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Transposabl7 element8 (TEs9 shap7 ever: aspec; <= geno>7 biolog:? influencin@
geno>7 stBCDFD;:? 8DH7? anI or@BnD8>BF fi;n788J K<FF<LDn@ ;M7 2NNO ID8c<P7r: o= tM7
piRNQ defens7 system? researcher8 haP7 maI7 numerou8 findin@8 abou; organ-
isms� I7=7n878 again8; tM787 @7n<>Dc invaI7r8J UV8 ar7 suppres87I C: B ‘@7n<>Dc
immun7 system’? LM7r7 UV insertion8 within specializ7I regi<n8 calF7I PIWI-

Dn;7rBc;Dn@RWQ XYDZWQ9 clu8;7r8 Yr<Iuc7 smalFRWQ8 responsiCF7 =<r theDr suppres-
8D<nJ TM7 7P<Fu;D<n o= pDZWQ cluster8 anI ;M7 pDZWQ 8:8;7> D8 onF: n<L C7Dn@ un-

dersto<I? largel: becaus7 mo8; researcM MB8 been conduct7I Dn developmentBF
biolog: lab8 usin@ onl: on7 ;< tw< genotype8 <= Drosophi[\ melanogaster. Whil7
piRNQ8 themselve8 L7r7 identifi7I simultane<u8F: Dn vari<u8 organism8 (flD78?
mice? rB;8? BnI zebrafi8M9 in 2006–2007? detaileI L<rw on pDZWQ cluster8 ha8 onF:
recentF: expand7I beyonI D]melanogasterJ B: studyin@ piRNQ cluster evoluti<n
Dn PBrD<u8 or@BnD8>8 =r<> Bn evolutionBr: perspec;DP7? L7 Br7 C7@DnnDn@ ;< under-

stanIm<r7 aC<u; UV suppressi<n mechanism8 anI organism–UV coevolutionJ

UM7 8uYYr788D<n <= transposabF7 7F7>7n;8
^_` bfggGlossaryj kqg kv evolutionarilx importavz forcg {v k|| eukary}z{~ genomef� ��{|g z�g g�k~z
percevzk�g }� z�g genomg�k�g �� }� transposonf �kq{gf k~q}ff f�g~{gf b�� z} ��� {vmaize� }q
��� {v humavfj� {z {f alwaxf k signifi~kvz fractiov� Thif peq~gvzk�g {f ma�g �� }� �}z� x}�v�
k~z{�g zqkvf�}f}vf kv� z�g degra�g� qg�vkvzf }� }|� {v�kf{}vf� �v genera| z�g {v�{�{��k| inser-
z{}vf }� zqkvf�}f}vf kqg z�}���z z} �g g{z�gq |kq�g|x vg�zqk| }q �g|gzgq{}�f – z�gqg kqg g�k��|gf
}� adaptivg �� insert{}vf ��z z�gfg k��gkq z} �g kv except{}v z} z�g q�|g (reviewg� {v [1�j�Whethgq
indiv{��k| insert{}vf kqg neutra| }q deleterious� z�g presev~g }� ��f overal| {f |{�g|x delezgq{}�f kf
z�g �}fz �kf dedicatg�machingqx �}q suppreff{v� z�g{q transpositiov� �v �k��k|f kv� inseczf k
mechan{f� }� �� suppreff{}v {f �kfg� }v f�k|| ���f� z�g specifi~ f��fgz }� ��{~� {f referrg� z}
kf PIWI-interacz{v� ��� (piRNAj�

Thesg �{���f ivzgqk~z �{z� ���� ~|k�g proteinf t} s{|gv~g ��f tqkvf~q{�z{}vk||x kv� post-

transcriptionallx [2–5�� ��g majoritx }� �{��� {f der{�g� fr}� z�g processin� }� noncodin� tran-

f~q{�zf z�kz originkzg �q}� |kq�g gen}�{~ qg�{}vf terme� ����� cluste ` (¡{��qg 1)� ��gfg clus-
zgqf ~}vzk{v T�f {v vaq{}�f szkzgf o� decomposit{}v� �q}� ��|| |gv�z� qg~gvz inserz{}vf t} t�g
remnavzf }� ancienz invaf{}vf� ��g ��f themfg|�gf fgq�g kf z�g templatg �}q z�g{q }�v silencing�
produciv� tranf~q{�zf cognazg z} activg transpof}vf z�kz ~kv �g �fg� z} targez z�g� �}q degra-
dation� F}q examplg� iv Drosophil¢ post-transcriptiona| silencin� }� T�f occurf throu�� piR��
interact{v� wit� proteinf A�� an� AGO£� whic� clgk�g T� transcriptf iv thg cyt}�|kf�
(Figurg 2j [2,3,6,7�� ��f kqg transcriptionallx silence� iv t�g nucleuf whev piRNAf gui�g thg
prote{v ���� z} tranf�}f}v insert{}vf kv� depos{z chromaz{v �kq�f [4,5,8].

Silenciv� }� TEf �x smal| RN�f likg|x evolve� deg� {v z�g histoqx }� eukaryoti~ evoluti}v kf {z {f
sharg� acrosf �kvx doma{vf }� life� However� evev }v microevolutionarx timescalef therg is
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considgqk�|g variati}v {v z�g �gvgf involvg� {v z�g �{��� pathwkx� z�g |}~{ ��{~� producg piRNA�
kv� z�g g�k~z ��f z�kz kqg �g{v� targezg�� �v z�{f qg�{g� �g k{� z} summar{Ãg }�q currenz under-
fzkv�{v� }� z�g recevz evolutiov o� p{��� suppreff{}v� pkqz{~�|kq|x w{z� rg�kq� t} t�g �{���
clusteqf ��{~� pq}��~g �q{�kqx p{���� H}� thgfg l}~{ e�}|�g mkx f�g� |{��z }v thg funct{}v
kv� oq{�{v o� p{��� cl�fzgqf� Wg kv}� vgqx litz|g a�}�z z�g p{��� �kz��kx o�zf{�g }� mo�g|
specief su~� kfDrosopÄÅÆ¢melanogaster� ��g |kfz �g� xgkqf �k�g produce� k �gk|z� }� researc�
}v z�g evolut{}v }� z�g �{��� ��{~� {f shapin� }�q understkv�{v� }� {zf origiv kv� function.
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piRNA cluster types in drosophila 

Uni-strand cluster (e.g. flamenco) 
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Dual-strand cluster (e.g. 42AB) 
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Figurð ñò Comparióôõ ôö unist÷øõù øõù dual-straõù piRúû clustð÷ó üõ Drosophiýþ melanogasterò Abbreviaÿt����
pt���� PIWI-inÿ�	
�ÿt�� ���R T
� transposabl� element.

YDZWQ Yr<Iuc;D<n
piR�� aqg 23–32 �� sma|| R�� produce� fro� piRN� clusters� regiovf }� thg geno�g densg
wiz� T� insertiovf (Figuqg 1)� Iv mosz metazoav genomef �� z} k fe� hundrg� piRN� clusteqf
~kv bg identifig�� The{q f{Ãg ~kv �kqx �{�g|x� fq}� k �g� thousan� bkfg pk{qf z} hundre�f }�
kilobkfgf� Typick||x z�gx occupx ��}q |gff }� eukary}z{~ genomef� �{��� ~|�fzgqf kqg dispgqfg�
{v kv{�k| �gv}�gf kv� z�g qg�{}v ��{~� z�gx }~~��x {f v}z ~}vfgq�g� {v �{��gqgvz ��x|}�gvgz{~
groups� F}q exk��|g� {v D�����ÄÅÆ¢ thex kqg l}~kzg� �q{�kq{|x {v peq{~gvzq{~ �gzgq}~�q}�kz{v�
��{|g {v �{~g z�gx kqg euchro�kz{~ [2�� �{��� productiov �q}� �{��� ~|�fzgqf ~kv �g unistrav�
}q doub|g stranded� av� z�g tisf�gf kv� exa~z mechkv{f�f wheqg piR�� {f producg� varief
betwegv species�

Germlivg producz{}v }� primarx �{���
�v z�g germling ~g||f }� inseczf kv entire|x distiv~z �}�g }� transcriptiov }~~�qf z} �q}��~g �{���
transcq{�zf �q}� p{��� cluszgqf (Figuqgf 1 an� 2)� �{��� clustgqf aqg �kq�g� �x H3K9me3
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methylkz{}v� kv epigengz{~ �kq� z�kz initiatgf heterochromaz{v formaz{}v [9�� H3K9�g£ {f �f�k||x
associkzg� �{z� constit�z{�g heterochromaz{v kv� {f generk||x considgqg� z} suppreff transcrip-
z{}v [4,5,10–12�� ��g |}~�f {f z�gv licenfg� �}q non-canonick| transcriptiov �q}� z�gfg chromat{v
�kq�f ratheq z�kv �q}� k �q}�}zgq �x z�g Rhino-Deadlock-Cut}�� comple�� Transcriptiov {f dual-
stran�g� kv� occurf kz �kvx positiovf �{z�{v z�g heterochromaz{~ �{��� clustgqf [2,11,13,14��
Co-transcripti}vk| procgffgf f�~� kf splic{v� kv� polyadenylaz{}v kqg k|f} suppreffg� {v z�gfg
regionf [11,15]� Followin� transcription� piRN� transcripzf arg exporte� z} thg cytoplas� and
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Figurð nò piRúû øõù quð silenvüõw ôö actüxð z{óò piR�� cluste	� ar� distin�ÿ region� �� th� genoo� occupi�d by rece�ÿ T

insertion� and th� degraded remain� o� old T
�� They ar� transcribed int� precu	��	 R�� whi�� i� post-transcriptionally
proces��d t�ÿ� o
ÿ|	� piRN�� T���� o
ÿ|	� pt��� 
	� ÿ��� b�|�d by }I~I proteins� �l��� �tÿ� several cofacÿ�	� ÿ����
piRN����W� compl���� silen�� T
� b�ÿ� transcriptio�
lly 
�d post-transcriptionally� Abbreviati���� piRN�� PIWI-interacti��
RN�R TE� transposabl� element.
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�q}~gffg� int} p{��� �x k proteiv ~k||g� Zuc~�{v{ [16,17�� � �}qg dgzk{|g� discussiov o� z�g
product{}v }� �{��� ~kv �g �}�v� �gqg [10].

Trends in Genetics

Ovariav somat{~ producz{}v }� �{���
�v D�����ÄÅÆ¢ z�gqg if k sg�kqkzg �{��� pkz��kx {v z�g s}�kz{~ f���}qz ce||f }� z�g o�kqx
(Figuref 1 an� 2j� Th{f {f t} su��qgff gypsy-claff zqkvf�}f}vf w�{~� possgff kv enveÆ���
prote{v� ��g envelo�� prote{v allo�f ��f z} �}�g �q}� z�g somati~ supp}qz ~g||f z} z�g germling
duriv� developmgvz� ¡}q e�k��|g� iv t�g ovarikv somat{~ cel|f producti}v }� primkqx p{���
occurf throu�� canonica| transcript{}v fr}� av RN� P}| I� promoteq ratheq thav non-canonica|
transcriptiov licenfg� �x ��{v} [5�� ��g |}~�f ��{~� primkq{|x perfor�f z�{f functi}v {v DrosopÄÅÆ¢
{f calle� flamenco� k ∼ ��� �� reg{}v }� thg genomg fille� w{z� antisenfg insertionf }� primari|x
gypsy�~|kff g|g�gvzf� fl¢����� �q}��~gf k |}v� v}v~}�{v� zqkvf~q{�z ��{~� {f �q}~gffg� kv�
k|zgqvkz{�g|x s�|{~g� li�g k ggvg bg�}qg bg{v� ex�}qzg� z} z�g cytoplaf� [18]� On|x PI�� {f
expresfg� {v z�g }�kq{kv somati~ �{��� syszg�� silen~{v� ��f transcriptiovk||x {v z�g cytop|kf��
flamenco �|{�g |}~{ kqg �}�v� acroff dros}��{|{�f kv� {vmosquit}gf� ��z z�{f fxfzg� }� repress{}v
k��gkqf z} �g uniqug z} arthro�}�f [19��

��g ping-p}v� ~x~|g
Therg if k se~}v�kqx �kz��kx �}q t�g amplifi~kz{}v o� t�g �q{�kqx �{��� f{�vk| {v flies� fish�mammals�
kv� mavx ot�gq organif�f referre� z} kf thg ping-po�� cyc�� [2,3�� Thg ping-pov� cy~|g {f kv
amplifi~kz{}v l}}� {v ��{~� t�g clgk�g� zqkvf~q{�zf o� T�f kqg �g� �k~� {vz} z�g p}}| o� p{���� T�{f
pat��kx conneczf piR�� biogenef{f wit� tar�gz silenciv�� Specifical|x� antisenfg piRNAf kqg
�}�v� �x A��� w�{~� ~|gk�gf z�g tqkvf~q{�zf }� act{�g tqkvf�}f}vf z} �q}��~g sgvfg fzqkv� �{���f
[20–22�� Thesg senfg stran� piRN�f arg boun� �x Ago3� whi~� cleavef antisenfg piRN� clustgq
transcriptf� producin� t�g �{��� thkz kqg thgv boun� t} Aub� T�g piv���}v� l}}� if t�g predominanz
mechanif� thkz producgf piRN� precursorf foq PIW� [20–22]� Interruptiov o� thg ping-pon� cyclg
causgf transposov activatiov [23,24]� � hallmar� o� t�g ping-pon� cyc|g {f {zf specific signature o�
k 1� �� offsez betweev senfg an� antisenfg piRNAs� T�g ping-pon� cyclg relief }v k numbeq o�
proteiv cofactoqf whic� havg beev revie�g� extgvf{�g|x g|fg��gqg [20,25�

Establ{f�{v� �� silen~{v�
��gqg aqg ~�qqgvz|x z�qgg mk{v hypot�gfgf f}q thg pq}~gff bx whi~� k new|x invadin� �� {f
silence� �x piRNA� Thg initia| identificatiov }� piR�� clusterf kf �� suppressiov loc{ le� z} thg
developmgvz }� k thg}qx foq t�g silencin� }� ��f zgq�g� thg ‘trap’ mo�g| [2�� Un�gq thg zqk�
�}�g|� |kq�g �{��� clustgqf �q}��~g z�gmajoritx }� �{���withiv z�g organis�� � vg�|x {v�k�{v�
�� z�gv integqkzgf {zfg|� {vz} z�g �{��� clustgq kv� {f subsequgvz|x represfg� �x �{��� produce�
�q}� z�g qg�{}v [18,26–30�� Integrkz{}v }� k �� {vz} k �{��� ~|�fzgq {f z�gv consideqg� suffi~{gvz z}
activkzg z�g gvz{qg �� suppreff{}v pathwax� includ{v� z�g ping-p}v� ~x~|g� ��g zqk� �}�g| }� ��
f���qgff{}v �kf e��{q{~k| f���}qz �q}� severa| studies� F{qfz� w�gv artifi~{k| sequen~gf kqg
inserte� int} piR�� c|�fzgqf thex tri��gq piR�� productiov ~}�vkzg t} th}fg sequgv~gf [31��
Second� ��gv k reporteq constr�~z {f insertg� {vz} k |kq�g �{��� ~|�fzgq {z {f suffi~{gvz z} silencg
thg reporteq [32,33]� However� theqg {f als} evidencg fro� simulatiovf z} thg contraqx suc� af
fe�gq insertionf iv �{��� ~|�fzgqf z�kv expe~zg�� smallgq �{��� c|�fzgqf t�kv expeczg�� an�
z�g experimentk| abilizx z} delezg multi�|g |kq�g ~|�fzgqf witho�z conse��gv~gf [34,35��

��gqg kqg z�} oz�gq mode|f ��{~� hk�g begv pro�}fg� t} explaiv ho� new|x invadin� ��f
becomg piR�� targets� thg firsz }� whi~� {f calle� thg siR�� model� Undgq thg siR�� mode| {z
{f maternal|x inherite� siR�� thkz {f necessarx an� suffi~{gvz t} k~z{�kzg t�g �q}��~z{}v }�
�{���� f{���f aqg �q}��~g� fro� clea�k�g }� �f���� whic� coul� �g rek�{|x forme� �x thg
trans~q{�zf }� ��f [33�� ��g fg~}v� {f calle� z�g ‘crank-up’ �}�g|� ��gqg {vfzgk� }� �� insertions
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{vz} k �{��� clusteq �g{v� z�g crit{~k| fzg� z} initiatg �}fz silenc{v� {z {f activkz{}v }� z�g ping-p}v�
~x~|g [36�� ��{f waf bkfg� }v z�g expgq{�gvzk| observaz{}v z�kz z�g P-ele�gvz �kf a�|g t}
escapg h}fz c}vzq}| desp{zg sg�gqk| inseqz{}vf {vz} �{��� c|�fzgqf� Like�{fg� t�g sa�g fz��x
�}�v� z�kz producti}v }� f{��� �q}� �f��� }� z�g P-elemenz �kf insuffi~{gvz z} initikzg silenc{v�
[36�� ��g }v|x �kqz }� z�g �{��� pathwkx z�kz corres�}v�g� completg|x �{z� �� suppressiov �kf
z�g activkz{}v }� z�g ping-p}v� pathwax� �|| }� z�gfg �}�g|f – z�g zqk� �}�g|� f{��� �}�g|� kv�
~qkv���� �}�g| – qg�k{v z�g}qgz{~k| kv� k��{z{}vk| qgfgkq~� {f vgg�g� z} �{��gqgvz{kzg �gz�ggv
them� Howeveq� t�g evolutiov }� piRN� clusterf cav hel� uf t} differentiatg betweev thesg differenz
mode|f }� �� suppressiov� foq examplg� i�morg T� copigf arg routinelx observg� iv piRN� clusterf
thkvwou|� �g predictg� undeq thg tra�model� th{f cou|� suggesz {z if n}z kv accurazg reflecti}v o�
piR�� suppression�

Trends in Genetics

�} conc|��g� z�g �{��� base� suppresf{}v }� ��f {f widespqgk� {v eukarx}z{~ evol�z{}v� wh{|g
z�g dgzk{|f }� �{��� product{}v an� {zf e��g~z}qf hk�g d{�gq�g� consi�gqk�|x amon� �{��gqgvz
organisms� Mofz organis�f relx }v piRN� clusteqf foq thg productiov }� piRN�� thoug� thefg
clusterf argmadg }� differenz componentf� locatg� {v differenz regionf� an� transcribe� differentlx�
Ong conserve� aspe~z }� thg pathwax {f thg ping-pov� cyclg�whic� hkf begv hypothesize� t} �g
thg crucia| ste� foq �� suppressiov� Nexz� wg wil| revie� whaz {f knowv abouz thg evolutiov }�
piR�� clusterf an� h}� thkzmax infoq� ouq understandin� }� T� suppression�

VP<Fu;D<n <= YDZWQ cFu8;7r8
piR�� clusterf havg large|x begv describe� {v k limitg� numbeq o� genotypgf o�modg| organismf�
f�~� kf D� melanogaste� }q z�g �}�fg �}�g| (�}� 1j� Howevgq� {z {f �v�v}�v �}� ~}vfgq�g�
�{��gqgvz kf�g~zf }� z�gfg fxfzg�f kqg }�zf{�g }� �}�g| }q�kv{f�f (�}� 2j� ¡}q g�k��|g� �} k||
drosophilidf utilizg largg piRN� clusterf z} produ~g z�g majoritx }� the{q piRNA� I� largg piR��
cluszgqf aqg noz conser�g� outsi�g }� D� melanogaster� z�g trk� mode| }� �� suppressi}v �kx
noz hold� �g w{|| revie� heqg thg currenz stazg }� o�q knowled�g abo�z thg evoluti}v }� piR��
clusterf� focusin� largelx }v Drosophil¢ dug z} t�g preponderan~g }� woq� dong iv th{f system�

Evoluz{}v }� z�g }�kq{kv somati~ �� suppressiov systg�
�v D�melanogaster� flamenc� if thgmaj}q unistran�g� pi��� cl�fzgq� li�g|x originatin� 13.3–1����
k�} [37]� �z if share� wit� manx relate� specief fro� D� melanogaster’f closefz qg|kz{�g Dro-

���ÄÅÆ¢ sÅ��Æ¢�� z} distkvz relkz{�gf f�~� kf D�����ÄÅÆ¢ biarmipes� Be~k�fg }� {zf essgvz{k|
��v~z{}v {v �{��� suppression - knockouz o� fl¢����� resultf iv sterilitx – {z waf thoughz bg k
deep|x consgq�g� kv� vg~gffkqx paqz }� z�g p{��� fxfzg�� H}�g�gq� rg~gvz fz��{gf �k�g
foun� thaz t�g flamen�� lo~�f if evoluz{}vkq{|x �xvk�{~ g�gv with{v thg mel¢���¢���� sub-
�q}��� ¡}q e�k��|g� k re~gvz sz��x �}�v� t�kz flamen�� {f duplicatg� {v D� simuÆ¢�� kv�
may have germ line activitx iv D� simula�� an� Drosophil¢ mauritian¢ [38].

�ô� ñò piRúû clustð÷ó üõ �üvð
I� mice� piRNA� ar� expressed duri�� tw� phas�� thaÿ a	� characteriz�d by divergenÿ piRN� population�� TE-derived
pt���� 
	� primartly �
	ly t� embryo�����t� 
�d 
	� ÿ�	o�d pre-pachyÿ��� pt���� T���� pt��� 
	� necessa	y ��	 o
l�
fertiltÿy a�d proÿ��ÿ ÿ�� genoo� durin� early stag� spermatogene�t� [55–57�� Late	 t� developmenÿ� ÿ�� mosÿ abundanÿ
��	o �� pt���� ÿ�	o�d p
��yÿ��� pt����� 
	� proces��d �	�o pt��� precur��	 transc	tpÿ� p	�d|��d �	�o l
	��� bidirec-ÿt��
lly transc	tb�d region� �� ÿ�� ����o� [52,54,58�� T���� 	��t��� �� ÿ�� ����o� 
	� inter-���t� 
�d l
	��ly d�pl�ÿ�d ��
T
 sequences� ÿ��|�� 
 �	
�ÿt�� 
	� ÿ
	��ÿ�d ÿ��
	d� T
�� T���� l��t 
	� euchromatt�� ����� promoter-depend��ÿ���
��l �� ÿ	
���	tpÿt�� |�tÿ� [59�� T�� ���|���� �� ÿ���� pt����p	�d|�t�� 	��t��� t� ��ÿ �����	��d� b|ÿ ÿ�� l��
ÿt�� t�� 
�d
�����|ÿ��	t
� mammal� shar� around 2  pachyten� piRN� �l|�ÿ�	� [34�� Mi�� �
�� th	�� P�W� proteins� MIWI� MILI�

�d ��W�¡� ÿ�
ÿ 
	� ��ÿ dt	��ÿ ��o�l��� �� Drosophi¢£ ¤¥¦¥ p	�ÿ�t�� b|ÿ p�	��	o ÿ�� �
o� �|��ÿt�� 
� t� Drosophila� §¥¦¥

�d MILI-b�|�d pt���� �tl���� T
� t� ÿ�� �yÿ���l [60�� ��W�¡ b�|�d pt���� �tl���� T
� t� ÿ�� �|�l�|� by �|tdt�� ÿ��
depositi�� �� epigen�ÿt� o
	¨� �|�� 
� ©3ª«o�3 
�d ¬�� methyl
ÿt�� [61].
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�ô� nò Diversit­ üõ piRúû productioõ acroóó animø®ó
Whtl� piRN� productio� t� cons�	��d acros� animal�� ÿ��	� t� considerabl� variabtltÿy t� ��� tÿ t� produ��d� �� ass
��t�
b|��� 
ll pt��� �l|�ÿ�	� 
	� |�t�ÿ	
�d �l|�ÿ�	� 
�d |�lt¨� fl£¯°±²³ t� ´µ³¶³·¸¹¢£ ÿ�� T
� 
	� ��ÿ �	t��ÿ�d t� 
 p
	ÿt�|l
	
directio� [62]� piRN� cluste	� ar� als� primarily unistrand t� Triboliu¯ castaneº¯ [63�� Anophele¶ gambia° [64�� slug�
[65�� pl
�
	t
 [65� 
�d Blatte¢¢£ germa±¹²£ [66��Dual-�ÿ	
�d�d transc	tpÿt�� d��� ���|	 t� ÿ���� �p��t�� 
�d ÿ�� ping-pon�
cycl� t� conserved� b|ÿ iÿ i� mu�� le�� abunda�ÿ tha� t� ´» melanogasteµ [13,63�� T�� strandedne�� o� piR�� cluste	�
���o� ÿ� b� b�ÿ� ���l|ÿt��
	tly l
btl� 
�d p�ÿ��ÿt
lly ��ÿ 
 �
	d dt�t�t�� – t� Drosophila� pt��� �l|�ÿ�	 ¡ � t� 
 ��	olt��
�l|�ÿ�	 whic� app�
	� t� b� p	to
	tly unistr
�d� 
�d i� ´» simu¢£±¶ 
�d ´» maurit¹£±£¼ flam°±²³ show� st��
l� o� 

dual-stra�d�d �l|�ÿ�	� �ÿo
y b� ÿ�
ÿ ÿ�� 
����ÿ	
l ÿ	
tÿ t� |�t�ÿ	
�d �l|�ÿ�	� ���� t� ÿ�� ��	olt�� 
�d ÿ�
ÿDrosoph¹¢£ 	�ÿ
t��
	�o�
�ÿ� �� ÿ�t� system�
�� assassi� b|��� 
� t� �ÿ��	 hemimeÿ
b�l�|� 
�d homometab�l�|� t����ÿ�� ÿ�� ping-pon� p
ÿ��
y t� 
l�� ��ÿ restri�ÿ�d
ÿ� ÿ�� ��	olt�� [63,66–68�� �� �
�ÿ� ���� t� ÿ�� b
�
l o�ÿ
½�
� ¾¿Àµ£ ÿ�� ping-pon� �y�l� t� 
�ÿt�� t� ÿ�� ��o
ÿt� �ÿ�o ��ll�
[69�� ���ÿ ��o
ÿ�d�� 
pp�
	 ÿ� �
�� l��ÿ ��W� p	�ÿ�t�� 
�d pt���� altogethe	� ÿ��|�� ÿ��o�d�l �p��t��Caenorhabd¹Á¹¶
°¢°Â£±¶ d��� ���ÿ
t� 
 pt���p
ÿ��
y ÿ�
ÿ t� distin�ÿ �	�o flt�� 
�dot�� [70,71�� �� Ã» elegans� pt��� 
	� produced �	�o
�t��l� T
� 
�d ÿ���� d� ��ÿ 
pp�
	 ÿ� b� 	�l
ÿ�d ÿ� ÿ�� pt��� �l|�ÿ�	� �� �ÿ��	 �	�
�t�o� [72,73�� Ä|	 underst
�dt�� ��ÿ�� pt��� p
ÿ��
y �|ÿ�td� �� o�d�l �p��t�� t� �ÿtll t� tÿ� infancy.

��gqg k|f} k��gkqf z} �g frequgvz conveqf{}v }� fl¢����� �gz�ggv germling kv� }�kq{kv somati~
��v~z{}vf� ¡}q g�k��|g� {v D�����ÄÅÆ¢ fi����ÄÅÆ¢Å fl¢����� {f v}� k dual-stran�g� ~|�fzgq �{z� k
ping-p}v� signal� an� k differgvz unistrav� clusteq hkf g�}|�g� [37]� ��gfg �v{fzqkv� z} dual-

strandg� transiti}vf k��gkq z} happgv frequentlx {v DrosophÅÆ¢ evolution� �v z�g obscur¢ �q}��
thg rg�{}v syntev{~ t} t�{f fg~}v� flamenco-l{�g l}~�f {f v}� dual-strandg� kv� ygz kv}z�gq
flamenco�|{�g unistrkv� ~|�fzgq �kf evolvg� [37�� DrosopÄÅÆ¢ �����¢ kv� DrosopÄÅÆ¢ Æ¢Ç�È¢ con-

zk{v ~|�fzgqf �{z� �}z� �gq�|{vg kv� }�kq{kv f}�kz{~ �{��� f{�vk|f� f���gfz{v� z�kz z�gfg clus-
zgqf ~}�|� k|f} p}zgvz{k||x fgq�g b}z� funct{}vf� t�}��� m}qg evidev~g if ngg�g� z} f���}qz
z�{f ~|k{� [37��

Exactlx h}� flamen�� evolvg� z} �g k unistrav� clustgq {f unknowv� kf {f ho� additionk| unistran�
clusterf evolve� iv oz�gq species� However� recenz wor� ov t�g ovariav somat{~ suppressiov
syste� iv D� melanogaste� highlightf h}� ovariav somat{~ clusterf coul� potentiallx evolvg
(Figuqg 3j [39�� �v D�melanogaste� 17�É if n}z suppresse� �x flamenco. Whx k flamen�� inserti}v
haf n}z arisev {f uncleaq� howevgq k smal| unistrav� clustgq appearf t} havg evolve� z} suppresf
17.6� Thif ne� cl�fzgq haf k partia| copx }� kv ol� quasimodo-relate� elemevz wit� av intacz
lov� termina| repekz (LTRj an� 5′ untranslatg� regi}v (UTRj neighboqf insertionf }� 17�É an� idefiÊ

[39�� Thif quasimodo-li�g fragmenz existf {vD� simulan� an�Drosophil¢ sechelli¢ buz dogf n}z havg
kvx neighborin� �� insertiovf� �v D� melanogaster� thg initiatoq mot{� {v thg fiqfz Ë�� }� thg quasi-
modo-likg insertiovf haf begv co-opte� z} �g thg staqz o� k unistran� piRN� clusteq (Figuqg 3j
[39�� Transcriptf arg produce� fr}� thesg �� insertionfwhi~� arg processe� inz} piRN�� silenciv�
17�É {v ovarikv somat{~ cellf [39�� Th{f if likelx h}� othgq unistran� clusterf evolvg – av initiatoqmot{�
fr}� k T� }q otheq sour~g becomgf associatg� wiz� k �� an� beginf z} acz kf k cluster� whi~� iv
tuqv favoqf t�g inserti}v o� additionk| TEf causin� thg locuf t} grow� Exact|x h}�}qwhx thif clustgq
evolvef z} �g unistrav� kf opposg� z} joiniv� thg germling suppressi}v syszg� {f unkn}�v kv�
woul� �g kv interestiv� argk }� furtheq research.

�v t�g �È����¢ specief gq}�� k �gvg essevz{k| �}q procesf{v� trans~q{�zf �q}� flamenc� �kf �ggv
|}fz (fs(1)Ybj� xgz abundanz }�kq{kv somati~ �{��� kqg produce�� suggefz{v� z�kz k diffeqgvz �gvg
}q �q}~gff �kf g�}|�g� z} fgq�g z�{f functiov [40�� ��gqg {f k|f} evidencg z�kzmosquiz}gf ~}vzk{v
unistrkv� �{��� ~|�fzgqf �}q suppqgff{v� somat{~ ��f� ��{~� implief z�kz z�{f approa~� {f wide-
sprea� acq}ff {vfg~zf� Howeveq� z�g m}qg fine-graine� kvk|xfgf describe� ear|{gq f���gfzf
z�kz z�g g�}|�z{}v }� z�{f fxfzg� {f comp|g�� �{z� �qg��gvz z�qv}�gq �gz�ggv fl¢����� |}~{
kv� t�g{q ��v~z{}v {v z�g o�kq{kv f}�kz{~ kv ger�|{vg pkz��kxf� kf �g|| kf �gvgqkz{}v }� vg�
fl¢����� loci.
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Figurð 3ò Mode® fo÷ thð evolutioõ ôö
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m
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Evoluz{}v }� z�g �gq�|{vg �� suppreff{}v fxfzg�
��{|g }�kq{kv s}�kz{~ piRN� c|�fzgqf s�~� af flamenc� kqg req�{qg� foq �� suppqgff{}v av�
organ{f�k| fert{|{zx� thg ckfg wiz� germl{vg piR�� clusteqf {f moqg ~}��|{~kzg�� Iv lk�}qkz}qx
stra{vf }� D� melanogaster� k fg� largg piRN� clusteqf produ~g z�g majoritx }� piRNA� Thif le�
z} z�g developmevz }� z�g conce�z }� pi��� clusterf – thaz therg wou|� �g large� dedicate��
kv� c}vfgq�g� ‘�� graveyards’ z�kz arg pq{�kq{|x responf{�|g f}q f���qgff{v� TEf [2�� ��g
existencg }� thesg clusterf {f als} importavz foq thg trk� mode|� becausg k �� mufz bg ablg z}
zqkvf�}fg ivz} t�g laq�g clustgq� oq tra�� kv� t�gv ggz suppresfg�� Howeveq� fg�gqk| rg~gvz
studief �k�g �}�v� z�kz germling �{��� clusteqf kqg �gqx evoluti}vkq{|x labile� �gz�ggv genotx�gf
}� z�g sk�g spe~{gf }� Drosophila, 70–��� }� cluszgq rg�{}vf kqg s�kqg�� mekv{v� t�kz t�g
piRNA-produc{v� qg�{}vf g�{fz ��z v}z neceffkq{|x z�kz z�gx �q}��~g �{��� [41�� �� z�g existev~g
}� z�g regiov an� sharg� acti�{zx kqg considerg�� k recgvz stu�x fo�v� z�kz }v|x arouv� ��� }�
cluszgq regiovf thkz pr}��~g p{��� {v }vg gen}zx�g a|f} produ~g� signifi~kvz a�}�vzf }�
piR�� {v otheq genotypef [42]� Foq example� 4ßàá {f thg canonica| piRN� clusteq up}v whic�
mofz woq� z} understav� pi��� silenciv� {f zkq�gzg�� �v 2â� fz��{g� ggv}zx�gf {v
D�melanogaster� ãßàá �{� v}z contri��zg substavz{k||x z} z�g �}}| }� sequgv~g� �{��� [42�� Be-
z�ggv close|x relatg� specief f�~� kf D�melan��¢���� kv� D� simulans� }v|x kq}�v� �� }� clus-
zgq rg�{}vf �gqg f�kqg�� iv�{~kz{v� k |k~� }� ovgqk|| e�}|�z{}vkqx conservatiov [42�� Th{f
��gv}�gv}v waf a|f} obsgq�g� iv m{~g� wherg polymorph{~ �� insert{}vf wgqg activ� kf
v}�g| piR�� clusteqf ��{~� diffeqg� betwegv stra{vf [43��

ägq�|{vg �{��� ~|�fzgq regionf kqg k|f} �gvgqk||x z�}���z z} �g qg��v�kvz� z�kz {f� piRNA-pro-
duc{v� �� insertionf exifz {v moqg thkv }vg clusteq an� thg functiov }� anx sing|g clusteq {f not
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unique� ��{|g z�{f �kf v}z �ggv defiv{zg|x f�}�v� {z �kf supp}qzg� �x k qg~gvz fz��x ��gqg z�qgg
}� z�g �kå}q �{��� ~|�fzgqf {v D� melanog¢���� �gqg �g|gzg� �{z�}�z trigger{v� �� k~z{�{zx }q al-
zgq{v� fertilizx [34�� ¡}q f}�g familigf }� ��f z�gfg clusteqf conzk{vg� z�g }v|x �{��� ~|�fzgq inser-
z{}vf av� prod�~g� æ�� }� piRN� targete� z} z�g ��� T�{f actuallx s���gfzf z�} f}�g��kz
~}vzqk�{~z}qx t�{v�f� Fiqfz� {z f���gfzf z�kz �{��� ~|�fzgq regi}vf aqg v}z ent{qg|x functionk||x
qg��v�kvz� kf }z�gq c|�fzgqf �{� v}z c}vzk{v infgqz{}vf }� z�g sk�g T�� çg~}v�� iz s���gfzf
thaz evev non-redun�kvz clustgqf kqg v}z entirelx necessaqx foq �� silencin�� wh{~� bringf {v z}
questiov t�g piRN� clustgq mode| o� �� suppressiov� �f {z possiblg thaz TEf aqg actual|x bein�
silgv~g� �x disperse� �� insertiovf thkz independent|x nucleazg piRNA� èq kqg thgfg ��f bein�
silence� bx k mechanis� otheq thav piRNA� T�g idek thaz avx (oq somej T� insertiovf coul�
ultimate|x ser�g af k piRNA-producin� regiov waf supporte� �x severa| studief whic� foun�
thkz numerouf insertiovf sprek� acroff t�g genomg contribuzg t} piRN� productiov [44,45��

Trends in Genetics

Srivaszk� (2024j suggefzg� k �{qz� deaz� �q}~gff {v ��{~� é� ��ê� �� insert{}vf nuclekzg �{���
product{}v kv� �q}� }�gq time� potentia||x bec}�{v� k |kq�g �{��� clustgq� � �� insert{}v coul�
trigggq z�g producz{}v }� �{���� ��{~� {v z�qv recru{zf additi}vk| �� insertions� ��{f {f supp}qzg�
�x z�g fiv�{v� z�kz |kq�g �{��� clusteqf kqg evolutionari|x }|�gq z�kv smallgq �{��� clusters� ��gqg
coul� bg considerablg evoluti}vkqx t�qv}�gq o� t�gfg smk||gq clustgqf� �{z� somg evenz�k||x
�q}�{v� t} bg lkq�gq clustgqf s�~� af 42AB� Af ng� invasionf }~~�q� thg lkq�g �{��� clustgq
max noz conta{v insertiovf o� t�g new|x invadiv� TEf av� {z wil| losg itf ro|g {v T� suppressiov
an� bg l}fz [42]� Germling clusteqf d} noz requiqg thg co-optiov }� av initiatoq sequence� buz {z
{f uncleaq ��kz specifigf k |}~�f �}q �{��� producz{}v {v z�{f pathwax�

Overal|� z�g evolut{}v }� �{��� clusterf {f dominate� �x largg inserz{}vf �q}� ne� �� invasiovf
kv� f�k|| delez{}vf }� }|�gq inactivg ��f [41,42�� ��gfg insert{}vf }~~�q f} rapid|x z�kz homolo-

�}�f ~|�fzgqf }�zgv �} v}z f�kqg {vfgqz{}vf }� z�g fk�g ��f [41�� �g�kq�|gff }� ��gz�gq �{���
clusteqf confor� z} g{z�gq }� z�gfg �}�g|f – z�kz z�gx kqg discrezg loc{ �{z� k dedicazg� funct{}v
}q z�kz �}fz �� ~}�{gf ~kv fgq�g functiovk||x kf k �{��� cluster– indivi��k| piRNA-produciv� |}~{
kqg dispgvfk�|g kv� evolutionarilx labile�

Unistqkv� z} double-stran�g� evolut{}vkqx pipeling�
�v b}z� D� simula�� kv� D� mauritiana� flamenc� �kf �ggv coloniÃg� �x abundavz ëì elemevzf�
��{~� kqg k|f} k signifi~kvz sourcg }� double-szqkv�g� �{��� product{}v �q}� fl¢����� [38�� ëì
elemenzf kqg v}z �Æ��Æ ~|kff elementf kv� z�gx kqg exclusivelx vertica||x trans�{zzg� [46,47�� �g
proposg k �}�g| }� unistrav� clusteq evolut{}v {v ��{~� z�g |}~�f {f initik||x limizg� z} gypsy�~|kff
envelo�� contk{v{v� transpof}vf� ��z }�gq z{�g }z�gq clasfgf }� tranf�}f}vf ~}|}v{Ãg z�g locuf
(¡{��qg 4)� ��{f �}�|� sz{��|kzg z�g pq}��~z{}v o� d}��|g�fzqkv�g� �{��� fq}� z�g fl¢�����
locus� Oncg double-strande� piRN� if produce� fro� thg flamenc� lo~�f iz if lesf efficienz iv
thg unistqkv� pathwax av� }�gq timg k d{��gqgvz unistran� locuf w{|| g�}|�g� whilg thg origina|
|}~�f if a�kv�}vg� z} z�g double-stqkv�g� �{��� �kz��kx (Figurg 4j� ¡}q examplg� iv
D� melanogaster� flamenc� dogf noz contaiv insertiovf thkz belov� z} TEf acti�g {v thg germlivg�
Howe�gq� {v D� simulans� lkq�g {f|kv�f o� repeate� ëì insert{}vf hk�g coloniÃg� flamen�� kv� dou-

ble-strande� piR�� {f produ~g� fro� thgfg insertiovf [38�� Likewise� {v D� mauritiana� flame���

covzk{vf ëì insertionf an� producgf double-strandg� piRN�� whilg flamen�� {v D� sech�ÆÆÅ¢ doef
v}z contaiv full-lengz� ëì inserti}vf kv� {f exclusive|x unistrand� Thif wou|� explaiv z�g freq�gvz
conversiov }� flamen�� int} double-strande� clusterf� thg existen~g }� intermediatg clusterf� an�
thg presen~g }� n}v gypsy-claff TEf kz thg locuf� Thif procesf {f distin~z fro� t�g é� nov� birt�
}� germlivg piR�� clusterf� whi~� if likelx thg mosz comm}v mechanif� foq t�g evoluti}v }� ng�
piRN� clusters� T�g transiti}v }� unistran� ovariav somati~ piRN� clusterf t} germlivg clusterf if
�x�}z�gz{~k| kv� w}�|� �g kv interest{v� kqgk o� ��z�qg research.
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VP<Fu;D<n <= YDZWQ YB;MLB: @7n78
��{|g t�g �{��� pathwax kf k w�}|g �kf kv kv~{gvz }q{�{v kv� if ~}vfgq�g� k�}v�fz mosz
animals� thg proteinf {v thg pathwax evolvg rapidlx av� arg oftev gaine� an� lost� Ovg recenz
fz��x {v particu|kq highlighzf z�{f process� ��gqg {z �kf �}�v� z�kz {v z�g obscu�¢ �q}�� kv� Dro-

sophil¢ eugracili� therg aqg v} YÈ ho�}|}�f [40�� �v �}fz species� YÈ {f require� �}q thg
format{}v }� YÈ bodief kz z�g nucleaq perip�gqx ��{~� qg~q�{z �{��� biogenes{f �k~z}qf [48–50��
�v �kqz{~�|kq� YÈ {f qg��{qg� �}q t�g �qg�gqgvz{k| �q}��~z{}v }� �{��� �q}� flamenco. Despitg
z�{f� f�g~{gf }� z�g obscur¢ grou� av� D� eugracili� �q}��~g ant{fgvfg �{��� iv t�g }�kq{kv
somati~ ~g||f [40�� Indeed� iv Dros��ÄÅÆ¢ pseudoobscur¢ kv� D� ����¢�ÅÆÅ� piRN� b{}�gvgf{f
�}�{gf g�{fz �gf�{zg z�g k�fgv~g }� Yb� f���gfz{v� kv}z�gq �q}zg{v �kx �k�g g�}|�g� z} fi|| z�{f
q}|g� �v addition� D� ����¢�ÅÆÅ� |k~�f Ago3� à��A {f zx�{~k||x neceffkqx �}q t�g procgff{v� }�
�{���f {v z�g �{v���}v� �kz��kx� kv� {v�gg� z�gqg {f v} g�{�gv~g }� k �{v���}v� f{�vkz�qg {v
z�g �{���f }� z�{f species� Primaqx �{��� biogenes{f }~~�qf kf expeczg�� ��z z�g �kfzmajoritx
}� z�g p{��� if antisenfg ratheq t�kv k �{� o� b}z� szqkv�f� af o�fgq�g� iv D� melanogaster�
Rhino-licgvfg� transcripti}v {f dual-strkv�g�� f} {z {f possiblg z�kz D� eugracili� �fgf promoterf
}�zf{�g }� clusteqf �}q single-stran�g� transcription� ��~� kf }~~�qf with{v flamenc� [40�� How-
g�gq� qg~gvz �}�g|f �}f{zg� z�kz z�g initikz{}v }� z�g ping-p}v� ~x~|g �kf z�g neceffkqx fzg� �}q
trans�}f}v silen~{v�� z��f {z {f unclekq {�i b{j z�kz {f v}z z�g ~kfg� }q b{{j z�{f f�g~{gf �kf evolvg� kv
altervkz{�g z} z�{f pathwkx�

��g ggvgf iv z�g �{��� pathwax k|f} evolvg rapidlx �gf�{zg conservkz{}v }� z�g overa|| pathwax�
Foq example� D� melano�¢���� kv� D� simula�� kqg sisteq specief thkz ~kv mazg an� producg
viab|g (buz sterilgj offsprin�� ��g p{��� pathwax genef ��{v} av� Dgk�|}~� arg presevz in
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�}z� specief� kv� {v �}z� f�g~{gf z�gx co-lo~k|{Ãg kv� co-precipitazg� However� {� x}� knoc� }�z
��{v} {v D�melanog¢���� kv� expreff D� simula�� ��{v}� {z v} |}v�gq co-precipitatef �{z� Dead-
|}~� [51�� ��{f k��gkqf z} �g ��g z} species-specifi~ compenskz}qx mutati}vf {v z�g intera~z{}v
surfacgf }� z�g z�} prote{vf [51��

Trends in Genetics

C<ncFuIDn@ r7>Brw8
Sincg t�g discoveqx o� piRN� simultaneouslx iv dipterans� mice� rats� kv� zebrafif� therg haf
�ggv gv}q�}�f progresf iv underfzkv�{v� �}� T�f kqg silence� [2,52–54�� Howeveq� af
z{�g goef ov manx o� thg describe� mechanismf o� T� silev~{v� k��gkq t} �g uniq�g t} par-

ticulaq s�g~{gf }q g�gv �gv}zx�gf� ¡}q example� iz wkf thoughz thaz k �g� lkq�g �{��� clufzgqf
�gqg primarilx responsiblg �}q �� silencin� kv� t�kz t�g pin���}v� cx~|g �kf k necessaqx paqz
}� �� f{|gv~{v�� �gz e�gv w{z�{v genoty�gf o� D� melano�¢���� z�gqg if vkq{kz{}v {v z�g impor-

zkv~g o� p{��� ~|�fzgqfi t�gx cav �g delezg� w{z� n} confg��gv~gf� kv� o�zf{�g o�
D� melanoga���� z�g evz{qg p{v���}v� cy~|g ~kv bg lost� Understan�{v� z�{f zx�g }� �kq{kz{}v
{v z�g p{��� fxfzg� {f gffgvz{k| t} decipheq{v� �}� iz w}q�f bfgg Outszkv�{v� questionsj�
Foq example� thg tra� mode| {f base� ov t�g idek thaz k T� wil| inserz int} k piRN� clusteq likg
42àá kv� t�gv �g s{|gv~g�� Af wg m}�g o�zf{�g }� z�gfg lk�}qkz}qx ggv}zx�gf }�
D�melanoga���� kv� fiv� thaz ãßàá producef nomina| amountf o� piRN� av� thaz smal| inser-
z{}vf o� T�f k��gkq z} �g k�|g z} nuclekzg z�g{q }�v p{���� thif briv�f z�g zqk� �}�g| {vz}
quesz{}v� T�{f zx�g o� evolutiovkqx pgqf�g~z{�g wil| �g gffgvz{k| z} unrk�g|{v� z�g �xfzgq{gf o�
�{�����kfg� T� dg�gvfg �q}� dipteranf t} humanf� �f ��v�qg�f }� vg� genomgf becomg
availa�|g eveqx yekq base� ov highlx accuratg lon� rgk� sequencing� o�q field is primed foq ex-
citin� disc}�gq{gf iv thif aqgvk iv thg yeaqf t} ~}�g�
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