o	.e'e�/$on	a!/er	
J�	preD/rea/(en/.	 PDva'ue.	 !or	 
eveneG.	 /e./	 !or	 e,ua'$/4	 o!	 var$an�e	 o!	 per	preD/rea/(en/	
"roup	oneD2a4	���V�.	2ere	nonD.$"n$!$�an/	!or	a''	"roup.	N.ee	Ta�'e	a.^O.	The	pDva'ue	!or	
/he	 $n/era�/$on	 /er(	 preD/rea/(en/	 T	 .e'e�/$on	 re"$(e	 o!	 /he	 /2oD2a4	 ���V�	 2a.	 no/	
.$"n$!$�an/	 NFh].`\	 ph\.^aO,	 $n�$�a/$n"	 no	 .$"n$!$�an/	 �$!!eren�e	 $n	 /he	 .e'e�/$on	 re.pon.e	
�ue	/o	preD/rea/(en/	o��urre�.	
$&e2$.e,	no	.$"n$!$�an/	�$!!eren�e.	2ere	�e/e�/e�	�e/2een	
��	v.	��	an�	J�	v.	��	N.ee	�upp'e(en/ar4	Ta�'e	a.^O.	
	
0...1	
e pon e	to	 ele�tion	in	�13	�2	
�on.$./en/	2$/h	 /he	re.u'/.	o�/a$ne�	 $n	�],	 /he	(a$n	e!!e�/	o!	.e'e�/$on	re"$(e	 $n	 /he	/2oD
2a4	���V�	2a.	no/	.$"n$!$�an/	NFh\.\b	ph\.d],	Ta�'e	a.^O,	$n�$�a/$n"	/ha/	no	�'ear	overa''	
re.pon.e	/o	.e'e�/$on	!or	ear'4	!'o2er$n"	2a.	a�h$eve�.	The	a�.en�e	o!	an	overa''	e!!e�/	2a.	
�ue	/o	/he	'ar"e	�$!!eren�e.	$n	.e'e�/$on	re.pon.e	a(on"	preD/rea/(en/	"roup..	PerD"roup	
oneD2a4	���V�.	 revea'e�	 /ha/	 $n	 /he	 �on/ro'	 "roup,	 .e'e�/$on	 re.u'/e�	 $n	 .$"n$!$�an/,	 ^._	
�a4.,	 ear'$er	 !'o2er$n"	 Nph\.\]b,	 Ta�'e	 a.^O.	 �4	 �on/ra./,	 $n	 /he	 J�	 "roup	 
	 o�.erve�	 a	
rever.e	 /ren�A	 .e'e�/$on	 re.u'/e�	 $n	 a	 .$"n$!$�an/	 Nph\.\\],	 Ta�'e	 a.^O	 /hreeD�a4	 �e'a4	 $n	
!'o2er$n",	2herea.	no	re.pon.e	 /o	.e'e�/$on	2a.	o�.erve�	 $n	 /he	���	"roup.	The	rever.e	
/ren�	 $n	 /he	 J�	 "roup	 .ee(e�	 /o	 �e	 �au.e�	 �4	 une3pe�/e�	 ear'4	 !'o2er$n"	 $n	 /he	 J�	 '$ne,	
2h$�h	!'o2ere�	^._	�a4.	ear'$er	/han	��,	a	.$"n$!$�an/	�$!!eren�e	Nph\.\_c,	�upp'e(en/ar4	
Ta�'e	a.^O.	Th$.	o�.erva/$on	�anno/	�e	e3p'a$ne�	�4	a	�$a.e�	.a(p'$n"	o!	(o/her	p'an/.	o!	
�^	J�	/o2ar�.	!a./	!'o2er$n"	p'an/.,	a.	/he	(ean	po.$/$on	�orre�/e�	!'o2er$n"	/$(e	o!	/he	]b	
ran�o('4	.e'e�/e�	(o/her	p'an/.	!ro(	J�	�]	2a.	cb	�a4.	2herea.	/ha/	!or	/he	]b	ran�o('4	
.e'e�/e�	(o/her	 p'an/.	 !ro(	��	 �]	2a.	 c`	 �a4.	 N�a/a	 no/	 .ho2nO.	 ��	 !'o2ere�	 ^._	 �a4.	
ear'$er	 �o(pare�	 /o	 ��,	 a	 .$"n$!$�an/	 �$!!eren�e	 Nph\.\]e,	 �upp'e(en/ar4	Ta�'e	 a.^O.	 The	
�$!!eren�e.	 $n	 re.pon.e	 re.u'/e�	 $n	 a	 .$"n$!$�an/	 preD/rea/(en/	 3	 .e'e�/$on	 re"$(e	
$n/era�/$on	 !or	 /he	 /2oD2a4	 ���V�	 NFhd.^a	 pi\.\\],	 Ta�'e	 a.^O.	 �	 pr$or$	 �on/ra./	 /e./	
�o(par$n"	/he	.e'e�/$on	re.pon.e	$n	/he	�on/ro'	"roup	N��D��O	2$/h	/ha/	o!	/he	���	an�	J�	



�hap/er	a	�e'e�/$on	on	ear'4	!'o2er$n"	$n	a.e3ua''4	repro�u�$n"	�an�e'$on.	
	

 119 

"roup.	$n�$�a/e�	a	.$"n$!$�an/	�$!!eren�e	$n	/he	.e'e�/$on	re.pon.e	�e/2een	/he	�on/ro'	an�	
J�	 "roup	 NFh]b.]	phi\.\\\],	Ta�'e	a.^O,	2h$�h	 $.	 /o	 �e	 e3pe�/e�	 "$ven	 /he	 rever.e	 /ren�	
Nne"a/$ve	.e'e�/$on	re.pon.eO	o�.erve�	$n	/he	J�	"roup	N.ee	F$".	a.aO.	PreD/rea/(en/	�$�	no/	
re.u'/	$n	a	.$"n$!$�an/	$n�rea.e	$n	/he	.e'e�/$on	re.pon.e	/o2ar�.	ear'$er	!'o2er$n".	PDva'ue.	
!or	
eveneG.	/e./	!or	e,ua'$/4	o!	var$an�e	!or	oneD2a4	���V�.	2ere	nonD.$"n$!$�an/	!or	a''	
"roup.	 N.ee	 Ta�'e	 a.^O,	 $n�$�a/$n"	 /ha/	 .e'e�/$on	 on	 ear'4	 !'o2er$n"	 �$�	 no/	 re.u'/	 $n	 a	
�e�rea.e�	var$an�e	a.	o�.erve�	!or	�_`	�^.	
	
0...2	
e pon e	to	 ele�tion	in	�22	�1	
The	 (a$n	 e!!e�/	 o!	 .e'e�/$on	 re"$(e	 $n	 /he	 /2oD2a4	 ���V�	 2a.	 no/	 .$"n$!$�an/	 NFh].a]	
ph\.^^,	 Ta�'e	 a.^O,	 $n�$�a/$n"	 /he	 a�.en�e	 o!	 an	 overa''	 .$"n$!$�an/	 po.$/$ve	 re.pon.e	 /o	
.e'e�/$on	 !or	 ear'4	 !'o2er$n".	 PerD"roup	 oneD2a4	 ���V�.	 revea'e�	 /ha/	 .e'e�/$on	
.$"n$!$�an/'4	 a!!e�/e�	 !'o2er$n"	 /$(e	 !or	 /he	���	preD/rea/(en/	 "roup	 on'4A	 p'an/.	2$/h$n	
/h$.	"roup	/ha/	ha�	�een	.u�%e�/e�	/o	.e'e�/$on	N��O	!'o2ere�	on	avera"e	a	�a4.	ear'$er	/han	
p'an/.	 !ro(	 /he	 �orre.pon�$n"	 ran�o(	 '$ne	 ��	 Nph\.\^b,	 Ta�'e	 a.^	 an�	 F$".	 a.aO.	 Th$.	
�$!!eren�e	2a.	 a'.o	 .$"n$!$�an/	2hen	 �o(par$n"	��	 /o	 ��	 Nph\.\_b,	 .upp'e(en/ar4	Ta�'e	
a.^O.		o2ever,	/he	$n/era�/$on	/er(	preD/rea/(en/	3	.e'e�/$on	re"$(e	o!	/he	^D2a4	���V�	
2a.	nonD.$"n$!$�an/	NFh].ee	ph\.]`,	Ta�'e	a.^O,	 $n�$�a/$n"	/ha/	/he	o�.erve�	�$!!eren�e.	$n	
/he	 .e'e�/$on	 re.pon.e	 a(on"	 preD/rea/(en/	 "roup.	 2ere	 no/	 ./a/$./$�a''4	 .$"n$!$�an/,	
a'/hou"h	/he	�on/ra./	.pe�$!$�a''4	/e./$n"	�$!!eren�e	$n	/he	./ren"/h	o!	/he	.e'e�/$on	re.pon.e	
�e/2een	�on/ro'	an�	���	"roup	2a.	�'o.e	/o	.$"n$!$�an�e	NPh\.\a],	Ta�'e	a.^	O,	 $n�$�a/$n"	
/ha/	���	preD/rea/(en/	/en�e�	/o	re.u'/	$n	a	./ron"er	re.pon.e	/o	.e'e�/$on,	�on.$./en/	2$/h	
preD/rea/(en/	 $n�u�e�	 ep$"ene/$�	 var$a/$on	 $n!'uen�$n"	 !'o2er$n"	 /$(e.	 
eveneG.	 /e./	 !or	
e,ua'$/4	o!	var$an�e.	 .ho2e�	a	h$"h'4	 .$"n$!$�an/	 Nph\.\\^,	Ta�'e	a.^O	�$!!eren�e	�e/2een	
p'an/.	 !ro(	 /he	 ���	 "roup	 /ha/	 ha�	 �een	 .u�%e�/	 /o	 .e'e�/$on	 N��O	 �o(pare�	 /o	 /he$r	
ran�o('4	.e'e�/e�	�oun/erpar/.	N��O,	2$/h	p'an/.	!ro(	/he	.e'e�/$on	'$ne	.ho2$n"	a	 'o2er	
./an�ar�	 error	 N.ee	 �upp'e(en/ar4	 F$".	 a.^O.	 �o	 �$!!eren�e.	 $n	 ./an�ar�	 error	 2ere	
�e/e�/e�	�e/2een	/he	ran�o(	an�	.e'e�/$on	'$ne	o!	/he	�on/ro'	an�	J�	"roup.		
	
0...3	
e pon e	to	 ele�tion	in	�22	�2	
�on.$./en/	2$/h	 /he	re.u'/.	o�/a$ne�	 $n	�],	 /he	(a$n	e!!e�/	o!	.e'e�/$on	re"$(e	 $n	 /he	/2oD
2a4	���V�	2a.	 no/	 .$"n$!$�an/	 NFh].d^	 ph\.]d,	 Ta�'e	 a.^O,	 $n�$�a/$n"	 /ha/	 no	 .$"n$!$�an/	
overa''	 re.pon.e	 /o	 .e'e�/$on	 !or	 ear'4	 !'o2er$n"	 2a.	 a�h$eve�.	 �'.o,	 oneD2a4	 ���V�G.	
�on/ra./$n"	 ran�o(	 an�	 .e'e�/$on	 '$ne.	 2$/h$n	 ea�h	 "roup	 �$�	 no/	 .ho2	 an4	 .$"n$!$�an/	
�$!!eren�e,	 $n�$�a/$n"	 /ha/	 no	 .e'e�/$on	 e!!e�/.	2ere	 e3pre..e�	 $n	 /h$.	 "enera/$on.	 For	 /he	
���	"roup	ho2ever,	��	!'o2ere�	V^,_	�a4.	!a./er	/han	��,	2h$�h	2a.	.$"n$!$�an/	Nph\.\^_,	
�upp'e(en/ar4	Ta�'e	a.^O.	The	pDva'ue	 !or	 /he	 $n/era�/$on	 /er(	preD/rea/(en/	3	 .e'e�/$on	
re"$(e	o!	/he	/2oD2a4	���V�	2a.	nonD.$"n$!$�an/	NFh\.]`	ph\.dc,	Ta�'e	a.^O,	$n�$�a/$n"	no	
.$"n$!$�an/	 �$!!eren�e	 $n	 /he	 .e'e�/$on	 re.pon.e	 �ue	 /o	 preD/rea/(en/.	 The	 pre/rea/(en/	
/er(	2a.	ho2ever	.$"n$!$�an/	Nph\.\]^,	Ta�'e	a.^O.	PDva'ue.	!or	
eveneG.	/e./	!or	e,ua'$/4	o!	
var$an�e	!or	oneD2a4	���V�.	2ere	nonD.$"n$!$�an/	!or	a''	"roup.	N.ee	Ta�'e	a.^O,	$n�$�a/$n"	
/ha/	.e'e�/$on	on	ear'4	!'o2er$n"	�$�	no/	re.u'/	$n	a	�e�rea.e�	var$an�e.	
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Figure	5.4:	
Position	
corrected	
flowering	time	
distribution	in	
S1	and	S2	for	
all	lines	per	
genotype.	
Symbols	“>”	
and	“<“	
between	lines	
per	pre-
treatment	
group	indicate	
a	statistically	
significant	
difference	
between	the	
position-
corrected	
flowering	time	
of	these	lines. 
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Figure	5.5B	�ean	difference	of	positionDcorrected	flowering	ti(e	co(pared	to	t#e	control	
preDtreat(ent	 group	 MSTN	 or	 t#e	 rando(	 line	 of	 t#e	 control	 group	 M��	 in	 SU	 and	 SVN	 per	
genotype	 for	 ST@	 SU	 and	 SVC	 �rror	 �ars	 indicate	 standard	 errorsC	 Statistically	 significant	
differences	 in	 positionDcorrected	 
�Dtransfor(ed	(ean	 flowering	 ti(e	�etween	 selection	
and	control	line	wit#in	a	group	are	indicated	wit#	t#e	sy(�ol	HaI	or	H`I@	depending	on	t#e	
direction	of	t#e	differenceC	
n	case	no	significant	difference	could	�e	detected	�etween	lines	
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wit#in	a	group	 t#is	 is	 indicated	wit#	 t#e	sy(�ol	 H_IC	�osition	corrected	 flowering	 ti(e	of	
�ot#	rando(	and	control	lines	in	all	groups	are	co(pared	to	t#at	of	t#e	rando(	line	of	t#e	
control	 groupC	 Statistically	 significant	 differences	 co(pared	 to	 t#e	 Mrando(	 line	 ofN	 t#e	
control	 group	 are	 indicated	 wit#	 a	 star	 MON	 on	 top	 of	 t#e	 �ar	 representing	 t#e	 (ean	
difference	in	positionDcorrected	flowering	ti(e	per	groupC	
	
5.+	�i��u��i��.	

	 #a1e	 de(onstrated	 t#at	 selection	 on	 early	 flowering	 is	 possi�le	 in	 isogenic	 apo(ictic	
dandelions@	 suggesting	 t#at	 epigenetic	 1ariation	 can	 fuel	 adaptationC	 �#e	 results	 suggest	
t#at	 preDtreat(ent	 wit#	 a5acytidine	 can	 result	 in	 #erita�le	 MD��	(et#ylationN	 1ariation@	
leading	to	significant	selection	results	on	early	floweringC	�#is	effect	is@	#owe1er@	genotype	
specificC	�nly	in		[V@	preDtreat(ent	wit#	YDa5acytidine	resulted	in	a	significant	response	to	
selection	 on	 early	 flowering@	 consistent	 wit#	 �roadening	 t#e	 opportunities	 for	 selection	
t#roug#	stressDinduced	epigenetic	1ariationC	
	did	not	find	strong	e1idence	for	an	en#anced	
earlyDflowering	 response	 to	 selection	 due	 to	 1ariation	 induced	 �y	 parental	 �as(onic	 acid	
treat(ent	 in	 any	 of	 t#e	 genotypes@	 suggesting	 little	 or	 no	 #erita�le	 epigenetic	 1ariation	
#a1ing	an	i(pact	on	flowering	ti(e	was	generatedC	�o(pared	to	�Z\	and		[V@	�WX	s#owed	
t#e	 strongest	 selection	 response@	 suggesting	 t#at	 t#is	 young	 apo(ictic	 lineage	 contains	
(ore	#erita�le	MepigeneticN	1ariation	upon	w#ic#	MartificialN	selection	can	act@	wit#out	any	
e1idence	 for	 an	 en#anced	 selection	 response	 due	 to	 YDa5acytidine	 or	 �as(onic	 acid	 preD
treat(entC	
	
�reDtreat(ent	wit#	YDa5acytidine	did	 i(pact	 t#e	 flowering	 ti(e	distri�ution	 in		[V	ST	as	
well	 as	 t#e	 selection	 response	 in		[V	 SU@	 suggesting	 t#at	 t#is	 exposure	 lead	 to	 #erita�le	
MepigeneticN	 1ariation	 i(pacting	 flowering	 ti(eC	 �#e	 sa(e	 concentration	 of	 YDa5acytidine	
treat(ent	 did	 not	 result	 in	 p#enotypic	 differences	 in	 t#e	 ST	 generation	 of	 �WX	 or	 �Z\@	
suggesting	 t#at	 if	 it	 indeed	 effected	 t#e	 MepigeneticN	 1ariation	 in	 	[V@	 t#e	 effecti1e	
concentration	 for	 generating	 #erita�le	 epigenetic	 1ariation	 influencing	 flowering	 ti(e	
differences	(ig#t	 �e	 genotype	 dependentC	 �lternati1ely@	 genetic	 differences	 �etween	 t#e	
genotypes@	 suc#	 as	 t#e	 presence	 of	 a	 transposa�le	 ele(ent	 in	 t#e	 1icinity	 of	 genes	
influencing	flowering	ti(e@	(ig#t	explain	t#ese	results@	as	t#e	silencing	�y	D��	(et#ylation	
of	transposa�le	ele(ents	can	also	affect	t#e	expression	of	near�y	genesC	
	
�inally@	 t#e	 response	 to	 selection	 is	 1aria�le	 �etween	 SU	 and	 SV	 wit#in	 preDtreat(ent	
groups	and	t#ere	are	significant	c#anges	in	t#e	1ariance	Mstandard	errorN	of	flowering	ti(e	
distri�utionC	 �#ese	 c#anges	 s#ow	 preDtreat(ent	 and	 selection	 regi(e	 specific	 patterns@	
indicating	�ot#	parental	treat(ent	effects	and	selection	effectsC	
	
5.4.1	Selection	on	early	flowering	
�re1ious	selection	studies	on	energy	use	efficiency	in	isogenic	canola	M�'�((���	$�&*(N	used	
artificially	generated	dou�led	#aploid	lines	M	au�en	et	alC	VTT]N@	w#ereas	selection	on	early	
flowering	in	�'���'��	+�(��	was	only	ac#ie1ed	after	YDa5acytidine	treat(ent	M�u	VTUZNC	�y	
results	 in	 �WX	 pro1ide	 t#e	 first	 indication	 t#at	 selection	 on	 natural	 Mnot	 stressDinducedN	
epigenetic	1ariation	is	possi�leC	�ontrary	to	(y	expectation@	���	and	��	preDtreat(ents	did	
not	 result	 in	 a	 significantly	 increased	 1ariance	 in	 t#e	�ase	population	 ST@	 suggesting	 t#at	
preDtreat(ents	 were	 not	 effecti1e	 in	 generating	 en#anced	 le1els	 of	 #erita�le	 epigenetic	
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1ariation	 influencing	 flowering	 ti(eC	 
	 did	 find	 e1idence	 of	 a	 negati1e	 i(pact	 of	 preD
treat(ent	on	flowering	ti(e	for		[V@	in	w#ic#	�ot#	���	groups	flowered	significantly	later	
co(pared	 to	 t#e	 control	 groupC	 �reDtreat(ent	 also	 #ad	 an	 i(pact	 on	 selection	 results	 in	
	[V	SU@	w#ere	t#e	selection	line	in	t#e	���	group	flowered	significantly	faster	co(pared	to	
t#e	rando(	line	of	t#at	groupC	
	
Stress	 treat(ents	 in	 plants	 #a1e	 �een	 s#own	 to	 readily	 induce	 #erita�le	 epigenetic	
1ariation	 t#at	can	 i(pact	 t#e	p#enotype	M�olinier	et	alC	VTTZNC		ere@	 
	used	YDa5acytidine	
and	 �as(onic	 acid	 to	 generate	 D��	(et#ylation	 1ariationC	 �or	 �WX@	 
	 did	 not	 detect	 any	
difference	 in	 eit#er	 t#e	 (ean	 or	 t#e	 standard	 de1iation	 of	 flowering	 ti(e	 �etween	 t#e	
different	 preDtreat(ent	 groups@	w#ic#	 suggests	 t#at	 t#e	 treat(ents	were	 not	 effecti1e	 in	
generating	 a�undant	 epigenetic	 1ariation	 i(pacting	 t#e	 flowering	 ti(e	 for	 t#is	 genotypeC	
�or	 �Z\	 
	 found	 e1idence	 for	 su�tle	 preDtreat(ent	 dependent	 difference	 in	 t#e	 standard	
de1iation	 of	 flowering	 ti(e	 distri�ution@	wit#	 ��	 and	 TCU	 b�	���	 preDtreat(ent	 s#owing	
(inor	�ut	opposing	effects	on	t#e	flowering	ti(e	distri�utionC	�#ese	differences	were	not	
detecta�le	 w#en	 co(pared	 to	 t#e	 control	 preDtreat(ent	 groupC	 �or	 	[V@	 
	 o�ser1ed	 a	
treat(ent	 induced	 delay	 in	 flowering@	 w#ic#	 suggests	 t#at	 t#e	 YDa5acytidine	 treat(ents	
influenced	 D��	 (et#ylation@	 resulting	 in	 a	 delayed	 flowering	 ti(e@	 �ut	 also	 D��	
(et#ylation	1ariants	upon	w#ic#	selection	can	actC	 
	did	not	 find	e1idence	 for	an	effect	of	
preDtreat(ent	on	t#e	1ariance	of	t#e	flowering	ti(e	distri�ution	in		[VC	
	

t	 is	 possi�le	 t#at	(y	 test	 of	 a5acytidineDinduced@	 selecta�le	 epigenetic	 1ariation	was	 not	
successful	in	two	of	t#e	t#ree	genotypes	�ecause	of	t#e	relati1ely	low	concentrations	of	YD
a5acytidine	t#at	
	used	co(pared	to	ot#er	studiesC	
n	a	si(ilar	selection	study	on	flowering	
ti(e	 in	 �'���'��	 +�(��@	 YDa5acytidine	 treat(ents	 wit#	 WDX	 orders	 of	 (agnitude	 #ig#er	
concentrations	were	used	to	generate	p#enotypic	1ariationC		ig#er	concentrations	MYT(�	
of	 YDa5acytidineN	 #ad	 a	 stronger	 effect	 on	 �ot#	 D��	 (et#ylation	 as	 well	 as	 p#enotypic	
1ariation	M�u	VTUZN@	alt#oug#	no	statistical	tests	on	flowering	ti(e	distri�ution	differences	
were	e(ployed@	(ore	outliers	 in	 flowering	ti(e	distri�ution	were	found	in	plants	treated	
wit#	 #ig#er	 YDa5acytidine	 concentrations	 co(pared	 to	 t#ose	 treated	 wit#	 (ild	
concentrationsC	 �#e	 YDa5acytidine	 concentrations	 applied	 in	 t#e	 �'���'��	 +�(��	 study	
suggest	t#at	#ig#er	concentrations	of	YDa5acytidine	(ig#t	�e	re,uired	to	generate	sufficient	
D��	(et#ylation	1ariation	to	allow	for	fast	and	sta�le	selection	on	p#enotypic	1ariationC		
	
�or	 �WX	 
	 o�tained	 significant	 selection	 results	 regardless	 of	 preDtreat(entC	 �i1en	 t#e	
geno(ic	 insta�ility	 in	young	apo(icts@	 
	 cannot	exclude	 t#at	�esides	epigenetic	1ariation@	
genetic	1ariation	(ig#t	#a1e	�een	su�%ected	to	(y	successful	selection	effortC	�or		[V	t#is	
is	 less	 li&elyC	 
n		[V	
	 found	a	strong	selection	response	 in	SU	and	a	wea&	nonDsignificant	
response	in	SV@	w#ic#	is	consistent	wit#	(etasta�le	induced	epigenetic	1ariation@	as	also	in	
ST	 t#ere	 was	 e1idence	 for	 a	 transgenerational	 effect	 of	 parental	 ���	 exposureC	 �uture	
M�isulfiteD�asedN	se,uencing	studies	can	aid	 in	deter(ining	t#e	type	of	#erita�le	1ariation	
upon	w#ic#	selection	actedC	
	
�o	(y	&nowledge@	t#is	study	is	a(ong	t#e	first	to	select	on	p#enotypic	1ariation	in	asexual	
plants	species@	w#ere	a	large	t#e	role	of	epigenetic	1ariation	is	expected	to	play	a	large	role	
in	deter(ining	t#e	p#enotypic	1ariation	selected	uponC	�re1ious	studies	#a1e	de(onstrated	
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t#at	 epigenetic	 1ariation	 in	 apo(ictic	 dandelions	 can	 �e	 generated	 easily	 MM�er#oe1en@	
�ansen@	 et	 alC	 VTT]N	 and	 c#apter	 X	 of	 t#is	 t#esisNC	 �lt#oug#	 
	 did	 not	 (easure	 D��	
(et#ylation	 in	 t#e	 present	 experi(ent@	 a	 large	 �ody	 of	 literature	 supports	 a	 causal	 lin&	
�etween	 c#anges	 in	 #erita�le	 D��	 (et#ylation	 and	 t#e	 p#enotype	 M�orti%o	 et	 alC	 VTUXA	
�o#annes	 et	 alC	 VTT]A	 �rerotola	 et	 alC	 VTUYA	 Sc#(it5	 et	 alC	 VTUUNC	 �#anges	 in	 D��	
(et#ylation	can	�e	generated	using	(utants	for	(et#ylDtransferases	in1ol1ed	in	generating	
or	(aintaining	 D��	(et#ylation	 or	�S	U@	 a	 gene	 in1ol1ed	 in	(itoc#ondrial	 geno(e	 reD
arrange(entsC	 
t	 can	 also	 �e	 generated	 �y	 YDa5acytidine	 application	 or	 en1iron(ental	
stressC	 
n	 so(e	 cases@	 en1iron(ental	 stress	 can	 result	 in	 a	 MtransgenerationalN	 adapti1e	
response	to	t#e	stress	appliedC	�utants	for	eit#er	D��	(et#yltransferases	or	a	single	gene	
Msuc#	as	�S	UN	s#ow	geno(eDwide	c#anges	in	D��	(et#ylation@	often	wit#	large	effects	on	
p#enotypic	 1ariationC	 
n	�3	 )��"��$�@	 epigenetic	 reco(�inant	 in�red	 lines	 Mepi�

SN	 were	
created	�y	crossing	a	(et#yltransferase	(utant	Mdd(UN	wit#	a	wildDtype	parent@	resulting	
in	offspring	t#at	differ	in	D��	(et#ylation	�ut	not	in	t#eir	geno(ic	se,uence	M�o#annes	et	
alC	VTT]NC	Su�stantial	1ariation	in	,uantitati1e	traits	suc#	as	flowering	ti(e	and	plant	#eig#t	
were	 o�ser1ed	 for	 epi�

	 populations	 t#at	 were	 initiated	 fro(	 suc#	(utant	 indi1iduals@	
suggesting	t#at	epigenetic	1ariation	can	control	for	1ariation	in	t#ese	i(portant	p#enotypic	
c#aracteristics	M�o#annes	et	alC	VTT]NC	
n	�'�((���	'�&�@	a	#ypo(et#ylated	isogenic	Mdou�led	
#aploidN	plant	population	was	 created	�y	YDa5acytidine	 treat(entC		erita�le	1ariation	 for	
se1eral	 ,uantitati1e	 traits	 including	 seed	 yield	was	 generated	 as	well	 as	 su�stantial	D��	
(et#ylation	1ariation	M�(oa#	et	alC	VTUVNC	
i&ewise@	YDa5acytidine	application	to	se1eral	�3	
)��"��$�	 genotypes	 resulted	 in	 strongly	 reduced	 growt#	 and	 fitness	 of	 plants@	 delayed	
flowering	 and	 (ore	 p#enotypic	 1ariation@	 �ut	 t#e	 degree	 of	 t#is	 response	 1aried	
significantly	 a(ong	 genotypesC	 �#ese	 differences	 in	 response	 �etween	 genotypes	 were	
#owe1er	only	wea&ly	related	to	t#eir	genetic	relatedness	suggesting	Mso(eN	independence	
of	 epigenetic	 fro(	 genetic	 1ariation	 M�ossdorf	 et	 alC	 VTUTNC	 �or	 t#e	 �'���'��	 +�(��	 study	
(entioned	�efore@	selection	on	early	and	 late	 flowering	resulted	 in	a	significant	de1iation	
fro(	t#e	a1erage	flowering	ti(e	of	control	plants	M�u	VTUZN@	suggesting	t#at	YDa5acytidine	
can	cause	#erita�le	c#anges	in	D��	(et#ylation	t#at	cause	c#anges	in	t#e	p#enotype	upon	
w#ic#	 selection	 can	 actC	 �dapti1e	 transgenerational	 stressDresponses	 lin&ed	 to	 D��	
(et#ylation	 c#anges	 #a1e	 also	 �een	 found	 in	 nonD(odel	 plant	 species@	 for	 w#ic#	 t#e	
i(plied	relation	 to	D��	(et#ylation	was	esta�lis#ed	due	 to	 t#e	 fact	 t#at	 t#ese	responses	
disappeared	 after	 YDa5acytidine	 in	 t#e	 offspringA	 suggesting	 in1ol1e(ent	 of	 D��	
(et#ylation	 in	 trans(itting	 t#e	 response	�etween	generations	 Msee	discussion	 in	 c#apter	
XNC	
	
5.4.)	
e��on�e	to	�election		

f	 
	 disregard	 treat(entDinduced	 epigenetic	 1ariation	 in	 t#e	 ��	 and	 ���	 preDtreat(ent	
groups	and	only	co(pare	t#e	selection	results	�etween	selection	and	rando(	lines	 in	 t#e	
control	 group	 �etween	 t#e	 t#ree	 genotypes@	 
	 o�ser1e	 a	 significantly	 faster	 positionD
corrected	 flowering	 ti(e	 for	 t#e	 selection	 line	of	 t#e	 control	 group	 M�SN	 co(pared	 to	 t#e	
rando(	line	of	t#at	group	M��N	in	t#e	young	apo(ict	�WX	in	�ot#	generation	SU	and	SV	Msee	
�igC	YCYNC	
n	�Z\@	
	o�ser1e	significantly	faster	flowering	for	t#e	selection	line	�S	co(pared	
to	 t#e	 rando(	 line	 ��	 in	 SV	 �ut	 not	 SU@	 suggesting	 t#at	 (ultiple	 selection	 rounds	 are	
re,uired	 for	 ac#ie1ing	 a	 significant	 selection	 result	 in	 t#is	 genotypeC	 
n	 	[V	 
	 did	 not	
o�ser1e	 any	 significant	 selection	 effects	 in	 t#e	 control	 group	 of	 eit#er	 SU	 or	 SVC	 
	 can	
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interpret	 t#ese	different	o�ser1ations	as	e1idence	 for	genotypeDspecific	differences	 in	 t#e	
�aseline	 le1el	 of	 #erita�le	 epigenetic	 1ariation	 controlling	 flowering	 ti(eC	 �lternati1ely@	
suc#	differences	could	�e	caused	�y	an	interplay	�etween	genetic	and	epigenetic	1ariation	
�y@	 for	exa(ple@	a	 transposa�le	ele(ent	near�y	a	gene	 in1ol1ed	 in	t#e	onset	of	 flowering@	
for	w#ic#	t#e	(et#ylation	status	c#ange	could	induce	c#anges	in	flowering	ti(eC		
	

	#ypot#esi5e	t#at	�WX	#as	a	#ig#er	�aseline	of	epigenetic	1ariation	co(pared	to	�ot#	�Z\	
and		[V@	w#ereas	�ased	on	t#ese	li(ited	o�ser1ations	
	would	expect	�Z\	to	#a1e	#ig#er	
le1el	 of	 D��	(et#ylation	 1ariation	 co(pared	 to	 	[VC	 	ig#er	 le1els	 of	 D��	(et#ylation	
1ariation	were	pre1iously	s#own	for	t#e	recent	apo(ict	�WX	co(pared	to	t#e	esta�lis#ed	
apo(ictic	genotype	�Z\	in	an	�SD��
�	study	 in	w#ic#	XJUVV	(ar&ers	were	poly(orp#ic	
for	�WX	 instead	of	 only	UJUVV	 for	�Z\	 M�er#oe1en@	 1an	Di%&@	 et	 alC	 VTT]NC	�ew	apo(ictic	
dandelions	 lineages	arise	 t#roug#	#y�ridi5ation	resulting	 fro(	a	cross	�etween	polyploid	
apo(ictic	 fat#ers	 and	 sexual	 diploid	(ot#ersC	 	y�ridi5ation	 #as	 �een	 s#own	 to	 result	 in	
epigenetic	c#anges	M�rea1es	et	alC	VTUVA	�C	�C	�#en	VTUWNC	
	#ypot#esi5e	t#at	recent	apo(icts	
#ar�or	a	greater	epigenetic	di1ersity	as	well	as	a	less	sta�le	epigeno(eC	
ncreased	le1els	of	
epigenetic	 1ariation	 in	�WX	 could	 t#erefore	 contri�ute	 to	 t#e	 stronger	 selection	 response	
o�ser1ed	for	t#is	genotypeC	�lternati1ely@	it	could	(ean	t#at	t#e	#y�ridi5ation	e1ent	leading	
to	 a	 new	 apo(ictic	 lineage	 causes	 c#anges	 in	 D��	 (et#ylation@	 w#ic#	 could	 trigger	
reacti1ation	of	pre1iously	silenced	transposa�le	ele(ents	M�er#oe1en@	1an	Di%&@	et	alC	VTT]A	
Sal(on	et	alC	VTTYN@	resulting	also	in	en#anced	le1els	of	wit#inDlineage	genetic	1ariation	due	
to	 transpositionC	 �enotypic	 differences	 in	 t#e	 transgenerational	 sta�ility	 of	 se1eral	
p#enotypic	 traits	 were	 found	 pre1iously	 in	 t#e	 apo(ictic	 plant		��'���*#	 &�"%(�""�C	 
n	 a	
study	 co(paring	 UV	 newly	 generated	 apo(ictic	 	3	 &�"%(�""�	 lines@	 deri1ed	 �y	 crossing	
existing	apo(ictic	 lineages	wit#	sexual	 lineages	MSailer	et	alC	VTUZN	t#e	sta�ility	of	se1eral	
p#enotypic	traits	was	assessedC	�#e	transgenerational	sta�ility	of	t#ese	traits	was	e1aluated	
�y	 co(paring	(eans	 across	 two	 su�se,uent	 generationsC	�ost	p#enotypic	 traits	 MU\JVTN	
w#ere	sta�ly	in#erited	o1er	two	apo(ictic	generations@	grown	si(ultaneously	in	a	co((on	
control	 en1iron(entC	 	owe1er@	 one	 apo(ict	 s#owed	 different	 (easures	 for	 (ost	
p#enotypic	 traits	 in	 su�se,uent	generationsC	 
nterestingly@	 a(ong	 t#e	 transgenerationally	
la�ile	p#enotypic	traits	found	for		3	&�"%(�""�	was	age	at	flowering	Mflowering	ti(eN@	w#ic#	
did	not	s#ow	p#enotypic	sta�ility	across	generationsC	�#is	o�ser1ation	 is	 in	contrast	wit#	
t#e	 transgenerationally	 sta�le	 (ean	 flowering	 ti(e	 
	 found	 for	 t#e	 t#ree	 dandelion	
genotypes	in	t#e	present	studyC	�urt#er	studies	using	epi��S	or	���S	ai(ed	at	co(paring	
D��	(et#ylation	 1ariant	 in	 t#e	 selection	 lines	 of	 t#e	 recent	 apo(ict	 �WX	 and	 t#e	(ore	
esta�lis#ed	 apo(ict	 �Z\	 and	 	[V	 s#ould	 �e	 done	 to	 assess	w#et#er	 differences	 in	 D��	
(et#ylation	1ariation	support	t#e	different	outco(e	of	t#e	selection	in	t#ese	linesC	
	
5.4.*	�aria�ility	in	re��on�e	�y	�re&treat�ent	an�	�election	regi�e		
�ur	 results	 indicate	 t#at	 t#e	 selection	 response	 can	differ	�etween	SU	and	SV@	wit#	 so(e	
selection	 responses	 �eing	 genotype	 and	 J	 or	 preDtreat(ent	 specificC	 �o	 syste(atically	
e1aluate	 potential	 dri1ers	 of	 t#ese	 differences	 
	 e1aluate	 se1eral	 floweringDti(e	 related	
statistics	for	t#e	t#ree	genotypes	separately	on	a	per	generation	�asisC	�ean	flowering	ti(e	
in	 rando(	 lines	 is	 not	 expected	 to	 c#ange	 �etween	 generations	 �ecause	 of	 selectionC	
�e1ert#eless@	 (inor	 and	 MoftenN	 nonDsignificant	 c#anges	 in	 t#e	 flowering	 ti(e	 of	 t#ese	
rando(	lines	�etween	generations	do	occur@	for	instance	w#ere	rando(	lines	of	treat(ent	
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groups	flower	earlier	t#an	t#e	rando(	line	of	t#e	control	groupC	Suc#	e1ents	could	indicate	
pretreat(ent@	not	selection@	effects	on	flowering	ti(eC	

	
�=>B	 
	 found	 no	 e1idence	 for	 any	 significant	 parental	 effects	 on	 (ean	 or	 1ariance	 of	
flowering	ti(e	due	to	preDtreat(ent	in	�WX	for	t#e	SU	or	SV	generationC	�#e	significant	twoD
way	�����	 results	 for	�WX	 SU	 indicating	 a	 #ig#er	 selection	 response	 in	 t#e	 control	 preD
treat(ent	group	could	�e	explained	�y	 t#e	 significant	delay	 in	 flowering	of	 t#e	��	group	
Msee	 resultsNC	 Selection	 was	 effecti1e	 in	 �ot#	 SU	 and	 SV	 for	 V	 out	 of	 W	 groupsC	 
	 found	
e1idence	 for	 a	 continued	 effect	 of	 selection	 on	 t#e	 flowering	 ti(e	 distri�ution@	 as	 t#e	
1ariance	 Mstandard	 errorN	 of	 all	 selection	 lines	 in	 SV	was	 significantly	 lower	 co(pared	 to	
t#at	of	t#e	selection	lines	fro(	SU	MSupple(entary	�igC	YCVN	as	well	as	t#e	rando(	lines	fro(	
SV	 MSupple(entary	 �a�le	 YCVNC	 �1erall@	 t#e	 response	 to	 selection	 o�ser1ed	 in	 SV	 see(ed	
lower	t#an	t#at	of	SU	in	all	preDtreat(ent	groups	except	for	��C	�#is	pattern	coincides	wit#	
t#e	slig#tly	lower	1ariation	o�ser1ed	in	SV	co(pared	to	SU	MSupple(entary	�igC	YCVNC	
	
�?A2	 
	 o�ser1ed	 a	 reduction	 of	 1ariance	 in	 flowering	 ti(e	 in	 t#e	 ��	 group	 fro(	ST	 to	 SU@	
irrespecti1e	 of	 selection	 regi(e	 M�ot#	 �S	 and	 ��	 #a1e	 a	 significantly	 lower	 1ariance	 in	 SU	
co(pared	to	STN	w#ereas	for	�ot#	rando(	and	selection	line	of	t#e	���	and	control	group	
t#is	1ariance	was	actually	#ig#er	 in	SU	co(pared	 to	ST	 Msee	supple(entary	�igC	YCVNC	�#e	
only	positi1e	result	of	selection	in	SU	was	o�ser1ed	in	t#e	��	groupC	
t	is	not	clear	w#at	t#is	
i(pliesC	
f	��	treat(ent	would	#a1e	resulted	in	en#anced	le1els	of	epigenetic	1ariation	upon	
w#ic#	 successful	 selection	 too&	 place	 in	 SU	 
	 would	 #a1e	 expected	 to	 o�ser1e	 treat(ent	
induced	1ariation	 in	 ST	 li&e	 
	 o�ser1ed	 for		[VC	 
t	 is	 also	difficult	 to	 explain	 t#e	negati1e	
response	 to	 selection	 in	 t#e	 ��	group	 for	SV@	alt#oug#	 �S	did	not	 flower	significantly	 later	
t#an	t#e	��	group	it	#ad	t#e	slowest	flowering	ti(e	on	a1erage	M�igC	YCYNC	�y	o�ser1ations	
in	�Z\	for	 t#e	 ��	group	suggest	drift	 in	(ean	flowering	ti(e	 in	t#e	rando(	group@	rat#er	
t#an	 a	 significant	 positi1e	 response	 to	 selectionC	 �ando(	 c#anges	 in	 flowering	 ti(e	 or	
negati1e	responses	to	selection	on	flowering	ti(e	#a1e	�een	reported	pre1iously	M�urgess	
et	alC	VTT[N@	suggesting	t#at	t#is	(ig#t	#a1e	�een	t#e	case	#ereC	
	
	@<2	 
	 suspect	 t#at	 	[V	 #as	 lower	 �aseline	 le1els	 of	 epigenetic	 1ariation	 influencing	
flowering	ti(e	co(pared	to	�WX	and	�Z\@	as	
	did	not	o�ser1e	positi1e	selection	results	in	
t#e	control	preDtreat(ent	group	of		[V	in	eit#er	SU	or	SVC	�#e	fact	t#at	t#e	only	significant	
selection	result	was	o�tained	in	t#e	���	group	in	SU	M	[V	SU	�S	1s		[V	SU	��N	 indicates	
t#at	 treat(ent	 induced	 #erita�le	 epigenetic	 1ariation	 can	 lead	 to	 successful	 selectionC	 
n	
contrast	 to	 t#e	 ot#er	 genotypes@	 
	 found	 a	 significant	 difference	 in	 t#e	 standard	 error	 of	
(ost	 flowering	 ti(e	 distri�ution	 �etween	 ST@	 SU	 and	 SV@	 indicating	 t#at	 	[V	 is	 (ore	
sensiti1e	 to	 en1iron(ental	 conditions	 during	 growt#	 co(pared	 to	 �WX	 and	 �Z\C	 �#e	
significant	difference	o�tained	for	�ot#	twoDway	�����	and	UDway	�����	in	SV@	s#owing	
t#at	�ot#	lines	of	t#e	���	group	flowered	significantly	earlier	co(pared	to	�ot#	t#e	control	
and	��	group	indicate	t#at	flowering	ti(e	of	t#e	���	group	in	SV	could	still	�e	influenced	�y	
t#e	grandDparental	preDtreat(ent@	�ut	t#is	did	not	lead	to	a	significant	difference	wit#in	t#e	
���	group	in	t#e	sa(e	generation	MSV	�S	1s	SV	��NC		
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5.4.4	S ��ary	for	all	genoty�e�	

	o�ser1ed	no	significant	increase	in	t#e	response	to	selection	for	�WX	and	�Z\	�ecause	of	
preDtreat(ent	wit#	YDa5acytidine	or	�as(onic	acidC	
n		[V	
	found	a	significant	response	to	
selection	 in	 SU@	 �ut	 
	 failed	 to	 (aintain	 a	 clear	 difference	 in	 t#e	 su�se,uent	 selection	
generation	 SV@	w#ic#	 
	 t#in&	(ig#t	 �e	 attri�uted	 to	 re1ersal	 of	 a5acytidineDinduced	D��	
(et#ylation	 c#anges	 two	 generations	 after	 treat(entC	 
	 assu(e	 t#at	 t#e	 preDtreat(ents	
wit#	TCU	b�	of	YDa5acytidine	and	t#e	��Dtreat(ents	did	not	alter	#erita�le	D��	(et#ylation	
1ariation	sufficiently	to	alter	t#e	selection	response	in	�WX	and	�Z\C	�#is	is	consistent	wit#	
t#e	a�sence	of	any	significant	 treat(ent	effect	on	 t#e	(ean	 flowering	 ti(e	 in	ST	 for	�ot#	
�WX	and	�Z\	Msee	Supple(entary	ta�le	XNC	
n		[V	
	#a1e	e1idence	for	a	YDa5acytidine	preD
treat(ent	 effect	 on	 t#e	 selection	 response@	 �ut	 #eterogeneous	 en1iron(ental	 conditions	
�etween	 t#e	 different	 generations	 and	 a	 relati1ely	 wea&	 effect	 (a&e	 it	 #ard	 to	 e1aluate	
w#et#er	stressDinduced	en#anced	 le1els	of	epigenetic	1ariation	can	 lead	to	(ore	effecti1e	
selection	in	apo(ictic	dandelions	generallyC	
	

f	
	would	#a1e	selected	for	�ot#	slow	and	fast	flowering	plants@	
	(ig#t	#a1e	�een	a�le	to	
o�ser1e	 a	 significant	 effect	 on	 flowering	 ti(e	 distri�ution	 (ore	 easily	 �y	 contrasting	
selection	on	early	flowering	wit#	selection	on	late	floweringC	�#e	contrasting	responses	to	
selection	found	�etween	SU	and	SV	of	t#e	��	group	in	�Z\	(ig#t	�e	attri�uted	to	stoc#astic	
1ariation	 in	 t#e	 selection	 line@	 leading	 to	 a	 re1erse	 response	 to	 selection@	 w#ic#	 was	
o�ser1ed	 in	a	pre1ious	selection	experi(ent	on	 flowering	ti(e	M�urgess	et	alC	VTT[NC	 
t	 is	
unclear	 if	 (ultiple	 successi1e	 rounds	 of	 selection	 on	 t#e	 offspring	 of	 indi1iduals	 treated	
wit#	 a	 #ig#er	 concentration	 of	 YDa5acytidine	 would	 increase	 t#e	 selection	 response	
o�ser1edC	
	
	erita�le	 epigenetic	 1ariation	 #as	 a	 de(onstrated	 capacity	 to	 deter(ine	 p#enotypic	
1ariation	 in	 (any	 ,uantitati1e	 traits	 in	 a	 (a%or	 way	 M�o#annes	 et	 alC	 VTT]NC	 D��	
(et#ylation	1ariation	can	�e	generated	artificially@	eit#er	t#roug#	(utants	or	�y	applying	
c#e(icalsC	 	owe1er@	 D��	 (et#ylation	 can	 also	 c#ange	 naturally	 as	 t#e	 result	 of	
en1iron(ental	pertur�ations	or	stressC	
t	re(ains	unclear	to	w#at	extent	stressDexposure	in	
nature	triggers	(ore	epigenetic	1ariation	in	plantsC	�uture	epigenetic	selection	experi(ents	
s#ould	focus	on	selecting	�ot#	adapti1e	p#enotypic	traits	in	response	to	an	en1iron(ental	
stress	as	well	as	(ore	neutral	,uantitati1e	traits	to	assess	w#et#er	stresses	induce	specific	
c#anges	 in	 D��	 (et#ylation	 allowing	 for	 selection	 on	 adapti1e	 traits	 or	 if	 t#e	 induced	
c#anges	 are	 nonDtargeted@	 in	 w#ic#	 case	 t#e	 selection	 experi(ent	 on	 t#e	 neutral	
,uantitati1e	traits	s#ould	wor&	e,ually	wellC	�f	course@	suc#	selection	experi(ents	s#ould	
�e	 acco(panied	 �y	 D��	 (et#ylation	 profiling	 using	 epi��S	 or	 ���S	 and	 D��	
de(et#ylation	 treat(ents	 using	 YDa5acytidine	 in	 effecti1e	 concentrations	 to	 ascertain	
w#et#er	 D��	 (et#ylation	 1ariation	 or	 genetic	 1ariation	 can	 explain	 t#e	 o�ser1ed	
p#enotypic	c#angesC	
	
�esides	 MartificialN	 induction	 of	 epigenetic	 1ariation	 in	 plants	 �y	 (eans	 of	 (utations	 or	
en1iron(ental	 stress@	 se1eral	 studies	#a1e	de(onstrated	 successful	 artificial	 selection	on	
epigenetic	 1ariation@	 resulting	 in	 c#anged	 p#enotypes	 associated	 wit#	 D��	 (et#ylation	
1ariation	M�u	VTUZA	�er&est	et	alC	VTUYNC	�y	study	pro1ides	t#e	first	indication	t#at	natural	
#erita�le	 MepigeneticN	 1ariation	 Mnot	 generated	 due	 to	 #aploidi5ation	 or	 treat(entN	
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pro1ides	 for	 1ariation	 upon	 w#ic#	 MartificialN	 selection	 can	 actC	 So@	 alt#oug#	 stress	 or	
c#e(ical	 treat(ents	 of	 plants	 can	 increase	 t#e	 a(ount	 of	 epigenetic	 1ariation@	 suc#	
treat(ents	 are	not	 a	 re,uire(ent@	 as	 �aseline	 le1els	 of	 epigenetic	 1ariation	 in	plants	 can	
pro1ide	 sufficient	 1ariation	 to	 allow	 for	 selection	 on	 de1iant	 p#enotypes	 as	 
	 #a1e	
de(onstrated	in	t#e	present	studyC	
	
�riploid	 apo(ictic	 dandelions	 can	 only	 accu(ulate	 genetic	 1ariation	 t#roug#	 so(atic	
(utations	 or	 transposa�le	 ele(ent	 acti1ity@	 as	 reproduction	 wit#in	 a	 lineage	 is	 entirely	
asexual	 M�as	 <	 �an	 Di%&	 U]]]NC	 �#is	 (a&es	 #erita�le	 epigenetic	 1ariation	 an	 intriguing	
potential	resource	for	rapid	adaptation	to	c#anging	en1iron(ental	conditions	for	apo(ictic	
lineages	occurring	in	isolation	of	sexual	lines@	as	(eiotic	reco(�ination	and	segregation	are	
not	a1aila�le	M�er#oe1en@	1an	Di%&@	et	alC	VTT]NC	�lt#oug#	(any	studies	#a1e	de(onstrated	
transgenerational	epigenetic	in#eritance	in	sexual	plant	species@	t#is	potential	#as	recei1ed	
li(ited	 attention	 in	 asexual	 plant	 species	 M�er#oe1en	 <	 �reite	 VTUXNC	 Successful	
coloni5ation	of	asexual	plant	species	is	t#oug#t	to	occur	due	to	#ig#	p#enotypic	plasticity@	
t#e	so	called	Hgeneral	purposeI	genotype	M�a&er	et	alC	U]ZYNC	�#is	is	also	found	in	a	nort#D
sout#	 transect	 study	 wit#	 apo(ictic	 dandelions	 across	 �urope	 t#at	 expand	 nort#ward	
M�reite	 VTUZNC	 �lants	 fro(	 t#e	 sout#ern	 part	 of	 t#e	 range	 s#owed	 larger	 differences	 in	
�io(ass	�etween	test	en1iron(ents@	w#ic#	was	(ainly	dri1en	�y	a	#ig#	perfor(ance	in	t#e	
opti(al	 Msout#ernN	 en1iron(entC	 �lants	 fro(	 central	 and	 nort#ern	 �uropean	 latitudes	
s#owed	little	1ariation	in	perfor(ance	in	different	en1iron(ents@	consistent	wit#	a	general	
purpose	 genotype	 M�plaat	 <	 �er#oe1en	 VTUYNC	 �esides	 p#enotypic	 plasticity@	 local	
adaptation	 could	 also	 play	 a	 role	 in	 t#e	 successful	 in1asion	 of	 no1el	 en1iron(ents	�y	�3	
%�����$�"�	M�olinaD�ontenegro	et	alC	VTUUNC	
t	is	t#erefore	i(portant	to	consider	and	study	
�ot#	 t#e	 potential	 role	 of	 transgenerationally	 sta�le	 epigenetic	 and	 genetic	 1ariation	 in	
apo(ictic	 dandelions	 in	 adaptationC	 �uture	 studies	 focusing	 on	 trac&ing	 Mselection	 onN	
epigenetic	 c#anges	 and	 e1aluating	 fitness	 of	 apo(ictic	 dandelions	 fro(	 t#e	 sa(e	 line	 in	
alien	 en1iron(ents	 could	 #elp	 to	 furt#er	 elucidate	 t#e	 (ec#anis(s	 t#at	 cause	 local	
adaptation	in	asexual	plant	speciesC	
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��e	(N	Descripti1e	statistics	for	position	corrected	flowering	ti(e	SU	and	
SV	for	all	genotypes	
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�	��rre��e�	��� eri�g	
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�e�i
�i��	

���.	
�rr�r	

�WX	

SU	

��	 ZT	 \VC[]	 \C]W	 UCUY	
�S	 ZW	 [\CZT	 ZC\]	 TC\[	
��	 XZ	 \]CUT	 ]CZ]	 UCXW	
�S	 ZX	 \VCZU	 ]C[W	 UCVV	
��	 YV	 []CYZ	 [C]V	 UCUT	
�S	 Y]	 \UCZ]	 \CUV	 UCTZ	

SV	

��	 ZV	 \UCZW	 [CZY	 TC][	
�S	 ZW	 []CZW	 XCWU	 TCYX	
��	 Y[	 \XCV[	 UTCZX	 UCXU	
�S	 ZV	 \TCXU	 XC\Y	 TCZV	
��	 YZ	 \VCW[	 ZCW]	 TC\Y	
�S	 ZU	 []CVY	 WCV\	 TCXV	

�Z\	

SU	

��	 ZW	 [[CWW	 [CTW	 TC\]	
�S	 Y]	 [\CXY	 \CVV	 UCT[	
��	 Y\	 [ZCZ]	 \CT[	 UCTZ	
�S	 YW	 [ZCWX	 ZCUX	 TC\X	
��	 ZW	 [ZC]X	 XCWU	 TCYX	
�S	 ZX	 [YCYX	 WCZW	 TCXY	

SV	

��	 ZW	 [\CWY	 YCTW	 TCZW	
�S	 ZW	 [[C]Z	 XCYY	 TCY[	
��	 ZV	 \TCYV	 [CYT	 TC]Y	
�S	 ZV	 [\CU[	 XCZV	 TCY]	
��	 ZV	 [\CVZ	 XCW]	 TCYZ	
�S	 ZT	 \UCVY	 YCUT	 TCZZ	

	[V	

SU	

��	 Y\	 \WC[[	 UWC]]	 UC\X	
�S	 ZW	 [\C[W	 [C[Z	 TC]\	
��	 Y]	 \VCWY	 UTCYZ	 UCW[	
�S	 ZX	 \WCZZ	 UVC]U	 UCZU	
��	 ZU	 \VCUT	 UUCW\	 UCXZ	
�S	 ZW	 \UCYY	 UWCU[	 UCZZ	

SV	

��	 ZT	 \XCXX	 YCZX	 TC[W	
�S	 ZT	 \WCWT	 ZCUX	 TC[]	
��	 ZV	 \YCZ\	 YCZX	 TC[V	
�S	 ZV	 \YCVT	 XCYT	 TCY[	
��	 ZU	 \ZCZY	 [CUW	 TC]U	
�S	 ZV	 \YC\W	 \CZ[	 UCUT	
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�u���e�e��
r!	�
��e	5.)N	�neDway	�����	results	 for	generation	SU	and	SV	co(paring	
�ot#	t#e	selection	and	rando(	line	of	t#e	���	and	��	preDtreat(ent	group	M�S@	��@	�S	and	
��N	wit#	t#e	rando(	line	of	t#e	control	preDtreat(ent	group	M��NC	
	
��$%).&�	 ��$�'�)�

%$	
�%#&�'�(%
$	

&5+�"*�	 ��+�$�7(	
)�()	

��"��	
&5+�"*�	

�*)�%#�	

�=>	 SU	 �S	1s	��	 0'.''(	 TCTYY	 	 �S`��	
�=>	 SU	 �S	1s	��	 	 '.'')	 0'.''(	 �S`��	
�=>	 SV	 �S	1s	��	 	 '.''(	 0'.''(	 �S`��	
�=>	 SV	 �S	1s	��	 	 '.'')	 '.'')	 �S`��	
�=>	 SU	 ��	1s	��	 0'.''(	 TCTYY	 	 ��`��	
�=>	 SU	 ��	1s	��	 '.''(	 TCU\Z	 	 ��`��	
�=>	 SV	 ��	1s	��	 TCV\U	 TCUW]	 	 �o	diff	
�=>	 SV	 ��	1s	��	 TCUT[	 TCU\U	 	 �o	diff	
�?A	 SU	 �S	1s	��	 TCW[X	 '.'(5	 TCW\]	 �o	diff	
�?A	 SU	 �S	1s	��	 TCUZ]	 TCUZ]	 	 �o	diff	
�?A	 SV	 �S	1s	��	 TCXUV	 TCYT[	 	 �o	diff	
�?A	 SV	 �S	1s	��	 		 TCYUZ	 '.'(/	 �S`��	
�?A	 SU	 ��	1s	��	 TCZXX	 TCUYX	 	 �o	diff	
�?A	 SU	 ��	1s	��	 TCYYV	 TC[W]	 	 �o	diff	
�?A	 SV	 ��	1s	��	 '.'*.	 TCV]]	 	 ��`��	
�?A	 SV	 ��	1s	��	 TCTYT	 TC\[[	 	 �o	diff	
	@<	 SU	 �S	1s	��	 TCY\Y	 TCU][	 TCY\W	 �o	diff	
	@<	 SU	 �S	1s	��	 '.'*-	 TCTY\	 	 �S`��	
	@<	 SV	 �S	1s	��	 TC][V	 TC]\	 	 �o	diff	
	@<	 SV	 �S	1s	��	 '.')*	 TCZTW	 	 �S`��	
	@<	 SU	 ��	1s	��	 TC\Z\	 TC\ZZ	 	 �o	diff	
	@<	 SU	 ��	1s	��	 TCZWX	 TCUYT	 	 �o	diff	
	@<	 SV	 ��	1s	��	 TCXUZ	 TCZ\X	 	 �o	diff	
	@<	 SV	 ��	1s	��	 TCVT]	 TCV]T	 	 �o	diff	
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�u���e�e��
r!	�
��e	5.*N	�����	results	for	co(paring	per	generation	per	group	a1erage	
positionDcorrected	flowering	ti(e	�etween	generations	ST	1s	SU	and	SU	1s	SVC	
��$%).&�	 ��$�'�)�

%$	
�'%*&	 &5+�"*�	 ��+�$�7(	

)�()	
��"��	
&5+�"*�	

�*)�%#�	

�=>	 ST	1s	SU	 ��	 '.'((	 '.'()	 '.'(*	 ST`SU	
�=>	 ST	1s	SU	 �S	 TCUZX	 TCU[X	 	 �o	diff	
�=>	 ST	1s	SU	 ��	 TCY\[	 TCXYZ	 	 �o	diff	
�=>	 ST	1s	SU	 �S	 0'.''(	 TCV]Y	 	 STaSU	
�=>	 ST	1s	SU	 ��	 '.'(+	 TCZ]\	 	 STaSU	
�=>	 ST	1s	SU	 �S	 TCV[Y	 TCYYX	 	 �o	diff	
�=>	 SU	1s	SV	 ��	 '.'((	 TCUW[	 	 SUaSV	
�=>	 SU	1s	SV	 �S	 TCUX]	 0'.''(	 	 �o	diff	
�=>	 SU	1s	SV	 ��	 TCXZU	 TCTYY	 	 �o	diff	
�=>	 SU	1s	SV	 �S	 TCVVW	 '.'*(	 	 �o	diff	
�=>	 SU	1s	SV	 ��	 '.')-	 TCUWW	 	 SU`SV	
�=>	 SU	1s	SV	 �S	 	'.'+)	 0'.''(	 '.'+5	 SUaSV	
�?A	 ST	1s	SU	 ��	 TCY[\	 TC[YX	 	 �o	diff	
�?A	 ST	1s	SU	 �S	 TCZ]X	 TC[\]	 	 �o	diff	
�?A	 ST	1s	SU	 ��	 TCWTX	 TCV]]	 	 �o	diff	
�?A	 ST	1s	SU	 �S	 TCTYX	 TCWVW	 	 �o	diff	
�?A	 ST	1s	SU	 ��	 TCX]U	 '.'('	 TCX]Y	 �o	diff	
�?A	 ST	1s	SU	 �S	 TCXVV	 0'.''(	 TCXWT	 �o	diff	
�?A	 SU	1s	SV	 ��	 '.'')	 TCY\U	 	 SU`SV	
�?A	 SU	1s	SV	 �S	 '.'+/	 TCUYV	 	 SU`SV	
�?A	 SU	1s	SV	 ��	 TCVZX	 TCZW\	 	 �o	diff	
�?A	 SU	1s	SV	 �S	 TC[\V	 TCWXY	 	 �o	diff	
�?A	 SU	1s	SV	 ��	 TCT\Z	 TC[WW	 	 �o	diff	
�?A	 SU	1s	SV	 �S	 '.'''	 TCT]X	 	 SU`SV	
	@<	 ST	1s	SU	 ��	 '.''-	 0'.''(	 '.''.	 ST`SU	
	@<	 ST	1s	SU	 �S	 '.'')	 0'.''(	 '.'')	 ST`SU	
	@<	 ST	1s	SU	 ��	 TC\U\	 0'.''(	 TC\UW	 �o	diff	
	@<	 ST	1s	SU	 �S	 '.'')	 TCU[Y	 	 STaSU	
	@<	 ST	1s	SU	 ��	 TCT[Z	 '.')'	 TCT[W	 �o	diff	
	@<	 ST	1s	SU	 �S	 TCVXY	 '.''(	 TCVWY	 �o	diff	
	@<	 SU	1s	SV	 ��	 '.'()	 0'.''(	 '.'(+	 SU`SV	
	@<	 SU	1s	SV	 �S	 TCUY\	 0'.''(	 TCUYY	 SU`SV	
	@<	 SU	1s	SV	 ��	 TCW]Z	 0'.''(	 TCXTW	 �o	diff	
	@<	 SU	1s	SV	 �S	 '.'''	 TCUUT	 	 SU`SV	
	@<	 SU	1s	SV	 ��	 '.'')	 '.''(	 '.'')	 SU`SV	
	@<	 SU	1s	SV	 �S	 '.''/	 '.''(	 '.''/	 SU`SV	
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r!	Fig.	5.(C	�u(ulati1e	flowering	ti(e	STC	
n	all	t#ree	genotypes	t#e	fraction	
of	 nonDflowering	 plants	 is	 #ig#est	 for	 t#e	 offspring	 of	 parent	 plants	 treated	 wit#	 YD
a5acytidineC	
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�u���e�e��
r!	 Figure	 5.)NC	 Standard	 errors	 for	 t#e	 flowering	 ti(e	 distri�ution	 of	 �ot#	
rando(	and	selection	line	per	preDtreat(ent	group	fro(	generation	ST	L	SU	are	s#ownC	�or	
ST@	 1alues	 for	 t#e	 rando(	 and	 selection	 line	 are	 identical	 as	 no	 selection	was	 yet	(adeC	
�steris&s	 MON	 indicate	 a	 significant	 1alue	 Mp	 `	 TCTY	 see	 Supple(entary	 �a�le	 YCWN	 for	 t#e	

e1eneGs	 test	 for	 e,uality	 of	 1ariance@	 deri1ed	 fro(	 intergenerational	 �����Gs	 on	 a	 per	
group	per	line	�asis	MeCgC	�WX	SU	�S	1s	�WX	SV	�SNC	



Chapter	5	Selection	on	early	flowering	in	asexually	reproducing	Dandelions	

 135 

�u���e�e��
r!	 �
��e	 +N	 UDway	 �����	 results	 for	 wit#in	 �etween	 line	 co(parisons	 of	
positionDcorrected	flowering	ti(e	in	STC		
��$%).&�	 ��$�'�)�%$	 �%#&�'�(%$	 &5+�"*�	 ��+�$�7(	

)�()	
�*)�%#�	

�=>	 ST	 �ll	 TCV\]	 TC]\Z	 �o	diffC	
�=>	 ST	 ���	TCU	1s	�	 TCX]U	 TC[ZX	 �o	diffC	
�=>	 ST	 ���	UCT	1s	�	 TCWUU	 TC]Z[	 �o	diffC	
�=>	 ST	 ��	1s	�	 TCW[W	 TC][Y	 �o	diffC	
�?A	 ST	 �ll	 TC]XU	 '.'+(	 �i��.	�
r.	
�?A	 ST	 ���	TCU	1s	��	 TC\\V	 '.')*	 �i��.	�
r.	
�?A	 ST	 ���	 TCU	 1s	

���U		
TCZ[\	 '.'((	 �i��.	�
r.	

�?A	 ST	 ���	TCU	1s	�	 TC[VW	 TCU[T	 �o	diff	
�?A	 ST	 ���	UCT	1s	�	 TCYZ[	 TCUY[	 �o	diff	
�?A	 ST	 ��	1s	�	 TCZYV	 TCWTW	 �o	diff	
	@<	 ST	 �ll	 0'.''(	 TCV\]	 �i��	�e
�	
	@<	 ST	 ���	TCU	1s	�	 0'.''(	 TCXTW	 �i��	�e
�	
	@<	 ST	 ���	UCT	1s	�	 0'.''(	 TCWY[	 �i��	�e
�	
	@<	 ST	 ��	1s	�	 TCX\X	 TCTZT	 �o	diffC	
�er	 genotype@	 an	 initial	�����	 is	 conducted	on	 all	 lines	 si(ultaneouslyC	 �reat(ent	 lines	
are	co(pared	to	t#e	control	 lineC	�or	�Z\@	significant	pD1alues	 for	
e1eneGs	 test	were	also	
ac,uired	for	t#e	co(parison	of	���	TCU	1s	��	and	���	TCU	1s	���	UCT@	�ut	not	for	any	of	t#e	
treat(ent	1s	control	line	co(parisonC	
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-.1	�i�	an�	�oti!ation	for	t�e	re�earc�	�one	in	t�i�	t�e�i�	
�#e	 ai(	 of	 (y	 �#D	 researc#	 was	 to	 in1estigate	 t#e	 sta�ility	 of	 Mstress	 inducedN	 D��	
(et#ylation	 1ariation	 in	 apo(ictic	 dandelions	 and	 t#e	 potential	 of	 p#enotypic	 1ariation	
underpinned	�y	D��	(et#ylation	1ariation	to	�e	su�%ected	to	selectionC	
	t#erefore	studied	
t#e	 transgenerational	 sta�ility	 of	 �ot#	 stress	 induced	 and	 natural	 D��	 (et#ylation	
1ariation	 in	 different	 genotypes	 of	 apo(ictic	 dandelions	 in	 a	 sixDgeneration	 experi(ent@	
co(paring	D��	(et#ylation	patterns	�etween	generations	and	trac&ing	c#anges	 in	 t#e(C	
�po(ictic	 dandelions	 reproduce	 asexually@	 w#ic#	 (eans	 t#at	 genetic	 c#anges	 �etween	
generations	can	only	arise	sporadically	due	to	rando(	(utations	Mincluding	copy	nu(�er	
1ariants	 and	no1el	 transposa�le	 ele(ent	 insertsNC	 
n	 contrast@	 #erita�le	D��	(et#ylation	
1ariation	 occur	(uc#	(ore	 fre,uently	 M1an	der	�raaf	 et	 alC	 VTUYN	 and	 can	 also	 underpin	
p#enotypic	 1ariation	 M�orti%o	 et	 alC	 VTUXNC	 �	 prere,uisite	 for	 epigenetic	 1ariation	 to	
contri�ute	to	adaptation	is	t#at	epigenetic	1ariants	t#at	affect	t#e	p#enotype	are	#erita�leC	
�o	test	w#et#er	an	epigeneticsD�ased	selection	response	is	possi�le@	at	least	o1er	t#e	ti(e	
course	of	a	 few	generations@	 
	 selected	early	 flowering	 for	 two	su�se,uent	generations	 in	
t#ree	genotypes	of	apo(ictic	dandelionsC	�#is	selection	effort	included	lines	t#at	recei1ed	a	
stress	 preDtreat(ent	wit#	 eit#er	 �as(onic	�cid	 or	 YDa5acytidine@	 in	 order	 to	 deter(ine	 if	
stressDinduced	 D��	 (et#ylation	 1ariation	 would	 increase	 t#e	 capacity	 to	 respond	 to	
selectionC	 �#e	 selection	 experi(ent	 on	 flowering	 ti(e	 Mc#apter	 YN	 resulted	 in	 a	 s#ift	 in	
flowering	 ti(e	 for	 all	 lines	 in	 a	 young	 apo(ict@	 suggesting	 t#at	 natural	 and	 #erita�le	
epigenetic	1ariation	underpins	,uantitati1e	traits	suc#	as	flowering	ti(eC	�#is	pattern	was	
not	 found	 for	 esta�lis#ed	 apo(icts	 �Z\	 and		[V@	 and	 a	 selection	 response	was	 also	 not	
facilitated	 �y	 �as(onic	 �cid	 stress	 pretreat(entC	 
n	 one	 apo(ict@	 
	 o�tained	 a	 positi1e	
selection	 result	 on	 early	 flowering	 for	 t#e	 firstDgeneration	 offspring	 of	 t#e	 YDa5acytidine	
preDtreat(ent	 line@	 indicating	 t#at	artificially	 induced	D��	(et#ylation	1ariation	can	 lead	
to	c#anges	in	p#enotypic	traits	upon	w#ic#	selection	can	act	successfullyC	
	
�uc#	#as	�een	learned	on	t#e	dyna(ics	and	role	of	D��	(et#ylation	using	t#e	(odel	plant	
species	�'����%&(�(	)��"��$�@	wit#	w#ole	geno(e	�isulfite	se,uencing	�eing	&ey	to	unco1er	
t#e	 co(plex	 and	 su�tle	 patterns	 t#at	 go1ern	 Mstress	 inducedN	D��	(et#ylation	 1ariation	
and	its	transgenerational	sta�ilityC	�urrently@	 it	 is	not	clear	w#at	t#e	rele1ance	of	t#e	D��	
(et#ylation	 1ariation	 unco1ered	 using	 (et#ylation	 sensiti1e	 ��
�s	 M�SD��
�N	 in	 nonD
(odel	species	is@	due	to	its	,uantitati1e	and	low	resolution@	t#e	anony(ous	nature	and	t#e	
exclusion	 of	 nonD��	 (et#ylationC	 Studying	 D��	 (et#ylation	 in	 a	 detailed	 and	
co(pre#ensi1e	 (anner	 in	 nonD(odel	 organis(s	 using	 �isulfite	 se,uencing	 was	 not	
possi�le	 �efore	 t#is	 t#esisC	�n	 i(portant	 goal	 of	(y	 researc#	was	 t#erefore	 to	 de1elop	 a	
�isulfiteDse,uencing	 �ased	 tec#ni,ue	 for	 nonD(odel	 organis(sC	�e	 #a1e	 t#us	 de1eloped	
epi��S@	 a	 reduced	 representation	 �isulfite	 se,uencing	 tec#ni,ue	 �ased	 on	 t#e	 #ig#ly	
flexi�le	and	popular	genotypingD�yDse,uencing	tec#ni,ue	M�ls#ire	et	alC	VTUUNC	
t	allows	for	
singleDnucleotide	 resolution	 �isulfite	 se,uencing	 in	 nonD(odel	 organis(s@	 wit#	 an	
ad1anced	 �ioinfor(atics	 pipeline	 t#at	 ena�les	 si(ultaneous	 interrogation	 of	 �ot#	 D��	
(et#ylation	and	genetic	1ariationC		
	
�inally@	 a	 sideDresult	 of	 (y	 researc#	 was	 t#e	 accidental	 disco1ery	 of	 #ig#ly	 irregular	
patterns	in	se,uencingD(is(atc#es	in	���	se,uencing	data@	w#ic#	
	confir(ed	to	arise	due	
to	 rando(	 #exa(er	(ispri(ingC	 Suc#	 tec#nical	 oddities	 are	 i(portant	 to	 understand	 as	
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t#ey	#a1e	pre1iously	led	to	#ig#	profile	papers	clai(ing	wideDspread	���	editing	M�C	
i	et	
alC	VTUUN@	w#ic#	is	�etter	explained	�y	t#e	rando(	#exa(er	pri(ing	
	disco1ered	M1an	�urp	
et	alC	VTUWNC		
	
-.)	�ow	�o	 o r	 re�earc�	 re� lt�	 contri� te	 to	 an�wering	 o�en	 re�earc�	 � e�tion�	 in	
ecological	e�igenetic�'		
�#e	 field	 of	 ecological	 epigenetics@	 w#ic#	 pri(arily	 focuses	 on	 studying	 epigenetic	
in#eritance	 in	natural	 syste(s@	 is	expanding	rapidlyC	�lt#oug#	a	wealt#	of	&nowledge	#as	
e(erged	 fro(	 studying	 epigenetics	 in	 (odel	 species	 li&e	 �'����%&(�(	 )��"��$�@	
understanding	 t#e	 i(portance	 of	 epigenetic	 1ariation	 for	 ecology	 and	 e1olution	 re,uires	
extending	 t#is	 researc#	 to	 nonD(odel	 organis(s	 M�er#oe1en	 et	 alC	 VTUZNC	 �t	 t#is	 point@	
(any	�asic	,uestions	re(ain	open@	in	part	due	to	tec#nological	li(itations	t#at	li(ited	t#e	
way	epigenetic	1ariation	was	(easured	in	nonD(odel	syste(sC	
n	t#is	section@	
	re1iew	(y	
results	 in	 t#e	 lig#t	 of	 so(e	 of	 t#e	 open	 ,uestions	 to	w#ic#	 t#is	 researc#	 pro1ides	 so(e	
answers@	discussing	t#e(	in	t#e	context	of	results	of	1arious	studies	in	�ot#	(odel	and	nonD
(odel	 syste(s	 t#at	 addressed	 t#ese	 issuesC	 �#ese	 ,uestions	 are	 MiN		ow	does	 epigenetic	
1ariation	 s#ape	 t#e	 p#enotypeE	 MiiN	 	ow	 (uc#	 epigenetic	 1ariation	 is	 en1iron(entally	
inducedE	�nd	finally@	MiiiN	
s	en1iron(entDinduced	epigenetic	1ariation	transgenerationally	
sta�leE	
	
?3<3;		%,	�%�(	�&���$�)��	+�'��)�%$	(��&�	)��	&��$%).&�6	
�#enotypic	1ariation	is	t#e	product	of	genetic@	epigenetic	and	en1iron(ental	1ariation@	wit#	
potential	 co(plex	 interaction	 ter(s	 �etween	 t#ese	 co(ponentsC	 �#en	 loo&ing	 for	 an	
epigenetic	 contri�ution	 to	 adaptation	 t#at	 cannot	 already	 �e	 explained	 �y	 underlying	
genetic	 1ariation@	 only	 #erita�le	 epigenetic	 1ariation	 t#at	 is	 at	 least	 to	 so(e	 extent	
independent	 of	 genetic	 1ariation	 is	 rele1antC	 
n	 plants@	 se1eral	 well	 defined	 exa(ples	 of	
p#enotypic	1ariants	t#at	rely	on	epigenetic	1ariation	are	&nown@	suc#	as	t#e	altered	floral	
sy((etry	 in	 ��$�'��	 +*"��'�(	 M�u�as	 et	 alC	 U]]]N@	 t#e	(et#ylation	(utant	 colorless	 nonD
ripening	in	to(ato	M�anning	et	alC	VTTZN	and	t#e	clar&	&ent	Mcl&N	epiallele	 in	�ra�idopsis@	
resulting	 in	 increased	 nu(�ers	 of	 sta(ens	 and	 carpels	 M�aco�sen	 <	 �eyerowit5	 U]][NC	
�rtificial	induction	of	geno(eDwide	c#anges	in	D��	(et#ylation	in	�ra�idopsis	�y	crossing	
(et#ylation	 deficient	 (utant	 lines	 wit#	 wildDtype	 lines	 results	 in	 wildDtype	 plants	 wit#	
a�errant	D��	(et#ylation	patterns	M�o#annes	et	alC	VTT]A	�orti%o	et	alC	VTUXNC	
(portantly@	
t#ese	 #erita�le	 D��	 (et#ylation	 c#anges	 deter(ined	 1ariation	 in	 (any	 i(portant	
,uantitati1e	traits@	suc#	as	flowering	ti(e	and	root	lengt#	M�o#annes	et	alC	VTT]A	�orti%o	et	
alC	 VTUXNC	 �n1iron(ental	 stress	 can	 induce	 c#anges	 in	 D��	(et#ylation@	 w#ic#	 in	 so(e	
cases	causes	adapti1e	transgenerational	responses	in	offspring	of	stressed	parents	MSultan	
et	alC	VTT]A	Sultan	VTUUA	�grawal	<	al	U]]]NC	Suc#	effects	#a1e	�een	de(onstrated	also	in	
nonD(odel	species@	 for	w#ic#	t#e	dependence	of	suc#	effects	on	D��	(et#ylation	is	often	
esta�lis#ed	 �y	 erasing	 D��	 (et#ylation	 using	 t#e	 de(et#ylating	 agents	 YDa5acytine	 or	
5e�ularine	w#ic#	re(o1es	t#ese	effects	M�ossdorf	et	alC	VTUTA	�u	VTUZA		er(an	VTUZNC	 
n	
our	selection	experi(ent	Mc#apter	YN@	
	o�tained	faster	flowering	plants@	w#ic#	(ost	li&ely	
rely	 on	 epigenetic	 1ariationC	 
	 did	 not	 (easure	 D��	 (et#ylation	 in	 t#e	 selection	 lines	
experi(ent@	�ut	(ultiple	o�ser1ations	suggest	 t#at	 t#e	p#enotypic	1ariation	 
	selected	on	
was	caused	�y	epigenetic	and	not	genetic	1ariationC	�irst@	 
	o�ser1ed	a	significant	positi1e	
selection	 response	 in	 t#e	 esta�lis#ed	 apo(ict		[V	 in	 t#e	 first	 �ut	 not	 second	 generation	
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offspring	of	parental	plants	exposed	to	YDa5acytidine	treat(entC	YDa5acytidine	affects	D��	
(et#ylation	 and	not	 genetic	 c#anges	 M�#rist(an	VTTVN@	 pro1ing	 t#at	#erita�le	 epigenetic	
1ariation	 generated	 �y	 YDa5acytidine	 can	 alter	 flowering	 ti(eC	 �#ereas	 stressDinduced	
epigenetic	 c#anges	 are	 re1ersi�le@	 t#is	 is	 not	 t#e	 case	 for	 genetic	 c#angesC	 �#e	 patterns	
o�ser1ed	 for	 t#e	 YDa5acytidine	 preDtreated		[V	 lines	 are	 t#us	 consistent	wit#	 epigenetic	
and	not	genetic	c#angesC	Second@	genetic	c#anges	occur	at	a	(uc#	lower	fre,uency	MU	x	UTD]	
in	�ra�idopsis	M�ec&er	et	alC	VTUUN	N	co(pared	to	D��	(et#ylation	c#anges	MX	x	UTDX	M1an	
der	�raaf	et	alC	VTUYA	�ec&er	et	alC	VTUUNN@	a	difference	of	 fi1e	orders	of	(agnitudeC	 
f	 t#e	
c#anges	in	flowering	ti(e	would	�e	dri1en	�y	rare	genetic	c#anges@	t#ese	would	(ost	li&ely	
�e	li(ited	to	one	or	a	few	indi1iduals@	w#ic#	are	expected	to	relia�ly	trans(it	t#e	(utation	
to	t#e	four	offspring	indi1iduals@	w#ic#	s#ould	also	s#ow	a	reduced	flowering	ti(eC	
n	t#e	
flowering	 ti(e	 selection	 lines@	 
	 too&	 seeds	 of	 t#e	 VY^	 fastest	 flowering	 plants	 w#ic#	
contri�ute	four	offspring	indi1iduals	eac#C	
n	none	of	t#e	selection	lines	
	found	indications	
t#at	 s#owed	 a	 difference	 dri1en	 �y	 four	 offspring	 indi1iduals	 fro(	 one	(ot#er@	 w#ic#	 
	
would	 expect	 if	 genetic	 c#anges	would	 underlie	 t#e	 c#ange	 in	 flowering	 ti(e@	 suggesting	
t#at	 epigenetic	 and	 not	 genetic	 c#anges	 were	 t#e	 dri1ing	 force	 �e#ind	 t#e	 s#ift	 in	
population	(ean	o�ser1ed	 for	 flowering	 ti(eC	�#ird@	 in	a	si(ilar	selection	experi(ent	on	
early	flowering	in	#ig#ly	in�red	�'���'��	+�(��	lines	su�%ected	to	#ig#	concentrations	of	YD
a5acytidine	w#ere	D��	(et#ylation	patterns	were	(easured	using	�SD��
�s@	researc#ers	
found	 distinct	 D��	 (et#ylation	 patterns	 for	 selection	 lines	 using	 principal	 co(ponent	
analysis	 M���N	 M�u	 VTUZN@	 suggesting	 t#at	 #erita�le	 D��	 (et#ylation	 1ariation	 is	 an	
i(portant	epigenetic	co(ponent	deter(ining	flowering	ti(eC	
	
�pigenetic	 1ariation	 t#us	 #as	 t#e	 capacity	 to	 influence	 t#e	 p#enotype	 in	 a	 (a%or	 wayC	
�ppreciating	 t#e	 i(portance	 of	 epigenetic	 1ariation	 co(pared	 to	 genetic	 and	
en1iron(ental	1ariation	 is	difficult@	as	controlling	 for	eac#	of	 t#e	 factors	 independently	 is	
neededC	 �po(ictic	 dandelions	 pro1ide	 an	 elegant	 (odel	 syste(	 t#at	 isolates	 epigenetic	
fro(	genetic	1ariationC	Men1iron(ent	inducedN	epigenetic	1ariation	can	result	in	c#anges	in	
t#e	 p#enotype@	 �ut	 t#e	 extent	 to	 w#ic#	 t#is	 epigenetic	 1ariation	 is	 trans(itted	
transgenerationally	deter(ines	t#e	rele1ance	of	suc#	1ariants	 for	adaptation	�y	selectionC	
�pigenetic	 1ariants	 t#at	 exert	 an	 influence	 on	 t#e	 p#enotype	 �ut	 are	 not	 trans(itted	
transgenerationally	 contri�ute	 to	 p#enotypic	 plasticity	 w#ereas	 1ariants	 t#at	 are	
transgenerationally	 trans(itted	 contri�ute	 to	 #erita�le	 p#enotypic	 1ariation	 upon	w#ic#	
selection	 can	 actC	 	ere@	 
	 de(onstrate	 successful	 selection	 on	 early	 flowering	 in	 �ot#	
stressed	 and	 nonDstressed	 lineages	 of	 apo(ictic	 dandelions@	 w#ic#	 suggests	 t#at	 natural	
epigenetic	1ariation	can	contri�ute	 to	p#enotypic	c#anges	 in	populations	under	selectionC	
�#e	 relati1e	 i(portance	 of	 �ot#	 #erita�le	 and	 nonD#erita�le	 epigenetic	 1ariation	 in	
generating	 p#enotypic	 c#anges	 t#at	 can	 �e	 selected	 upon	 or	 contri�uting	 to	 p#enotypic	
plasticity	wit#in	 a	 generation	 is	 not	 &nown	 for	(any	 species	 and	 s#ould	 �e	 in1estigated	
(ore	t#oroug#lyC	
	
?3<3<		%,	#*��	�&���$�)��	+�'��)�%$	�(	�$+�'%$#�$)�"".	�$�*���	�$�	�%,	()��"�	�(	�)6	
�n	i(portant	and	distinguis#ing	feature	of	epigenetic	co(pared	to	genetic	1ariation	is	t#e	
ease	wit#	w#ic#	epigenetic	�ut	not	genetic	1ariation	can	�e	 induced	�y	 t#e	en1iron(entC	
�n1iron(ental	 induction	 of	 #erita�le	 epigenetic	 c#anges	 allows	 for	 rapid	 and	 re1ersi�le	
p#enotypic	c#anges	in	response	to	stress@	w#ic#	can	support	transgenerational	p#enotypic	
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plasticityC	 �any	 of	 t#ese	 transgenerational	 effects	 w#ic#	 trigger	 c#anges	 in	 eit#er	 gene	
expression@	 stress	 sensiti1ity	 or	 p#enotypes	 are	 descri�ed@	 so(e	 of	 w#ic#	 are	 adapti1e	
MSultan	VTUUNC	StressDinduced	c#anges	can	�e	di1ided	in	detectionD�ased	responses	MS#ea	et	
alC	 VTUUN	 t#at	 lead	 to	 targeted	 epigenetic	 c#anges	 in	 genes	 in1ol1ed	 in	 a	 specific	 stress	
response@	or	rando(	c#anges	t#at	increase	t#e	o1erall	p#enotypic	1ariation	in	(any	traits@	
as	 a	 �etD#edging	 strategy	 MSi(ons	VTUUA	�GDea	 et	 alC	 VTUZNC	 Se1eral	 studies	 on	ecological	
epigenetics	 descri�e	 parental	 effects	 of	 stress	 exposure	 t#at	 are	 dependent	 on	 D��	
(et#ylation@	�ut	(ost	of	t#ese	studies	fail	to	c#aracteri5e	t#e	type	and	extent	of	t#e	c#anges	
in	 epigenetic	 1ariation	 suc#	 as	 D��	(et#ylation	 MSultan	 VTUUA	 	er(an	 <	 Sultan	 VTUZNC	
Sop#isticated	 studies	 in	 �'����%&(�(	 )��"��$�	 #a1e	 in1estigated	 t#e	 degree	 to	 w#ic#	 and	
w#ere	D��	(et#ylation	c#anges	occur	due	to	repeated	saltDstress	exposure	M�C	�iang	et	alC	
VTUXA	�i�owo	et	alC	VTUZNC	�#ese	studies	suggest	t#at	only	TCU[^	MZ@\ZZ	out	of	XCU	(illionN	
of	 all	(et#ylated	positions	 are	differentially	(et#ylated	due	 to	 saltDstress	 M�i�owo	et	 alC	
VTUZNC	StressDassociated	D��	(et#ylation	c#anges	often	occur	 in	cytosines	on	contiguous	
stretc#es	si(ultaneously@	leading	to	differentially	(et#ylated	regions	MD��sN	w#ic#	occur	
in	 different	 regions	 t#an	 and	 do	 not	 o1erlap	 wit#	 sparsely	 distri�uted	 differentially	
(et#ylated	 positions	 MD��sNC	 StressDinduced	D��s@	 and	 not	 D��s@	were	 in1ol1ed	 in	 t#e	
downregulation	 of	 genes	 i(plicated	 in	 stress	 tolerance	 M�i�owo	 et	 alC	 VTUZNC	 So@	 e1en	
t#oug#	 stressDinduced	 D��s	 can	 �e	 detected@	 t#eir	 functional	 significance	 is	 un&nown	
M	ag(ann	 et	 alC	 VTUYNC	 �#is	 (a&es	 it	 difficult	 to	 assess	 t#e	 rele1ance	 of	 ecological	
epigenetics	studies	e(ploying	�SD��
�@	focusing	on	few	cytosines	in	��	context@	t#at	s#ow	
#erita�le	D��	(et#ylation	c#anges	Min	��	contextN	due	to	stressC	�y	(ulti1ariate	analyses	
results	on	��Dinduced	D��	(et#ylation	c#anges	are	in	line	wit#	�i�owo	�)	�"	VTUZ@	in	t#e	
sense	 t#at	 at	 least	 two	 rounds	 of	 consecuti1e	 stress	 application	were	 needed	 to	 detect	 a	
significant	effect@	 t#at	 su�se,uently	disappeared	o1er	unexposed	generationsC	 
	 find	so(e	
e1idence	 for	 en1iron(ent	 induced	 D��	 (et#ylation	 1ariation	 using	 epi��S@	 �ut	 (ost	
patterns	 are	 su�tle	 and	 li(ited	 to	 certain	 genotypes	 or	 to	 cytosines	 in	 �	�	 and	 not	 ��	
contextC	 Detailed	 c#aracteri5ation	 of	 t#e	 type	 of	 epigenetic	 c#anges	 t#at	 result	 after	
(ultiple	types	of	MnaturalN	stress	exposure	as	well	as	deter(ining	t#eir	 transgenerational	
sta�ility	 is	 needed	 to	 understand	 t#e	 role	 and	 i(portance	 of	 en1iron(ent	 induced	 D��	
(et#ylation	c#anges	in	natureC		
	
�#e	transgenerational	sta�ility	of	D��	(et#ylation	#as	#it#erto	only	�een	studied	in	detail	
for	a	#andful	of	plant	species	Musing	�isulfite	se,uencingN	M�C	
i	et	alC	VTUXA	�u	et	alC	VTUVN@	
wit#	(ost	 studies	 focusing	 on	 t#e	(odel	 plants	�'����%&(�(	 )��"��$�	 M�ec&er	 et	 alC	 VTUUA	
1an	der	�raaf	 et	 alC	 VTUYNC	D��	(et#ylation	 is	 1ery	 1aria�le	�etween	plant	 species@	wit#	
geno(e	 si5e	 and	 repeat	 content	 s#owing	 a	 positi1e	 correlation	 wit#	 D��	 (et#ylation	
M�ieder#ut#@	�ewic&@	�i@	�la�ady@	�i(@	
i@	et	alC	VTUZNC	�#e	(ode	of	reproduction	of	asexual	
plants	 potentially	 allows	 for	 less	 resetting	 of	 epigenetic	 1ariation	 �etween	 generations@	
depending	 on	 t#e	 type	 of	 asexual	 reproduction@	 as	 so(e	 steps	 are	 s&ipped	 in	 (eiosis	
M�er#oe1en	<	�reite	VTUXNC	�#e	rele1ance	of	suc#	1ariation	(ig#t	also	�e	#ig#er	for	asexual	
t#an	sexual	plants	M�er#oe1en	<	�reite	VTUXNC	�y	t#esis	contains	t#e	first	#ig#Dresolution	
�isulfite	 se,uencing	 �ased	 study	 t#at	 exa(ines	 t#e	 transgenerational	 sta�ility	 of	 D��	
(et#ylation	in	an	asexual	plant	species@	opening	t#e	frontier	for	ecological	epigeneticist	to	
start	detailed	exploration	of	suc#	1ariation	in	a	wide	array	of	ecologically	interesting	nonD
(odel	speciesC	�e	e(ployed	epi��S	Mc#apter	WN	to	study	stress	induced	D��	(et#ylation	
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c#anges	 and	 t#e	 transgenerational	 sta�ility	 of	 �ot#	 natural	 and	 stressDinduced	 D��	
(et#ylation	1ariation	Mc#apter	XNC	�e	found	su�tle	and	genotypeDspecific	effects	of	parental	
stress	 treat(ent	 on	 D��	(et#ylation	 for	 cytosines	 in	 �	�	 contextC	 
	 de(onstrated	 #ig#	
sta�ility	of	D��	(et#ylation	in	��	se,uence	context	in	apo(ictic	dandelions	as	e1idenced	
�y	 #ig#	 intergenerational	 correlations	 of	 D��	 (et#ylation@	 w#ic#	 is	 consistent	 wit#	
pre1ious	 reports	 M�ec&er	 et	 alC	 VTUUA	 1an	 der	 �raaf	 et	 alC	 VTUYNC	 �ransgenerational	
correlations	 for	 cytosines	 in	 �	�	 context	 are	 lower@	 suggesting	 t#at	 t#ese	 are	 less	 sta�ly	
in#erited	 co(pared	 to	 t#ose	 in	 ��	 contextC	 �#is	 pattern	 of	 lower	 transgenerational	
correlation@	#owe1er@	(ay	Min	partN	also	�e	caused	�y	tec#nical	factors	in	t#e	design	of	t#e	
epi��S	(et#ods@	w#ic#	can	�e	easily	corrected	in	future	applications	Msee	section	W	�elowNC		

	found	e1idence	for	t#e	existence	of	��	$%+%	D��	(et#ylation	(utations	t#at	are	in#erited	
transgenerationallyC	 �#e	 e1idence	 for	 t#is	 is	 pro1ided	 �y	 t#e	 negati1e	 trend	 o1er	
intergenerational	distance	for	correlations	of	D��	(et#ylation	�etween	indi1iduals	Mt#at	isB	
gradually	 increasing	 di1ergence	 o1er	 generational	 ti(eN@	 w#ic#	 cannot	 �e	 explained	 �y	
tec#nical	 artefactsC	 �#is	 trend	 is	 apparent	 for	 cytosines	 in	 �ot#	 ��	 and	 �	�	 contextA	
w#ereas	 pre1ious	 studies	 #a1e	 e(p#asi5ed	 #erita�ility	 of	 cytosines	 in	 ��	 and	 not	 �	�	
context	 M�ec&er	et	 alC	VTUUA	1an	der	�raaf	et	 alC	VTUYNC	�#is	apparent	discrepancy	can	�e	
explained	 �y	 t#e	 different	 approac#	 Mnot	 �ased	 on	 D��sN	 
	 too&	 co(pared	 to	 pre1ious	
studiesC	�#e	sta�ility	of	D��	(et#ylation	 is	 typically	assessed	�y	counting	 t#e	nu(�er	of	
differentially	(et#ylated	positions	MD��sN	t#at	arise	per	generationC	Due	to	differences	in	
t#e	distri�ution	of	D��	(et#ylation	�etween	cytosines	wit#	a	different	se,uence	context@	
detection	is	s&ewed	in	fa1or	of	t#ose	in	��	context@	w#ic#	#as	led	to	a	focus	on	cytosines	in	
��	context	 in	studies	 loo&ing	at	 intergenerational	sta�ility	of	D��	(et#ylation	M�ec&er	et	
alC	 VTUUNC	 
	 too&	 a	 different	 approac#A	 �y	 loo&ing	 at	 t#e	 correlation	 of	 D��	(et#ylation	
ratios	of	cytosines	in	��	and	�	�	context@	
	a1oided	t#is	�ias	w#ic#	#elped	us	to	unco1er	t#e	
negati1e	 trend	 for	 cytosines	 in	 �	�	 and	 ��	 context	 descri�ed	 earlierC	 �ur	 study	 t#us	
suggest	t#at	a	(ore	careful	consideration	of	statistical	(et#ods	is	needed	to	appreciate	t#e	
#erita�ility	of	D��	(et#ylation	patternsC	
	
-.*		 tting	e�i��S	into	conte#t	co��are�	to	�S&���		an�	e#i�ting	�i� lfite	�e� encing	
�et�o��	
�	persistent	pro�le(	#a(pering	(any	ecological	epigenetics	studies	#as	�een	t#e	difficulty	
in	 discerning	 epigenetic	 fro(	 genetic	 1ariationC	 �SD��
�	 and	 ��
�	 �ased	 studies	 can	
pro1ide	 insig#t	 into	t#e	 le1el	of	genetic	and	epigenetic	di1ersityA	�ut	Msu�stantialN	genetic	
1ariation	 goes	 undetected@	 gi1en	 t#e	 low	 co1erage	 of	 anony(ous	 ��
�	 loci	 on	 plants	
geno(es@	w#ic#	often	#a1e	a	large	geno(e	si5eC	Si(ilarly@	�SD��
�	studies	can	(iss	(any	
patterns	 of	 D��	 (et#ylation@	 especially	 if	 t#ey	 do	 not	 occur	 in	 ��Dcontext	 M�ulne7e&	 <	
�o1ar9&	VTUWA	�rucc#i	et	alC	VTUZA	1an	�urp	et	alC	VTUZNC	�not#er	issue	plaguing	�SD��
�	
studies	 is	 a(�iguous	 if	 not	 downrig#t	 incorrect	 interpretation	 of	 �anding	 patternsC	�sp
	
and	 	pa

@	 two	 fre,uently	 used	 isosc#i5o(ers	 w#ic#	 differ	 in	 t#eir	 sensiti1ity	 to	 D��	
(et#ylation	 in	 t#eir	 recognition	 site	 are	 t#e	(ost	 fre,uently	used	en5y(es	 in	�SD��
�sC	
�sp
	 and	 	pa

	 �ot#	 cut	 un(et#ylated	 ����	 sites@	 �ut	 t#ey	 s#ow	 different	 acti1ity	 for	
(et#ylated	����	sitesC	�#ereas	�sp
	can	digest	����	sites	wit#	internal	M��N	(et#ylation	
M�Y(���N@	 	pa

	 is	 a�le	 to	 digest	 #e(iD(et#ylated	 Y(����	 sites	 �ut	 not	 ����	 sites	wit#	
internal	 ��	 (et#ylationC	 �anding	 patterns	 s#owing	 a	 	pa

	 frag(ent	 �ut	 not	 an	 �sp
	
frag(ent	 #a1e	 t#us	 �een	 interpreted	 as	 e1idence	 for	 �	�	 (et#ylation@	 often	 analy5ed	
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separately	 in	�SD��
�	 analysisC	�#ereas	 tec#nically	 t#is	 could	 indeed	�e	 due	 to	 Y(����	
#e(i(et#ylation	of	t#e	external	cytosineMsN@	t#is	can	also	occur	due	to	1aria�le	(et#ylation	
at	 an	 internal	 �Y(���	 site	 wit#in	 t#e	 �SD��
�	 frag(ent@	 resulting	 in	 �sp
	 to	 cut	 t#is	
frag(ent	 into	 two	 pieces@	 w#ereas	 	pa

	 does	 not	 M1an	 �urp	 et	 alC	 VTT]NC	 �#is	 was	
de(onstrated	 in	 studies	w#ere	 t#e	different	 �ands	were	 se,uenced	 M�ulne7e&	<	�o1ar9&	
VTUWN	and	references	t#ereinC	�et#ylation	of	t#e	external	cytosines	in	plant	(et#ylo(es	in	
����	context	al(ost	always	is	acco(panied	�y	(et#ylation	of	t#e	internal	cytosines	
M1an	�urp	et	alC	VTT]A	�ulne7e&	<	�o1ar9&	VTUWNC	�s	suc#@	(ost	studies	interpreting	single	
	pa

	�ands	as	e1idence	for	�	�	(et#ylation@	t#eori5ing	a�out	its	potential	i(portance	are	
(ost	 li&ely	 incorrectC	 �lt#oug#	 i(pro1e(ents	 #a1e	 �een	 suggested	 for	 t#e	 �SD��
�	
(et#od@	 including	 a	 	 lane	 in	 w#ic#	 digestion	 wit#	 �ot#	 �sp
	 and	 	pa

	 si(ultaneously	
M�ulne7e&	<	�o1ar9&	 VTUWN	 or	 using	 different	 en5y(es	 sensiti1e	 to	 �	�	(et#ylation	 M�u	
VTUZA	 �ednare&	 et	 alC	 VTT[NA	 recent	 studies	 continue	 to	 incorrectly	 distinguis#	 supposed	
�	�	 fro(	 ��	 (et#ylation	 MSc#ul5	 et	 alC	 VTUWN@	 going	 as	 far	 as	 suggesting	 to	 analy5e	
�sp
J	pa

	 TJU	 and	 �sp
J	pa

	 UJT	 patterns	 separately@	 as	 t#is	 would	 i(pro1e	 t#e	
understanding	of	 t#e	analysis	outco(e	 M�lonso	et	 alC	 VTUYNC	�o	 resol1e	 t#ese	 issues@	new	
se,uencingD�ased	 tec#ni,ues	 suc#	 as	 epi��S	 are	 re,uired	 to	 pro1ide	 an	 i(pro1ed	
resolution@	 functional	 annotation	 of	 t#e	 loci	 targeted@	 and	 unani(ous	 ,uantitati1e	 D��	
(et#ylation	 esti(ates	 at	 a	 single	 nucleotide	 resolutionC	 	ere@	 
	 co(pare	 epi��S	 to	 �SD
��
�@	 reduced	 representation	 and	 w#ole	 geno(e	 �isulfite	 se,uencing	 M���S	 and	���S	
respecti1elyN@	 exploring	 t#e	 strengt#s@	 wea&nesses	 and	 i(pro1e(ent	 opportunities	 of	
epi��S	co(pared	to	t#ese	esta�lis#ed	(et#odsC	
	
?3=3;	�&����	+(	
�5����	
�o(pared	to	�SD��
�@	epi��S	offers	1arious	ad1antages	suc#	as	a	#ig#er	resolution	M(ore	
(ar&ersN@	 D��	 (et#ylation	 esti(ates	 in	 all	 se,uence	 contexts	 M��@	 �	�	 and	 �		N@	
,uantitati1e	 instead	 of	 ,ualitati1e	 assess(ent	 of	 D��	 (et#ylation	 poly(orp#is(s	 and	
functional	 annotation	 of	 se,uenced	 regions@	 w#ic#	 are	 re,uired	 in	 ecological	 epigenetics	
studies	 as	 descri�ed	 a�o1eC	�	potential	 disad1antage	 is	 t#e	#ig#er	 co(plexity	 of	 analysis	
(et#ods	 t#at	 need	 to	 consider	 ,uantitati1e	 differences	 in	 D��	 (et#ylation	 ratios	 of	
indi1idual	cytosines@	as	co(pared	to	t#e	si(ple	presenceDa�sence	(etric	pro1ided	�y	�SD
��
�C	�asic	�ioinfor(atics	s&ills	are	re,uired	to	use	and	i(ple(ent	t#e	scripts	re,uired	for	
analy5ing	epi��S	data	w#ereas	�SD��
�	data	analysis	is	si(plerC	
	
?3=3<	�&����	+(	����	
�o(pared	 to	 t#e	 standard	 ���S	 i(ple(entation	 M�eissner	 et	 alC	 VTTYN@	 epi��S	 offers	
se1eral	 ad1antagesC	 �xisting	 analysis	 (et#ods	 for	 ���S	 data	 re,uire	 t#e	 presence	 of	 a	
reference	 geno(eC	 �sing	 an	 ad1anced	 �ioinfor(atics	 pipeline	w#ic#	 can	 reconstruct	 t#e	
reference	of	t#e	frag(ents	targeted@	epi��S	a1oids	t#is	re,uire(entC	Second@	existing	���S	
protocols	do	not	allow	for	costDefficient	(ultiplexing	of	(ultiple	sa(ples	for	se,uencingC	�ll	
existing	 ���S	 tec#ni,ues	 re,uire	 YD(et#ylcytosines	 in	 t#e	 adapters@	 w#ic#	 are	 1ery	
expensi1e	 co(pared	 to	 nor(al	 cytosinesC	 �y	 using	 �arcoded	 adapters	 co(�ined	 wit#	
pairedDend	reads@	a	]ZDplex	design	is	ena�led	wit#	only	UV	forward	and	\	re1erse	�arcodesC	
D��	(et#ylation	1ariation	is	often	deter(ined	�y	genetic	1ariationC	So@	to	understand	t#e	
nature	and	contri�ution	of	t#e	D��	(et#ylation	1ariation@	genetic	1ariation	s#ould	also	�e	
(easuredC	Si(ultaneous	detection	of	�ot#	genetic	and	D��	(et#ylation	1ariation	t#erefore	
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offers	 a	 (ore	 econo(ical	 experi(ental	 designC	 �#e	 ad1anced	 epi��S	 �ioinfor(atics	
pipeline	separates	D��	(et#ylation	fro(	genetic	1ariation	on	a	per	sa(ple	�ias@	w#ic#	also	
significantly	i(pro1es	t#e	,uality	of	D��	(et#ylation	calls@	as	S��s	t#at	cause	a	se,uence	
context	 to	 c#ange	 fro(	 ��	 to	 �			 often	 cause	 a	 c#ange	 in	 t#e	 D��	(et#ylation	 status@	
w#ic#	would	�e	(issed	 if	 t#ese	 genetic	 1ariants	would	not	�e	 consideredC	�xisting	���S	
analysis	 pipelines	 lac&	 t#is	 detection	 capacityC	�n	 ad1antage	 of	���S	o1er	 epi��S	 is	 t#at	
���S	 data	 can	 also	 �e	 produced	 �y	 a	 singleDend	 se,uencing	 run@	 w#ereas	 epi��S	 data	
re,uire	pairedDend	se,uencing	data	for	de(ultiplexing	and	de	no1o	reference	constructionC	
�#is	(a&es	���S	(ore	flexi�le	co(pared	to	epi��SC	

?3=3=	�&����	+(	����	
�o(pared	 to	 w#oleDgeno(e	 �isulfite	 se,uencing	 M���SN@	 w#ic#	 is	 only	 a1aila�le	 for	
species	wit#	a	reference	geno(e@	epi��S	is	only	a�le	to	assess	D��	(et#ylation	1ariation	in	
a	 restriction	 siteDassociated	and	 replica�le	 su�set	of	 t#e	geno(e@	w#ereas	w#ole	 geno(e	
�isulfite	se,uencing	deter(ines	D��	(et#ylation	o1er	t#e	full	geno(ic	se,uenceC	�lt#oug#	
une1en	 co1erage	 is	 a	 pro�le(	 in	 (ost	���S	 studies@	 t#is	 pro�le(	 is	 (uc#	 stronger	 in	
epi��S@	 in	w#ic#	s#ort	 frag(ents	often	get	a	UT	to	UTT	fold	#ig#er	co1erage	co(pared	to	
longer	frag(ents	M1an	�urp	et	alC	VTUZNC	
n	t#e	analysis@	
	proposed	to	eli(inate	frag(ents	
s#orter	 t#an	UTT	�ases@	�ut	e1en	so@	 t#e	���	preference	 for	 s#orter	 frag(ents	 cannot	�e	
co(pletely	a1oidedC	�not#er	issue	t#at	#a(pers	all	��SD�ased	se,uencing	tec#ni,ue	is	t#at	
it	 is	 not	 possi�le	 to	 eli(inate	 ���	 duplicates@	 w#ic#	 in	 ���S	 are	 recogni5ed	 �y	 t#eir	
identical	�eginning	and	end	position	on	t#e	reference	geno(eC	��SD�ased	(et#ods	lead	to	
se,uencing	reads	t#at	always	start	and	end	in	t#e	sa(e	position	regardless	of	t#eir	origin@	
(a&ing	coordinateD�ased	���	duplicate	re(o1al	i(possi�leC	�#e	(et#ylation	sensiti1ity	of	
t#e	 restriction	 en5y(e	 used	 in	 epi��S	 can	 lead	 to	 a	 �ias	 in	 t#e	 detection	 of	 D��	
(et#ylationC	 
	 o�ser1ed	 suc#	 a	 �ias	 in	 D��	 (et#ylation	 esti(ates	 for	 cytosines	 in	 �	�	
context@	for	w#ic#	
	conse,uently	detected	a	lower	intergenerational	correlation	in	�ot#	our	
dandelion	epi��S	study	M�#apter	XN@	as	well	as	for	epi��S	data	in	�ra�idopsis	M1an	�urp	et	
alC	 VTUZN@	 w#ic#	 
	 �enc#(ar&ed	 against	 ���S	 data	 fro(	 an	 intergenerational	 study	 on	
�ra�idopsis	M�ec&er	et	alC	VTUUNC	�#e	�	�D(et#ylation	sensiti1ity	of	�st
	�loc&s	digestion	of	
(et#ylated	 restriction	 sites@	 leading	 to	 a	 �ias	 in	 t#e	 restriction	 frag(ents	 o�tained	 for	
�isulfite	 treat(ent	 and	 se,uencingC	�s	D��	(et#ylation	 in	�	�	context	 is	 spatially	 autoD
correlated@	(eaning	t#at	�	�	(et#ylation	in	t#e	restriction	site	is	often	coupled	wit#	�	�	
(et#ylation	 in	 t#e	 frag(ent@	 t#e	 �	�D(et#ylation	 sensiti1ity	 of	 �st
	 can	 lead	 to	 an	
underesti(ation	 of	 t#e	 geno(eDwide	 le1els	 of	 �	�	 (et#ylationC	 �sing	 t#e	 (et#ylation	
insensiti1e	en5y(e	�spZ
@	t#e	�ias	was	largely	a1oided@	leading	to	�etter	intergenerational	
correlations	for	cytosines	in	�	�	context	at	#ig#	se,uencing	dept#	M1an	�urp	et	alC	VTUZNC	
�inally@	 t#e	 efficiency	 wit#	 w#ic#	 epi��S	 reads	 can	 �e	 (apped	 is	 dependent	 on	 t#e	
#etero5ygosity	 of	 t#e	 frag(ents	 t#at	 result	 fro(	 digestion	 wit#	 t#e	 restriction	 en5y(e	
e(ployedC	 
f	 a	 restriction	 en5y(e	 targets	 repetiti1e	 regions@	 t#ese	 regions	 will	 not	 �e	
asse(�led	or	will	�e	 incorrectly	groupedC	�#erefore@	 care	s#ould	�e	 ta&en	 in	c#oosing	an	
appropriate	restriction	en5y(e	for	t#e	species	studied@	as	an	incorrect	c#oice	can	lead	to	a	
waste	of	se,uencing	data	or	worse@	 incorrect	esti(ates	of	D��	(et#ylation	 for	repetiti1e	
regions	 �ased	 on	 i(proper	(erging	 of	 paralogous	 regionsC	 Despite	 t#e	 draw�ac&s	 listed	
a�o1e@	 epi��S	 allows	 for	 screening	 a	 defined	 su�set	 of	 cytosines	 at	 an	 accuracy	 t#at	 is	
al(ost	as	#ig#	as	���S	for	a	fraction	of	t#e	costC	
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?3=3>	�&����	�#&'%+�#�$)	%&&%')*$�)��(	
�ased	 on	 t#e	 co(parisons	 against	 1arious	 existing	 tec#ni,ues	 descri�ed	 in	 t#e	 pre1ious	
paragrap#s@	 se1eral	 opportunities	 #a1e	 �eco(e	 apparent	 for	 furt#er	 i(pro1e(ent	 of	 t#e	
epi��S	tec#ni,ueC	�ontrolling	for	���	duplicates	can	�e	ac#ie1ed	�y	reducing	t#e	nu(�er	
of	���	cycles	M�ndrews	et	alC	VTUZA	�oyle	et	alC	VTUVN	or	�y	using	degenerate	nucleotides	in	
t#e	 adapters	 M�as�on	 et	 alC	 VTUUA	 Sc#weyen	 et	 alC	 VTUXA	 �in	 et	 alC	 VTUYN@	 w#ic#	 #elp	
distinguis#	uni,ue	read	 MpairsN	 fro(	���	duplicates	 t#at	(ap	 to	 t#e	sa(e	 locusC	�not#er	
future	 i(pro1e(ent	 could	�e	 to	 enric#	 t#e	 epi��S	 targets	 to	 specific	 loci	 of	 interestC	 �or	
instance@	 in	 �ra�idopsis	 epigenetic	 la�ile	 regions	 w#ic#	 are	 (ore	 prone	 to	 c#ange	 are	
recogni5ed	M�i�owo	et	alC	VTUZN@	and	functionally	rele1ant	D��	(et#ylation	c#anges	often	
occur	in	differentially	(et#ylated	regions	MD��sN@	w#ic#	1ary	in	si5eC	
n	so(e	studies@	(ore	
econo(ical	epi��S	approac#es	could	replace	���S@	if	it	could	�e	(odified	to	target	t#ose	
regions	 of	 interestC	 
(ple(enting	 targeted	 se,uencing	 in	 t#e	 epi��S	 protocol	 see(s	
feasi�le@	as	pre1ious	��S	and	�adse,	�ased	tec#ni,ues	#a1e	ac#ie1ed	t#is	wit#	relati1e	ease	
using	oligonucleotide	�aits	 M�itdewilligen	 et	 alC	 VTUWN@	 padloc&	pro�es	 MDeng	 et	 alC	 VTT]N	
and	ot#er	tec#ni,ues	as	re1iewed	in	M�C	�C	�ones	<	�ood	VTUZN	and	M	ancoc&D	anser	et	alC	
VTUWNC	�n	t#e	�ioinfor(atics	side@	t#e	detection	of	differentially	(et#ylated	regions	instead	
of	 only	 D��s	would	 i(pro1e	 t#e	 usa�ility	 of	 t#e	(et#odC	 ��S	 M�ls#ire	 et	 alC	 VTUUN	 and	
�adse,	MDa1ey	<	�laxter	VTUTN	#a1e	seen	#ig#	use	and	t#e	de1elop(ent	of	se1eral	deri1ed	
tec#ni,ues	MSC	�ang	et	alC	VTUVA	�C	�C	�eterson	et	alC	VTUVN	as	well	as	data	analysis	(et#ods	
M#ttpsBJJo(ictoolsCco(JradDse,Dcategory	 N	 greatly	 increase	 t#e	 use	 of	 �ot#	 (et#ods	
M�ndrews	 et	 alC	 VTUZNC	 
	 expect	 t#at	 si(ilar	 efforts	 for	 epi��S	will	 contri�ute	 to	 a	(ore	
refined	protocol@	facilitating	analysis	wit#	data	si(ilar	in	,uality	to	���SC	
	
-.4	�orwar�	loo�ing	�tate�ent	
�cological	 epigenetics	 is	 an	 interesting	 and	 rapidly	 e1ol1ing	 field	 t#at	 so	 far	 #as	 yielded	
intriguing	 o�ser1ations	 t#at	 fuel	 speculation	 on	 t#e	 role	 and	 rele1ance	 of	 epigenetic	
1ariation	in	natural	syste(s	M�er#oe1en	et	alC	VTUZNC		owe1er@	we	still	#a1e	(ore	,uestions	
t#an	 answersC	 �o(pared	 to	 (ost	 nonD(odel	 organis(s@	 studies	 in	 t#e	 (odel	 plant	 �3	
)��"��$�	offer	(ore	detailed	insig#ts	in	t#e	co(plex	patterns	of	D��	(et#ylation	dyna(ics	
and	its	relation	to	p#enotypic	1ariationC	�y	re(o1ing	tec#nical	li(itations	of	�SD��
�s	and	
e(�racing	�isulfite	se,uencingD�ased	(et#ods	t#e	field	of	ecological	epigenetics	can	(o1e	
forward	 in	 answering	(any	 of	 t#e	 outstanding	 ,uestionsC	 �#e	 studies	 conducted	 in	 t#is	
t#esis	#a1e	pioneered	t#e	use	of	epi��S@	allowing	for	#ig#Dresolution	analysis	of	�ot#	stress	
induced	and	natural	D��	(et#ylation	1ariation	w#ic#	#it#erto	w#ere	not	possi�le	in	nonD
(odel	 organis(sC	�elow@	 
	 propose	#ow	assaying	(ore	 and	di1erse	 organis(s	 and	using	
ad1anced	 tec#ni,ues	 suc#	 as	 epi��S	 as	 well	 as	 esta�lis#ed	 tec#ni,ues	 can	 �e	 used	 for	
conducting	experi(ents	t#at	address	so(e	of	t#e	open	,uestions	in	t#e	fieldC		
	
�o(parati1e	 (et#ylo(e	 studies	 in	 plants	 indicate	 a	 great	 1ariation	 in	 t#e	 le1el	 of	 D��	
(et#ylation	 in	different	se,uence	contexts@	w#ic#	to	so(e	extent	are	explained	�y	repeat	
content	and	geno(e	si5e	M�ieder#ut#	<	Sc#(it5	VTUXNC	�s	suc#@	appreciating	t#e	role	t#at	
D��	 (et#ylation	 (ig#t	 play	 in	 s#aping	 p#enotypic	 di1ersity	 in	 different	 species	 will	
re,uire	studies	 in	a	1ariety	of	taxono(ic	groupsC	�esides	t#ese	,uantitati1e	differences	 in	
D��	 (et#ylation	 ratios@	 t#e	 reproducti1e	 (ode	 of	 t#e	 organis(	 could	 affect	 t#e	
transgenerational	 trans(ission	 efficiency@	 as	(odified	(eiosis	 o�ser1ed	 in	 asexual	 plant	
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species	 could	 lead	 to	 reduced	 resetting	 of	 epigenetic	(ar&s@	 increasing	 t#e	 trans(ission	
efficiency	 M�er#oe1en	<	�reite	VTUXNC	�#e	 i(portance	of	 epigenetic	 1ariation	 can	also	�e	
influenced	 �y	 life	 #istory	 traits	 suc#	 as	 t#e	 presence	 of	 negati1e	 �iotic	 or	 a�iotic	
interactions	or	generation	ti(eC	Studies	e(ploying	(utants	for	D��	(et#yltransferases	in	
�ra�idopsis	 #a1e	 resulted	 in	 �etter	 insig#ts	 in	 t#e	 dyna(ics	 and	 #erita�ility	 of	 D��	
(et#ylation	M�artee	et	alC	VTTUA	
aw	<	�aco�sen	VTUTA	�ieder#ut#	<	Sc#(it5	VTUXNC	So(e	
en5y(es	are	not	present	in	all	plant	fa(ilies@	or	are	less	effecti1eC	�lants	in	t#e	�rassicaceae	
fa(ily	#a1e	lower	�	�	(et#ylation	le1els	co(pared	to	ot#er	plants@	w#ereas	(e(�ers	of	
t#e	 �oaceae	 fa(ily	 s#ow	 reduced	 �			(et#ylation	 le1els	 M�ieder#ut#	<	 Sc#(it5	 VTUXNC	
D��	(et#ylation	 (utants	 exist	 in	 natureA	 �3	 (�"(*��$�*#	 for	 exa(ple	 #as	 no	 functional	
���W	 en5y(e@	 leading	 to	 al(ost	 co(plete	 a�sence	 of	 �	�	 (et#ylationC	 �isulfite	
se,uencing	�ased	studies	in	suc#	natural	(utants	or	asexual	plants@	#it#erto	not	yet	done@	
can	aid	in	deter(ining	t#e	Mdi1ersity	ofN	t#e	roleMsN	t#at	D��	(et#ylation	1ariation	plays	in	
s#aping	p#enotypic	1ariation@	adaptation	and	ulti(ately	M(icroNe1olutionC	Suc#	studies	are	
ena�led	�y	t#e	epi��S	tec#ni,ue	t#at	we	de1eloped@	e1en	for	species	wit#out	a	reference	
geno(eC	�ost	pu�lis#ed	studies	in	ecological	epigenetics	#a1e	#it#erto	relied	on	�SD��
�sC	
�t	t#is	point@	it	is	not	clear	w#at	t#e	rele1ance	of	t#e	results	of	t#ese	studies	is@	gi1en	t#at	
t#ey	(ostly	target	��DD��s	w#ic#	are	not	&nown	to	#a1e	a	functional	significance	outside	
of	 transposons	 and	 pro(otersC	 �enc#(ar&ing	 suc#	�SD��
�	 �ased	 studies	 using	 epi��S	
wit#	t#e	sa(e	en5y(es	used	in	�SD��
�	or	e1en	���S	could	s#ed	lig#t	on	w#at	�SD��
�	
does	 and	 does	 not	 detectC	 �y	 epi��S	 results	 do	 not	 pro1ide	 e1idence	 of	 #erita�le	 D��	
(et#ylation	c#anges	for	cytosines	in	��	context@	w#ic#	is	in	contrast	wit#	t#e	findings	of	a	
pre1ious	 �SD��
�	 �ased	 study@	 in	 w#ic#	 ��Dstress	 application	 resulted	 in	 a	 significant	
increase	in	t#e	nu(�er	of	poly(orp#ic	loci	M�er#oe1en@	�ansen@	et	alC	VTT]NC	�nfortunately@	
alt#oug#	our	epi��S	study	used	t#e	sa(e	genotype@	t#e	geno(ic	loci	targeted	are	different	
and	t#e	results	were	o�tained	 fro(	a	different	experi(ent@	(a&ing	 it	difficult	 to	co(pare	
�ot#	studiesC	
	
�isulfite	 se,uencingD�ased	 studies	 ena�led	 �y	 epi��S	 offer	 (any	 ad1antages	 o1er	 �SD
��
�@	�ut	t#e	usefulness	of	t#e	results	can	�e	increased	significantly	�y	&nowing	t#e	local	
se,uence	context	of	 t#e	 frag(ents	o�tained@	 for	w#ic#	an	annotated	 reference	geno(e	 is	
re,uiredC	 �1en	 t#oug#	 t#e	 price	 of	 se,uencing	 #as	 exponentially	 declined	 o1er	 t#e	 past	
years	 M#ttpsBJJwwwCgeno(eCgo1Jse,uencingcostsJN@	 asse(�ling	 plant	 geno(es	 #as	
re(ained	 difficult@	(ainly	 due	 to	 t#eir	 large	 geno(e	 si5e	 and	 #ig#	 repeat	 content	w#ic#	
(a&e	asse(�ly	difficultC	�#ird	generation	se,uencing	tec#ni,ues	suc#	as	s(art	se,uencing	
of	 pacific	 �iosciences	 and	 t#e	 (ost	 recently	 de1eloped	 nanopore	 se,uencing	 offered	 �y	
oxford	 nanopore	 can	 alle1iate	 t#ese	 pro�le(s	 �y	 generating	 ultraDlong	 MaUTT��N	
se,uencing	reads	M
ee	et	alC	VTUZNC	�dditionally@	w#ole	geno(e	�isulfite	se,uencing	can	�e	
used	 to	 pinpoint	 D��s	 and	 D��s@	 �ased	 on	 w#ic#	 MtargetedN	 epi��S	 studies	 could	 �e	
designedC	
	
�nderstanding	 t#e	 role	 t#at	 natural	 epigenetic	 1ariation	 plays	 in	 s#aping	 p#enotypic	
1ariation	is	of	great	i(portance	for	understanding	in1asi1e	species	dyna(ics@	response	and	
adaptation	 to	 cli(ate	 c#ange	 �ut	 also	 for	 (ore	 applied	 fields	 suc#	 as	 plant	 �reedingC	
�enetically	identical	��""%&��	 �&%$���	plants@	an	in1asi1e	species	in	�urope	and	elsew#ere@	
#a1e	 different	 leaf	 s#apes	 and	 grow	 to	 different	 #eig#ts	 depending	 on	 w#ere	 t#ey	 li1e@	
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w#ic#	 correlates	 wit#	 epigenetic	 1ariation	 t#at	 distinguis#es	 t#ese	 plants	 fro(	 different	
#a�itats	M�C	
C	�ic#ards	et	alC	VTUVNC	�#e	role	t#at	epigenetic	1ariation	plays	in	adaptation	to	
stressful	 conditions	 in	natural	populations	 is	not	 yet	 clear	 M�ossdorf	 et	 alC	 VTT[N@	 �ut	 t#e	
re1ersi�le	nature	and	rapid	c#anges	t#at	can	result	 fro(	epigenetic	c#anges	coupled	wit#	
t#e	 #ig#	 nu(�er	 of	 docu(ented	 cases	 of	 adapti1e	 transgenerational	 stress	 responses	
suggest	 t#at	epigenetic	1ariation	could	play	an	 i(portant	 role	 in	plant	 response	 to	 stress	
induced	 �y	 cli(ate	 c#angeC	 Selection	 for	 p#enotypic	 1ariation	 is	 t#e	 (ain	 goal	 of	 plant	
�reeders@	w#ic#	ai(	for	unifor(	traits	and	#ig#	yieldC	
n	�'�((���	$�&*(@	artificial	selection	
on	 energy	 efficiency	 in	 isogenic	 population	 resulted	 in	 #ig#er	 efficiency	 offspring	 w#ic#	
lead	 to	 a	 Y^	 yield	 increase	 M	au�en	 et	 alC	 VTT]NC	 �uture	 studies	 addressing	 t#e	 role	 of	
epigenetic	1ariation	in	s#aping	p#enotypic	di1ersity	are	t#us	i(portant	for	understanding	
�ot#	natural	e1ents	as	well	as	artificial	selection	e(ployed	in	�reedingC	
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�#e	success	or	continuous	existence	of	species	re,uires	continuous	adaptation	to	c#anges	
in	t#e	en1iron(ent	to	sur1i1e	and	contri�ute	offspring	to	t#e	next	generationC	Selection	acts	
on	 t#e	 p#enotype@	 w#ic#	 is	 in	 turn	 deter(ined	 �y	 t#e	 co(plex	 interplay	 of	 genetic@	
epigenetic	and	en1iron(ental	1ariationC	M�aturalN	selection	leads	to	Fsur1i1al	of	t#e	fittestG	
or	 �estDadapted	 indi1iduals	 to	 t#eir	 local	 en1iron(ent@	 ulti(ately	 deter(ining	 w#ic#	
indi1iduals	contri�ute	offspring	to	t#e	next	generationC	�nderstanding	t#e	(ec#anis(s	�y	
w#ic#	 epigenetic	 and	 genetic	 1ariation	 can	 arise	 and	 get	 passed	 on	 t#roug#	 generations	
deter(ines	 our	 understanding	 of	 in#eritance	 and	 e1olutionC	 	it#erto@	 t#e	 (ec#anistic	
understanding	 of	 genetics	 #as	 s#aped	 t#e	 scientific	 1iew	 of	 in#eritance	 and	 e1olution@	
leading	to	t#e	geneDcentered	paradig(	of	�eoDDarwinis(C		owe1er@	recent	studies	indicate	
t#at	�esides	genetic	MD��	se,uenceN	1ariation@	epigenetic	1ariation	can	also	�e	trans(itted	
�etween	generationsC	�urt#er	studies	on	t#e	properties	and	transgenerational	dyna(ics	of	
epigenetic	1ariation	are	needed	to	en#ance	our	understanding	of	#erita�ility	and	e1olutionC	
	
�pigenetic	 1ariation	 #as	 distinct	 properties	 and	 different	 transgenerational	 dyna(ics	
co(pared	to	genetic	1ariationC	�pigenetic	1ariation	#elps	to	regulate	gene	expression	and	
deter(ines	 t#e	different	cell	 types	and	 function	 in	eu&aryotesC	�#e	(ain	 function	of	D��	
(et#ylation@	 an	 i(portant	 part	 of	 t#e	 epigenetic	 code@	 is	 to	 pre1ent	 t#e	 spread	of	 selfis#	
genetic	ele(ents	in	t#e	geno(e	and	to	esta�lis#	t#e	different	cellular	profiles	o�ser1ed	in	
(ulticellular	 organis(sC	 �ne	 differentiating	 feature	 of	 epigenetic	 1ariation	 co(pared	 to	
genetic	 1ariation	 is	 t#at	 MspecificN	 epigenetic	 1ariation	 can	 arise	 under	 t#e	 influence	 of	
stressC	�#is	can	ena�le	a	transDgenerational	stressDresponse	of	organis(s	w#ic#	can	#a1e	a	
positi1e	 influence	on	 t#e	p#enotype	and	MnaturalN	 selection	on	eit#er	 t#e	 Men#anced	 le1el	
ofN	 transgenerational	 p#enotypic	 plasticity	 or	 t#e	 epigenetic	 1ariation	 itself@	 potentially	
influencing	 natural	 selection	 and	 ulti(ately	 e1olutionC	 �#ere	 genetic	 1ariation	 can	 �e	
c#aracteri5ed	as	#ardDin#eritance@	 t#e	 in#eritance	of	epigenetic	1ariation	is	often	referred	
to	as	FsoftDin#eritanceG	due	to	t#e	lower	transgenerational	sta�ility	and	resetting	t#at	occurs	
in	 t#e	 intergenerational	 transfer	of	 epigenetic	1ariationC	�pigenetic	1ariation	 is	 also	often	
dependent	on@	or	a	downstrea(	conse,uence@	of	genetic	1ariation@	suggesting	t#at	it	 is	Min	
partN	deter(ined	�y	genetic	1ariationC	
	
�ec#anistic	studies	in	(odel	species	#a1e	contri�uted	greatly	to	t#e	understanding	of	t#e	
(olecular	(ec#anis(s	t#at	control	 t#e	dyna(ics	of	different	epigenetic	(ar&s	present	 in	
(ulticellular	 organis(sC	 
n	 plants@	 studies	 in	 t#e	 (odel	 plant	 �'����%&(�(	 )��"��$�	 #a1e	
resulted	 in	 decip#ering	 t#e	(ost	 i(portant	(olecular	(ec#anis(s	 and	 actors@	 gi1ing	 an	
e1erDincreasing	insig#t	into	t#e	dyna(ics	of	epigenetic	regulation	of	cells	and	organis(sC	�	
&ey	 feature	 of	 (odel	 syste(s	 is	 t#e	 a�ility	 to	 Fswitc#G	 off	 certain	 genes	 or	 (olecular	
pat#ways@	for	instance	1ia	t#e	experi(ental	use	of	(utants@	ena�ling	t#e	study	of	t#eir	role	
in	t#e	#erita�ility	of	epigenetic	(ar&sC	D��	(et#ylation	is	a	wellDstudied	epigenetic	(ar&@	
w#ic#	#as	s#own	#ig#	sta�ility	e1en	in	transgenerational	experi(entsC		
	
�ro(	t#e	perspecti1e	of	studying	epigenetic	1ariation@	plants	are	particularly	interesting	for	
se1eral	 reasons@	 (ost	 i(portantlyB	 UN	 �#e	 separation	 �etween	 so(a	 and	 ger(line@	 t#e	
�eis(ann	�arrier@	is	less	strict	in	plants	co(pared	to	ot#er	eu&aryotes@	as	in	#ig#er	plants	
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ger(line	cells	 are	 for(ed	during	 floral	de1elop(ent	 fro(	so(atic	 cells	 Mw#ic#	can	occur	
t#roug#out	t#e	life	of	t#e	plantN@	w#ereas	in	(ost	eu&aryotes	ger(line	cell	de1elop(ent	is	
restricted	to	a	defined	point	MearlyN	in	t#e	organis(al	de1elop(entC	VN	�#e	sessile	nature	of	
plants	(a&es	an	adapti1e	plastic	response	to	c#anging	en1iron(ents	an	i(portant	feature@	
a	plant	cannot	%ust	wal&	away	w#en	t#e	going	gets	toug#C	WN	�#e	transgenerational	sta�ility	
of	D��	(et#ylation	is	#ig#er	in	plants	co(pared	to	ot#er	eu&aryotes	suc#	as	(a((als@	in	
w#ic#	 epigenetic	 infor(ation	 is	 erased	 during	 ger(line	 reprogra((ingC	 �#ese	 factors	
co(�ined	suggest	t#at	t#e	potential	 i(portance	of	epigenetic	1ariation	in	plants	(ig#t	�e	
#ig#C	
	

n	t#is	t#esis@	
	focus	on	studying	D��	(et#ylation	in	apo(ictic	Dandelions@	applying	�ext	
�eneration	 Se,uencing	 M��SN	 approac#es	 to	 t#e	 study	 of	 t#is	 nonD(odel	 plant	 speciesC	
�po(ictic	 dandelions	 produce	 seeds	 t#at	 are	 genetically	 identical	 to	 t#e	 F(ot#erG	 plant@	
w#ic#	(a&es	 it	 easier	 to	 study	 t#e	 influence	 of	 epigenetic	 1ariation	wit#out	 confounding	
effects	of	genetic	1ariationC	�or&ing	wit#	�ext	�eneration	Se,uencing	data	is	still	relati1ely	
new	and	t#erefore	not	always	opti(i5ed	for	specific	types	of	analysisC	
	disco1ered	a	distinct	
error	pattern	 in	���se,	data	 t#at	 indicated	an	artificial	 source	of	1ariation	 t#at	 could	�e	
traced	�ac&	to	t#e	way	t#e	���se,	li�raries	were	constructedC	�#e	first	pu�lication	of	t#is	
t#esis	contains	a	tec#nical	analysis	of	suc#	artefacts	present	in	���se,	data@	suggesting	t#at	
t#ese	 errors	 are	 related	 to	 rando(	 #exa(er	 (ispri(ing	 during	 li�rary	 construction	
M�#apter	VNC	
	
�#e	 (ain	 goal	 of	 (y	 wor&	 is	 to	 �etter	 understand	 t#e	 role	 of	 epigenetic	 1ariation	 in	
adaptation	and	plasticity	of	plantsC	�#is	role	re(ains	poorly	understoodC	�#is	is	in	part	due	
to	 t#e	 lac&	 of	 #ig#Dresolution	 tec#ni,ues	 t#at	 allow	 for	 t#e	 detailed	 study	 of	 epigenetic	
(ar&s	suc#	as	D��	(et#ylation	in	nonD(odel	organis(sC	�xisting	tec#ni,ues	for	(easuring	
D��	 (et#ylation	 suc#	 as	 (et#ylation	 sensiti1e	 ��
�s	 offer	 only	 infor(ation	 on	 D��	
(et#ylation	 1ariation	 in	 an	 anony(ous	 and	 li(ited	 fas#ionC	 �#e	 plu((eting	 costs	 of	
se,uencing	 tec#ni,ues	 #a1e	 ena�led	 largeDscale	 genotyping	 efforts	 Mfocusing	 on	 genetic	
1ariation	onlyN	 for	 a	wide	 1ariety	 of	 nonD(odel	 organis(sC		ere@	 
	 extended	 t#is	 popular	
genotyping	 �y	 se,uencing	 tec#ni,ue@	 to	 allow	 for	 se,uencingD�ased	 epigenotyping	 or	
epi��S	Mc#apter	WN@	w#ic#	allows	for	(easuring	D��	(et#ylation	and	genetic	1ariation	in	
#undreds	of	sa(ples	si(ultaneouslyC	 
	#a1e	extensi1ely	1alidated	t#e	approac#@	pro1iding	
e1idence	 t#at	wit#	 t#e	 rig#t	 design@	 t#e	 accuracy	 of	 t#e	D��	(et#ylation	(easure(ents	
wit#	 epi��S	 are	 as	 #ig#	 as	 t#ose	 wit#	 t#e	 gold	 standard	 �#ole	 �eno(e	 �isulfite	
Se,uencingC	
	
�n	 i(portant	ai(	of	(y	�#D	researc#	was	 to	 in1estigate	 t#e	 sta�ility	of	 Mstress	 inducedN	
D��	 (et#ylation	 1ariation	 in	 apo(ictic	 dandelions	 and	 t#e	 potential	 of	 p#enotypic	
1ariation	 underpinned	 �y	 D��	 (et#ylation	 1ariation	 to	 �e	 su�%ected	 to	 selectionC	 
	
t#erefore	 studied	 t#e	 transgenerational	 sta�ility	 of	 �ot#	 stress	 induced	 and	 natural	 D��	
(et#ylation	 1ariation	 in	 different	 genotypes	 of	 apo(ictic	 dandelions	 in	 a	 sixDgeneration	
experi(ent@	 co(paring	 D��	 (et#ylation	 patterns	 �etween	 generations	 and	 trac&ing	
c#anges	 in	 t#e(	 Mc#apter	 XN	 using	 epi��SC	 
	 found	 clear	 �ut	 li(ited	 e1idence	 for	
en1iron(ental	 induction	 of	 #erita�le	 D��	 (et#ylation	 c#anges	 after	 application	 of	
�as(onic	�cidC	�urt#er(ore@	
	found	a	significant	negati1e	relation	�etween	t#e	si(ilarity	of	
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D��	(et#ylation	patterns	and	intergenerational	distance@	indicating	epigenetic	di1ergence	
o1er	generationsC	
	conclude	t#at	D��	(et#ylation	in	�ot#	��	and	�	�	Mw#ere			can	�e	any	
nucleotide	 except	 for	 �N	 se,uence	 context	 are	 #erita�le	 and	 t#at	 en1iron(ental	
pertur�ation	 can	 result	 in	 #erita�le	 D��	 (et#ylation	 c#anges	 w#ic#	 are	 #owe1er	 not	
widespreadC	
	
�	 prere,uisite	 for	 epigenetic	 1ariation	 to	 contri�ute	 to	 adaptation	 is	 t#at	 epigenetic	
1ariants	 t#at	 affect	 t#e	 p#enotype	 are	 #erita�leC	 �o	 test	 w#et#er	 an	 epigeneticsD�ased	
selection	response	is	possi�le@	at	least	o1er	t#e	ti(e	course	of	a	few	generations@	
	selected	
early	flowering	for	two	su�se,uent	generations	in	t#ree	genotypes	of	apo(ictic	dandelionsC	
�#is	 selection	 effort	 included	 lines	 t#at	 recei1ed	 a	 stress	 preDtreat(ent	 wit#	 eit#er	
�as(onic	�cid	or	YDa5acytidine@	 to	deter(ine	 if	 stressDinduced	D��	(et#ylation	1ariation	
would	increase	t#e	capacity	to	respond	to	selectionC	�#e	selection	experi(ent	on	flowering	
ti(e	Mc#apter	YN	resulted	in	a	s#ift	in	flowering	ti(e	for	all	treat(ents	in	a	young	apo(ict@	
suggesting	t#at	natural	and	#erita�le	epigenetic	1ariation	can	underpin	,uantitati1e	traits	
suc#	as	flowering	ti(eC	
	also	found	e1idence	for	treat(ent	induced	MepiNgenetic	1ariation	
leading	to	a	stronger	selection	response	in	one	out	of	W	genotypesC	�#is	suggests	t#at	stressD
induced	 #erita�le	 epigenetic	 1ariation	 can	 lead	 to	 a	 selection	 responseC	 �urt#er	 study	 is	
#owe1er	 re,uired	 to	 rule	 out	 genetic	 1ariants	 and	 to	 study	 t#e	 longDter(	 sta�ility	 of	 t#e	
1ariation	selected	uponC	
	
�inally@	 in	 t#e	�eneral	Discussion	 
	 su((ari5e	 t#e	 findings@	 putting	 t#e(	 in	 context	wit#	
recently	pu�lis#ed	studiesC	
	reflect	on	t#e	state	of	t#e	field	of	ecological	epigenetics	and	in	
w#at	 sense	 t#e	 epi��S	 tec#ni,ue	 t#at	 
	 de1eloped	 and	 ot#er	 e(erging	 tec#ni,ues	 can	
contri�ute	 to	 a	 �etter	 understanding	 of	 t#e	 role	 of	 epigenetic	 1ariation	 in	 ecology	 and	
e1olutionC	 
	 reflect	 on	 t#e	place	of	 epi��S	 co(pared	 to	ot#er	 tec#ni,uesC	 
	 point	out	 t#at	
wit#	 t#e	growing	e1idence	of	 t#e	 inade,uacy	and	(isinterpretation	of	�SD��
�	results	a	
syste(atic	 re1iew	 of	 suc#	 results	 �y	 replicating	 t#e	 studies	 e(ploying	 se,uencing	 �ased	
tec#ni,ues	suc#	as	epi��S	instead	of	�SD��
�	is	in	orderC	
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	et	succes	of	bli)5en	5oortbestaan	5an	soorten	5ereist	continue	aanpassing	aan	5eranderende	
milieuomstandigheden	om	te	o5erle5en	en	nageslacht	te	produceren.	Selectie	5indt	plaats	op	
fenotypische	eigenschappen?	wel*e	worden	bepaald	door	een	comple7	samenspel	5an	
genetische	en	epigenetische	5ariatie	en	omge5ingsfactoren.	I�atuurli)*eJ	selectie	leidt	tot	
Csur5i5al	of	the	fittestD	die	het	beste	9i)n	aangepast	aan	hun	lo*ale	omge5ing.	�lleen	de9e	goed	
aangepaste	indi5iduen	*unnen	nageslacht	doorge5en	aan	de	5olgende	generatie.	�ennis	o5er	de	
mechanismen	waarmee	epigenetische	en	genetische	5ariatie	*unnen	worden	gegenereerd	en	
doorgege5en	bepalen	ons	in9icht	in	erfeli)*heid	en	e5olutie.	�ot	nu	toe	is	de	mechanistische	
*ennis	5an	de	moleculaire	genetica	bepalend	geweest	5oor	de	wetenschappeli)*	in9ichten	in	
erfeli)*heid	en	e5olutie?	uitmondend	in	het	gen-centristische	paradigma	5an	het	�eo-
darwinisme.	�ieuwe	studies	laten	echter	9ien	dat	naaste	genetische	5ariatie	Iin	het	���J?	
epigenetische	5ariatie	oo*	erfeli)*	*an	9i)n.	�erdere	studies	naar	de	eigenschappen	en	de	
transgenerationele	dynamie*	5an	epigenetische	5ariatie	is	nodig	om	ons	begrip	5an	erfeli)*heid	
en	e5olutie	te	5erbreden	en	5erdiepen.	
	
�pigenetische	5ariatie	heeft?	5ergele*en	met	genetische	5ariatie?	andere	eigenschappen	en	
5ertoond	een	andere	transgenerationele	dynamie*.	�pigenetische	5ariatie	helpt	onder	andere	
bi)	de	regulatie	5an	gene7pressie	en	het	bepalen	5an	de	5erschillende	typen	cellen	in	
eu*aryoten.	�e	belangri)*ste	functie	5an	���	methylatie?	wel*e	een	belangri)*	onderdeel	5ormt	
5an	de	ons	be*ende	epigenetische	5ariatie?	is	het	onderdru**en	5an	mobiele	genetische	
elementen	9oals	transposons?	die	het	genoom	*unnen	ontregelen	door	9ich9elf	5eel5uldig	te	
*opi!ren.	�aarnaast	bepaald	epigenetische	5ariatie	de	5orm	en	functie	5an	5erschillende	
celtypen	in	meercellige	organismen	I9oals	bi)5oorbeeld	een	haar	of	9enuwcelJ.		�en	
onderscheidend	*enmer*	5an	epigenetische	5ariatie	ten	op9ichte	5an	genetische	5ariatie	is	dat	
onder	in5loed	5an	stress	Ispecifie*eJ	epigenetische	5eranderingen	*unnen	optreden.	�it	maa*t	
een	transgenerationele	stress-respons	mogeli)*	die	mogeli)*	adaptief	is.	�aarnaast	*an	er	
Inatuurli)*eJ	selectie	plaats5inden	op	de	mate	waarin	stress-ge'nduceerde	epigenetische	
5ariatie	wordt	doorgege5en	of	op	de	doorgege5en	5ariatie	9elf	in	het	nageslacht?	wat	in5loed	
*an	hebben	op	natuurli)*e	selectie	en	uiteindeli)*	e5olutie.	�aar	genetische	5ariatie	5eelal	
on5eranderd	wordt	doorgege5en	tussen	generaties	is	dit	bi)	epigenetische	5ariatie	niet	het	
ge5al@	5eel	nieuw	gegenereerde	5ariatie	5alt	weer	terug.	�pigenetische	erfeli)*heid	wordt	
daarom	oo*	wel	CsofteD	erfeli)*heid	genoemd.	�pigenetische	5ariatie	is	oo*	5aa*	afhan*eli)*	5an	
of	direct	bepaald	door	genetische	5ariatie.		
	
�echanistische	studies	in	modelsoorten	hebben	een	belangri)*e	bi)drage	gele5erd	aan	ons	
begrip	5an	de	moleculaire	mechanismen	die	de	dynamie*	en	erfeli)*heid	5an	5erschillende	
typen	5an	epigenetische	5ariatie	bepalen	in	meercellige	organismen.	Studies	in	de	modelplant	
Arabidopsis	thaliana	hebben	in9icht	gege5en	in	de	belangri)*ste	moleculaire	mechanismen?	
wel*e	leiden	tot	een	steeds	ingewi**elder	plaat)e	5an	de	dynamische	epigenetische	regulatie	
5an	cel	tot	systemisch	ni5eau.	�en	belangri)*e	eigenschap	5an	modelsystemen	is	dat	het	
mogeli)*	is	om	bepaalde	genen	of	moleculaire	pathways	uit	te	scha*elen	met	mutanten?	wat	de	
studie	naar	hun	rol	in	de	erfeli)*heid	5an	epigenetische	5ariatie	mogeli)*	maa*t.	���	methylatie	
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is	een	5an	de	best-bestudeerde	epigenetische	mer*ers?	die	een	hoge	mate	5an	stabiliteit	heeft	
laten	9ien	in	transgenerationele	e7perimenten.		
	
�oor	de	studie	5an	epigenetische	5ariatie	9i)n	planten	bi)9onder	geschi*t	5oor	een	aantal	
redenen?	waaronder:	1J	�e	scheiding	tussen	soma	en	*iembaan	Icellen	betro**en	bi)	productie	
5an	9aad	en	eicellenJ?	de	�eismann	barri re?	is	minder	stri*t	in	planten	5ergele*en	met	andere	
eu*aryoten?	omdat	in	hogere	planten	de	geslachtscellen	worden	ge5ormd	uit	somatische	cellen	
gedurende	de	bloemontwi**eling	Idie	gedurende	het	hele	le5en	5an	de	plant	*an	plaats5indenJ.	

n	andere	eu*aryoten	is	de	ontwi**eling	5an	cellen	in	de	*iembaan	beper*t	tot	een	
gedefinieerde	en	5aa*	*orte	periode	in	de	ontwi**eling.	2J	�e	sessiele	le5enswi)9e	5an	planten	
stelt	hoge	eisen	aan	hun	adaptief	5ermogen@	een	plant	*an	niet	weglopen	als	de	
omstandigheden	5erslechteren.	QJ	�e	transgenerationele	stabiliteit	5an	���	methylatie	is	hoog	
in	planten	5ergele*en	met	andere	eu*aryoten	9oals	9oogdieren?	waarbi)	gedurende	de	
ontwi**eling	het	merendeel	5an	de	epigenetische	mer*ers	wordt	gereset.		�ecombineerd?	
suggereren	de9e	factoren	dat	het	potentiele	belang	5an	erfeli)*e	epigenetische	5ariatie	in	
planten	hoog	9ou	*unnen	9i)n.	
	

n	dit	proefschrift	focus	i*	op	de	studie	5an	���	methylatie	in	apomicte	paardenbloemen@	
waarbi)	i*	�e7t	�eneration	Se0uencing	I��SJ	methoden	toepas	en	ontwi**el	die	geschi*t	9i)n	
5oor	9owel	model	als	niet-model	planten.	�pomicte	paardenbloemen	produceren	9aad	dat	
genetisch	identie*	is	aan	dat	5an	de	moederplant?	wat	het	ma**eli)*	maa*t	om	de	rol	5an	
epigenetische	5ariatie	in	isolatie	te	bestuderen?	omdat	genetische	5ariatie	in	principe	geen	rol	
speelt.		et	wer*en	met	�e7t	�eneration	Se0uencing	I��SJ	data	is	nog	relatief	nieuw	en	
daardoor	nog	niet	alti)d	geoptimaliseerd	5oor	specifie*e	analyses.	�o	heb	i*	een	specifie*	
foutpatroon	in	���se0	data	ontde*t	dat	beruste	op	de	manier	waarop	de	se0uencing-libraries	
worden	gemaa*t.	�e	eerste	publicatie	in	dit	proefschrift	Ihoofdstu*	2J	om5at	een	technische	
analyse	5an	dergeli)*e	artefacten	in	���se0	data?	waarbi)	i*	suggereer	dat	de9e	fouten	worden	
5eroor9aa*t	door	het	misprimen	5an	random	he7ameren	gedurende	de	library	constructie.	
	
	et	hoofddoel	5an	mi)n	wer*	in	dit	proefschrift	is	om	de	rol	5an	epigenetische	5ariatie	in	de	
plasticiteit	en	adaptatie	5an	planten	beter	te	leren	begri)pen.	�an	de9e	rol	is	nog	niet	5eel	
be*end.	�it	*omt	onder	andere	door	een	gebre*	aan	geschi*te	technie*en	waarmee	
epigenetische	mer*ers	9oals	���	methylatie	in	detail	*unnen	worden	bestudeerd	in	niet-model	
organismen	waarin	een	rol	5oor	de9e	5ariatie	ecologisch	5oor	de	hand	ligt.	�estaande	
technie*en	9oals	methylatie	sensitie5e	��
Ps	ge5en	slechts	gelimiteerde	en	CanoniemeD	
informatie	waarbi)	de	*ennis	o5er	de	genomische	locatie	5an	de	aanwe9ige	5ariatie	ontbree*t.	
�e	snel	dalende	*osten	5an	se0uencing-data	hebben	geleid	tot	een	snelle	adoptie	5an	
genotyperingstechnie*en	die	het	mogeli)*	ma*en	op	grote	schaal	genetische	5ariatie	te	meten	
in	niet-model	organismen.	
n	dit	proefschrift	beschri)f	i*	de	ontwi**eling	5an	een	aanpassing	op	
de	populaire	genotyping	by	se0uencing	technie*	die	het	mogeli)*	maa*t	om	���	methylatie	en	
genetische	5ariatie	geli)*ti)dig	te	meten.	�e9e	epigenotyping	by	se0uencing	technie*	Iepi��S	
hoofdstu*	QJ	maa*t	het	mogeli)*	om	in	honderden	samples	5oor	soorten	9onder	
referentiegenoom	bisulfiet-se0uencing	data	te	genereren	die	in9icht	5erschaft	in	9owel	
genetische	als	���-methylatie	IepigenetischeJ	5ariatie.	
*	heb	epi��S	uitgebreid	ge5alideerd	en	
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getoetst	aan	bestaande	methodes.	�et	de	)uiste	e7perimentele	op9et	is	de	nauw*eurigheid	5an	
de	bepaling	5an	���-methylatie	net	9o	groot	als	die	5an	de	huidige	standaard?	�hole	�enome	
bisulfite	se0uencing	I���SJ.	
	
�en	ander	belangri)*	doel	5an	mi)n	promotieonder9oe*	was	het	bestuderen	5an	de	stabiliteit	
5an	Istress-ge'nduceerdeJ	���	methylatie5ariatie	in	apomicte	paardenbloemen	en	het	
potentieel	5an	het	uit5oeren	5an	Iartifici!leJ	selectie	op	fenotypische	5ariatie	gebaseerd	op	
���-methylatie	5ariatie.	
*	heb	hier5oor	de	transgenerationele	stabiliteit	5an	9owel	stress-
ge'nduceerde	als	natuurli)*e	���	methylatie5ariatie	bepaald	in	een	9es-generatie	e7periment?	
waarbi)	i*	de	5eranderingen	in	���	methylatie	in	op5olgende	generaties	bepaalde	met	behulp	
5an	epi��S.	
*	heb	duideli)*e	aanwi)9ingen	5oor	subtiele	5eranderingen	in	���	methylatie	na	
toepassing	5an	)asmon9uur.		iernaast	5ond	i*	een	significante	negatie5e	relatie	tussen	de	
similariteit	5an	���	methylatiepatronen	en	intergenerationele	afstand?	wat	duidt	op	
epigenetische	di5ergentie	o5er	generaties.	
*	concludeer	dat	���	methylatie	in	9owel	C�	als	
C	�	Iwaar			el*e	nucleotide	*an	9i)n	behal5e	�J	se0uence	conte7t	erfeli)*	is@	en	dat	milieu-
in5loeden	*unnen	resulteren	in	Ierfeli)*eJ	5eranderingen	in	���	methylatie?	hoewel	de	schaal	
waarop	de9e	5ariatie	transgenerationeel	wordt	doorgege5en	relatief	beper*t	is.	
	
�en	5ereiste	5oor	een	mogeli)*e	bi)drage	5an	epigenetische	5ariatie	aan	adaptatie	is	dat	
epigenetische	5ariatie	die	een	afwi)*end	fenotype	bepaald	erfeli)*	is.	�m	te	bepalen	of	het	
mogeli)*	is	te	selecteren	op	basis	5an	epigenetische	5ariatie?	5oor	tenminste	en*ele	generaties?	
heb	i*	snel-bloeiende	paardenbloemen	5oor	twee	opeen5olgende	generaties	geselecteerd	in	
drie	5erschillende	genotypes	5an	apomicte	paardenbloemen.	�it	selectie-e7periment	be5atte	
li)nen	die	een	stress	5oorbehandeling	met	)asmon9uur	ofwel	5-a9acytidine	hadden	ont5angen?	
om	te	bepalen	of	stress-ge'nduceerde	���	methylatie5ariatie	de	selectierespons	9ou	5erhogen.	
	et	selectie-e7periment	op	bloeiti)d	Ihoofdstu*	5J	resulteerde	in	een	5erschui5ing	in	bloeiti)d	
5oor	9owel	controle	als	stress-5oorbehandelingsli)nen?	wat	suggereert	dat	natuurli)*e?	erfeli)*e	
epigenetische	5ariatie	*wantitatie5e	eigenschappen	9oals	bloeiti)d	*an	be'n5loeden.	�aarnaast	
5ond	i*	in	een	5an	de	genotypes	een	ster*ere	selectierespons	in	een	li)n	met	stress-
5oorbehandeling	ten	op9ichte	5an	de	controle-li)n.	�it	suggereert	dat	stress-ge'nduceerde?	
erfeli)*e	epigenetische	5ariatie	aan	de	basis	*an	liggen	5oor	Iartifici!leJ	selectie	op	een	
5eranderd	fenotype.	�iepgra5ende	studies	9i)n	echter	nodig	om	genetische	5ariatie	uit	te	sluiten	
en	om	in9icht	te	5er*ri)gen	in	de	stabiliteit	5an	de	5ariatie	waarop	geselecteerd	is.	
	
�ot	slot	5at	i*	mi)n	be5indingen	samen	in	de	general	discussion?	waarbi)	i*	mi)n	resultaten	aan	
de	hand	5an	de	recente	literatuur	bediscussieer	en	in	conte7t	plaats.	
*	reflecteer	op	de	status	
5an	het	5a*gebied	5an	de	ecologische	epigenetica	en	in	wel*e	mate	de	epi��S	technie*	die	i*	
ontwi**eld	heb	en	andere	op*omende	technie*en	*unnen	bi)dragen	aan	een	beter	begrip	5an	
de	rol	5an	epigenetische	5ariatie	in	een	ecologische	en	e5olutionaire	conte7t.	
*	reflecteer	op	de	
mogeli)*e	in9et	5an	epi��S	naast	of	in	plaats	5an	andere	technie*en.	�erder	beschri)f	i*	dat	in	
het	licht	5an	de	groeiende	bewi)slast	die	de	ontoerei*endheid	en	misinterpretatie	5an	�S-��
P	
resultaten	aantoont	een	systematische	re5iew	en	re5isie	5an	de9e	resultaten	middels	het	
repliceren	5an	Ien*ele	5anJ	de9e	studies	met	op	se0uencing	gebaseerde	technie*en	9oals	
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epi��S	nodig	is	om	de	rele5antie	5an	de	tot	nu	toe	opgedane	*ennis	in	de	ecologische	
epigenetica	te	sta5en.	
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�������e	ge�e���	�		������r		
	
�e	*ans	om	dit	promotieonder9oe*	te	mogen	doen	en	met	9o	5eel	5ri)heid	en	ambitie	te	*unnen	
wer*en	aan	het	5erbeteren	5an	methodes	en	de9e	toepassen	was	een	unie*e	*ans.		

*	liet	een	bestaande	baan	achter	om	me	in	dit	a5ontuur	te	storten.	�oen?	)e	hebt	in	)e	hele	
wetenschappeli)*e	carri re	*eihard	gewer*t	om	)e	idee!n	te	realiseren	en	)e	groep	te	starten.	
*	
ben	trots	en	gelu**ig	daar	onderdeel	5an	te	mogen	9i)n	geweest.		
	
�i)n	begeleiders?	�oen?	�r)en	en	�im	wil	i*	heel	erg	bedan*en	5oor	het	5ertrouwen	en	de	
ondersteuning	om	mi)n	Ph�	op	mi)n	manier	in5ulling	te	ge5en.	�a	el*e	meeting	waarin	we	de	
plannen	of	analysemogeli)*heden	bespra*en	*on	i*	weer	5ol	goede	moed	aan	de	gang?	de	sfeer	
en	het	onderlinge	5ertrouwen	waren	groot.			et	epi��S	pro)ect?	wat	technisch	erg	ambitieus	
was	en	oo*	nog	eens	relatief	5er	afstond	5an	)ullie	e7pertise?	heeft	5erreweg	de	meeste	ti)d	en	
energie	ge*ost	gedurende	mi)n	promotieonder9oe*.	�e	uit*omst?	het	publiceren	5an	de	
technie*	in	�ature	�ethods?	was	allerminst	gegarandeerd	en	5ormde	een	groot	risico.	�it	
hebben	)ullie	met	mi)	aan	willen	gaan.	
*	ben	bli)	en	trots	dat	dit	gelu*t	is.	�a	CdeD	publicatie	
lagen	er	echter	nog	drie	hoofdstu**en	om	te	schri)5en?	wat	i*	grotendeels	5anuit	�oli5ia	gedaan	
heb.	�ullie	snelle	feedbac*	en	uitgebreide	ti)dsin5estering	in	s*ype-gespre**en	hebben	ertoe	
bi)gedragen	dat	i*	de9e	hoofdstu**en	relatief	snel	heb	*unnen	afwer*en.	
	
�iels?	het	realiseren	5an	de9e	thesis	was	nooit	gelu*t	9onder	)ou.	�anaf	2N11	ben	)e	bi)na	
fulltime	betro**en	geweest	bi)	het	ontwi**elen	5an	de	epi��S	technie*.		et	was	en	is	ConsD	
pro)ect?	waarin	we	beide	al	on9e	ti)d	en	energie	stopten	in	de	ontwi**eling.	�e	realisatie	dat	
door	een	type	adapter	te	gebrui*en	aan	beide	*anten	5an	de	���-fragmenten	we	alleen	maar	
hairpins	*regen	in	ons	product?	was	�os	et	al	al	in	1WW5	hadden	beschre5en	heeft	dit	pro)ect	
gered.	�anaf	toen	9i)n	we	op	de	goede	weg	ge*omen.	�olgens	mi)	ben	i*	meer	in	�i)megen	op	
het	lab	geweest	dan	in	�ageningen?	de	eerste	succes5olle	epi��S	libraries	hebben	we	daar	
gemaa*t.	�edan*t	5oor	)e	geduld	en	begrip	o5er	mi)n	5eeleisendheid	bi)	het	optimaliseren	5an	
het	protocol	Iminder	PC�-stappen>	J	J.	�e	pra*tische	*ennis	en	er5aring	9i)n	enorm	belangri)*	
geble*en	bi)	het	optimaliseren	5an	het	protocol.	Philippine	en	�oop?	)ullie	betro**enheid	bi)	het	
pro)ect	was	groot?	bedan*t	5oor	al	)ullie	input	en	het	beschi*baar	houdenGstellen	5an	�iels	op	
dit	pro)ect.	
n	the	initial	and	final	phases	of	the	epi��S	pro)ect	numerous	colleagues	ha5e	
helped	me.	�irst	and	foremost?	than*s	�ob	�lshire	for	gi5ing	such	a	great	wor*shop	on	
genotyping	by	se0uencing	in	2N11?	it	ga5e	me	the	thorough	understanding	needed	for	
de5eloping	epi��S	afterwards.	
t	was	a	lot	of	fun	to	wor*	on	the	barcoded	adapter	generator	
and	to	continue	discussing	the	bioinformatics	and	library	preparation	steps.	
n	writing	up	the	
paper	and	preparing	it	for	�ature	methods?	
	got	some	good	ad5ice	from	�ob	Schmit9?	Christina	
�ichards?	Christoph	�oc*?	Claude	�ec*er.	�han*s	to	�lio	Schi)len?	�regory	�aes?	�eroen	5an	
	oudt	and	�aseclear	for	helping	me	se0uence	the	many	test-libraries	that	we	needed	for	
de5eloping	the	epi��S	protocol.	�han*s	to	�ran*	�ohannes?	Claude	�ec*er?	
uc	de	�eester?	
Christina	�ichards?	Philippine	�ergeer	and	�unhems	for	pro5iding	samples	for	the	epi��S	paper.	
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�he	�andelion	team?	�oen?	�eronica?	Carla	and	�ulie?	than*s	for	pro5iding	such	a	warm	and	
supporti5e	and	fun	en5ironment>	�eronica?	we	started	our	Ph�	almost	at	the	same	time?	we	
had	such	a	great	time	on	the	dandelion	collection	trip	across	�urope>	�ou	were	always	in	for	
listening	to	my	laborious	e7planations	on	the	technical	details	of	the	epi��S	protocol.	�ut	
	also	
remember	the	pi99a	and	mo5ie	nights?	some	dinners	at	droe5endaal	and	the	camaraderie	in	the	
office	that	we	shared	for	almost	5	years>	Carla?	bedan*t	5oor	de	ondersteuning	bi)	alle	
technische	wer*	met	���-isolaties	en	library-preps	en	de	le**er	appeltaart	die	)e	9o	regelmatig	
meenam	als	er	iets	te	5ieren	was.	�uly?	
	en)oyed	wor*ing	wit	and	ne7t	to	you.	�han*s	for	all	the	
dinners?	get-togethers	and	in5iting	us	to	your	wedding	in	�rance?	
	had	a	great	time.		
	
�o	all	my	colleagues	at	the	�
��?	than*s	for	pro5iding	such	a	great	atmosphere	and	inspiration.	

ouise?	you	are	the	leader	that	shows	by	e7ample	that	e5ery	organi9ation	could	hope	for.	
	ha5e	
learned	a	lot	from	your	enthusiasm?	dri5e	and	effort	and	belie5ing	that	you	can	achie5e	
ambitious	goals	and	change	the	world	together>	�han*s	to	my	Ph�	colleagues	at	terrestrial	
ecology	Sabrina?	�aia?	�oeland?	Sti)n?	�ingang?	�onie*?	�asper?	�inghui?	�arta?	�utger?	�iola	
and	Sigrid	for	sharing	the	tough	but	rewarding	)ourney.	�lso?	a	e5eryone	else	in	the	department	
�an)a?	�reddy?	Sla5ica?	Carolin?	�oel?	Cis*a	�	and	Cis*a	�?	�artine?	�lga?	�lly?	�adri?	Stefan?	
�asten?	�o*e?	�elly?	�erard?	�eff?	Pella?	�era?	Stefan?	�arti)n?	than*s	for	pro5iding	a	great	
atmosphere.	Petra?	bedan*t	5oor	)e	input	en	bi)drage	in	het	onder9oe*	of	het	9in5ol	9ou	9i)n	om	
de	epi��S-methode	te	patenteren.	�eff?	than*s	for	the	cra9y	discussions?	wild	ideas	and	
unconditional	support	and	belie5e	in	my	abilities.	
	
�ls	fanatie*	*limmer	is	de	*limhal	in	�rnhem	)arenlang	mi)n	tweede	thuis	geweest.	�aap?	�5ert?	

ne*e?	Carlo?	�ori?	�o!l?	Sanne?	�aimoor	en	�asper:	bedan*t	5oor	alle	support	en	*ameraadschap	
in	de	afgelopen	)aren	in	en	buiten	de	*limhal.	�aap?	)e	hebt	mi)	alti)d	op	de	)uiste	manier	weten	
te	inspireren	en	moti5eren	om	doelen	te	berei*en?	9owel	op	*lim5la*	als	in	mi)n	wer*.	�aap?	

ne*e	en	�5ert?	bedan*t	5oor	de	“�ature	�atters”	foto?	dit	bete*ende	5eel	5oor	mi).	�iels	en	
�u*)e?	)ullie	*ennen	mi)	5anaf	mi)n	)eugd?	i*	bedan*t	)ullie	5oor	alle	momenten	die	we	de	
afgelopen	)aren	gedeeld	hebben	en	de	steun	en	begrip	5oor	het	proces	waarin	i*	in	de	Ph�	
doorheen	ging.	
	
�i)n	familie	wil	i*	bedan*en	5oor	de	steun	en	het	geduld.	�am?	als	)e	me	die	���	5an	Cthe	
ghost	in	your	genesD	niet	had	gege5en	in	2NNU	was	de9e	thesis	er	niet	ge*omen.		et	was	een	eer	
en	uitdaging	om	bi)	)ou	in	de	*las	de	scholieren	iets	te	5ertellen	o5er	de	epigenetica.	�o*	
hebben	we	5aa*	gespro*en	o5er	nieuwe	ontwi**elingen	in	de	�iologie.	�m*e?	�irte	en	�i)men:	
bedan*t	5oor	)ullie	geduld	en	luisterend	oor	als	het	aan	de	*eu*entafel	weer	eens	o5er	�iologie	
en	wetenschap	ging.	Pieter?	)e	was	in	�ageningen	dichtbi)?	wat	mooi	om	)e	door	de	wee*	in	de	
win*el	te	9ien	en	wat	leu*	dat	)e	9o	5aa*	bi)	ons	*wam	eten.	�e	interesse	en	warme	
betro**enheid	bete*enen	5eel.		
	
�	mi	familia	en	�oli5ia	a	la	0ue	conoc&	el	2NNW?	un	abra9o	enorme	y	unas	gracias	por	su	apolo	en	
todo.	
ola	y	�aime?	0ueridos	suegros?	gracias	para	cuidar	nos	tan	bien	mientras	estamos	
5i5iendo	como	5ecinos	en	el	departamento	en	Cochabamba.	Siempre	han	tratado	de	traer	nos	
todo?	cocinar	cosas	ricas	y	compartir	la	5ida	en	familia.	�aimito?	�uancio?	Carla	y	�uesia?	gracias	
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para	compartir	su	tiempo	y	ideas	escuchando	lo	0ue	estaba	haciendo.	�n	abra9o	y	un	saludo	a	
todos	los	t&os?	t&as?	primos	y	amigos	0ue	eran	y	son	parte	de	nuestra	5ida	en	�oli5ia	y	el	mundo.	
Su	apolo	y	amistad	nos	han	lle5ado	adelante	siempre.	
	
�ls	laatste	wil	i*	graag	mi)n	�rouw	bedan*en.	�atiana?	mi	amor?	i*	had	dit	tra)ect	nooit	9onder	
)ouw	*unnen	afleggen.	�e	hebt	me	door	di*	en	dun	gesteund	en	met	met	heel	5eel	9a*en	willen	
helpen.	
n	de	*as?	met	het	5ullen	5an	pot)es?	het	na*i)*en	5an	figuren?	het	doorle9en	5an	
manuscripten?	of	9orgen	dat	i*	aan	niets	anders	dan	mi)n	Ph�	hoefde	te	wer*en.	�e	geduld	is	
danig	op	de	proef	gesteld.	�edan*t	hier5oor>
	
�u	weet	i*	9e*er	dat	i*	een	aantal	mensen	ben	5ergeten	te	noemen?	mi)n	e7cuses	en	alsnog	
harteli)*	bedan*t>	
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1.							�nderstanding	the	rele5ance	of	epigenetic	5ariation	in	ecology	and	e5olution	re0uires	
studying	this	in	a	5ariety	of	species	in	natural	settings?	and	methods	that	are	capable	of	
measuring	0uantitati5e	���	methylation	le5els	at	high	resolution	in	non-model	species.	
Ithis	thesisJ	
	
	
2.							�enetically	independent	���	methylation	5ariation	in	apomictic	dandelions	can	
determine	phenotypic	5ariation	upon	which	selection	may	act.	
Ithis	thesisJ	
	
		
Q.							�spects	of	our	health	and	e5en	beha5ior	are	determined	by	our	microbiome	which	can	
change	due	to	en5ironmental	factors	and	be	transmitted	transgenerationally?	ma*ing	this	an	
e7tra-cellular	inheritance	system	whose	properties	are	similar	to	epigenetic	5ariation.	
	
	
R.							�he	use	of	genetically	modified	mos0uitos	in	fighting	global	pandemics	such	as	�
��?	leads	
to	lower	en5ironmental	impact	and	higher	efficacy	than	chemical	control	of	mos0uitos.		
		
	
5.						�s	future	generations	of	students	will	design	their	own	curriculum	based	on	the	widely	
a5ailable	and	high-0uality	on-line	courses	from	international	top	uni5ersities?	the	e7istence	of	
local	uni5ersities	will	be	threatened.	
	
	
T.							�s	the	s*ills	re0uired	to	be	a	successful	scientific	researcher	are	increasingly	
indistinguishable	from	the	s*ills	re0uired	to	be	successful	in	industry?	there	will	be	an	increased	
brain	drain	of	highly	s*illed	scientists	from	academia	to	industry		
	
	
U.							
deas?	and	not	5iruses?	are	the	most	contagious	parasites	that?	once	they	ta*e	hold	of	the	
brain	are	almost	impossible	to	eradicate.		
	
	
Propositions	belonging	to	the	thesis?	entitled:	
�easuring	stress-induced	���	methylation	in	apomictic	�andelions	
	
	
�homas	Pieter	5an	�urp	
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