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NMpoAoyog

H mapodoa Awdaktopikn Atatpipn mpoaypatoromdnke oto Ivotitovto Buosmiommuov ot
Epappoyov (mponyv Ivetitovto Broroyioc) tov EOvikov Kévipov ‘Epgvuvag Pvoikdv Emommumv
«Anpokprtocy, vd Vv emiPreyn tov Ap. liavwvny Aruvpovin ko pén g Tpuelovg
Yvppovievtikng Emtpomng tov Kabnynt x. I'ewpyio Poddxn ko tov Kabnynt x. Zzavpo
Xouodpoxa.

Koat’ apynv, opeilo mpaylotikd va pHeyaio uyoplot® otov I'idvvn AApvpdvin, yio v
EUMIGTOCLVT] OV £)El 0€iEel 6T0 TPOSHOTO oV OAa awTd T Ypovia. ‘Htav éva peonuépt tov
YentéuPpro tov 2009 6tav Mpba otov «Anudkpiton TPAOTN EOPE Kol WANGOUE Yo Thavd
TPAYUATO TTOV UTOPOVCOUE VO OOVUE OTO TAOIGLOL TNG UETOMTUYOKNG daTpiPng tov M.AE
«Blominpopopicn» tov Tunuatog Bioroyiag tov Ilavemotnpiov ABnvov. H guyéveld tov, N
KOAOGUVI TOL KOt 1] aveEAVTANTI VTOUOVT] TOL ATOTEAEGOV Yo péEva, pobnpata (ong OAa avtd ta
xpovia. Tov evyaptotd Beppd yloti pe v aydmn tov yo yvoon kot dtapkr avoaltnon pe didaée
TOV TPOTO e TOV Omoio yivetal 1 €pevva, LoV £0M0E GNUOVTIKG €PO10 KOl YVAOGELS YLl VO
avtihappavopor Kot vo emeepydlopat To Stpopo EPMTNLATO TOL EYEIPOVTAL KATA TN SLPKELD
LLOG ETIOTNHOVIKNG MEAETNG KO UE €KOVE VO YVopicm kal vo ayornow v BlomAnpogopikn /
Ynohoyiotikn Tovidtopotikny g éva moAvdepatikd, demotuovikd medio épevvoc. Xe ke
016010 ™G TOPoHGOG STPIPNG NTAV SPKMG OITAN OV e TOAVTIEG GUUPBOVALS, APIEPDVOVTOG
LoV TOAVTIHO TPOCMOMTIKO TOL ¥POVO Kol OVTOG TAVIO «OVOIKTOC» Kol GPLGTOS GUVOANTYG.
[paypotcd arcBdvopot ToAd TuyxepdS TOL 01 SPOUOL LAG CLVOVTHONKOY.

Meydn evyvopoovvn opeilm erniong otov Kabnynt x. I'ewpyio Podaxn. Tov uyoplotd
Oepud yiati pe TV LVTOGTNPIEN TOV KOl TIG EVOTOYES GLUPOVAEG TOVL Kot 10EEC, e PoriOnoe oe GAa
T0. oTadwL TG OwaKtoptkng dwrpiprg. ‘Hrtav mavta dwbéoipog yoo culntmoelg oe gupdtepa
Oépata mov apopovv v EEEMEN kot v Tovidwwpatikn. Tov gvyapiotd Oepud €101KA yio T
Bonbewd Tov doTE va opyovmbel cwotd N Tapovca daTpiPn Kot Yo Ttapopoln fonbela katd ™
ouvtaén Tov ekBécemv mpooddov. Ot cuintnoelg Hog Yo TG amoddcelS PloAoyk®V dpwv oTa
EMnvikd Ntov mévto yovipeg Kol oTIOAOYNUEVES KOl TOV EVYOPLOTM Y10 TO AOYO OTL TOV TAVTOL
drbéoipog.

"Eva peydio guyoapiotd ogeidw otov Kabnyntm k. Zradpo Xopodpaxa tov omoio giyo tnv
TOYM Kot Yopd vo yvopicm Tpdtn Qopd Katd Tn oldpkeld Tov cvvevievéewv tov M.AE
«BromAnpopopikn», tov omoiov eivar AtevBuvtig kot Emotpovikog Yrevbovvoe. Katapynv, tov
EVYOPLOTA EMEWN HE EMEAEEE Y10 TO CLYKEKPIUEVO LETOAMTUYLOKO Kot 10Tt pEGa amd TiG SHAEEELS
TOV, 0AAG Kot TOV GAA®V VTELOOIVEOV HLOOMUATOV TOV TPOYPAUUATOS, £dWOE GE EUAG OAOVS TN

duvaTdTTo Vo dOVHE KOl TTEPO Omd TO «OTEVO» Oplo. TNG €01KOTNTOG Tov 0 Kobévag elye



onovdacel, oG Pactkd mrvyio, Kol Hog 0N yaye otov KOGHo ¢ BromAnpopopiknc. Omote tov
YPEWoTNKA TOY TAVTO SOEGIIOG KOt TOV EVYAPLOT® OepUd Kot Y1’ oTo.

YUVOMKA, opeil® €va pEYAAO €VXOPIOT® KOl OTo TPio PEAN NG ZLUPOVAELTIKNG
Emtpomig vy v 1] mov HOL €KOVOV VO GUUUETEYOLV GE OLTH, YL TNV OUEPLOTN
GULUTTOPACTOCT] TOVG, TO XPOVO MOV HLOL OPEPOCAY KOL YTl oo TNV TPpOTN MG YVOPLa,
OTOTEALECAY TPOTVTO Y10 EUEVAL.

H mapovcio kot poévo tov a&otipmv pehov e Entapelovg E&etaotikng Emtponng, tov
Epsovntm A’ «. Tiapyov Ilaiiodpa, tov Emkovpov Kabnynm x. Xpieropopov Nikoldaov, tov
Enikovpov Kabnynt k. HHoviein Mraykov ko, téhog, ™ Aéktopog xag Ipiaoog Onpoiov pe
TG 1010{TEPO KO TOVS EVYAPLOT® OePLLA.

>10 onueio awtd Bo MBeda vo €LYOPICTACH TO WEAN TNG EPELVNTIKNG OUAONS TOL
epyaompiov Oewpnrikns Bioloyios ko Ymoloyiotikig [ovidiwuatikng, vaedbuvog Tov omoiov
etvar o Ap. Tiavvyg Aluvpaveng. Tho ocvykekpipéva tov Kwvotavtivo Arootolov, e TOV OTOL0
popactnKape to 1010 ypapeio ta tehevtaio 4 ypdvia, kabmg Kot ToAAEG cuinTnoelg Yo Towkiia
Oépato emomuovikng kol pn evoews. Eva peydlo guxapiotd opeim emiong otov Adiouovy
2eAdn, e TOV OTOl0 GLUVEPYUSTNKAUE OO TNV TPAOTN OTIYUN oL pHa 6TO EpYOSTHPLO, TAPA TO
YEYOVOS 0Tl 0 1d10¢ Ppioketarl moALA ylopeTpa pokpld. Evyapiotiec opeilm kot e GAOVG TOVG
avOpOTOVG OV YVOPIGO KOl GLVEPYAGTNKA OVTA T YpOvio. 6ta TAaicla TG dTptPrg avTnc:
oTouG  GLVOdEAPOVS Ap. [lewpyio Ilaliovpa, Ap. Avaoctocio KpiBopa wou Ap. [liwpyo
TLiovvokomovio, and 10 Epyaoctpio Teyvoroyiag I'voocewv kot Aoyiopikod tov Ivotitovtov
[TAnpopopikng, mov pe glonyayav otov Koouo tov I'papnuiatov (I'pdeov) N — ypoppdtov (N-
gram graphs). Tovg 600 TPMTOVG TOVG EVXOPLOTM KoL Y10 TOV EXTAEOV AOYO OTL GUVEPYAGTNKOLE
noli vy to épyo FP7 BioASQ — A challenge on large scale biomedical semantic indexing and
question answering, tov omoiov o Ap. I. [lakiolpac givol emotnuovikog vrevduvog. Opeidm
emiong moAéc evyopiotiec otov Ap. Philipp Bucher yia tv evkaipio mov pov édmoe va
EMOKEPTH TO gPYaoTNPO Tov oto [ToAvteyveio g Awlavng (EPFL) yia 3 ufveg, oto mhaicto
Hog voTpoeiog pkpng ddpkelog g Evponaikng Opydvmong Mopuoxng Bioloyiag (EMBO).
Befaing gipat svyvopmv kot oy idw vy EMBO yia ™ ypnuotoddtnon kot v vrostipién
oL HoL Tapelyxe Yo OA0 gkeivo 1o ddotnua. Xto EPFL yvopioa a&idAoyoug avBpdmovg pe toug
omoloVg GUVEPYACTNKAUE O KO gpevvnTikd Bépata. ‘Htoav dwitepn T kot xopd mov
yvopisa v Ap. Slavica Dimitrieva kot v gvyapiotd Oeppd yio ) Ponded g kotd v
TOPaLOV] oL kel kot Tic moAdmpeg ovinmoelg, pnali kot ue tov Ap. Philipp Bucher, yio v
mBavn mpoélevon avtdv TV vIepsuvtnpnuévav otoyeiov (CNE). Evyapiotd Oeppd kot tovg
ocuvvepydteg pog amd 1o EOvikd XZvppovio ‘Epsvvag g Itoiiag ot Poun. Mo cvykekppéva

toug Ap. Emanuel Weitschek kav Ap. Giovanni Felici pe tovg omoiovg olokAnpocape o



npoondBeio kotdraing tov CNE pe ™ Ponbeia oryopiBumv pnyovikng pdbnong. Me tov
Emanuel yvopiomkaue og éva Practical Course g EMBO 1o 2012 kot amd to1€ yivoue @idot
Kot NTov 101oitepn Yopd Kot TN yio Hévo mov UmopEcape vo, kdvoope pia dovAeld poall amd
AmTOoTOCT Kol Y0pig va €yovpe Kopio xpnuatoddTnon, HOvVo amd oy Kot LepaKt.

Ba NOBera Vo ELYOPICTCH KO TO TOAOTEPO. LEAT] TOV £pYacTNPiov Kot pilovg pov Ap.
Xpiotopopo Nikoldov, K. lwavvy Toidyko xou ko Aaurpivyy ABovocomoviov, Le TOVG OTOIOVG
EYOVLE CLVEPYOOTEL OAOL OVTA TO XPOVIKL KOl EYOVUE LOPOOCTEL TOALEG gvydploteg otypés. H
ovvepyaoio pali Tovg NTav Qyoyn kol Tovg gvyaplot® Bepud yio avtd. Tov Xpiotopopo tov
ELYOPIOTAO W0iTEPO Yo TOV emmALov Adyo OTL pe Pondnoe mhpo moAD pe to vo. pov oei&et
gpyaieia Kot pefdO0VE TOV ¥PNGIUOTOIOVVTOL GTNV VITOAOYIGTIKY OVAALGT] TOL YOVIOIMUOTOG KOl
KAVOLUV TNV Tpocapuroyn €vog Proddyov ota ¢ BromAnpogopikng (otadiakd) mo gokoin. To
chat tov gmail cov, Xpioté@ope, NTOV TAVTO AVOIKTO KOl TO EKTIUGD TOAD TOL TAVTO HOOLV EKEL
V0L L0V YPAWYELS [a YPOUUT (KOSTKa Ko p...).

Evyapiotieg mpémet vo angvbive oto Tunua Bioloyiog tov EBvikod kot Kamodiotprokov
[Movemotuiov AOnvav kot otov Touéo Broynueiog ka1 Mopiaxng Bioloyiog Kot OAoL T0 uéAn TOV
(4EII, epevvntéc kau droikntikd mpoowmiko). H €bpubun Aettovpyio tov Touéa amotélece éva
KaOOPIoTIKNAG ONUAGTIaG GTOLYED Yo TNV ampdokomTn de&aywyn TG SoTpipg.

Téhog, kot KaBe GALO Tapd Nocovog onuoaciog, Ba NBsia va evyopiotiow v Okoyéveia
L1ov Ko cuyKeKppéva toug I oveis uov Kwaro kar I pnyopio. kou 7ov 0deppo pov Iiopyo mov givol
TAVTOTE KOVTOL OV KOl LOV TOPEYOLV OYOMY), KOATOVONOT KOl OVLCLOCTIKY KOl TPOKTIKY
CLUTOPACTOCT GE OTIONTOTE Ko av emyelp®. H mapovoa drotpipn dev Ba ftav epikt| ywpig v
amEPLOPIOTN OyAmY, VTOUOVY, KaTovOnom kol otpiEn Toug OA0 aVTA TA XPOVIKL KOl TOVG
EVYAPLOTA Ao To fAON TG KapdLdg Hov Yo avTo.

H moapovoa épevva dev EAafe kKAmolo GLYKEKPIUEVT YPNUATOSOTNOT. Q6TOGO GLUUETEL O
o gpevvnTika mpoypaupato pe ocvvroviotég 1o E. K. E.D.E «Anuokpitogy xor to Newmovikod
[Mavemomo Adnvav (BioASQ kot OAAHE avtictoya). Oeeihm vo guyapiotiom tov Ap. I
Ioto0po, ko v Kabnyntpu ko E. Tooxodidov amd tov «Anudkprton ko 10 ['emmovikd

[Mavemomiuo Avav avtioctolya, TOL HOL £Kavay TNV TIUN VO CUUUETEY® GE EPELVNTIKA

TPOYPALLLATO.
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MepiAnyn

H aAnAodynon kot Guykpitikiy ovaAven TOAA®V YOVISIOUAT®V OnAoacTik®v kotédelle Oti
TOVAGLETOV éva 5.5% Tov avBpdTIvou Yovididpatog Bpioketal KAt and emAEKTIKN TTieon Katd
mv eehktikn mopeia Tov. Amod awtd, to 1.5% exktipdror 0Tl KOOKOTOLEL TOAVTEMTIONKES
aAvcideg evod 1o 3.5% oeaiveton Tmg mailel pvBpictikd pdro. Ev toutolg, o Pabudc katovomong
HaG v Tovg poAoVG mov emttedel peydio pépoc tov cvvinpnuévov DNA mov dev kmotkomotel
TPOTEIVECG TOIKIAEl. Mio amd TIG GNUOVTIKOTEPES OVOKAAVYEL TOV TPOEKLYAV OO TNV OAIKN
oToiylon YOVISLOUAT®OV ONACCTIKOV MNTOV 1 TOVTOTOINGCT EKATOVIAO®V «VTEPCLVTNPIUEVOVY
otoyeiov (UltraConserved Elements, UCE) pnkovg édve tov 200 bp ta onoio delyvouv amdivty
(100%) cvvimpnTikdTTo HETOED TOV YOVISIOUATOV TOV OvOPOTOV, TOV TOVTIKOL KOl TOL
apovpaiov. 'Eva ota téccepa omd autd To 6TOLYEID ETKOADTTOVY UEPIKMDG YVAOGTA YOVIdLol OV
Kodwonmowovy mpwteivec. Tlapdia avtd, tO66o vynAd Pabud cvvimpnrikdtrag (100%) dev
aVOUEVOLUE 00TE Yo EMVIO YOVISI®V, AOY® TOL EKPUAICHOD TOV YEVETIKOD KMo, Ao ToTE
nov avakaAveonkay to. UCE éywvav mpoomdbeieg yio Tov EVIOTIGHO GUVTNPNUEVOV GTOLKEIV GE
OAKES OTOLYIOELS YOVIOIMUATOV 0VO 1 TEPIGGOTEPOV E0AV, LE KPITNPLO YOUUNAOTEPO KOTOGAL
OUOOTNTOGC KOl JLPOPETIKO KOTOOAO EAYYICTOL UNKOLG TNG CLVTNPNUEVNG akoAovBiag.
Emniéov, ypnoipomomdnke g Kputnplo amoKAEIGHOV GTOWXEI®V, 1 TTOPOVGio. TOLG HEGH GE
Yovidlo Tov KMOKOTO0HV TPMTEIVEG. LTV TOPoVGa SoTpPr] XPNOYLOTOOVUE GUYKEVTIPOTIKA
Tov 0po Tuvtnpnuéva Mn Exepaldpeva Zroyeio (Conserved Noncoding Elements, CNE) mapd
10 YeYOVOG 0Tt 61N Prfioypapio avagépovror kar g UCES, UCNEsS, HCNEs, LCNEs, CNGs,
KA. Otav avo@epOuocte o€ oL GUYKEKPIUEVN TAEN oToryeiwv TOTE YPNOCUOTOIOVUE TNV
EKACGTOTE OVOLLOGIAL.

Ta CNE dev givar kavotopio Tov 6movovA®tdv Yot oviloya ctotyeio aviyvedovtal Kot
OTO YOVIOLOUOTO 0CTOVOUA®Y, KABMG Kot GUTOV HECH GTOLYICEDV LETOED HEADV TNG EKAGTOTE
taivopukng opadas. Eviovtolg, 6to oyetikd mpds@ato eEeMKTIKO mopeAbov TV YOVISIOUAT®OV
TOV GTOVOLAMTAOV, TO HEGO UNKOG Kat 0 Babudg cuvinpntikotntog tov CNE mapatnpodvion va
EMafoav peyahdtepeg TIHEG, OYETIKA 1e TIG AAAES TASIVOKES OUAOES, EVM Ol PpOAOL TOV QaiveTal
OTL améKTnoay glval 13104TEPO OTLLOVTIKOL.

Ta CNE gaivetol Tmg dgv Katavépoviol Tuyaio 6To avOp®dTvo Kot 6€ GALN YoVidimpoTa.
MdAiota, katd £vo T0600Td, cuvadpoilovial KovId G YoVidla Tov EUTAEKOVTOL 6T pLOION TG
HETAYpaONS /KoL YEVIKOTEPA, GTNV OVATTLEYN. XPNOIUOTOUDVTOSG OVAALGT UIKPOGLGTOL(UDY
&ywe yvooto Ot éva peydlo mocootd un kmodtkonoovvtov UCE eppaviCovv 10togdkd enimeda

éxppaong (o€ emimedo Aettovpyikov RNA), evd amoppubuilovror og opiopéva €1om kapkivov. Ot




yovidrokég épnuot etvar ovvinbmg eumiovtiopéveg oe CNE evo, ota yovidiopota OnAactikov, n
TAEOYNOI0L AVTOV TOV OTOlKEIWV €VPICKETOL OE UEYOAEC OMOOCTACELS OMO TO TANCIECTEPA
yoviowa. ‘Exel dnpocievtel mAinbmpa peretdv mov mpoteivovv 0tt o CNE Bpickovtor 6viwg vrd
EMAEKTIKY Tieon kotd v e£éMEN Toug Kot Ogv oamoteAolv onueia pe yopnAdtepo puduod
uetalGéewv (mutational cold spots). ITopd tovta, Alyo givolr yvootd yio o mold &ivor 1
Aertovpyio TOVG o€ KLTTOPIKO eminedo. Mehéteg deiyvouv OTL EVOEYOUEVOC dpOVV MG PLOUICTEG
™G METAYPAPTG, ONAOOT MG EVIOYVTEG 1| LOVOTEG, ®GTOGO Ta TEPLocdTepa (e pio e&aipeon) in
VIVO melpdpata 6 movtikio, Omov yivetor apaipecst KAmowwv and avtd T ototyeia, 6g divouv
KATO10 OpaTO QOIVOTLMIKO OVTIKTLTTO, KAVOVTOG OKOUO O TOAVTAOKN Tnv Omola epunveio
Bloynuikdv kot vroAloyloTiKOV mepoudtov. ‘Exel eniong datummbel g evorliaxtiky vedOeon,
ovpewvo pe v omoia o, CNE petapépovtar opiloviio HETaED YEVEDV Kol GLGCMPEHOVTOL KATE
™ poakpd eEeAktikny mopeio. Xe pio peAén, emmAéov, mpotabnke 6T kdmowo CNE evdeyopévmg
dpovv ¢ TEPLOYEC TPdGdESTG 6TOV TLUPNVIKO (dkelo (Matrix Attachment Regions, MARS)
dwdpapatitoviag o pOAO aAANAoV GV OV PLOUILOVY TNV APYLITEKTOVIKY TNG POUATIVIG HECH
eedkevpévng mpodcdeong cuykekpuévov tpoteivav. Ta CNE éyet avaeepbel, poiiota, 0tL
EUTAEKOVTOL GTN] PALVOTUTIKT TOIKIAOHOPQia Kot 6€ TowKIAla acBeveldv kupiwg oxetilOpevmy e
AVaTTUEIOKES O1001KAGTES.

2mv mopovoa ST EMXEPNCOAUE VO AVEADGOVUE TNV XOPOTAEIKT OpYAvmoT T®V
Svvimpnuévov Mn  Exepalopéveov Ztoyeiov (CNE) oe yovididpoTo GTOVOLAMTOV Kol
AoTTOVOLAWYV, LUE GKOTO VO OLOMIGTMOGOVIE OV UTOPOVUE Vo eEQyove KATOLL GUUTEPAGILATO Y10l
10 TG eEeMyOnoay avtég ot aAAniovyiec pe Pdon TNV KOTOVOUN TOVG GTO YPOUOCOLOTO.
AlmoTdcoE OTL Ol ATOGTAGELS AVTOV 0KOAOVOOUV KATOVOUEG TUTTOL VOUOL dVvauNg GE Lo
nowido yovidiopdtov. Tétoov TOmMoV KaTovOoUES GUVIEOVTAL LE GUGYETICELS LaKPAg euPéretag
K0l LOPPOKAQGLATIKOTNTO (£VVOlEG TOV £0VV TPOTADEL Y10 TN GTEPEOIOUOPPDST TS SOUNG TNG
YPOUOTIVIIG TOL TLPNVA) Kol @oiveTtor OTL AmOVTOVIOL TOAD GLYVE OGTO YoVISi®ua, OTWG
TPOKVTTEL OO TN HEAETN SPOP®V GToLYEI®V TOV, 68 TANODPa opyavicudv. Agdopévon OtL Ta,
CNE oyetilovtatl yopikd pe yovidia, €0Kd pe owtd mov puiuilovv avamtvélokés dtodkacieg,
emPePardoape 0Tt Eva TPOTLTTO VOLOL JVVAUNG Olatnpeitol  aveEdptnta amd TO €QV
ovumepAneBovv ctoryeia mov Ppickovian evidg N extdg yovidimv. Oco mio «apyoaion givor avtd
T0. OTOLXELD TOGO MO EKTETAUEVES YPOUUKOTNTEG dlvouy G€ duTAn AoyaptOky KAipako, oniadn|
1660 To TOAD GLUPAAOLV GTIC TTapaTpoLuEVES KoTavopés. TIpoteivape éva eEeMKTIKO LOVTELO
Yo TNV KOTOVONoN OVTOV TV ELVPNUATOV 7oL  TEPAOUPAVEL  YEYOVOTO TUNUOTIKOV
SUTANGLOGUAOV 1| SUTAAGIOGUOV OAOKAT|POV TOV YOVIOIMUOTOS KOl OOAOLPEG TV TEPIGCOTEPMV
ano to owmAactacpuéve, CNE. Tlpocopoidoglg mov mpaypatomomcae avamapdyovy to KOplo

YOPOKTNPIOTIKA TOV TOPATPOVUEVOV KATOVOUDV PEYEBOLG.
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Me Bdon to Tapamdve EVPIUOTO, TPOYWPNCUUE Kot 0 Evay AALO TOTO avAALGNG TNG
ypopoooukng katavopne tov CNE, pe ypion pebddwv kApdkomong evipomioag Shannon
(Shannon entropy scaling) kot eykipotiopod (box counting) mov £yovv avamtvybei oto
gpyaomplo. Ot  ovykekpuévee pébodor  KAVOLV  EKTIUNGCT TOV  YOPOKTNPIOTIKOV
HLOPPOKANGLOTIKOTNTOG GE £VOL GUVOAO OEOOUEVMV KOt £XOVV YPNOUOTOMOEL Yoo T HEAETN TNG
KOTOVOUNG GAA®V GTOEI®Y TOV YOVIOIOUATOG, OTMC £ival 01 K®OTKOTO100GEC aAANAOVYIEG Kot
T petafetd otoryeio. Evdsikvovton yia tn perétn g koatavoung tov CNE edikdtepa, S0t tar
televtaion €xel mpotobel péom mepoapdtov 3C (Chromosome Conformation Capture) ot
OAANAETIOPOVV peTalh TOVG Kol GUVETMG eVEYOVTOL TOAVOV GE GUOYETIGELS HOKPAG EUPELELNG.
[Mapamnpnioape evOLNPEPOVTO TPOTLTO. KOATOVOUNG, YOPOKTNPIOTIKA TOV Ol0POp®V KAAGE®V
CNE, mov dtapopomotodvtal cOUe®mVa PE TO EEEAMKTIKO A0S GuVINPNTIKOTNTOG TOV EKAGTOTE
otolyEimv.

Ta CNE mapovcialovv evolagépovces 1010TTeg cVLGTACNG KOl YU OVTO EMYEIPTOALE VO
dobe av pmopovv va katnyoptomomBovv pe Paon avtég tovg Tig widtres. ITo ocvykekpéva
etvar yevikd aAiniovyieg miovoleg oe A+T evd mepifdiiovtor amd meproyés yaunAov A+T.
[Ipoorabnoape, Aowmdv, vo taSvourncovpe ototyeion mov Ppickoviol VIO EMAEKTIKY Tieon
(e&ovia kar CNE) pe dvo peboddovg unyoavikng panong: «papnuota N-ypoppdtovy (N-Gram
Graphs, NGGSs) kot «Avaivon k-pepmvy» (Logic Alignment Free, LAF). Alamiotdoope 6Tt Kot pe
T1G 600 peBOSOVG, OV YO TPMTN POPE EPAPLOGTNKAY GTO TAOIGLO OVAALGNG YOVIOLOUATIKAOV
dedopévmy, gival €kt 1 KAaoHATOon aAiniovyiov tov yovidiwpotog (CNE, e&ovia) og
Swpopetikég  kotnyopieg peTah  yovidolopudtov 1 €VIOC  TOL {00V YOVIOIOMOTOG.
XPNGOTOMCANE OTIC AVOADGELS / GUYKPIGELS HOG KOTAAANAES OVOTANPOUATIKES aAANAOVYiEg
OV OTTOLOVAOVOVTOV ad TO €KAGTOTE YOVISIOUO £TOL MOTE VO EYOLV 1010 UNKOG KOl TOGOGTO
GC% pe tig vmo perétn oAAniovyieg poc (CNE / g&ovia). Zvykpivope to amoteAéopota
tavounong mov TpapLe Kot amd Tig 000 HeBOdoLG e P AAAN eVPEWS SLUOEOOUEVT TPOGEYYIoN
JSOPIGUOV  OAOKANP®V YOVIOLOUAT®OV Tov  avaeépetar o¢ «ovidtopatikés Ymoypapéoy
(Genomic Signatures, GS). H pekétn pog avt frav n mpodt epappoyn tov «ovisiopatikdy
Yroypagdv» oty Katdtaén pikpov froroyikdv oAlnlovyidv ueyébovg < 50 Kb.

[Ma 1ic avaykeg OA®V TV TPOOVUPEPOEVTOV TEIPAUATIKOV TPOGEYYICEWV TPOYMPNCULE
Kol o€ Tavtomoinon Kawvovpuwy ctoyeiov CNE ota yovidiopata tov avlpomov (H. sapiens),
tov okmAnka (C. elegans) kot g poyog (D. melanogaster). Ta ototyeio avtd TovtomoOnikay
€101 OOTE VO TPOEPYOVTOL OO OPYOVIGHOVG TOL VO, £XOVV OMOKAIVEL OO TOV KOWO TOVG
eCEMKTIKO  TPOYOVO  TOPOUOIEG  YPOVIKEG TeEPLOdoVS.  Evdwapépovcsec ovoyetioelg kot
JPOPOTOMNGELG HETAED OLTOV TV GTOLKEI®V TapoatnpiOnKay e ) ypron HeBdO®V UNyovIKig

pnébnong mov avaeépdnkav mo mpv. ITo ocvykekpyéva eidape 6t aAAniovyieg CNE mov

VI



napovstalovy vynAn opowdtnta (> 95% kot €wg 100%) petald otoyyicemv yovidtoudT®OV
avOp®OTOL / KOTOTOVAOV QOIVETOL MG GLVIGTOVV Mo OOKPITH KOTNYOoPio LIEPGLVTNPNUEVOV
oTolyelmv mov emrelel Asttovpyieg mov péVeL va avokaAveBovv. To evivmmoiokd avtd mocooTtd
ouvVTNPNTIKOTNTOG  eivol  akOpo, peyoAdTepo omd ovtd mov  Topatnpeitor  oto  e&dvia
(ovykpivovtog Toug VO OVTOVG OPYAVIGHOVS, AVOP®TO - KOTOTOVLAO), eV Oev Eival Yv®OT
Kémolo. Agrtovpyio ot @UOTN, WOL Vo amoutel TO6o VYNAO Pabud opoldtnTog GE EMIMESO

aAAnAovyiog.

A€Ee1g KA1 ZuvTnpnUEveg U KOOIKOTOI0V0EG AAANAOVYIES; VITEPGLVTNPNUEVEG AAANAOVYIES;

KATATOEN PLOAOYIKOV OAANAOLYUDV; GUYKPITIKT YOVIOLMUOTIKN
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Abstract

The sequencing and comparative analysis of many mammalian genomes has indicated that at
least 5.5% of the human genome is under selective constraint; of that, 1.5% is estimated to code
for proteins, 3.5% displays known regulatory functions, while for the function of the rest there is
little or no information available. One of the most interesting discoveries that have arisen from
comparative analysis among mammalian genomes is the discovery of hundreds of ultraconserved
elements (UCEs) of more than 200bp in length that show absolute conservation among the
human, mouse and rat genomes. One out of four of UCEs overlaps known protein-coding genes.
However, we do not expect such a high degree of conservation (100%) even in exons, due to the
degeneration of the genetic code. Since the discovery of UCEs, there have been efforts to identify
conserved elements based on lower thresholds of sequence identity over whole genome
alignments of two or more species. Several thresholds of minimal length of conserved sequence
have been used as well as the exclusion of elements inside protein-coding genes. Throughout this
thesis, we use the term CNE(s) for Conserved Noncoding Elements to describe all such elements
despite their specific characterization as UCEs, UCNEs, HCNEs, CNGs, CNEs etc in the related
literature. We have used the specific name only when we refer to the corresponding class of

elements.

CNEs are not a vertebrate innovation, but are also found in invertebrate and plant
genomes. The vertebrate, insect and nematode CNEs are not related to each other at the sequence
level. In the relatively recent evolution of vertebrate genomes, the mean length and conservation
of CNEs found therein are the highest observed, regarding all taxonomic groups, while the
conjectured roles they have acquired are particularly important.

CNEs are not randomly distributed in the human and other genomes. They are often
clustered in the vicinity of genes involved in transcriptional regulation and/or development.
Using microarray analysis it was reported that a large fraction of noncoding UCEs have tissue-
specific expression levels and are deregulated in human cancer. Gene deserts are usually enriched
in CNEs while, in mammalian genomes, the vast majority of those elements are found at long
distances from the closest genes, exceeding in some cases 2Mb, which is the limit for any known
cis regulatory element. There is a corpus of literature suggesting that CNEs are selectively
constrained and not mutational cold spots. Despite this fact, little is known about what their
function could be at the cellular level. Studies showing that CNEs might act as transcriptional
regulators, e.g. enhancers or insulators, have been published, although most (with one exception)

in vivo experiments of elimination of some of these elements yield viable mice, rendering more




difficult the interpretation of any biochemical or computational experiment. The alternative
hypothesis that CNEs are horizontally transferred between lineages and accumulate during the
course of long-term evolution has also been expressed. Furthermore, a study has suggested that
CNEs might act as Matrix-Attachment Regions (MARS) by serving as sequences that regulate the
architecture of chromatin through specific binding of particular proteins. An association between
CNEs and phenotypic variation and disease has also been reported.

In the present thesis, we attempted to analyse the spatial organization of Conserved
Noncoding Elements (CNES) in vertebrate and invertebrate genomes with the aim to investigate
whether we could deduce how those sequences evolved. We found out that the distances of
consecutive CNEs follow power law-like distributions in a variety of genomes. Such kinds of
distributions are associated with long range correlations and fractality (notions that have been
proposed for the conformation of the chromatin inside the nucleus) and seem to occur frequently
in the genome as evidenced by the study of different genomic elements in a variety of organisms.
Given that CNEs are spatially associated with genes, especially with those that regulate
developmental processes, we verified by appropriate gene masking that a power-law-like pattern
emerges irrespectively of whether elements found inside protein-coding genes are excluded or
not. In addition, we found that the more ancient elements form the most extended linearities in
log log plots, when the distances between ancient CNEs are plotted. An evolutionary model was
put forward for the understanding of these findings that includes segmental or whole genome
duplication events and eliminations (loss) of most of the duplicated CNEs. Simulations reproduce
the main features of the observed size distributions. Power-law-like patterns in the genomic
distributions of CNEs are in accordance with current knowledge about their evolutionary history
in several genomes.

Based on our initial findings we proceeded to another type of analysis of the chromosomal
distribution of CNEs using the methods of Shannon entropy scaling and box counting, adopted
from the field of Information Theory. Those methods are used to measure the fractality features in
a dataset and have been employed in our lab for the study of the distribution of other genomic
elements, such as coding sequences and transposable elements. They are especially suited in the
case of CNEs, as the latter have been shown via Chromosome Conformation Capture (3C) to be
involved in long range correlations. We observed interesting distributional patterns, characteristic
of the different classes of CNEs studied, that differentiate according to the evolutionary depth of
CNEs.

CNEs display interesting DNA composition preferences. This prompted us to investigate
whether we could classify them by means of their sequence characteristics alone. More

specifically, CNEs are generally AT rich sequences while they are surrounded by regions of low




AT content. We attempted to classify constrained elements in general (exons and CNES) using
two machine learning approaches: N-Gram Graphs (NGGs) and Logic Alignment Free (LAF).
The application of those of two methodologies in the field of genomics is presented for the first
time in this thesis. Overall, we managed to effectively classify genomic sequences of functional
(or presumably functional) roles into different categories between genomes or inside the same
genome. We used pairwise comparisons to do our analysis and naturally — occuring surrogate
sequences that are of the same length and GC content with each one of the sequences comprising
the studied dataset (CNEs / exons). We compared the classification rates obtained using both
these approaches (NGGs and LAF) with another methodology, widely implemented in
disciminating whole genomes, that is called «Genomic Signatures» (GS). Our study is the first
one demonstrating the applicability of the GS approach in disciminating short biological
sequences of length < 50 kb.

For the sake of all the above mentioned approaches, we also proceeded to the
identification of new Conserved Noncoding Elements in the human (H. sapiens), worm (C.
elegans) and insect (D. melanogaster) genomes. In those case, the species selected for CNE
identification are characterized by the fact that evolutionary distances with every pair of whole
genome alignments are close. We managed to discriminate those sequences efficiently and
proposed biological interpretations. More specifically, CNE that display high sequence similarity
(> 95% and up to 100%) between human / chicken whole genome alignments are thought to
compose a distinct category of ultraconserved elements that probably play roles in processes that
are yet to be determined. This remarkable percentage of sequence similarity is even greater than
the one observed for exonic sequences (comparing the two organisms, human / chicken) while

there is no known function that requires such a high degree of conservation.

Keywords: Conserved noncoding elements (CNEs); ultraconserved elements (UCEs);

classification of biological sequences; comparative genomics
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1. Evcayoyn

Ot yevetikég oonyieg yio v avamtuén Kot Asttovpyio OAmV TV (OVIOV 0pYaviIoU®V glval
KoOOKomomuéveg oto popto tov deo&upipovovkieixkod o&foc (DNA). H minpogopia
petagépeton oand to DNA pe ™ popen piog oAiniovyiog pkp®V Pacikdv SOUKOV
EVOTNTOV TOv ovopdalovtor voukAeoTiola. To oOvoAo TG YEVETIKNG TANPOQopiag €VOG
KLTTApPOL &lvarl Yvootd ®¢ yovdiopa. To avOpodmvo yovidiopo amoteAeitor amd 3.2
dtoekatoppvplo. (evymv Paoewv mov elval opyavoOUEVO G YPOUUIKE YPOUOCMLLOTOL
(Human Genome Sequencing Consortium International 2004). Amd po VmoAOYIGTIKY
okomid, OAOKANPO TO Yovidiopo propel vo BempnBel mg o peyddn cvpforoocepd (string)
teocapov yopakmpov: {A, C, G ko T}, 6mov o kabe YOPOKTAPUC AVIITPOCOTEVEL EVOL
amd To T€0oepa. VOukAeotidw. TO yovidiopa eivar (og peydro Pabud) to 1010 oe 6Aa To
KOTTOPO. EVOG OPYAVIGHOV, EVA OPOPETIKE KOTTOpa €lval oe Béon va emTeAEGOVY TOAD
dpopeTikég Aettovpyiec. 'Eva and ta avamavimto Kot HeydAlo EPOTHLOTO GTO YDPO TNG
Buoroylag givor 1 katovOnomn tov TpOmov e TOV 000 Ot YEVETIKEG TANPOPOpieg Tov lvar
kodwomompéveg 6to DNA kaBodnyohv v aviartuén tov opyoviGprov kot tn Asttovpyio
TOV Kot Oivouv Yéveon otV TOWKIAOHOPPio. 7OV Topatnpeitol ota KOTTOpo KAOe
opyoavicpov. ‘Eva onupaviikd Prpo mov €ytve mpog avtiv v katevBuvon eivon 1
OTOKPLATOYPAPNON TOL avOpdTIVOL Yovidtdpatog to 2003, 1 omoia mpe whvew amd 10
YpOVIo. OGOV Vo ohokANpmBel. Ta televtaio ypovia £xel onueiwbdei paydaio TpOOS0G GTIC
texvohloyieg aAAniodynong mov odnynoe otnv ekbetikny avénon tov apBpov TV
yovidlopdtov mov £xovv aAiniovyndel. ‘Ewg onuepa €xel dwofaoctel n aAiniovyio 1153
yovioropdtov, eve givar tbéotpo to yovidiopo 1285 opyavicpdv e mpodyelpn Lopen Kot
889 yovidwopata Ppickovior oe Odpopo oTdo OAANAOVYNONG M CLVOPUOAGYNONG

(assembly)®.

2 onuepvn €moyn mopotnpeitonl LIEPUETPN AVENCT PloAoYIK®V dedouEvVeV TO
omoia. mapdyovion kotd Evav palitkd pvBud ko &xovv aArdéer tov TpoOMO pE TOV OMOi0
npooeyyilel kovelg mpoPAnuata Poloyiknig evoems onuepa. To medio ™G VIOAOYIGTIKNG
YOVIOLOUOTIKNG  €xel  oLUPOAAEL o onuaviikd Pabud o©TOoV  UETACYNUOTICUO T®V
akatépyactov (raw) Proloyikov odedopévev oe  ypriown mAnpoeopio. Ovtag éva
moALOeUATIKO TTEGIO, 1] VITOAOYICTIKT YOVIOIWUOTIKY] EVOOUATOVEL epyareio kot pefdO0VG

amo TNV EMCTNUN TOV VTOAOYICTAOV, TN LOPLoKn Broloyio Kot Tn GTATIGTIKY, LE OTOTEPO

! http://www.ncbi.nim.nih.gov/genomes/static/gpstat.html




oKOmd va  omavtinoel G€  PlOAOYIKG  EPOTAUOTO, YPNOUYOTOIDOVINS VTOAOYICTIKEG
npoceyyicelc. Ta medio €QOPUOYNG TNG LIOAOYICTIKNG YOVIOLOUOTIKNG €KTEivOovTonl o€
TOWKIAOVC  TOMEIG 1TNG YOVIOI®UATIKAG: €VPECN OUOOTNTOV  UETAED  OAANAOLYLOV
SLPOPETIKMOV  OPYAVICUAOV, TPOPAEYN KOl YOPAKTNPIOUOS PLOMICTIKOV oAANAOLYLOV,
ouvappordynon aiiniovyiwov DNA, avdivon yovididpotog pe okomd Tnv ghpeom

yovidiov, K.d.

Ymv mapodoo OSatpiPn  avoAvovpEe  YOVIOIOUATIKG Oedopéva omd  dtdpopa
OTOVOLAMTA KOl OOTOVOLAD LE OGKOTO TOV YOPOKTNPIOUO HIOG E0KNG KoTnyopiog
OTOLEI®V TOL YOVIOIOUOTOS OV EIVOL EVIVTOGLOKG GUVTNPNUEVO OTNV TAEOYNPIo TOV
oTOVOVAMTAV. AvTd Ta oTOLYEID EVOEYOUEVMG dPOVV G KHPLOL PLOGTEG TOV YOVIOIOUATOG
KaTA TNV eUPpLIKn OavATTLEN, M AElTovpyiot TOLG OUMC TOPAUEVEL OVIYROTIKY. Mo
KOADTEPT KATOVONGN TNG AEITOVPYING OVTAOV TV GTOXEI®MV, TOL UNYOVIGHOD OpAGNS TOVG,
KaODG Kot TG €EEMKTIKNG TOVG TPOEAELONG KoBIoTATOL EMITAKTIKY OTNV TPOSTADELL

JEAEHKAVOTG TOV UNYOVICUDV TOV SETOVV TNV AVATTUEN TV OPYOVICUDV.

1.1 Hepiypoppo Avatpipig

210 TOPAKAT® KEPAAOLO TPOYUATOTOOVUE L0l VTOAOYIGTIKY OVAALGT TOV ZVUVINPNUEVOV
Mn Kodwonotovodv Aiiniovyiov (Conserved Noncoding Elements, CNE), ta omoio
etvar covinpnuéva 6 LYNAO TOGOGTO GTO, GTOVOLAMTA KOl TEPLYPAPOVLE T CLVEICPOPA
™G TOPOVCAS STPPG OTNV KATAVONGT TOV W0TATOV CVUGTACNS AVTAOV TOV GTOXEI®V,
oTN UEAETN TOV TPOTOL OPYAVOGNG TOLG GE JLAPOPa yovididuata, Kabmg kot o mbova

oevlplo EEEMKTIKNG OLVOLUKNG TOVG,.

Y10 Kepdhowo 2 divovpe yevikég minpoeopiec v ta CNE, ta yopoktnpiotikd
aAAnAovyioag Tovg, Tovg MOAVOVS AELITOVPYIKOVG TOVG POAOVS, KABMG Kot Yo TOV TPOTO e
TOV 07010 QVTA OPYUVMOVOVTOL GTO avOpdTIvo Kot o dAla yovidiopata. [Tapatnpodpue o1t
VT KATOVEPOVTOL 0KOAOVOMVTAG KaTavoUEG TOTOV VoL dvvauns. Ta amoteAéoHoTd oG
EVOOUOTOVOVTAL GE £Va. LOVTELD, TO OTTO10 TTPOTEIVOLHE OTL TEPLYPAPEL TNV KATOVOUT OTO
yovidiopa tov ototeiov mov Ppickovtar vo emidektiky mwieon (Selectively constrained

DNA elements) cuvolikotepa kot mepthopfavovy e&mvio kot CNE.

Y10 Kepdrawo 3 meprypdeovpe pebodoroyieg mov viobetovpe amd 10 medio NG
Emotmung Ymohoyiotdv, pe okomd v toaSivounon otoyeiov mov Ppickovtar vmod

emlextikd mepopiopd  (e€ovie kar CNE). Ewodyovue 1™ pebodoroyio avaivong




ocuyvotntov k-mers ywpig otoiyion pe m ypnon Aoywkav kovoveov (Logic Alignment Free
— LAF). Méoow Cevydv ovykpicemv OTOWEI®YV TOL YOVIOIOUOTOG OONYOVUOGTE GTNV
eCaywyn YPNOU®V PlOAOYIKOV CLUTEPAGUAT®OV OCYETIKO UE TN OLOTOCT OLPOP®V
KOTNYOPLDV VIEPCUVINPNUEVOV GTOEI®V. XVYKPIVOUUE TO OMOTEAEGUOTO HOC e TNV
Kook pebodoroyia v yovidiopatikdv vroypoemv (Genomic Signatures, GS) kot
TapoLCIAloVE KOl YU OUTV TNV TEPITTMOY TOCOGTA EMTLYOVG TASIVOUNONG KAACE®DV
OAANAOLYLOV. XT1 CUVEXELN TEPLYPAPOVUE TNV EQOPLOYTN, YO TPAOTN POPE GTNV ovOAVGN
YOVIOLOUATOV, oG pebodoroyiog, mov apykd avartdydnke yia eEaywyn TePIMYEnV G
keipeva and opdda epgvvntav [Minpopopikng tov E.K.E.®.E «Anuokpitocy. Ot ypdoot
(ypaopruozo) N-ypopudtov (N-Gram Graphs, NGG), 6nwg ovoudlovtat, ¥pnotuonotodviol
€6M Yo TV avamapaotoon aAAniovylov (kat opddmv aAinlovyldv) Sopopwv ToovOY
AETOVPYIKOTATOV Kol QOIVETOL TG €ivol OMOTEAECUATIKOL OTNV TOEWVOUNGT WKP®OV
aAANAovyldV oL Bpickovtal eVTOg TOL 1610V YOVIOIOUOTOC 0AAL Kol HeTAED) YOVISIOUAT®V.

Kot 0o cuykpivoupie To amoTEAECUATA LLOG LE TIG YOVIOIMUATIKES VITOYPOPES.

Y10 Kepdhowo 4 ewodyovpe tov avayvoomn ommv évvoln g Bempiog g
TANPOPOPLOG KL GTIG EPAPLOYES TTOV £YEL GTNV aviAvoT Yovidlopdtov. TTio cuykekpéva
ypnowomowovue v gvtpomio. Shannon (Shannon block entropy) kot ™ pébodo Tov
eykifotiopov (boxcounting) yio thv avaivon g xpOUOcOUKNS Katavounc tov CNE, ue
oKOmO TOV TPOGdIopod tov Pabuod ¢ popeoxkiacpoatikoémrag (fractality). To
OMOTEAEGUATO OV AQUPAVOLLE TapoLGLALovY eVOlAPEPOV, Waitepa OTAV GLYKPIVOLUE

dwapopetikég kKatnyopieg CNE.

Y10 Kepdrowo 5 ocvvoyilovpe ta amoteléouato tng SwtpiPng, cvlntovpe Tig
mOAVEG GUVEICPOPES TNG Kot TPOTEIVOVLE TEPALTEP® KATELOVVGELS Yot LEALOVTIKT £pguva

Kol TPoPANUATIGUO.

Y10 Kepdroawo 6 mopatiBetar n oxetikn PipAoypagio wov ypnouonoteitol yuo ™

oLYYPOPT TNG TAPOVCAG SLOTPIPNG.

Y10 Kepdrawo 7 avamapdyovior ot ONUOGIEVCELS, o€ O1Efv TEPLOOIKA UE KPITECS,

TOV £YOLV TPOKVYEL GTO TAAICLOL AVTNG TG SATPIPNG.







2. Xvvimpnuéves Mn  Ko®owkomolwovoeeg
Alnrovyies (CNE) o100 yoviowopoto
nETALMOYV

2.1 Ty T0606TO TOV YOVIOLONATOS EIVOL AELTOVPYIKO;
Ytg apyég tov 70, o Susumu Ohno éypaye pa ogpd apbpov oe uia Tpoomdbeia vo

gpunvevoel v mokihouoppio og pEyebog yovidioudtov Oniactikdv (Ohno & others
1970). IIpotewve OTL ekTETApPEVA YEYOVOTA YOVIOLOKOD SITANGLOGLOD, oKoAovBodueva amod
ammAELDL Agltovpyiag SumAaclacuéveoy aviypdowv, gvfovovior yio Tto peydlo HEPOG
«bypnotov» (“junk) DNA ot0o yovidiopd poc. Avti n éa akopo oyvel og éva Paduod
(oto avBpodmvo yovidiopo VIaApYovV WYELOOYOVIOl, MTOL UM AETOLPYIKA avTiypopa
YOVIOi®V), OAAG TOPA HE TNV OVAALGCT TOAADV YOVISIOUATOV EYEl Yivel capég OTL Ta
npGypota eivor mo mepimhoko. o mopaderypa, to yovidiopa tov fugu? (Takifugu
rubripes) éyst péyebog mov avtiotoyei oto 1/8 tov peyéBovg Tov avBpmRTIVOL YOVISIOUATOG
(390 Mb), mapd T0 yeyovdg OTL Kol o€ aVTO EYEl €VTOMIGTEL OTL GUVEPNOOV OYETIKA
TPOcPOTH (LETE TNV ATOCKIOT TOV TETPOTOSMV) YEYOVOTA YOVISIOUATIKOD SITAUCIAGIOV.
H ovurayng o¢bdon 100 yoviduopatdg Tov  ogeidetal  ot0 (KPS TOGOGTO
emovolopPovopevoy  aAANAOV(IOV Kol ©TO UElOUEVO HEYEBOg TV  ECMVIKGOV Kol
eEwyovidiakdv (intergenic) aiiniovyiov. Kat oto d0vo yovididpoto Oumg, avOpdmov Kot
fugu, n Tietoyneia Tov DNA dev kwdikomotel TpmTEIVEC.

‘Eva amd ta mpofAnpota mov avrpetonilet Mopiaxn BioAoyia givor 611 moAAEG amd
T1G 10€€C KOl OPIGHOVG OV £6TEKAV Y10, TOAD Kopd Empene va aALdEovv KabdG aveékvmTay
véa otoryeia amd to medio g yovidtopatikig avdivonc. 'Etot Aowtdv 1 10éa yia to ti eivan
éva yovidlo €xel aALAEEL, e TO HOVTEAOD €va YOVIOI0 — Hid TOALTENTIOKN aAvGida va glval
TALOV  amapyo®pUEVO, aeov £xovv PBpebel yovidla mov emkoAidmTOLY TO £€vol TO GAAO,
eTdyvouV TOALAPIOUA EVOALOKTIKG HETAYpa@a 1 €yovv apotfaio pvOGTIKO pPOAO

EVPIOKOUEVH OE YEITOVIKES BETELC.

% fugu: ava@épetal WS oUVTUNoN Tou Takifugu rubripes. O CUYKEKPINEVOC OPYAVIOHOC Eival évag
TeEAEOOTEOG 1XOUG, TOU oTToiou TO yoviIdiwpa dnuooieutnke 10 2002 Kal ATAV TO TTPWTO YovIdiwpa
OTTOVOUAWTWY TTOU TTAPOUCIAOTNKE (META TOo avBpwTrivo). O koivég TTpdyovog avBpwTtrou — Fugu
utroAoyiCetal 6T €{noe 450 MYA (Million Years Ago - Ekatouuupia Xpévia Mpiv), cuverrwg CNE

Kolva peTagl Fugu — Human civar e€aipeTiké@ apxaiag poéAeuong (ancient CNES)




210 emimedo NG pLOUIONG TNG UETAYPOPNS, 1| TOAVTAOKOTNTO, v emiong peydn.
H dwpxng avakdAoyn véwv vmokivntdv, KOTACTOAE®MV Kol EVICYLTMOV YOVISImV &ivol
evOEIKTIKN. ['evikd, dev €yovpe KAMOO0 YEVIKO TPOTO avayvAOPIonG €vOg eVIOYLTH Kol
npdypatt dev eivon EekdBapo OTL awTég ot aAAniovyieg mov OvOouAlOLUE EVIOYLTEG
oxetiCovioar petalu TOLg, OMAadN EVOEXETOL VO, OPOLV  YPNOIUOTOIDVING EVIEAMG
daopetikove poplakovg unyoviopovg (Harmston et al. 2013). Emumdéov, eivon oyeddv
advvaTo vo movue pe akpifeto Tov Eekivodv kot moH TEAEW®VOLV Ta PLOMOTIKG GTOLYElN
TOV YOVIOI®UATOG (EVIOYLTEG, VTOKIVNTEG, KATOGTOAELG, HOVOTEG). ZuvnOmG To dedopéEva
pog efaptdvior amd TV axkpifela mwov mapEYovv TOL AETOVPYIKE TEWPAPOTA  TOV
YPNOLOTOON KAV Y10 TOV KOBOPIGHO TOL PLOGTIKOL GTOoLKElOV.

[Ipécpata omoteréopata yioo 0 1% tov avBpomvov yovididpatog omnd 10
ENCODE (ENCyclopedia Of DNA Elements) £yovv pev gpumiovticetl ) yvdon Hog yio To
AEITOVPYIKO TUNUO. TOV YOVISIOUOTOG Mag OAAG yévvnoav kot véa epotniuata (The
ENCODE Project Consortium 2004). I'io mopadetypa, évo amd To TO GLUVOPTUCTIKA
guprjuata Ntav 0t > 90% TtV TEPOYOV TOL EAEYXONGOV LETOYPAPOVIAY GE TPMOTOYEVN
petdypago Kot 6Tt yevikd 1o yovidiopa givol mepoeoOTEPO EveEPYO peTaypapikd omd Ot
moTeELOTOY apykd. AAAG Tt onuaivel avtd; [log opilovpe por Aettovpyikn aAiniovyio;
210 TapeABOv, pia Aettovpyikn aAiniovyia, dtav LETOALAGGOTAY, ElXE KOO0 OTOTELEGLOL
GTNV TPOGAPUOGTIKOTNTA TOV OPYOVIGHLOD.

H aAAniodymon kot cuykpitikn ovaAvcen TOAADV YOVISIOUATOV ONAACTIKOV
Katédete Ott tovAdyotov éva 5.5% tov avBpomivov yoviduwpatog Pploketor Vo
EMAEKTIKY] Tieon Katd v eeMktikny mopeio Tov. And avtd, mepimov 1.5% extypudron Ot
KOOKOMolel TOAVTENTIONKES aALG1dES, Tepimov 3.5% eaivetor g mailel puBuicTikd poro,
evd 0 Pabpog katavomong pag yo Tovg pohovg mov emterel o vrorowo (0.5 — 1.5%)
nowcider (Lindblad-Toh et al. 2011). ' 6Aovg awtovg TOVE AdYOLG KaBioTUTOL ETITAKTIKN M

UEAETN TOV TUNHOLTOG TOL YOVIOLDUOTOG TOL PEPETOL TG dLadpopaTilel pLOUICTIKO POAO.

2.2 AvalnTNOES AELTOVPYIKAOV U1  KOOIKOTOWVGAV  UAANAOVYLOV
APNCLUOTOLOVTOS KPLTIPLO. GUVTIPN OGNS GAANAOVYLOS

Yuykpivovtog opoldTNTEG Kol OpopEg UETAED YOVISIOUATOV LTAPYOVIOV E0GV, 1|
CLYKPITIKT] YOVIOLOUOTIKY TOPEXEL TO EPYOAEID. ylOL TNV TOVTOMOINCT AELTOVPYIKAOV
YOVIOLOUOTIKOV OAANAOLYLOV. ZOUQOVO Le TNV 0voétepn Bewpio ¢ poplokng eEEMENG
(Kimura 1984), «ot mepiocdtepec HETOANAEELS cuuPaivovy Tuyoid OTO YOVIOIOUOTO Kot

elvar ovdétepec Yo TOV Opyaviopo», oniadn Oev emnpedlovv TNV KOvVOTNTA TOL VO




emProoet kot va avaropaydel. Ot petaArdéels, mov emnpedlovy apvnTikd Tov opyavicuo,
elval Ayotepo mhavd vor EMKPATCOVV KOl GTOOIKA OTTOLOKPVVOVTAL amtd TOoV TANBLGUO
pe TV mépodo tov xpdvov. Me ailo Aoy, ol petaArdéelg oto Asttovpyikd DNA elvar
Myotepo mBavO va yivovtol OVEKTEG KOl, GULVETMG, OAANAovLYieg mov elvar vVyYNAL
SLUVTNPNUEVEG LETAED OMOUOKPUOUEVOV OPYOVIGUMY EVOEYOUEVMG VO EIVOL AEITOVPYIKEC.
Enopévmg, vmobetikd Aettovpywkd otorygio, KOOWKOTOOLVTO Kol UN, HTOPOOV Vo
TAVTOTOINOOVV ETTVYMG UE CLYKPITIKT AVAAVOT YOVISIOUATOV.

H dmoapén moivdpifpmv vymid cuovimpnuévav pn KoSKoTolouomv OAANAOLY IOV
0T GTOVOLAMTA OMOKOAVEONKE aKoOUa Kot Py amd TN Jfectudtnta aAAnAovyidv
OAOKAN POV YOVISLOUATOV. Xvykekpuyéva, mptv 20 ypévia, ot Duret kot ocvvepydreg
aVEALGOV TO U] KOOKOTOWOLVTO TUNUOTO TOV YOVIOIOV O  OlPOPETIKES TAEELS
OTOVOLAMTAOV KOl TAVTOTOINGOV HEYAAES KOl DYNAL cLVTNPNUEVES aAANAovyieS oTa Un
KOOWKOTOWOUVTO  TUNUATO  YOVISI®V, EW0IKOTEPA OTIS UN  UETAPPULOUEVEG TEPLOYES
(UnTranslated Regions, UTR) exeivov tov yovidiov mov &ival omopoaitnta yoo Ttnv
kuttopikny Con (Duret et al. 1993). Aéka ypdvia opydtepa, Otov OAOKANPOONKE M
OAANAOVYNON TOL YOVIOLOUATOG TOL TOVIIKOV, TOPOLGLAGTNKAY Ol TPAOTES OVUAVGELS
HEYOANG KAIMOKOG TOV YOVISIOUOTOC oL Oev meplopiloviov HOVO GE MEPLOYEG TOV
oyetiCovion pe yovidwa. Agdopévov 011, < 2% 1oV AvOpPOTIVOL YOVISIOUATOG KOKOTOLEL
TOAVTENTIOEG 0ALGIOES, €yve cOaQES OTL MOAAG otoryeln pe mBAvOUG Ag1Tovpykons
POLOLG EVPICKOVTOL EKTOG TEPLOY MV OV KMOKOTOLOVV TPMTEIVEG,.

[Ma v tovtomoinon cvvimpnuévev oAAniovyldv mov eival whavov va givol
AELTOVPYIKEG EQPOPUOCTNKOAY OLOPOPETIKA KPITHPLOL OO SLOUPOPETIKEG EPELVNTIKEG OUAOEC.
Avto elye g amotédlecpa vo mowkilel o axpiPfng apBuog kot o péyebog avtdv TOV
OAANAOLYLOV KOl VO, E£0PTATOL GO TO YOVIOUDLLOTO TOL GLYKPivovTot KdOe popd kabmg Kot
and 10 eAdyoto MOc0oTd opoldtnTag ot emimedo aAAniovyioc. H mo ocvvnBiopévn
TPOGEYYIoN EVPECNS CLVTNPNUEVOY aAAnlovyldv PBaciletor 6€ VITOAOYIGHOVG TOGOGTOV
OUOOTNTOG O€ EMMENO aAAN OVYIOG, XPNOLOTOIDOVTOS TOAATAES 1| Katd (e0yn oTotKicElg
YOVIOLOUATOV emheypévav €0mv. Kamoteg evolloktikég kot mo moAdmAokeg HEBodOL
&yovv emiong oavomtuyBel, OT®MG Yoo wOPAOEYHa 1 KOTAOKELT, QUAOyeveETik®V HMM
(Hidden Markov Models) (Siepel et al. 2005), kabmg kot poviéda QEWO®AOTNTAC TOV
epapuoloviar og otoryioelg molamidv ewdmv (Margulies et al. 2003). Ocov agopd v
EMAOYN €MV TPOG GVYKPLOT, SUPOPES TPMOIUES UEAETEC CUVEKPIVOV T YOVIOLDLOATOL
avOpOTOL KOl TPOKTIKAOV, HE OKOTO TNV TOVTOTOINGoN PLOUICTIKOV oTolKElwV oTa

Ontaotica (Dermitzakis et al. 2002; Dermitzakis et al. 2003; Bejerano, Pheasant, et al.




2004). Ilepimov 327000 ocvvinpnuéveg pn KmOIKOTOWOLGEG aAANAovyieg, pe mOavo
pLOUIOTIKO POLO, TavTOTOMONKOY OO GLYKPICELS YOVIOLOUATOV avOp®OTOL — TOVTIKOD,
ypnowonowwvtag éva avBaipeto kpurnpo 70% opowdtnrag oe eminedo aAiniovyiog yio
nave ord 100 (edyn Paoewv (bp) pag otoiyiong ympic keva (Dermitzakis et al. 2003;
Dermitzakis et al. 2005). Xpnoiponoidviog teptocdTePO QLGTNPA KPLTHPLa, 0 apliuds Tmv
OVIYVELOLEVMV GUVTNPNUEVOV U1 KOOTKOTOL0VVTMV GTOLYEI®MV UEUDVETOL OPOUATIKA, OAAN
N mBavotnTo vo givor Aertovpyikd avédvel. Ot Tp®OTOL TOL EPAPHOGAV TOAD LGTNPA
kpunploe towtonoinong CNE ftav ot Bejerano et al. (Bejerano, Pheasant, et al. 2004).
Tavtonoinoav 481 odiniovyieg DNA peyodvtepeg amd 200 vovkAeotidia mov givon
amolvteg (100% opowdtnta o eminedo oAAniovyiog) ouVINPNUEVEG UETAED TOV
YOVIOLOUATOV TOV avOp®OTOV, TOL TOVIIKOD Kol TOVL apovpaiov. Avtéc ot aAinAovyieg
EYOLV TOPAUEIVEL GUVTNPNUEVES Yo TTEPLoGOTEPO atd 75 — 80 exartoppdpra ypovia (Million
Years, Myr), mov givat 0 xpovog amdoylons, TPOCEYYIOTIKA, TOV YEVEDV TOL avOpOTOL Kot
tov tpoktikdv (Hedges et al. 2006), kot ovopdoTNKOV «OTEPGUVTNPNUEVO GTOLYEIN
(UltraConserved Elements, UCE). Awdgopeg GAleg PEAETEG EMIKEVIPOONKAV GTN GVYKPION
TO OMOUOKPLCUEVAOV EWOV: Y. TOPASELYUN, CLYKPIoES HETAED TOV YOVIOLOUAT®V
ONAOCTIKOV KOl Yaplidv £(0VV 00N YNGEL GTNV TAVTOTOINGCT CAANAOLYLOV TOV TAPEUEVOV
oovimpnuéves oo move and 450 Myr g&éMéng tov omovovimtdv. Ot Sandelin kot
ovvepydteg tovtomoincav 3583  vmobetikéc  pubuicTikég  mepoxés,  avalnTdVTog
aAAniovyieg mov etvan peyaddtepeg amd 50 voukieotida Kot mapovstdlovy opoldTnTa o
eninedo aiiniovyioc 95% petald TV yovidloudTemv TOL avOP®OTOL KOl TOV TOVTIKOD,
aAld elvar avivedoueg kou otov fugu (Sandelin et al. 2004). Baciouévol og ototyicelg
yovidiopdtov avipormov — fugu, or Woolfe et al. tavtomoincav 1373 otoyeio mov
gneoaviCovv opotdmro yio tovidyotov 100 vovkieotiow (Woolfe et al. 2005). Xe o
npoondBeio va Bpebodv otoyeio axopo mo «oapyoaion, Oniadn cvovinpnuéva mo Padeid
ot QLAOYéveon TV omovovAmT®v, ot Venkatesh kot ocvvepydteg ovOykpvav T
yovidibpata Tov avOpdrov kat tov elephant shark. Tavtoroincav 4782 CNE pe opototnra
o€ eminedo aAAniovyiog mov mowkiiel amd 71% £mg 98% kot péco pnkog 210 vovkieotidw
(Venkatesh et al. 2006). Avtd 10 OMOTELEGUA NTAV GUVOPTAGTIKO KOl UN OVOUEVOUEVO,
Kabdg N opdda tv yovoprddwv, omov aviker o elephant shark (Callorhinchus milii),
AMEKAMVE OO TOV KOO TPOYOVO T®V GTovOLA®MTAV pe ootd (bony vertebrates) mepimov
530 Myr mpwv (Kumar & Hedges 1998). To yeyovog 61t 10 yovidimpa tov elephant shark
nepéyel dumhdoto ototyeioc CNE amd avtd mov €yovv towtomoindel pécw ortolyicemv

avOpomov Ko teredotemv 1BvwV Kotadsikvoel 0Tt to. CNE otovg tehedoteong 1ybveg




&xovv e&elyBel pe mo Toyelg puBrovg N Exovv yobel petd TV amdoyon amd T yevearoyia
Tov INlaotikdv. EmmAéov, avty n perém €oeiée ot éva peydrog apbuog CNE vanpye
aKOUOL IO TPV amd TNV amdcylon Yovopybimv kol 0oTeiyfbhmV Kol TopEUElVE TPOKTIKA
avoALOITOC £KTOTE.

2 BProypaeia, ot cuvInpnuéVES OAANAOVYIEG TOV dEV KMOKOTOLOVV TPOTEIVES
TEPLYPAPOVTOL [UE OLOUPOPETIKA OVOLOTA, OO OLOPOPETIKES OUADES, OV TIG TEPIEYPOYOLV
(ITivaxag 1), diymg vo vITAPYEL KOO0 OTOOEIEN AEITOVPYIKNG SLOPOPOTOINONG AVTMOV TMV
oToyEimV, TEPA amd T KPUTNPLoL EMAOYNG Kol TavTonoinomg tovg. TTapdiov mov Exovv
d00el drapopetikoi opiopol, avarloya He To YOVISIOUATO WMV VIO GUYKPLoT), TO EAAYIGTO
UAKOG OAANAOVYlOG OOV TOPOTNPEITOL OHOLOTNTO, KOODC KOl TO EAIYIOTO KATOOAL
OULOOTNTOS HETAED OVO 1| TEPIGCOTEPMY OPYAVIGUMV, 0l aAAnrovyieg mov e&dyovtatl kabe
Qopa @aivetar mwg popdlovior moAld kowd yapaktnplotikd (Elgar & Vavouri 2008;
Nelson & Wardle 2013; Harmston et al. 2013). Xtnv mopodca datpir avapepouacte pe
tov 6po CNE otig Zuvmpnuéveg Mn Kwdikonolovoeg AAAnAiovyieg yevikotepa. Omov
e€etdleton Khmowo KAAGN GLVINPNUEVOV GTOlKElV CEY®PIOTA, OUTH OVOQEPETAL LE TO

o6vopd g, m.y. UCE, UCNE, CNG, xAm.

Hivaxkag 1: Ovopatoroyio ywo TNV TEPLYPUPT] TOV UM KOOKOTOLOVGAV CAANAOVYLAOV TOV
DIGKOVTOL VIO EMAEKTIKO TEPLOPLGUO

Axpovopo | Ileprypaoen Tovtonoinon Avogopd

ANCOR Ancestral non-coding AGpopeg vrohoylotikég uébodot (Aloni & Lancet
conserved region 2005)

Conserved non-coding > 70% opototnta yio > 100 vovkAeotidia ota yovidubpata avBpdmov | (Couronne et al.
KOl TOVTIKOD 2003)

Conserved non-coding | Xpnon tomikng opoAoyiog odintovyicg (MegaBLAST) peta&d | (Woolfe et  al.
elements avBpdrov kat fugu yio. > 100 vovkieotidia. 2005)

Conserved non-exonic | Zvvinpnuéveg odiniovyieg amd éva puroyevetikdé HMM (PhastCons) | (Lowe et al. 2011)

elements OV  €QAPUOOTNKE ot ToAamAég otoyioelg 40 yoviStwpdtov
OnraocTikdV
Conserved non-genic > 70% opotdtnto v > 100 vovkeotidia ota yovidiwpata avopomov | (Dermitzakis et al.
KOIL TTOVTIKOD 2002)
Conserved non-coding | Awdgpopeg vroroyioticég péhodot (Dubchak et al.
sequences 2000)
Extremely conserved | > 80% opowtnta ywr > 100 vovkieotidi oe éva vmoohvoro | (Tseng & Tompa
elements TovAdyiotov 40 yovidiwpdrov Onhactikdv (44 6to cuvoro) 2009)
Highly Conserved | "Evoon alnlovyidv mov tavtomombnkav og dAkeg peréteg: UCE | (Sun et al. 2006)
Elements (Bejerano, Pheasant, et al. 2004), UCR (Sandelin et al. 2004) kot

CNE (Woolfe et al. 2005)

Highly conserved regions | > 70% opowtta yut > 50 vovkAieotidia ota yovididpata avipdmov | (Duret & Bucher
Kot KOTOTOLVAOL 1997)




Highly conserved non- | Ilepoyég > 50 vovkheotidwe ywr T omoieg m mbavommta va | (Lindblad-Toh et
coding elements Bpiokovtar vrod emdextiky migon, dedopévov Tov okop cvvtipnong [ al. 2005)
610V AvOpmmo Kot 6Tov 6KOA0, etvat > 95%

Highly conserved non- | > 70% opowmta ywe > 100 vovkAeotidio oto yovididpara | (de  la  Calle-
coding regions avBpdnov, moviikol, kotdmoviov, Xenopus kot fugu Mustienes et al.
2005)

Long conserved non- | > 95% opowdtnta yio. > 500 vovkeotidia ota yovidibpota avipdmov | (Sakuraba et al.
coding sequences KOLL TOVTIKOD 2008)

Multispecies  conserved | To kat@At cuvtipnong wébnke dote 10 5% Tov avBpdmvov | (Thomas et al.

sequences yovidibpatog vo Bpioketor péoa oe MCS, 12 &idn omovdviotdv | 2003)
cuykpibnkov

Phylogenetically Tomwkn opodto o€ eminedo adAnhovyiag yio > 45 vovkheotidw ot | (Hufton et al.

Conserved non-coding | yovidiubpato tov amphioxus, zebrafish, Tovtikol kot avOpdmov 2009)

elements

Ultraconserved elements 100% opowmra yo > 200 vovkkeotidio ota yovidubpara tov | (Bejerano,
avBpdmov, Tov TOVTIKOD Kor TOL apovpaiov. 1 ota 4 amd avtd ta | Pheasant, et al.

GTOLELDL EMUCAADTITOVTOL LLE YVOOTEG KOSKOTOOVGEG aAAAovyies 2004)
Ultraconserved non- | > 95% opowdtnta yio > 200 vovkieotidia ota yovidibpato avpodnov | (Dimitrieva &
coding elements Kot KOTOTOLAOL Bucher 2013)
Ultraconserved regions > 95% opodtnto. ywoo > 50 vovkkeotidio ota yovidibpatae tov [ (Sandelin et al.

avBpdnov kot tov movikod mov otoyilovton ev pépet pe to | 2004)
yovidiopa tov fugu

2.3 Xapoktnprotikd Xvvinpnuévov Mn Kodikorotovemv AAANLovy iy

Ta CNE mapovcidalovv KAToleg yopakTpIoTIKES 1010TNTEG GVOTACTG TOV T0, KOOIGTOOV éval
OXETIKA opoyeVEG oLVolo oAAniovyidv DNA kot to dwakpivovv omd GAheg pn
Kodkomolovseg aAiniovyies. H evtvnooiaxn cuvripnon mov moapatnpeiton otoe CNE yia
peydieg eEeMKTIKEG TEPLOSOVG LITOINAMVEL OTL Exovv eeAtyBel VO AVOTNPN EMAEKTIKN
nieon (Drake et al. 2006; Katzman et al. 2007). Avto €xel og amotélespa vo Oewpovvtat
onuepa ot mo cvvinpnuéveg aAiniovyieg DNA mov vrépyovv ot eLOT, KOOMOG Yo Ta
eEovia yvopiloope 011, AOY® TOL €KQUAMGHOL TG Tpitng B€ong, dev amorteitor 1660
vynAdg PBabudg cvvrypnong. Ilpdaypott avtég ot aAAniovyieg otnv mAsloyneic TOLG
EMOEIKVOVOLV DYNADTEPT GLVTIPNON OO TNV TAELOYNPILN TOV YOVIOIOV TOL KM®OTKOTO00V
npwteiveg (Bejerano, Pheasant, et al. 2004). AvoAboviog TIC KOTOVOUES GLYVOTHTOV
AAANAOUOPPOV, EPELVNTES E0E1EAV OTL OVTEG O1 TTEPLOYEG OEV AVTUTPOCOTEVOVV TEPLOYES LLE
YOUNAOTEPOVG PLOUOVG UETOAAAEEWV OAAGD TPAYUOTL DTOKEWVTOL GE EMIAEKTIKY| TiEOT
(Drake et al. 2006; Katzman et al. 2007).

Ta CNE dev givar por Kovotopioo Tov orovovA®tdv oAl supickovtan emiong o€
yovidiopata acmtovovilmv kot putav (Vavouri et al. 2007; Glazov et al. 2005; Lockton &

Gaut 2005). Ta. CNE tov 6movovA®tdv, ToV EVIOU®mY Kol TOV VIUOTOdmV O oyetilovtal
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yeviké petad tovg amd dmoym aAiniovyiog (Glazov et al. 2005; Siepel et al. 2005;
Vavouri et al. 2006). ITapoéra avtd, pio TPOSEOTN UEAETN 0O YNOE GTNV TAVTOMOINoT dVO
otoyeiov mov givar cvvinpnuéve petaéd omovévimtdv ko aotovoviov (Clarke et al.
2012) xour avapévetar Oti, pe v mpoodo otig pebodoroyiec aAAnAovynong kol Tnv
av&ovopevn dlabecipudmra yovistopdtov, 8o tovtomonbodv meEPIGGOTEPA GTO HEAAOV.
Koatd v tpoécpatn e£EMEN TV GTOVILAMTOV, TO HEGO UNKOG Kal 1 cuvinpnon tov CNE
£YOVV TIC LEYOADTEPEG TIUEG o8 oyéon e Ohec TG tavouikég opddeg (Retelska et al. 2007),
eV o1 VIoTOEUEVOL POAOL TTOL AMEKTNCGOV £ival 1010{TEPA. CNUOVTIKOL GTO. GTOVOLAMTA
(Mikkelsen et al. 2007).

Ta CNE Bpiockoviar cuyvd e 6VOTAdEG KOVTE GE TEPLOYES TOL YOVIOIMUOTOS TOV
TEPEXOLV Yovidia Ta omoia sumiékovtan otny guppuvoyéveon (Sandelin et al. 2004; Woolfe
et al. 2005; Siepel et al. 2005). IToAAG and VTG TO YOViISL0 KOSIKOTOOVV LETOYPOPIKOVG
TOPAYOVTEG KOl OTULOTOS0TIKG HOPLOL TOV EVEXOVTOL 6T pOOLIGN TG EUPPVIKNG avaTTLENG
(trans — dev yovidin) Kol TEPEYOVV EMKPATEIEG TOL EMTPEMTOVY  OAANAETIOPACELC
npoteivov — DNA (Harmston et al. 2013). Avtd odnyei omv vmobeon o6t 1o CNE
evogyopévog etvar vmedBouva yuoo v oakpin ektéleon Tov mepitEXVOL AvATTLELKOD
TPOYPAULOTOG, dpmdVTAS ™G CIS puButotikd ototyeio kKot ™ petaypaen (Nelson & Wardle
2013).

EE’ opwopod, ta CNE gvpickovtolr oTic U K@OWKOTOOV0EG TEPLOYEG TOL
YOVIOIUOUOTOG KOl UopoLv va PBpeBodv e meploxés HETOED YOVIdimV Kol GE TEPLOYES
yYovidimv, pun KoSIKOTolo0oes, OTMG Ta e6MVI0, Kot ot un petaepalopeves neployés (UTR).
O1 yovidaxég épnuot givar mhovoleg oe CNE (Kim & Pritchard 2007; Stephen et al. 2008),
EVD OTO YOVIOLOUOTO ONAQGTIK®OV 1] LEYOAN TAELOYNOIN OVTOV TOV GTOLYEIDMV CLVAVIOVTOL
oe peylAeg amooTACELS Omd TO TANGLESTEPO, YOVIdl 7OV EEMEPVOUV GE OPICUEVEC
nePTOOES o 2 ekatoppvpla Paoeig (Mb), mov givar to O6pro ywoo kdbe yvwotd Cis
pvBuiotikd otoryeio (Bishop et al. 2000; Lettice et al. 2003; Woolfe & Elgar 2008). Aiya
etvar yvootd yio 1o mowd Aettovpyio emrehovv ovtd ta CNE. Anupoctevpéveg peléteg
oLVNYOPOUV GTNV ATOYN OTL EVOEYETAL VO ATOTEAOLV TTEPLOYES pUBong yovidiov (Gene
Regulatory Blocks, GRB) kot 6tt pmopovv vo Aettovpyodv cuvepylotikd poli pe ta yovidia
otoyovg tovg (Harmston et al. 2013; Kikuta et al. 2007; Nelson & Wardle 2013;
Viturawong et al. 2013).

H meoyneia tov CNE anavtdvior oe éva avtiypapo oto yovidiopa (Bejerano,
Haussler, et al. 2004). Ta Aiya gkeivo ototyeio, Tov gpeavilovy pHeTa&b TOVG OUOLOTNTO, OE

emimedo aAAniovyioag, €xovv mpoéAbel Kupiwg amd apyoio yeyovoto SUTAAGIOGUOV HECO
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01N YeEVEOLOYIO T®V OTOVOLAMTMOV Kot oyetilovtar pe mapdroya yovidwa (Vavouri et al.
2006; McEwen et al. 2006). Ta CNE givaw mhovota oe AT og o)Eon LE TO YOVISIOUATIKO
neppdAlov o100 omoio Ppickovial, &V TEPLEYOVV GLUYVE CLOTAOES TOVOUOIOTLTMOV
VOUKAEOTIOlWV (opomovpiveg / OpOTLPLUISIVEG), KAOMS Kol YOPAKTNPIOTIKEG TOAIVOPOUES
aAAniovyiec. Ot Walter ko cvvepydteg avélvoov i vovkAeotidikny ovotacn CNE
avOpodrov kot fugu og eninedo vovkieotidiov kat Pprikav Ott givarl mhodoio oe A + T, moAD
TeEPLoGOTEPO  amd  TIG mEPPAALOVCEG aAAnAovyiec mov To. oploBetodv, o1 omoieg
ToPoVCIALoVV GNUOVTIKY] TTOOoN oto Tepleyopevo o A + T, dlvovtog yapoakInploTikd
npotono (Walter et al. 2005). Xapaxkmpiotiké tov CNE anotelel eniong 1o yeyovog ot
TOAG amd ovuTd omoteAoVV B€oelg TPOGOEoNS, TOAAEG (OPEG  EMKOAVTTOUEVEG,
uetaypaeikdv mopayoviov (Xie et al. 2007). Me Bdon 6ro 0 TOPATAVED GOLUTEPAIVEL
Kavels Ott 10 AeEIAOYl0 KOl TO OUVTOKTIKO TOV O0dNYIdV 7oL €VOEYOUEVMG glvarl
kodwomomuéveg ota. CNE  mapovoidlovv  efapetikd  evolopépov kot pével va

amoKaAVEOovV.

2.4 Agrtovpyieg Zovinpnuévov Mn Kodikomorove@v AAANA0v L@V
[Topd to yeyovog, 6t M vynAn cvvinpnon ot enimedo ariniovyiag twv CNE eivon

EVOEIKTIKT] KOTOOL TOAVOD AETOVPYKoD pOAov, M Agttovpyio Kot 0 AGY0G GLVTIPNONG
TOVG TTopapéveL va puotnplo. Onmg avoaeépbnke o mave givol YeViKd amodektd OTL Ta
CNE dpovv g Cis pvBuiotikéc alAniovyieg mapéyoviog vymin e€edikevon ot yopiky,
TOGOTIKY] KOl XPOVIKT] pOOION NG YOVIOOKNG EKOPAONG KOTA TN S1dpKEWD TG EUPPLIKNG
avantuEng. Qotdc0 pEYPL oNUEPA deV EYEL TEPLYPOPEL KATO10G HLOPLOKOS UNYOVIGUOG TOL
va amoitel 1060 VYNAO eminedo GVVTHPNONG G€ ENimedo aAAnlovyiag.

And ™ otyun mov avokaAvednkav to CNE, moAéc mepapoatikés pHeAETEC
Tpaypatonomonkav dote va gleybel IN VIVO 1 tkovOTTd TOLG VO dpOVV ¢ PLOIGTIKEG
aAANAOLYIES, KVPIMG XPNOYOTOIDVTOG dOKIGies EAEYYOL Yovidiomv (reporter gene assays)
o€ d1dpopa omovovAmtd, aAld Kupimg oto movtikt (Nobrega et al. 2003; Pennacchio et al.
2006; Visel et al. 2008), oto zebrafish (Woolfe et al. 2005; Kikuta et al. 2007; Shin et al.
2005; Li et al. 2010), oto Batpayo (de la Calle-Mustienes et al. 2005) kot 6to K0TOTOLAO
(Sabherwal et al. 2007; Maas et al. 2011). Ot mponyovueveg peréteg €6e&av OTL OVIMG
noAAG CNE dpovv w¢ evioyvutéc. T ovykekpiuéva, ypnoomoidvtos EUPPLO TOVIIKMV
omv euPpoukn pépa 11.5, ot Pennacchio kai cvvepydreg éheyEav 167 arAniovyiec, mov
etval amoAOTOE GUVINPNUEVEG GTO YOVISIOUOTO TOL avOP®OTOL, TOL TOVTIKOV KOl TOL

apovpaiov Kot onpovtikd cvvinpnuéveg otov fugu (Pennacchio et al. 2006). Bpikav 6tt
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45% amo TG aAAnlovyieg Tov eAEYONGOV AEITOVPYOVV MG EVIGYLTESG, EVE GTNV TAEOYN Pl
TOVG KOO YOOV TNV £KQPACT] TEPOYDV TOL OVOATTUGGOUEVOD VELPIKOV GUGTILLOTOG.
[Tapéro mOL 01 MEPIGOOTEPES MEWPOAUOATIKEG WEAETEC £YOLV EOTINOTEL OTN UEAETN TG
vroTifépevng Aertovpyiog tov CNE g evioyvtéc, opwopéva CNE dpovv emiong wg
pnovotéc. Ipayuatonowdvtag in VIVO pedéteg evepydtmrag povoty oto zebrafish yuo 13
CNE mov dev mapovcidlovv dpactnpiotnta evicyvtr], ot RoOyo kot cuvepydteg Bprikav Ot
3 €& autv &rovv evepydtnta Tapeunodiong dpdong evioyvtn (Royo et al. 2011). Exiong
ot Xie Kol cLVEPYATEC TAVTOTOINGOV TEPLOYEC TPOGdESN TOL Yviwotoh uovet CTCF og
aAiniovyieg CNE, yeyovdg mov kavel akdpo o SVCKOAN Kot acopn TV okpipn arddoon
Aertovpykotitov o€ didpopeg katnyopieg CNE (Xie et al. 2007).

[Mopd 11 peréteg mov avagépbnkay mo mhve, vepydTNTES EVIGYLTY / LOVEOTY| gV
&xouv emPBeParmbel vBémg yio OAa tao CNE, evd axopa kot owtég ot peréteg dev £dmaav
ATOVTAOELS Y10 TIG eEE10IKEVIEVES 1010TNTEG cVoTaoNS Twv CNE mov givar vebBuveg ya Tic
puOuioTiKé Tovg Agttovpyieg, ovte Mtav oe Béon va eEnynoovv tovg AOYOLS TG
VIEPPOAIKNG GLVTNPNONG OVTOV TV ctotyeimv. EmmAéov, maporo mov ta CNE givon téc0
KOAG GLUVINPNIEVA GE AmOPaKPLGUEVA 10N Kot Ta aTotEln TOL TPoEpyovTat amd Eva 100G
LIOpOVV Vo ETAyovV TV £K@poot og dAha €idn (Matsunami & Saitou 2013; Matsunami et
al. 2010; Woolfe et al. 2005), ta mpdTLRTA EKPPacNG oV endyovtal omd opBOoAoya CNE ota
dudpopa €10M dev glvar cuvtnpNUEVE GTNV TAEWOYN QIO TOV TEPMTOGE®V TOL eEETAGTNKAV
(Ritter et al. 2010).

Kdmoleg dAheg pehéteg éxovv mpoteivel v 10éa 6TL T CNE gvdeyopuévmg pépouvv
KOOUKOTOMUEVES TOAATAEG AEITOLPYIKOTNTEG UE EMKAAVTTOUEVEG Opddeg odnyudv. [
napddetypa, ot Feng kot cvvepydteg yopaxtipioav éva CNE mov dpa wg evioyvtig oe
eninedo DNA evd og eminedo RNA dpa ¢ £va Loplo mov dev KmOKOTolEl Kot 6TpaToroYEl
mv npoteivn DIX2 ticw otov evioyvt ot éva coumioko DNA — RNA — npwteivng (Feng
et al. 2006). ‘Eyel eniong mpotabei, 6mwe avapépdnke eldylota mpotdtepa, 0tL Too CNE
anoteAoHVTOL amd TOAAATAES OEoelg TPOGdEDTG HETaypapkdv Ttapayovimv (Transcription
Factor Binding Sites, TFBS) (Boffelli et al. 2004; Vavouri & Elgar 2005; Viturawong et al.
2013). Xg oavtv ™V mepintoon, KAOE VOLKAEOTIOWO eVOEYOUEVMOG QEPEL OPKETOVG
AEITOVPYIKOVE TEPLOPIGHOVS GTOVS OTOT0VE LITOKEITOL KO LUKPEG AALAYEC OTIV aAANAovyia
B elyav KOTOOTPOEIKO ONOTEAEGUOTO OTNV TPOCOECT] GULUTAOK®V UETOYPOUPIKOV
nopoyoviov oty aAiniovyio. CNE (Elgar & Vavouri 2008). Ilopoia avtd, 0
ovykekplévn vmdbeon dev €xel emPePorwbel ovte oamd vmoAoyioTtikd, ovTE MO

TEPOUOTIKA OTOTELEGLOTOL.
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Ta CNE naiovv péAo omv mpdxkinon acbeveidv. ITio cvykekpyiéva, onpetakég
petoArdéelg ota CNE  umopodhv va  mpokaréoovv acBéveleg, Omwg mpoalovikn
nolvdaktorio. (Lettice et al. 2003), obOvdpoupo Pierre Robin (Benko et al. 2009),
yeteooytotia (Rahimov et al. 2008) kot oAompoceykepodio (Jeong et al. 2008). Ko ddhec,
oumg, acbéveleg €xovv ocvoyetiobel pe aAlayég oty adiniovyia towv CNE, 6nwg n
koewon (de Kok et al. 1996), n Leri-Weill dvoyovdpootémon (Sabherwal et al. 2007), o
Kivdvvog epeaviong thg vosov Hirschsprung (Emison et al. 2005) kot dAlec. Evivnootiaxd,
®WOTOCO, TOPUUEVEL TO YEYOVOS OTL 1 amaAolpn cvykekpiuévav CNE oto movtikt oe divel
KGmolo aviyvedolpo, opatd ¢owotvmo (Nobrega et al. 2004; Ahituv et al. 2007).
Yvykekpipéva, mpotTol ot Nobrega kot ocvvepydteg agaipecav 600 peydAeg, un
K®mO1KOTo1000€G, TEPoyés, pueyébovg 1 Mb, oto ypopocodpata 3 kot 19 tov movrikoy
(Nobrega et al. 2004). Avtég ot meployég mepiéyovy éva cbvoro 1243 tavtoromuéveov CNE
(> 70% opototnta Yoo whve and 100 vovkieotid o€ oTolioES 0vOPOITOL — TOVTIKOD).
Agv mopatnpnOnkav  QovoTLTIKEG OAAAYEC OKORO Kol pHeTd TV amoAiowpn 4 un
Kodwonoovvtoy UCE amd ) ocvAloyn tov Bejerano (100% opotdtnra yioo > 200
VOuKAE0TIOW GE aToLyicels avBpdmov — TpwKTIKAV). Evoapépov eivar eniong 6t ta UCE,
mov apopEtnkav, eixe deydel mponyovpévmg OTL dpovv G eVIoYLTEG Kol evtomilovtal
KOVTd og yovidln mov mapovcstdlovy OGAAAYEC GTNV EKQPOCT OTOV OTEVEPYOTOLOLVTOL
(Ahituv et al. 2007). Avtég o1 500 PEAETEG £YEPAV TO EPMTNLLO TNG AEITOVPYIKNG OTLOCTIOG
tov CNE. Eivor moAd mbavo, BéPara, or amaroipés CNE evdeyopévmg va odnyovv oe
(QOVOTOTTOVG TTOV OEV UTOPOVV va, aviyvevBoov pe Pdaon tig ekdotote meptPariovtikés /
gpyaotnplokég ocvvinkec. Avtd €xet derybel oe npoceateg uehétec otn Drosophila, 6mov
évag eavotumog mov oyetiletor pe v amaroipn evog CNE yivetan gppavig povo kdrto
and cvvinkeg ecmtepikon M eEmtepkov stress (Frankel et al. 2010; Perry et al. 2010).
Emniéov, pmopet va vmootprydet 11 o1 poatvdtumotl mTov TpokHITOVY PIopel va etvor ToAD
N0l OCTE VO OVIVELOVTOL OO TOVG OvVOPOTOVG, OAAGL OPKETA £VIOVOL (OTE VA
a@apobVIoL amd T ELOIKY emAoyY. Movo mold mpdcpata, ot Nolte kot cuvepydreg
goetgav 0Tl M agaipeon Tov evioyvt) M280 odnyel oe onuaviikd pukpdtepa, oe péyebog,
nwovtikia. H mepoyr, Oomov Ppioketon o M280, mepilopfdvel po vaepouVTNPNUEVN
aAAnAovyia Tov givon TavopoldTLEN HETAD AvOPOTOL, TOVTIKOV KOl 0pOLPOiOV, GUVETMS
avt elvar 1 TPOTN AvaEopd  POVOTLRIOV TOV  TPOKVTTEL Omd  aPaipesn  €vOG
vrepouvtnpnuévov atoyyeiov (Nolte et al. 2014).

Me andtepo oKOTd Vo GYOALAGTOVV OAL T AEITOLPYIKE oTolKElD TOV avOpdTIVOL

yovidiopotog, 1o mpdypappo ENCODE  ypnoiponoince £évav oaplud SopopeTikdv
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TEPAUOTIKOV TEYVIKDV, OTMC 0VOGOKATUKPNLVIGT Ypouativng kot aAlniodynon (ChIP —
Seq), vrepevarctnocio oe DNAGon, RNA — seq kot mepdpota pebviioong DNA, dote vo
xapToypaenBovV evepyEéC PLOUIOTIKEC TTEPLOYEC OE dAPOPETIKEG KuTTapikéC oepés (The
ENCODE Project Consortium 2004). To dedopéva avtd dgiyvouv OTL 6XedOV Ol UIGES
CUVTNPNUEVEG TTEPLOYEG TOV YOVIOUDUOTOS ONANCTIK®MV d€ GEPOLV PLOYMUIKY] EVEPYOTNTA
(Ward & Kellis 2012). ITapoAia avtd, Ot TEWPAUUTIKEG TEYVIKEG TOV YPNOLULOTOIONKAY GTO
ENCODE oev givan og 8éon va anopovocovy tig aAlniemdpdacelg DNA — nmpoteivdv mov
ovpPaivovy og éva Lkpd aplnd Kuttapwv Kol oe Eva 6tevd mapdbvpo xpovov KaTd TV
avamtuoén tov guPpvov. I'’ avtd to AdYo, €dv too CNE dpovv pévo katd tn dbpkela
OCLYKEKPIUEVOV oTOdI®mV Katd TV gufpuikn avamtuén kot oe pikpd aptdpd 1otov, o€ Ha
amoKaAvEOel M Agttovpyio TOLG YPNCUOTOUDVTOSG OESOUEVO OV TPOKVLTTOVV Omd TO
ENCODE. Ot mfavég Aetrtovpyieg kamoiwv CNE (Eexwpiotdv 1| 6€ OHAOES), HECHD TOV
OAANAETIOPAGEDY TOVG LLE GVYKEKPIUEVA YOVIOlo LEGO GTOV TVUPTVAL Kot pe T Ponbeta tng
avadimAwong g ypopativig, Ehapav tpoéceato melpopatiky enepainon pe mv epyacio
tov Viturawong kot ocvvepyateg (Viturawong et al. 2013). Xpnoiomoudvtog vynAng
avdivong eacpatopetpion padlog o€ cLVOLACUO HE GAAEG TEXVIKES, Ol CLYYPOPELG NG
OLYKEKPIUEVNC HeAETNG £€de1&av, oe o ouALOYN 193 vrepouvINPNUEVOV OAANAOLYIDV, OTL
avTd Opovy ¢ CIS pLOUICTIKEG aAANAOLYIES, HECH CULYKEKPIUEVIC OLOUUOPO®ONG TOV
Aappdver n ypopativny oe exelveg TG mEPLoyEs, 6mov aAANAemdpovv. Tlepartépw nepdpota
tétoov  €ldovg eivor oavaykoio ®ote va dehevkovOel o poAog Tov TANBOLE TV
aAniemdpdoemv CNE pe didpopec meployég Tov YoVISUDUOTOG,.

Tehkd opwe, yoti etvor tooo duokorog o axpiPng yapaktnpiopog twv CNE; Onmg
AVOQEPOLE O TIPLY, EKTOG eAaYIoTOV £E0IPEGEMYV, Ol VITAPYOVCES MEPUUATIKEG TEXVIKEG
evpelog KAMpokag dev etvor KatdAinieg ywo ™ peAétn g Aettovpyiag tov CNE, og
StapopeTikd Proroyikd mhaicto, kob®OC emiong Kol o€ SPOPETIKA avarTLEIKA GTAdL.
[Mewpoapotikég mpooeyyicels, 6mwc n amarowpr] deopmv CNE kot or katgvBuvouevn
petaAra&ryéveon  aAAnAovyiag, OmOdEIKVOOVTOL YPOVOPOPES KOl  TPOYLLOTOTOLOVVTOL
ocLVNBm¢ KdT® amd TOAD aVoTNPEG GLVONKES, KATA TIG OToies OV Umopel va omokaALPOEL 1
eVOEYOLEVN TOAVTAOKATNTO TWV GTOLXEIOV VTV (Kol TOV OAANAETIOPACEDV GTIC OMOlEg
puesorofovv). Amd VTOAOYIoTIKY okomid, M peAétn tov CNE kabioctatar dvokoAn kot
YEUATN TPOKANGELS O10TL, avTifeTa pE TIG KMIKOTO0VGES aAAnAovyieg 6oL €yovpe Evav
KoBOAIKO (1] 6YeAOV KAOOAIKO) YEVETIKO KMOKO, 1 YADCGCO KOl TO GUVIOKTIKO TOL &ivat
kodwomomuéva, oto. CNE mapopévouv éva  aiviypa. Exyovv yiver mpoomdfeieg v

Aertovpykd oyolacud peydine kiipakag CNE (Bejerano, Haussler, et al. 2004; Pedersen
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et al. 2006), aAld dev £dmwoav TOAAEG TANPOPOPIES, EVD O AEITOVPYIKOG GYOALOGHOG TMV
CNE amoteAel pio amd TIC MO ONUOVTIKEG TPOKANGELS TOV OVTIUETOTIEL TO TEdi0 NG

aviAvong aAAnAovyidv kot g BlomAnpopopikng yevikdtepa.

2.5 Ta CNE 0x0L0v000V KOTOVORES TOTOV VOROV OVVOUNS GE M0 TOLKIALG

YOVIOLOUATMOV MG OTOTEAECHO. TNG OVVUUIKTS TOV YOVIOLOUATOS
2116 akOAOVOEG TAPAYPAPOVS TEPTYPAPOVUE 0 TPOOTADELD LEAETNG TNG KATOVOUNG TMV

amootdoev peta&y dadoyikav CNE, dtapdpmv katnyopidv Kot eEEMKTIKNG TPOEALELONG.
[owitepn pveia yiveton otig évvoleg TV VOU®V SUVOUNG KOl TNG LOPPOKANGUATIKOTNTOG,
evo pe Bdon TG TopaTnPOVUEVEG KATAVOUEG TPOTEIVETAL GTO TEAOG £Vl LOVTEAO TO OTO10
npoonabel va pUNVEDGEL TIC TAPATNPOVIEVES KATAVOUES KOl CUUPMOVEL e TNV EEEMKTIKN

duvapukn twv CNE 6to avBpdmivo kot 6€ dAla yovidiouata.

Ewayoy

Yvoyetioelg pokpas epuPéretag £xovv avapepBel yio T VOLKAEOTIOWKT aAANAOLYIOL TOV un|
KOOIKOTOO0UVTOG TUNHATOS TOV YOVISIMUOTOC, AUEGMG LETE TN O100EGIUOTNTA OAOKAN POV
yovidiwpdtov (Li & Kaneko 1992; Peng et al. 1992; Voss 1992). Xto napehbov perétmoe n
OldoO0 [LOG TO YOPAKTNPIOTIKG HOKPAS EUPEAELNS OLOPOP®Y GTOLXEI®V TOL YOVIOIMUOTOG,
onmwg eivor ot aAAnAovyiec mov kmdikomolobv mpwteiveg (Sellis & Almirantis 2009;
Athanasopoulou et al. 2010) kot to. petadetd otoyeio (Sellis et al. 2007; Klimopoulos et al.
2012; Athanasopoulou et al. 2014) péo® ™G HEAETNG TG KOTAVOUNG TMV OMIOGTACEMV
HeTOED eEmvimv Kol EMOVOAAUPAVOUEVOV OTOYXEIOV avTioTOl(O. XTI TEPICCOTEPES
TEPUTAOCELS OAMIGTOONKAY KATAVOUES TOTOL VOLOL SVVAUNG, LOPPOKANGLATIKOTNTO KOt
OLTO-0LOOTNTO, OV ekTeivovTol o€ apketég Tdéelg peyébovg. Epapuolovpe kot €dd v
o pebodoroyio (OV AVOTTOGGETOL KOL MO KAT®) Yo TNV GVIALGT TOV OTOCTACEDV
peta&y Swdoykav CNE. I' avtdv 10 6Komod, YpNGIULOTOIOVUE SNUOCIELUEVO GUVOAOL
dedopévov CNE, to omoila yopokmnpilovtor amd dStapopetikods Pabpovc eEeAKTiKng
oLVTHPNOTG Kot EX0LV TavTomom el o€ o TANOOPA OPYUVIGU®V, Ao To. ACTOVOLAL £MG
0T0 OTTOVOLAMTA. AViYVELOLUE KATAVOUEG TOTTOL VOLOL dUVOUNG HETAED TV ATOCTACEWDY
tov CNE oty mielovotnta tov nepumtdoemv mov perethOnkav (Polychronopoulos, Sellis,
et al. 2014). Mio mpoyevéotepn perétn and tovg Salerno kot cvvepydreg (Salerno et al.
2006) avépepe TV VIopéN KATOVOUNG VOOV dUVAUNG GTO UKOG «TEAELNG GUVTNPIUEVIO»

aAAniovylag amd otolyion yovidwwpdtwv ovlpomov — moviikov. H pedérn, mov
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npoteivovpe, eoTidlel oTIC amootdoelg petald dadoyikdv CNE ce mokidia yovidtopdtmv
Kol EMITAEOV TAPOLSIALovpE EVa EEEMKTIKO LOVTELO TTOV EMPEPALDOVEL TIC TOPATPOVUEVEG
YPOUOCOUIKES KATOUVOUES.

Agdopévng g aviyvevong, OTmG ovapEPUIE AlYo TO TAV®, CUGYETICE®V LOKPAG
euPérelag otic un  ocuovinpnuéveg OAANAOVYIEG TOVL  YOVISIOUOTOS EVKOPVOTIKMV,
YPNOUOTOMONKAY OTAG LOVTEAN LLOPLOKTG OVVOUIKNG LLE TNV TPOOTTIKN VO TPOGTOOGOVV
va eEnynoovy ta Topatnpovpueva tpotTuma. ‘Eva amdld chotnpa enéktaong / Tpomonoinong
Exel oeyybel mwg Omupovpyel ovoyetioelg Hokpag euPérelng pESO NG EVAAAAYNG
dumhactoopod cuUPOAmV Kot yeyovotov omarotpng cvuformv (Li 1991). o mpdopata
gupfiuata Tave otV oiicbnon kilovov (strand slippage), katd TN OwdpKE NG
OVTLYPOPNG, GE GUVOVAGUO E ONUEIKEG LETAALAEELS, EPEAY PMG GTIC OLLOVOVKAEOTIONKES
aAAniovyieg kot oty €EEMEN TV UIKPOSOPLPOPIKAOY OAANAOLYIDV, EVAD EVOEYOUEVMG
OTOTEAOVV 0L PEOALIOTIKY OMEKOVION TOL 7O WAV HOVIEAOV OTN OUVOIKY TOL
yovidiopatog (deite (Athanasopoulou et al. 2010) o6mov mepilapPdvetor pio pikpn
ov{nmon yo eEEMKTIKG GEVAPLOL TOV UTOPOVV VAL ODGOVV GUGYETIGELG LOKPAG ELPEAELNG).
To povtélo, mov evoopaT®vel TIG 10€eg TAV® oTIS omoieg Bewpovpe 01t Pacileton n
katavopr] tov CNE, mpotdbnke apywd amd tovg Sellis kar ovvepydrteg (Sellis &
Almirantis 2009) yw v Kotavoun Tov amnootdoemv petaéd tov eEoviov Kot euEic
EMEKTEIVOLLE TNV EQOPUOY TOL GE YOVIOLOUATIKEG oAANAovyiec mov Ppickovior v
emhektikn migon yevikotepa (eEdvia kar CNE). Avtd 1o eghktikd cevapio Paciletar, pe
™ G€pd Tov, o€ &va amAOVOTEPO LOVTEAO oL Tpoomafel va €ENYNOEL TIC KOATOVOUESG
peyebdv ToHmov vopov dvvaung mov gpeaviovtal oty avantuén HECH GVGCOUATOUATMOV
TOV copaTdiov oe puowoynukd cvotuota (Takayasu et al. 1991). O unyaviopog, 6mwmg
epapuoletor oto yovidiopo oty mepimtoon pog, meptlopfdver kvpiowg TUNUATIKO
duwmhactocpd  (ocvumeplhapPavouévav  YEYOVOT®V  OUTAOGLAGHOD  OAOKANPOL  TOV
YOVIOLOUOTOG) KOl OTMAELN TOV TEPIOCOTEPOV amd T dmAactacpéva CNE, poll pe pa

anmAela, pétplov fabpod, un dimhactacpévov CNE ce opiopéves mepintdocels.

Yika kon M£0ooot

2¥vola dedouévarv
Avaidovpe ™ YPOUOCOMKY Katavoun daedpov kotnyopidv CNE (opiopéveg ek tov

onoimwv avagépovtarl otov ITivaxa 1 mo navw). IMeplapfdvovpe 6Tig avorlDGEC HOC Lo

17



(QLAOYEVETIKG gvpeio. GLAAOYN dedopévav, and Tov aviporo péypt Tov elephant shark ot

oo T0 GTOVOIVAMTA £1G TOL ACTOVOLALL:

13736 CNE, nov &ivar yaptoypoaenuéve tave oto avipomivo yovidioua (hgl8)
Kot eivar Tavopoldtuma Yo Téve ond 100 vovkAieotidwn oe TovAdyiotov 3 amd
0 5 mhakovvtoeopa Onhaotikd (Stephen et al. 2008). OLokAnpo t0 GHVOAO
ovopaleton EUL00+. Xvykekpyéva vroovvoro Aapupdvoviar vroym yuo Tig
AVAYKES TOV VITOAOYICTIKAOV LLOG TEWPAUATOV G 0KOAOVOMC (Ta dedouéva avtd
napayopnonkay gvyevikd ond tov J.S. Mattick): (ia) 8332 ortoyeioa and to
EU100+ mov dev vaapyovv oto yapt (fugu). Avta ta CNE epgaviotkay kotd
mv eEEMEN TV TETPATOd®V (elval Tapdvta ctov PATpay 0, GTO KOTOTOVAO KOl
/1 o0 Onhaotikd) kot ovopdaovtar EU-FR. (ib) 5404 ctoygia amd to EU100+
mov £xovv 0pBoAOYa 6T Whpt («apyaioy otoyein) ko ovopdalovtor FR. (ic)
1665 otoyeion mov eivar mopdvta otov Patpoayo, OAAL Oyl GTO  Whpt
(e&edikevon tetpanodmv) ko ovoudlovrar XT-FR. (id) 980 otoiyeia mov eivor
TOPOVTAL GTO KOTOTOLAO OAAG Oyl otov Pdtpoyo 1 oto fugu (s€edikevon
avioOTIKOV) kot ovopdalovtar GG-XT-FR. (ie) 600 otoryeia mov dev givar
TapdVIO 6T0 KOTOTOVAO 1 6T0 Batpayo N oto fugu (egedikevon OnlaocTtik®dV)
kot ovopalovrar EU-GG-XT-FR.

82335 CNE Onlootikav (cvvimpnuéva  ota Oniactikd oAld Oyt ot0
Kotémovko N oto yapy) kot 16575 CNE opvieotikov (cvvinpnuéve ota
OnAaotikd Kot ©6T0 KOTOMOVAO OAAG Oyt o100 WYhapr) To omoio elval
YapToypapnuéve miveo oto avBpomvo yovidiopo (hgl7) (Kim & Pritchard
2007).

4386 UCNE (Ynrepovvinpnuévae Mn Kodworolovvta Xtoyeia, Ultraconserved
Noncoding Elements, peyolvtepa amd 200 vovkieotidin), mov &ival
YapToypapnuéve oto avlpomivo yovidiopo (hgl9) kot emdeikcvoovy opotdtnTo
og eninedo aAiniovyiog, mov eivar peyodlvtepn 1 ion pe 95%, peta&d olMkmv
oToyicemV YovVISIopdTov avipdmov kot kotomoviov (Dimitrieva & Bucher
2013).

3124 cuvmpnuéveg un KOSIKOTO006EC aAANAovyiec pueta&d avOpomov — fugu,
mov  givar  yoptoypoenuéves oto  avlpodmvo yovidiopo (hgl7) Ko
Tapovctalovy opodTNTo 6€ T0G0oTd 70% petalh TV YOVISIOUATOV TV dV0

avtov opyavicpmv (Pennacchio et al. 2006).
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v. 2833 CNE, mov &ivar cuvinpnuéva petaé&d avlpomov — zebrafish (D. rerio),
givon yaptoypagnuéva nhvem oto avOponivo yovidiopoe (hgl7) kot emdeikviovv
opotdotnto. peyarvtepn omd 70%, vy moveo amd 80 vovkieotidwn, oTa
ovykekpuévo yovidtopato (Shin et al. 2005).

vi. 4782 CNE mov eivar cvovimpnuéva petaé&d avlpomov — elephant shark (C.
milii), eivon yoptoypaenuéva move oto avBpomvo yovidiopo (hgl7) xau
EMOEIKVOOLV OLOIOTNTA UETOED TOV 0V0 YOVISIOUAT®V, TOV KLpoiveTal LETAED
71% won 98% (Venkatesh et al. 2006).

vii. 4519 PCNE (Phylogenetically CNES), mov eivaw yaptoypapnuévo o1o
yovidiopa tov zebrafish (Ensembl 42) ko givon cvvrnpnuéva oe amphioxus®,
zebrafish, movtixt xon fugu (Hufton et al. 2009).

viii. 23651 CNE evtopov, mov epgaviCovv 100% opotdtnra, o€ eminedo
aAAniovyiag, peta&d D. melanogaster / D. pseudoobscura yio tepiocdtepa omd
50 vouklieotidwr kot €lvar YopTOypPOENUEVO TAVEO GTO  YOVISI®UO TNg
D.melanogaster (dm1) (Glazov et al. 2005).

ix. 2082 CNE vnuatddwv, mov mapovctdlovv pia pécn opotdtta 96% oe eninedo
aAAniovyiag petad tov yovidtoudtov tov C. elegans / C. briggsae kot ivort
yaptoypapnuéve oto yovidimpa tov C. elegans (WS140) (Vavouri et al. 2007).

X. 2614 pn KodKomowovceg OAANAOLYIEC, MOV YUPOKTNPLOTIKO TOLG £ivor M
EVIVIOGLOKY] CLVTPNON HETOED TOV YOVISIOUATOV TOL 0vOpAdOTOV, TOL
TOVTIKOD KOl TOL OpovLPaiov Kol givor yoptoypaenuéve oto ovOpdmTvo
yovidiopa (hgl7). 'Evo vmocvvolo amd avtd ta otoyeio éxel emiPePormOet
TEPOPATIKE OTL dpovV g evioyvuTég katd v avamtuén (Visel et al. 2008).

TG MEPIGOOTEPEC MEPITTMGELS YPNOUOTOOVUE TN covita epyareiov BEDTools yuo tig

VITOAOYIOTIKEG AVOADOELS KO TO YEWIopd apxeinv tomov BED* (Quinlan & Hall 2010).

Maoxadpiocua yovidoimy Kot KOOIKOTOI00GDV 0AANL0VYLDV

3 amphioxus (i lancelet, lancet: vuoTtépl): 1a¢n BaAdooiwv XopdwTwv, TA OTToid ATTOTEAOUV

QVTIKEINEVO €peuvag aTn CwoAoyia, S16TI N PEAETN TOU YOVIBIWHPATOG TOUG TTAPEXEI TTANPOPOPIES YIa
TV €§ENIEN TwWV OTTOVOUAWTWY, TNV TTPOCAPHOYK TOUG OTNV &npd, KaBwS Kal Tov TPOTTO YE TOV
OTT0i0 T OTTOVOUAWTA XpnoIyoTToinaav «TTaAaid» yovidia yia VEEG AEITOUPYIEG.

* Ta apyeia BED (Browser Extensible Data) gival apxeia CUVTETQYUEVWV DIAQOPWY GTOIKEIWY

yoviIdIwpAaTwy. AnAadn apxeia Tpiwv aTNAWY Tou TUTTOU: chr apyr] T€AoG.
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[Ipoywpdape 6 Evo TAPES LOOCKAPLIGLO TOV TEPLOYXDOV TOL avOpdmvov yovididpatog (hgl7
kar hgl8) mov yopaktnpilovioar g yovidwukéc. EmumAéov pookdapovpe mepifdilovoeg
aAAnlovyiec yopw and kdbe yovidro: 5 kb oto 57 dkpo ko 2 kb ot0o 3’ dkpo, dote va
amokAgicovpe CiS — pubuotikd otoleio, TOV OmOIOV O EVIOMIGUOC EVOEYOUEVMG
kaBopiletar oamd v ywpotalikn opydvmon Tov ekdoToTe Yovidiov vtd pvOuon. H meproym
7oL PBpicketan avodikd omd Tic meployés Evoapéng e petoypoeng (Transcription Start Sites,
TSS) eivan ww0TépG eumAovTiopuévn oe tétoteg pLOoTIKEG aAlniovyies. Extetapéveg
uaokec tov 10 kb kot 100 kb ypnowonotodvon eniong katd Evav mapdpolo tpoémo (deite
«Amoteléopatan), VD o€ OAEC TIG TEPMTAOOELS Kavovpe ypnon twv BEDTools kot dikdv
nog scripts. v mepintmon g D. melanogaster, 6tav avo@epOUaoTE GE HOACKOPIGUEVQ
CNE eviopwv, gvvoovpe otoyeion mOv Ogv EMKOAVMTOVIOL WHE €EMOVIOL KOl TEPLOYES
potiopatog kot o Aappdvoope and 1o Tpdobeto VAKO TG peAég towv Glazov kou
ovvepydteg (Glazov et al. 2005). Aev mpoywpodue 6€ HACKAPIGUA GAA®V GTOXEI®V TOV
yovididpatog, Omwg sival ta petabetd otoyeio (Transposable Elements - TE), yia ta omoia
VIapYovV evdeiEelg 6Tt akolovBoV Kot OVTA KATAVOUEG TOTTOV VOLOVS dUVOUNG, SLOTL eV
VILAPYOVV EVOEIEELG AEITOVPYIKNG OAANAETIOPAOTG 1] GUOTNUATIKOD GUVEVIOTIGLOD UETAED
CNE xor TE. Mévo éva pkpd mocootd amd TE éxel avapepbel mmg Exovv eehybel og
CNE, wotdéco givar moAd Alyo ®GTE v EXNPEAGOVY KOl VO ETOVOILOUOPPOCOVY TNV OAN

kotovoun towv CNE (Xie et al. 2006).

Karavoués ueyeOav arocracewv

Ag voBécovpe OtTL £ovpe Lol LEYAAN GLAAOYN N AVTIKEWWEVOVY (OTNV TEPITTMOON MG Ot
anootdoelg, oto e€ng spacers, peta&d twv CNE) kot 6t kabéva yapaxtnpiletor amd 10
UKOG TOL S. Xg TUTIKES, TUYaiES TETOEG GLAAOYES (OTTMG SLB0YES KOPMVAG GE £val TElpaLLOL
plyng vopiopaTog) UTOPOLUE VO TPOCEYYIGOLUE TNV Kotavour tov peyebov pe po
ekBetikn katavoun. 'Eotm ot p(S) eivon n mbavotta évag spacer va £xet pnkog peta&d S-
s/2 ko1 S+s/2 (omov S givar To péyebog Tov TAGTOLE TOV dracThpatog) Kot N*(S) o apiBudg

TV SPacers:

N*(S)=np(S)ce ™™ >0 (1)

Ortav gpeavileton opadomoinon aveEaptntn khinaxag (scale — free clustering), cvoyetioeig

poxkpdc suPérelnc exkteivovtar o Ol0Qopeg KAMpokeG pnkov (Wavikd, yioo 6A0 TO




eetalouevo UNKOG TNG YOVISIWUOTIKNG OAANAovyiog oTnv mEPInT®ON HOGC) KOl Ol
KATOVOUEG Hey€Boug Tv Spacers akoAovbodv vouo duvaung, 0 0moiog avIloTol el oe val

YPOUUIKO YpAPM U 6€ SITAN AoyoplOukn KAIpoka:

N*(S)=np(S)ecS ™ =S~ 17# ;>0 (2)

Ye avt T OwTplP] YPNOWOTOOVUE TNV aBPOIGTIK] KoTavoun HeYEBOLG Kol 7o
OVLYKEKPIUEVO TN cLUmANpopatiky abpototiky katavoun peyébovg (Clauset et al. 2009)

mov opileTon wg e&€Ng:

P(S)= J p(r)dr (3)
S

6mov p(r) eivon n xatavoun peyébovg tov apyikdv spacer (amootdoemv). H abpoiotiky
KOTOVOUN €Yl YEVIKG KOADTEPEG OTATIOTIKEG 1010TNTES, KOOMG oynuatilel opoAdTepeg
ovpég, mov emnpedloviotl Aydtepo amd oTATIOTIKEG dlokLUdvoels. EmmAéov, €€’ opiopov,
etvar aveEdptntn omd TV €MAOYT TOL OOGTAUATOG: GE ol 0OPOIGTIKN KOUTOAN, 1 TN
0V P(S) o pikoc S d¢ oyetiCeton pe 10 VITOGHVOLO T®V SPacer, TV OToimV T0 PNKOG
éQTEL 670 1010 dtdotnua (bin), OTwC otV apyIKY Katavour, OAAG avTioTotyel oTov apliud
TV Spacer mov sivar peyodvtepot amd S. T'o apHpa avaokdTNoNg TAVEO GTIG KATOVOUES
ueyebmv Tov axolovBolv vopove duvoung kot Tig 11O TNTéS Tovg, deite (Clauset et al. 2009;
Adamic & Huberman 2002; Li 2002; Stumpf & Porter 2012; Newman 2005).

H aBpototikr| popen g katavoung peyédovg tomov vopov duvaung givor emiong
évag vouog dvvoung, mov yapoktnpiletor amd €vav ekBétn (kAiom) ico pe avtdv g

apyIkhg katovopng avénuévo katd 1: ebv P(r) oc r*, tore:

N(S)=nP(S)x J r~ ' "Mdroc STH (4)
s

6mov N(S) eivon o apiBudc tov spacer mov eivar peyaidvtepot 1 icot pe S. Ola To

SYPAULOTO  KOTOVOU®MY 7OV  TOPOVCIALovIol €31 OTOTLTAOVOLYV  GUUTANPOUOTIKEG

21



afpototikég katovoués peyebov amootdcemv (Spacer) peto&d owdoyikmv CNE. Ot
Loyapifuol tov unkov avtodv tev spacer (S) arsikoviCovtal otov opiloviio dEova, evd ot
LoyapiBuot Tov apBpod N(S) 6Awv twv spacer ueyolvtepwv i icwv pe S anekovilovtot
OTOV KOTOKOPLPO AEOVAL.

H «Aion yia évav tomikd vopo dvvaung dev vrepPaivetl Ty Tiun Tov L= 2, eved T0 |
< 2 glvar o ovvOnkn mov odnyel oe pwol U ovykAMvovoo TumIKN OmOKMOT. XTIg
YPOUUIKOTNTEG TOTOV VOLOL SUVOUNG, TOV OVOPEPOVTOL TTLO KAT®, 1) TIUN TOV W givor ThvTa
pikpotepn amd 2. Ot KaToVOUES TOTOV VOLOL OVVAUNG TOV TOPOTPOVVTIOL 6T QUGN £YOVV
TAVTO £va avOTATO Kot £vo, Kotdtato katdeAtl (inner and outer cutoff), To onoio kabopilet
TN YPOUUIKT TEPLOYN G€ STAN AOYapOIKT KAMLOKE, OTTOL EKTEIVETAL 1] LTO-OUOLOTNTO KOl
nopeoxkracpotikotnta (fractality). H éktaon tng ypoupukng nepoyng (E) avrikotomtpilet
TG thEelg peyébovg, Omov ekteiveron M popeokAacpoatikdomrte. H o ypappikomra
kaBopileTon pe YpOoUUKn TOAMVOPOUNON Kot 1 oXETILOUEVN TN TOV r? eivan o€ O\eg TIG
TEPWTOCELS peyorvtepn and 0.97 kot 6€ T060010, peyaAvTepo amd 90% TV TEPIMTOCEWV,
vynAdtepn amo 0.98.

Oleg o1 eikdveg mov mapovstalovior mo KAt®w mepthapupdvovy, ektdg oamd Tig
Katavopés peyebov tov anootdoemv twv CNE ota didgopa yovidiopato, Eva chvoro
OEKA  OVOTANPOUOTIKOV KOTAVOU®OV pHeyebdV otolyelmv, mov £YOVUE TPOGOUOIDGEL
(cvveydueveg ypoppés), €tol ®ote To. otolxeia, mov avomapiotovy to CNE, va
tonofetovvtor Tuyaia og o ariniovyio. O apBudg TV TVYOiN TOTOBETHUEVOVY GTOXEI®MV
KOl TO UNKOG TNG 0AANAOVYiaG Tov Tpocsopolmvovtal givar ioa pe to mAnbog tov CNE kot
10 péyeboc tov e&eTaloOUEVOL YPOUOCOUATOS ovTtioToro, Kdbe @opd. H evoopdtmon
AVTAOV TOV VYOV (OVOTANPOUATIKOV) CUVOA®OV OEOOUEVOV OTIC EIKOVEG UAG EMITPEMEL
L0 OTLTIKOTOINGT TNG OPOPAS LETAED TOV TOPATPOVUEVAOV YOVIOIOUATIKOV KOTAVOUDY
KOl EKEIVOV TOL AVOUEVOVTOL GTO TAAICLOL TNG TUYALOTNTOG. ZNUEIMVOVUE EMioNG OTL, OTTOL
epapuoleton - pebBodoroyion TOL pooKapicpatog TV yovidimv, Kotaokevalovtol
aVTIGTOL0. AVOTANPOUOTIKO GUVOAN OEOOUEVAV, TOV ATOKAEIOLY TNV TVYain ToTOBETNON

oTOoLYEI®MV, GTO YMPO EKEIVO, OTTOL £QapproleTal 1 LdoKa.

IIpocouoidGels ypROIUOTOIDOVTAS TO HOVTELOD YOVIOIWUOTIKOV OITLAGIACUDY KOl
anaiotpmv CNE

Ot mopatnPOOUEVEG YOVIOIOUATIKEG KOTOVOUEG OVOTAPAYOVTOL HEG® TPOGOUOUDGEDYV,
YPNOUOTOIMVTOC 10, EVPEiR oelpd TapapéTpov. Xty tedevtaio ewova (Eikova 5) avtov

TOV KeQaAoiov Oelyvovue yapoknploTikég mepimtooels. Apywd, 1000 ortoryeia (mwov
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avtitpoownevovy CNE) giodyovtarl toyaio og po odiniovyio uikovg 2 Mb. Xto tuqua
(o) ¢ TEAevTOiOGg EKOVOG QOIVOVTOL GTIYUIOTUTO TOV OVAOVOUEVOL TPOTOTOV VOUOL
dvvaung, 6mmg avtd eEglicoetar oto ypovo. Kabe 50 yeyovota Tunpatikod SUTANGLOGILOD
voloyiloviol GLUTANPOUATIKEG abpoloTIKEG KaTovouég peyeddv amnootdoemv (Spacer)
ueta&o dndoyikdv CNE. Kabe yeyovog tunpoatikov dimhoaotacpot (Segmental Duplication,
SD) mepihapfdvel pio TePLOYn HE UNKOG TOL AOUPAVETOL Omd Uiot OLOIOHOPPT KOTOVOWT,
pe péytoto 1o 5% tov €KAGTOTE UNKOLS KAOE OopA TG aAANAOLYI0G TOV TPOGOUOUDVETOL.
e OMEG OVTEG TIG TPOGOUOLDCELS, HeTd and kdbe yeyovoc SD, éva mAnbog CNE ico pe 90%
10V apBpov Tev dmiactlacpéveov CNE arnaioipetar (avtd vroonimvetoat og fr = 0.9). Xto
Tunua (B) g teAevtaiog eKOVOG TOPOLGLALOVTOL TPELS KAUTVAES KATOVOU®MV, TOV £XOLV
nopoyel petd amd apuntikég TPOGOUOIOGELG Kot 0tov To KAGoua fr maipvet tig Tipég 0.8,
0.9 xau 1. Zto U (y) g Oog ewodvag mapovstaloviar EavE TPELS KOUTOAEG
KOTOVOU®V. X€ OTEG TIG TPOGOUOLDGELS, TO KAAoua fr Ttapauével otabepd kot ico pe 0.9,
EVD 0€ OVO €€’ QVTMOV EMTPEMOVTOL TEPAUTEP® OMAAOIPEG, pior Ko 600 petd amd ke

YEYOVOG TUNHaTiKoV dtmhactoopob (SD) avtiotoyo.

Amoteréopata,

Eugpavien katavouv tomov vouov évvauns 6tis anoctacels uetadv twv CNE

To kOplo edpnua ™G HEAETNG TTOL TTEPLYPAPOLLE GE AVTO TO KEPAAOLO €lvar 1) EKTETAUEVT
EUGAVION KOTAVOU®DV TOTOV VOUOL SOVOUNG OTIS amootdoels HeTasy oladoyikmv CNE.
Ymv avaivon pag meptrappdvovpe oovora dedopévav CNE and drapopetikéc taivopkég
onades kot ovykpivoope mAnBvopovg CNE mov eaivetor vo €yovv amoktioet Kdmowa
Aertovpyio oe dwapopetikd e€ehktikd otddo. To CNE, mov peletodpe, eivon emiong
YAPTOYPAPNUEVO € dlaPopeTIKG Yovidtdpata (avOpwroc, D. melanogaster, C. elegans, D.
rerio).

Xmv Ewova 1 mopovcidlovpe T Katavoués peyebov tov anootdoemv petad
dwdoywmv CNE og dwaypappoto SimAng Aoyoptduiknig kKApokag. Avapépovpe, emiong,
ypoppkn meployn] E g ekdotote katavoung kot v kAion p. Xtov IHivaxa 2 cvvoyilovpe
TO. OMOTEAECUOTO Y10, KAOE OPYOVIGUO KOU OVOPEPOVUE TN UECT TIUN YO TN YPOLLIKN
nepoyn E oe St AoyapOuikn khipoko yio 6o ta ypopocopata (avg E) kot yo to
TEVTE YPOUOCHUOTO LE TN peyorlvTepn mapotnpovuevn éktaon E (avg E-5). H éktaon E
avtikoatontpilel T1g Ta&elg peyébovg, dmov ekteiveTon 1 KaTtavour THTOL VOLOL dVLVOUNG. €

aVTO TO KEPAAOLO KO, O GLYKEKPIUEVO, OTO ATOTEAEGLOTO, TTOL PAETETE, PN CLULOTOIOVUE
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v mocodtto E, dote va petpnoovpe v Vmopén UG oVTO-OHOOTNTOS OT YEOUETPIL
TOV YPOUOCOUATOV KOl Yo, VO, EKTIUNCOVUE TN CLUEOVIO TOV TOPUTNPOVUEVOV
YOVIOLOUOTIK®V ~ KOTOVOUDV He TO €EeEMKTIKO poviélo mov mpoteivovpe  (dgite
«Xoulnmon»).

Ta mpdtuma TOmOL VOpoL dvvaung dev aviyvebovial HOvo oe otolyicels petald
o1evA OYETILOLEVOV YOVIOLOUAT®V, OAAG glvol dwadedopéva maviov. Ta ortotyeio, mov
TOVTOTOMONKAY amd OAMKEG GTOIGELS YOVIOLOUATOV ONAACTIKOV KOl OUVIOTIKOV, HTOV
Omd TO TPAOTO, CLVTNPNUEVOE U1 KOOIKOTOOVVTIO GTOLXELD, TTOV OMAVIMVIOL GE OPlOLovg
KOVOUG MOTE VO, OGS EMTPEYOVY GTOUTIGTIKY] OVAALGT TNG YPOUOCOUIKNG KOTAVOUNG TOVC.
To nAnpeg ovvoro meptropfavel 16575 auviotikd CNE kot 82335 CNE Onlactikov (Kim
& Pritchard 2007). [Tapatnpovpe mpodTuma tHIoL vOopov ddvaung eniong oe cviloyég CNE
OV TPOEPYOVTAL OO GTOLYioELS OV TTeptlapfdvouy Iniactikd poll pe teledoTEOVG, TOV
onoimv 0 Kowdc mpdyovog amocyiotke £450 MYA kot yovdpiy0veg (elephant shark) mov
amékhvov £530 MYA (Kumar & Hedges 1998). H katavoun peyé0ovc tov anoctdcemy
neta&d tov CNE ota yovidiopota aortdvévrev, onwg 1 D. melanogaster kow 0 C. elegans,
axolovbet emiong mapdpoto mpodtvmo. Elvar yvootd amd t Pifioypario 61t 1o CNE
OTOVOLAMTAOV Kol 0oTOVOLA®Y HOPAlovTol KOTOW KOWA YOPUKTNPIoTIKG OAANAoVYiag
AL dev givan mavopotdtuma (Vavouri et al. 2007), cuvenmg @aivetatl, 6e GLVOVAGUO LE TO.

OTOTEAECUATA MG, OTL Ol KOTAVOUEG TOVG glval TBovOV vo SIOLOPOOVOVTOL OO KOOV

Uy avicLovg.

Ewova 1: EvoelkTikG TopadEiynoTo KOTUVOR®VY 0m0cTdcev petalv owmdoyikdv CNE, ava
1POROGOND, 6T0 avOpdOmIve Yovidiopa (a-€) kor 610 yovidiopa Tng D. melanogaster (f).
Hopatnpoope eKkTeEVY] YpOpKOTNTOE o©f O] AoyoplOpukn kiipoka. Ilepiocotepeg
TANPOPOPIEC GTO KEIUEVO.
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Amniotic CNEs on hg17: chr19
E=38u=06

Mammalian CNEs on hg17: chr16
E=27u=12
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Hivaxag 2: Taon oymuoticpod vopmv dvvaung yio otagopa ocvvora dedopévov CNE, omwmg
nocoTikonoleitan amwd v éktaon E. o tepiocdtepec mAnpopopieg, deite Keipevo.



Dataset  Class of CNEs Unmasked Masked Reference genome
Average Extent Average Extent of five Average Extent Average Extent of five
(avg E) ‘best’ chr. (avg E-5) (avg E) ‘best’ chr. (avg E-5)

i EUT00+ 2 2.38 2.48 2,98 hgts

ia EU-FR 197 2.46 hg18

ib FR 22 272 hgt8

ic XT-FR 232 232 hgl8

id GG-XT-FR 214 2.14 hg18

ie EU-GG-XT-FR 1.96 1.96 hgi8

iia Mammalian 1.49 1.9 1.59 2.04 hgt7

iib Amniotic 22 2.86 2.25 291 hg17

iii Human/Chicken 235 2.63 hgt9

iv Human/Fugu 278 3.26 hgl7

v Human/Zebrafish 246 2.98 31 2.31 hgt7

vi Human/El. shark 236 2.69 242 2.68 hgl7

vii D rerio PCNEs 243 3.01 #

wiii Insect CNEs 123 1.23 1.42 1.42 dm1

ix Worm CNEs 1.7 1.7 W5140

x Human/Rodents 2.15 2.43 hg17

Propensity for the formation of power-law-like size distributions of the inter-CNE distances as quantified by the extent (E) of linearity in log-log scale. Average values of E

for all chromosomes (avg E) and average values of E for 5 chromosomes with the largest E (avg E-5) in each genome are presented. Gene-masked genomes are also

included when available (for details see in the text).

#: genome-build Ensembl 42 (zebrafish).

doi:10.1371/journal.pone 00954371001

Ot katavopég Tomov vopov dHvaung yopakmmpilovial amd TV VIEPEKTPOCAOTNGN
peydiov spacer. I' avtd to Adyo, Bo mepipeve Kavelc, OTL EKTETOUEVES YPOUUUKOTNTES
ELVOOVVTOL GE UIKPOTEPO GUVOAD OedOpUEV@V. ATOdeKVOoLUE OTL ovTO dev  1GYDEL
Boocwopévol oto dedopévo  poG, CLUTEPOIVOLUE OTL, Ol KOTOVOUES HeYEOBoLg TV
arootdoewv petalh tov CNE eivar gyyeveic tov cvotiuatog mov peietovpe kot dgv
e€aptdvrol amd tovg TANBVoLOVUG TV oToteimv. AVTO Qaivetarl and To yeyovog OtL dtav
peltwvoovpe tovg aplfpovg twv CNE Onilactikav (= 80000), péow tuyaiog detypatoinyiag,
o€ MOPOLOI0VG aPBUOVS e aVTOVG TOV ApvVIoTIKOV (£ 16000), Ta omoia yapoaktnpilovral
om0 MO EKTETAUEVES YPOUMKOTNTES, M EKTAOY TNG YPOUMKOTNTOS OV  av&dvetat.
Amevavtiog, N ypopukomTa, cg oAy AoyapOukn kiipoka, eEagaviletor g cvvémein
™mC oAayng tov vrd peAétn yovidtwpotikov tomiov (deite Eiwkova 2, Tunjuoa A).
[Mopopoimg, n ypoppikdémTa e€apaviletar 6tav peketovpe TAnducpovg auviotikov CNE
kot CNE OnAactikdv mov €yovv cuyywovevbel, dniadn avakatevtel petald tovg yopig
QLOIKA va aAlGEovpe T ywpotalikn doun kot to péyeboc Tv ototyeiov (deite Eova 2,
Tunua B). Emopévmg, 1oyuptlOHOcTE 0Tl TO AMOTEAECUATA LOG EIVOL YOPOKTNPIOTIKAE Kol
avtikatonrtpilovv ™ dvvapkn kabe kKhaong CNE mov peletdton kan dev e&aptdvtar and
T0Vg TANBLGHOVS TV oTotKEl®Y, dedopévov BEPata 6T To TANBog twv CNE eivon emapkéc

Y10l GTOTIOTIKY] OVOAVOT).
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Ewova 2: EvOSIKTIKG TOpadEiynoTo KATAVOR®V T0oTAcEMV peTa&l otadoytkav CNE 1o ta
EVTE TPAOTA YPONOCONATE 6TO avOpOmYVe Yovidiopa. A) tuyaio emAeypévov (randomly
selected) CNE Oniactik®dv id10v apbpov pe ta CNE apviotikdv kor B) CNE opvietikdv kot
OnAaoTtikdv Tov £yovv avakotevtel (merged), amaptilovtag Evav eviaio TANOLGUO.

A.

randomly selected mam. CNEs (Kim & Pritchard) randomly selected mam. CNEs (Kim & Pritchard)

g chr 1, popwalian i ag. e amaichic: N powar lew 9 chr 2, popalian e ag. fe amaiclic: o powar iew
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¥ ¥
i i
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merged CNE population (Kim & Prilehard) merged GNE population (Kim & Pritchard)
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EVTOTIIGUOD TV POVIOIWY 6TO I010 YPOUOGCOHO,

Koatavopég tomov vopov 60vapng mopatnpovviol Kot 6T YPOUOCOUKT KOTUVOUT TOV
Kodkorolovomv meploy®dv (Sellis & Almirantis 2009). Onog sivar yvootd omd
Biproypapia kot avaeépape mo move, to CNE oyetiovion ympikd pe yovidw mwov
KOOKOTOOVV HETAYPAPIKOVG TAPAYOVTES Kol puOoTéc ™¢ avamtuéng (emiong yvootd wg
trans — dev yovidw) (Sandelin et al. 2004; Sanges et al. 2013; Woolfe & Elgar 2008). Mg
OKOTO VO, AMOKAEICOVE TNV TOAVOTNTO Ol TAPOTPOVUEVES YPOUOCOUIKES KOTOVOUES VOl
elval omoTEAEGUO TOV TPOTUT®V TOUTOL VOUOL JVVAUNG, TOL OakKoAovBovvTal omd Tig
KOTOVOUEG TOV OTOCTACEMV HETOED YOVIOI®V, £QAPUOLOVUIE HOCKAPIOUO OA®V TV

YOVIOI®V OV KMOTKOTOLOUV TPMOTEIVEG KOOMG Kol EKTETAUEVMV TEPLOYDV EKUTEPWOEY KAOE
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yovidiov, 6mov cuvnBwg evtomiovtal ol mepiocdTePeg pLOUICTIKEG aAAnlovyies. Me Tov
OpO LOOKAPIGHO EVVOOVUE TOV ATOKAEICUO OA®V TV GTOLEI®V Tov Ppickovial pHéco o€
yovidla Kot 6Tig TEPIPAALOVCEG TEPLOYES KOl Ol apaipesn TV 010V TV Yovidiov, Kabdg
10 tehevtaio Ba dAdale v Katavoun peyéBovg tov amootdcewv petald tov CNE.
Almotdvoupe 6Tl N YPOUIKOTNTO, OTO SL0YPAUUATO SITANG AOYOPIOUIKNG KATpaKAG, Oyl
uovo dtatnpeitar, aAAd GTIG TEPIGCOTEPEG TEPUTTAOGELS PEATIOVETOL, OTMG PAIvETOL OO TNV
avénon G £€KToonG TG YPOUUIKNG TePloyns. Avtd dsiyver 0T, okOpM KOl OV
anokieicovope amd t perétn pog ta CNE, ta omola evtomilovtol kovid oe yovidwo (ko
EMOPEVMG aKkOoAOVOOUV TNV KaTOVOU TOVG), N Ypopocouky katavoun twv CNE, mov
amopévouy, Tapovstdlel Kot Al TpodTLITO TVTTOL VOLOL dVvaune. O Bactkdg pog otdYOG,
€00, etvon va dei&ovpe O6TL 1 SLVOKY], TOL dNUOVPYEL TO TPATLTLO TVTTOL VOOV JVVOUNG,
dev givor pia amAn amdppola TG KATOVOUNG TV YOVIdiwV, TapOAO TOV Ol dVO KATAVOUEG
etvar avapevouevo va emnmpedlovv 1 pio v dAAN, éva yeyovog to omoio dev Aapfdavoope
VoyYn oto amAd povtédo pog €00. IMapadeiypata tétoiwv Saypappdtov divoviol otnv
Eicova 3, evod otov Iivaxa 2 divovtal, yio pio GOYKPLoT), T0 ATOTEAEGLLATO, TOV OLPOPOVV
TOL YPOUOCAOUATO, OOV £YOVV LACKOPLOTEL TOL YOVidia, avd opyoaviGUo.

Awéyoope va epappocovpe ) pebodoroyio Tov packapicpotog 6to avOpmmvo
yovidiopa Kot yio ta o moAvaindn ocvvora dedopévov CNE (Kim & Pritchard 2007;
Stephen et al. 2008), kabmdg kot ylo To TO «oP)Oicy OTOLEID TOL E€ivol cLVTINPNUEVA
ueta&d avBpomov kor zebrafish (Shin et al. 2005) 11 avBpomov kor elephant shark
(Venkatesh et al. 2006), deite cuvola dedouévemv iia,b, i, v kar Vi avtiotoyya. Xe OAec Tig
TEPUTTAOCELS, TOL UEAETOVUE, TOPOTNPOVUE KOTAVOUES TOTOV VOLOL SVVOUNG UETOED TV
amootdoewv twv CNE mov exteivovion oe apketég théeic peyébovg (dcite Ilivara 2). Mo
nopopowr pebodoroyia epapuoletar kot oo yovidiopo g D. melanogaster, deite chvoro
dedopévav Viii. O okomdg g pebodoroyiag packapicpotog, mov epapudlovue, dev eivol
va anokAeioel to. CNE, mov dpovv ¢ amopoakpvopuéve puOuietikd ototyeio, HEG® T.Y. TOL
unyoviopov g avaditiowong g ypopativng (Viturawong et al. 2013). Katt tétoo Oa
Ntav woAH d0oKoAo, 00Tt ot oAAnAemidpdoelg twv CNE pe ta yovidia otd)0LG TOLG
TOPAUEVOLY aoaQElS, eV OTav WAGUE Yio AEITOVPYIKEG OAANAETIOPACELS TOL TPAYLOTOL
yivovtal akopa o dVoKoAN, KaBMG dEV VILAPYOLY, OTMOS AVAPEPOUE KOL GTNV apYN TNG
SWTPIPNG, TEPOUATIKEG OTAEELS TTOL VO pag emTpémovy tétown peAétn. Emopévac,
emAéyovpe vo mapovoldoovpe pio petpromadn (5 kb avodikd tov 57 dxpov wor 2 kb
kaBodikd Tov 3’ dkpov) péBodo pHaoKOPIoUOTOS, £TOL MOTE VO OMOKAEICOLUE HOVO

oToyEin, To 0moio OPOVV MG PLOUICTEG TNG LETOYPAPNG, AOY® EYYOTNTOG GE LITOKIVNTEG KOl
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ov evogyopévmg oyetilovtar ympikd pe yerrovikd yoviola. Ia va emiPefoardoovpe tov
wyuplopud  pog, ®otdco, epapudlovpe  pebodoroyia  pookapicpatog,  Bewpovtog
ekteTopéveg mopepPariovosg ariniovyieg (10 kb xou 100 kb, oe Egympiotd mepauota)
010 oVuvoro dedopévav EUT00+ (evbnpiov, deite kot I[livaxo 2) yio €&l ypopooodpoto (To
TEVTE peyoAvTEPE Kol To ypopocopa 10, to omoio esivar epmiovtiopévo ce CNE).
[Tapatnpodpue 6TL N YpoppIKOTTO 0 OIMAN AoyoplOukn KAIHoKo givol okOpo EULOOVIG
OTIG KOTOVOUEG TV amootdoemv UeTaEy otadoyikdv CNE xor emmAéov ekteiveton oe
apKeTéC TaEelg peyéhovg. Akoun kol oty mepintmon tov pookopicpatog oto 100 kb, ot
YPOUUKOTNTES TOPAUEVOLY, TOPA TO YeYovog Ot oamopévouv Alya CNE petd 1o

LOCKAPIGHO GE TOGO UeYOAn khipaxa (dgite Eikova 4).

Ewova 3: EvoelKTiKG Topadeiypoto Katavop®y oroctdoemv petalt owdoyikav CNE, ava
XPONOSONA, 6TO avOpAOTIVO Yovidiopa (a-€) ko 6to yovidiope tig D. melanogaster (f), pera
T0v amokAiewopd otoyyciov CNE, mov avyyvevovrol oe meproyés yovidiov (socovikéc 1
egoyoviowokéc), kabag ka og mepifdirovceg TV yovwdiov meproyés. H éxtoon tov
TOPOTNPOVUEVOV VOU®V dOvaung Oyl Hovo dtatnpeital, aAld avEdvel, 0N TPOKLITEL Amd TNV
avénom YPoUUKOTNTOC G€ OIMAN AoyoaplOuikn kAipaka, TpPA. Eixova 1. o TRV KOTOGKELT T®V
oéka Tuyaiov KoTovopdv peyebdv otoyyeimv, 6e auTNV TNV TEPIMTMOON, OMOKAEIETOL Kot 1)
Bewpnbeica «meployn amokAelcpov» kdbe Popd, Katd TV TVYAi0 KATAVOUR GTOlXEI®V GE TEXVNTA
YPOUOCHUOTA, LEYEDOVC 1010V UE TO TPAYLLOTIKO.
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Amniotic CNEs on masked hg17: chr19 Mammalian CNEs on masked hg17: chr16
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Ewkova 4: EVOSIKTIKG TOpadciyloTo KATAVOR®Y amooTdoemv petald owndoik®v CNE, o ta
£€1 ypopoocopote oto avlpOTIvo yovidiopo (mévie peyardtepo ko ypopoécopa 10), cto
ovvohlo oedopévoov EUL00+, petd tov amoxieiopd otoygeiov CNE, mov aviyyvedovrar og
TEPLOYES YOVIOIMV (e6VIKEG 1M €£@YOVIOLOKES), KOOMS Kol o€ TePIPAALovceg TOV Yovidimv
aeproyéc. A) amoxieiopog otoyeiov CNE mov Ppiokovior péco oe yovidia kabamg xar 10 kb
exotépmbev amod Kabe yovidlo kot B) arokAeiopog ototyeimv CNE mov Bpiokovral péca o yovidwa
KkoBdg ko 100 kb exatépmbev amd kabe yovidio.

A.
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Xvintnon

‘Eva Tpotetvouevo eEEMKTIKG HOVTEAO OV QVATAPAYEL TIS TAPATHPOVUEVES KATAVOUES
OOV VOUOV OVvouns Kol faciletal 6& OITAacIaGHOUS (TUUATIKOUS 1] 0L0KAPOD TOD
yoviorouarog) kot g anmisia CNE

I'eyovota TUNUOTIKOD SMAOGIOGHOD CLVERNGOV OlpK®G KATd TNV €EEMKTIKY 1oTOpin
oxedov Ohmv TV gvkapvoTik®v opyavicumv (De Grassi et al. 2008; Kehrer-Sawatzki &
Cooper 2008; Kirsch et al. 2008; McLysaght et al. 2000). Ilepimov éva 10% tov un
EMOVOAUUPOVOLEVOL OVOPOTIVOL YOVIOIOUOTOG OMOTEAEITAL amd avayvopictue (OnAaon
OYETIKG TPOOPOTO) YEYOVOTO, TUNHOTIKOV dtmAaciacudv (Bailey et al. 2002). YroAoyileton
ot éva 50% Ohov tov yovidiov, ot éva yovidiopo, avapévetor mog duriactaleTo,
dtvovtag «omoydvoug» pio opd tovAdylotov, oe KAlpokeg ypovov omd 35 émg 350
exatoppvpa xpoévia (Lynch 2000). Emmdéov, ot mepiocdtepol opyaviopol TaéivopuKkoy
OLAd®V £YOVV VOGTEL TAAOTOAVTAOEWIGUO KATA TN dldpKela TG £EEMENG TOVG, dnAadn
ImMAACIAGHO OAOKANPOV TOL YOVIOIOUOTOC TOVG KOl UETEMELTO TAOVTOYPOVY HEIMOT OF
dimhoediopd (Gibson & Spring 2000; Sémon & Wolfe 2007). Tunuatikoi duthacioouoi
KOl TOAQOTOAVTAOEWIG 0T TTapdyovy avtiypoa@o OpGUEVEV 1 OA®V TV YOVIdi®V €VOG
0opYaVIGHOV, AL emiong Kol GAA®V AEITOVPYIKAOV 1| THAVA AEITOVPYIKOV GTOLXEI®V TOL
yovidibpatog, 0mwg to. CNE. Onmg cuppwvodv dlot ot gpevvntéc (Lynch 2000; Sémon &
Wolfe 2007; Kasahara 2007), n poipo tov meptocdtepmV SMIMANCIAGUEVOV YOVISI®OV Eival
OTL éva avTiypaQO AmOGIOTATOL, YAVOVTOS TNV IKOVOTNTO VO LETAYPOQEL Kot LETE GTAOOKA
amoovvtifeTol pe TN GLGCMOPELSN TLYUi®V HETOAAAEE®V, evd ektiBeton emiong otnv
mOavVOTNTO EKTOUNG, AOY® TOV OmaAo1p®V oL Kafodnyohvtal amd Tov avacvvovasuo. H
poipa tov dulactacpévov CNE  avapévetor vo  eivar mapodpolo, emopéveg  €vo
dumhactacpévo CNE evdeyouévog va kabictator meptrtd kot vo otopatd va Ppioketot
KOT® 0omd EMAEKTIKY TECN, HE OMOTEAECUO OTAOOKA VO GVCCOPEVEL PLETOAAAEELS, Vo
YOVETOL Kot va unv givon mAéov avayvopicio. H dmapén pag aAing anyng anoieiag CNE
vrootnpileTon omd TPOCPATO EVPNLATO TNG CLYKPITIKNG YOVIOLOUATIKNG, OTMG TO YEYOVOG
6t moAAd amd ta CNE, mov givar cuvimpnuéva peta&d elephant shark kot avBpdmov, dev
avayvopilovtar mAéov oto yovidiopo tov fugu (deite apéomg emdpevn evotnta yio
TeEPALTEP® Su{NTNoN). X& VTV TNV TEPITTOON, OYl HOVO YAvovtal To SUTANCIOCUEVO
avtiypaga tov CNE, aAld emumiéov 1o CNE mov eivar mopdvta ce évav mpoyovikd

0pYOVIGHO HEIDVOVTAL 0cONTAL.
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H mepiotaciokn andiea Asrtovpyiog CNE kot n peténeita amocidnnoen tovg, ot
SUTAOGLOGLLOL TOV YOVISIOUOTOG Kol Ol EMOVOAQUPaVOLEVOL TUNUATIKOL OmAactaopol, padi
He GAAEG EKQPAVOELS TNG OLVOUIKNG TOV YOVIOUOUATOS (Y. €1000%EG HEeTADETOV GTOLYEIMV
Kol GAA®V E0MV TOPOUCITIKOV OAANAOLYIDV) UTOPOVV Vi GUVIVAGTOVV o€ £vo, eEEMKTIKO
LOVTEAO, TOL OTOIOVL 1 KOVOTNTO VO TOPAYEL XPOUOCOMKEG KOTOVOUEG TOTOV VOUOV
dovaung umopet  vo  eleyybel pe 1 Pondeld  LTWOAOYICTIK®V  TPOCOUOLUDCEMV.
Evoouatdvovpe Aowmdv OAeg aVTEC TIC TAPAUETPOLS GE EVa LOVTELOD, TO 0moio ovopdlovpe
«UOVTELD OmMANCLOCU®OV TOV Yovidliwpatog — omoiswng CNE». Ta yeyovota mov
ocvppaivovv 610 yovidiopa Kot tepthapPdvovtol 6To HoVTELD pag tvar:

I.  Tunpotikoi STACIOUGHOT EKTETAUEVOV TEPLOYDY TOV YPOUOCOUATOV. AVTO TO

Prpo evoexonévag TePIAAUPAVEL, OC TEPLOPIOTIKO TOPAYOVTH, OITAAGIUGLOVS
OAOKANPOL TOV YOVIOIOUOTOS, TOPOAO mOL OV AauPdvovior vmoéyn ot
nopadelypota mov delyvovtal £0Mm.

ii.  Toyaieg amarowpéc evog apiBuod CNE, o omoiog givar yapmidtepog i i6og pe
Tov apud ekelvov mov durhactalovat.

iii.  Ieplotaciaxd, emmAiéov anaroipég pn dumhactacuévov CNE.

Iv.  Ewdoyéc aAniovyidv, mov avGvouv T0 GUVOAMKO UAKOG TNG YPOUOCOUIKNG
aAAniovyiag. Avtég pumopel va elvar petabetd otovyeio, peTpoiol, EMEKTAGELS
LKPOOOPLPOPOV, K.4.

V.  Amoropéc Tumuateov alAniovyiog, mov Ppickovtal, cuvnBwg, vd acbevi 1
KaBOLOL ETAEKTIKN TtiEo.

To mpotevopevo eEEMKTIKO LOVTEAO AVATOPAYEL TIG KOTAVOUES TOTOV VOUOL dVVOUNG TOV
pueyebov tov oanoctdcewv petold tov CNE, delte Ewdova 5. Avty n oo
OTOJEIKVUETOL APOUNTIKA OTL EVGTAOEL ATEVAVTL GTIS TOCOTIKES TPOTOTOMGELS OAMY TOV
TOTOV TOV EUTAEKOUEVOV HOPLOKOV YEYOVOT®V. MOVO To, yeyovota tomov | ko il glvan
avaykaio yio. TNV EUEAVIOT TOL TPOTVTTOV VOUOL SLVOUNG. ALTN M SUVOUIKY €lvol TOAD
KOVTIVI] GTN GUAANYN TNG HE OVTH 7oL &xel meprypagel vopitepa yw v e&nynon
avAAOY®V TPOTOHTOV KATOVOUNG TOL okoAoLBOUVTOL amd T yovidia, OV KOIKOTOOHV
npwteiveg (Sellis & Almirantis 2009). Xe éva evieldg S1APOPETIKO TAAIGLO UEAETNG GAA®V
oTOLEI®V TOL YOVIOIOUOTOG, ONAadn Otav efetdlovion pn GLVINPNUEVES OAANAOVLYIES,
ommg emavapfavopeves aAAnAovyiec 1 KPOSOPVEOPOL, OTOUTOVVTOL T YEYOVOTO, TOTTOV il
ko 1V, avti yw to 1 kou 11 (Sellis et al. 2007; Klimopoulos et al. 2012). Ta yeyovdta, TOTOL
IV ko Vv, €xet derybei apluntikd, 6€ TPOGOUOIDGELS VTOAOYIOTAOV, OTL OEV ATALTOVVTAL Y10l

MV avAadovoT TV TPOTLTI®Y TVTTOV VOROL duvauns. H evoopdtwon twv yeyovétwv tov
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TOmov IV dokidlel v axePUOTNTA TOL HOVTEAOVL, KAODC 0 TOAAUTAAGIUGUOS TOV
EMOVOAUUPOVOLEVOV GTOLKEI®MV OMOTEAEL, Y100 TOALOVG OPYOVIGHOVGS, CUOVTIKO UEPOC KOt
Kvnmpto  d0voun  ETEKTOONG  TOL  YOVOLOHatOg Tove. [eyovota tov tOmov V
AVTITPOCHOTEVOVY, €ITE dlaypaen TEPOY®V aAAnAovyiog, cvvibwg €& attiog Gvicov
EMLOGUOD, €iTe oTAdIOKN GLPPikveon and yeyovoto ewcoywyng / dypaeng (indel
events), ta omoio. €uvoovV TN UEI®ON TOL GLVOMKOL HNAKOLG TNG OAANAOLYiOG TOV
YPOLOCOUATOS. AvTol 01 TOTOL YEYOVOTMV OmMOdEIKVOOVTOL UEYOAANG onuociog oto
yovidiopata mov £xovv Kataotel efoupetikd ovumoyn (my. katd v e€EMEN NG
Drosophila melanogaster /1 otv mepintwon tov Takifugu rubripes). IMopadeiypota
TPOGOUOIDGE®Y,  YPNOUOTOIOVTAS OAOLS  OVTOVG TOLG  TOMOVLS  OVVOUIKNG  TOL
yovididpatog, divovtar otnv mpodoparn perétn tov Sellis kar ocvvepydreg (Sellis &
Almirantis 2009).

Ta mpoavapepbévta eelktikd cevapla Pacilovior o€ évo avaALTIKA ETADGILO
novtélo, mov mpotdnke and tovg Takayasu kot cuvepydteg (Takayasu et al. 1991), yio v
EUPAVIOT TOV KOTOVOU®MV peyeBdv tomov vopov oOvoung katd v avénom, HEco
CLGGOUATOONG, CEUPIIOV GE PLUGIKOYNUIKA CLUGTALOTE. XNUEMVOLUE OTL TO HOVTENO,
7OV TTOPOVGLALOVE €6M KO TO OTTO10 TTEPLYPAPEL TN duvaKn 610 Yovidiopa towv CNE, dev
elval avoALTIKG EMADGIHO Kol ETOUEVMG OV vITdpyovv otabepol ekBéteg (KAioelg o to
YPOUMKO TUNUHO o€ OwAn AoyoplOuikny kAipoka). Avtd emPefordveror and Orec Tig
VTOAOYIOTIKES LOG TPOGOUOIMGELS Kol PpioKETOL G GLUP®VIN LE TNV TOWKIMA TIUADV TNG
KAMong |, Tov cuvavtdvtal otn peAétn tov Koatavoumv tov CNE tov yoviduwpatog.
Enopévmg, ta aroteAéopatd pog amokAivouy and tov TumiKo / OPUOAICTIKO OPIGUO TOV
vopov dhvauns, aPevOc EMEON N YPOUMKOTNTE GE OTAN AoyoaplOpkn KApoko AopBavet,
oTNV TEPIMTOON OGS, £VO KATATATO KOl £VOL 0VATOTO KATOPAL (GTNV TPAYLOTIKOTNTA, 0VTO
elval éva yopaKkTNPloTikd oL €ival KOO G& OAEC TIC TEPUTTAOOCELS VOUWV OVVOUNG, TOL
OTOVTMOVTOL 6T PVOT]) KO OPETEPOV KVPIMS EMEWN amoLG1alel £vog otafepos / KaBolkdg
exBétg (kKAiom). Avtdg elvar kot o kOplog Adyog mov ovopdlovpe to TPOTLTOL TOL
TOPATNPOVUE «TOTOD VOUOV dUVOUNG», 6€ OAN TV Tapovoa datpPn. T pia, g Pabog,
OVOOKOTNON TOV HOONUOTIKOV OTUITHCE®Y OGTE VO EYOVUE VOLOLG dVVAUNG, OEITE £0M
(Stumpf & Porter 2012). Ot cuyKekpUEVOL GLYYPOQEIG TPOTEIVOLY OTL AVTEG Ol OTOLTNOELS
TeEPLOUPEVOLY £VOV GTOTIGTIKA 1GYVPO VOLO SUVOUNG (EKTETOUEVT] YPOLULKOTNTO GE OITAN|
AoyaplOpkn kAMpoka, pe evoeiEelg oOyKAIoNg mpog Evay kaboAkd ekBETN) Kot ta 1oyvpn
Bewpio and miocw, mov va Tov vrootnpilel. v mepintwon| pog oelyvoovue EekdBapa Ot

amovotdletl £vog KaBoAKog ekBétng (kKAion) amd T YPOUKOTNTEG o€ OMAN AoyaplOuKn
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KAMPOKO, TOL TApOTNPOVUE OTA YOVIOIOUOTIKG LG OEO0OUEVE KOL TTOL €IVl GUYVE OPKETA
EKTETOUEVEG. ATO TNV ALY, QLT 1 ATOVGTNG KOOOAMKOTNTOC ATOTEAEL VA YOPOKTINPIOTIKO
YVOPIGUO, TOV HOpAlovTot To TPATLTO KATOVOUNG TOV amootdcemv netaéd twv CNE mov
TEPLYPAPOVUE £6M, KOOMG KOl Ol TPOCOUOIDGELS TOV TPOTEVOUEVOD EEEAIKTIKOD LLOVTEAOL.
Av1o 10 YopoKTNPLoTIKO, Hall pe TV Kown €£APTNoN OTIG eEEMKTIKEG TOPAUETPOVS TOL
potpalovtor PETaED TOVG Ol YOVISIMUATIKEG KOTOVOUES KO Ol KOTOVOUEG TOV HOVIEAOL,
EVIoYVLOVV TNV VIdOeon OTL T YEYOVOTA €EEMKTIKNG SUVOUIKNG TOV TPoTEivovue (Kot
TEPLYPAPOVTAL ad TO HOVTELD) EVOEYOUEVOS QITOTEAODY TNV GITIO. TMV TOPATPOVUEVOV
TPOTVT®V GTO YOVISI®LAL.

Kdéto amd éva €0pog GuVOLASU®Y TOPAUETP®V, TO HOVIEAO pag gival og Béon va
AVATOPAYEL TIG TOPOOIKEG KOTAVOUEG TOMOL VOUOL OUVOUNG TOL TOPATNPOVUE CTO
YOVISIOUATIKG dedopéva. XTI TPOGOUOIDGELS TG Exovag Sa & b, mepilapfdvovtarl povo
yeyovota tov tHmov i kot i, dnAadn tunuatikoi dimhactacpoi (SD) axolovBoduevorl amd
anoAietleg CNE. Xmv Ewova 5a mopaxoiovbeitar €va ypopodcoUe vTd Tpocouoinon,
Aappdvovtag ooy otrypdtona kébe 50 SD, Eexvovtag amd o apyikd (oTn otiypn
0) tuyaiae xotavoun otoyxeimv, mov avimpocsowneovv Tt CNE 10V yovidubparog.
BAémovpe 611 otadiakd apyilet vo gpeaviletor pio YpopKn mEPLOY TOTOV VOUOL
dOvapNG oTIc 0BPOLOTIKEG KATAVOUEG TOV amootdoemv petald dtadoyikmv CNE, oe dmAn
AoyoplOpukn  KAMpoko, TOPOHOl L€ OUTH OV  TOPOTNPEITOL YO TO TPOYLOTIKA
YpopocoOUATa. AVTO TO Ypaenuo deiyvel emiong ) Oetikn e€ApTNon TG TAPATNPOVUEVNS
EKTOONG NG YPOUKOTNTOC, GE o)xéon Ue Tov apdpd tov SD mov éyovv ovuPel. Ttnv
Eixova 5b amewoviletar n Betikny e€Gptnon ¢ €KTAGNG TNG YPOUUIKOTNTOG O GYECN UE
tov oplOud tov CNE mov éyouvv amaroipbei (éxovv yobel petd oamd kdbe yeyovog
Tunpotkod durhastocpov). Edd o apBudg towv CNE, mov €xovv amoropBel, exppaletan
o¢ éva khaoua (fraction, fr) ekeivav mov égovv dumhoociaotel €€ artiog TV yeyovotmOV
Tunpatikod  dmhactoucpov. Télog, otnv Eikova 5C, mpocopoudvoviol emmpocOeteg
anaAopég un dumhacioopéveov CNE (yeyovoto tov tomov i) ko deiyvetor 1 Oetiky
e€dpmon g éxtaong TG YpouukdtNnTag, o oxéon pe tov  oplud TV pn
dumhactacpévov CNE mov €yovv yabel. Onwg cul{ntodue pe TeEPIocOTEPT AETTOUEPELN TTLO
KAT®, 0T TO VPN U Elvatl GLUPATO LE TIG EKTETOUEVES YPOUUIKOTNTEG TOV TAPOUTIPOVVTOL
ot Katavopés twv CNE tededotemv, O6mov €yovv avapepbel OMUOVTIKES OMMOAELES
npoyovikadv («apyaimvy) CNE. Tétowa mpoyovikd CNE d¢ Bpickoviar 6to yovidiopa tov

TEAEOOTEWMV, EVA SLOTNPOVVTIOL GTI YEVIA TOV TETPATOdMV.
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Ewova 5: [Ipocopoi®dcels (prcIoTolOVTIS TO HOVTEAD YOVIOLOUATIKAV OUTAUGLUCUOV Kol
andrerog CNE. ArnswcoviCetar n e€dptnon g éktoong g ypapupkoémrog, o€ log-log khipaxa,
Y TiG anootdoels petaby dradoyik@v CNE vd mpocopoimon Kot yio S10popETIKEG TUPUUETPOVG
am6: () Tov apBuod tov tunuotikov duthactooumv (Segmental Duplications, SD), (b) To mtococt6
v dumhactocpévav CNE (fr) mov arnaloipovtor petd and kébe yeyovog SD, (€) Tov apiBud tov
gmmpocbetov  amodowpdv, pn dwmlacwocpéveov, CNE. Xto (a) eipoote oe 0éon va
napakolovOncovpe v €EEMEN TOL OVAOLOUEVOL TTPOTVTOV TLOL VOUOL JVVAUNG, KOOMG Ot
TEGGEPLS KOUTOAEG OVTOTOKPIVOVIOL GE Ol0d0)IKG GTIYHOTLMO, 7OV TapOnkav amd T0 1010
aplBuntikd meipopo. H kopmdin mov oamotvmdvetonr pe teTpdymva gival Kowvn Kot oto tpia
SypAUIATO. KOl OVTITPOSMTEVEL Pk TPocopoiwor mov meptropfaver 150 SD, 6mov to 90%
(fr=0.9) Tov apBpov Tev dumhaciacuévav CNE yavovtal. Ta ypoupukd tuquata vroloyilovtol pe
YPOULIKT TOAVSpOpMon Kat o€ OAEC TIG TeptTdoets I° > 0.98

"segmental-duplication (SD) / CNE elimination" model
simulating various nrs of SD; 0: random initial CNE distribution

) T T T T| * SD=0; no power-law linearity
TITayy, s SD= 50; E = 1,02, =-0.69
gldiiiiiiz + SD=100; E = 1.95, 1 =-0.55
freel = SD=150; E = 2.61, p =0.50
SD =200; E = 3.30, 1 =-0.48
.
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"segmental-duplication (SD) / CNE elimination" model
simulating various fractions (fr) of eliminated duplicated CNEs
T T T T T T T T T
treee,
TR TP o fr= 1;E=3.10, =038
3iveees S s fr= 0.9;E= 261,y =-0.50| —|
T + fr= 0.8;E=1.70,y =0.49

8

L 1 L 1 L
0 4
log S

"segmental-duplication (SD) / CNE elimination" model
simulating various numbers (nr) of elim/ted non-dupl. CNEs per SD
T T T T T T T T T
s nr=0; E=261,1 =050
+ nr=1; E=274, 1 =044 —
s nr=2; E=3.061 =-0.52

T (e ]

5
log S
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E&elKTIKI) IPOELEVGN KAl IPOEKTAGELS TOV YPOUOCHUIKOV KaTavou®y tewv CNE

210 TUNUO «ATOTEAEGUATOY», TO TPV, €10ape OTL TO TPOTLTO KOTOVOUNG TOTOL VOUOL
dovaung epapuoletar yio too CNE, UCE kot dAdec vymAd cvvimpnpéves aAiniovyiec,
dlywg va amoteAel oA amdPPOLoL TNG YOPIKNG KOTAVOUNG TV Yovidimv (deite Eixova 3 Kau
ITivoxo. 2). H mqpng HEAETN TOV XPOUOCOUATOV, TOV £X0VV VITOOTEL HACKAPIoUN TOV
YOVIOLOV TOVG, TparyaToTomOnKe 6To avOpOTIVO YoVIdimua Yo T o TOAVTANOT chvorn
dedopévov CNE, onwg emiong kot ywoo ta mo «opyaio» ototyeio. Xe mévie amd TG €6
neputooelg mov e€etdotnkay (dgite I[Tivoxa 2, chvora dedouévev: i, iia, iib, vi, viii), n
HEAETN NG MEOTG EKTOONG TNG YPOUUKOTNTOS Yio OAa. To ypopocouata (avg E) kot yo ta
TEVTE YPOUOCOUATO UE TNV TO EKTETAUEVN Ypapukotta (avg E-5) amokalvmrel 6tL 0
EKTOON NG YPOUUIKNG TEPLOYNG GE OAN AoyaplOpkn kAipoke akoAovBel po avEnTikn
taon (1 TovAdyloTov drotnpeitar), oeov epapuootel n pebodoroyio arokieicpod CNE mov
Bpiokovtot Kovtd 1 péca og yovidia (yio Aemtopuépeleg, deite mo mavm otig «MeBddougy).
2 pio mepinmtowon mov amopéver (chvoro dedopévav V, dvBpomog / zebrafish), KaAd
OYNUOTICUEVES KOTAVOUES TOTOL VOUOL dVvaung dStnpovdvTol, oKOUM Kot HETE TO
HOOKAPIGHA, e oLVETOKOAOLON pelwom, Op®G, TOv HAKOLG NG Ypoppukotnrtag. H
dltpnon ™S YPOUMKOTNTOG o€ OA AoyaplOukn kA{poKo, UETO TOV OMOKAEIGUO
otoelmv, delyvel v avegoaptnoia Tov 600 tpotimtmv. To yeyovdg 0TL, OTIC TEPIGGOTEPES
TEPIMTMOGELS, M HEOT EKTAON YPOUUIKOTNTAG Oxl HUOvo dwtmpeitor, oArd avEdveran,
woyvpomotel avtd 10 cvumépacpa. H ouyvl avt) Pedtioon twv yopaKTNPIOTIKOV TOL
vopov dvvaung, 6tav ePapUOLETOL TO LOGKAPIOUO, EVOEXOUEVMOG OMTOTVTAOVEL TO OTL, OTOV
peAetdror OAOKANPOC 0 ypopocoukds mAnbvucpdc tov CNE, 1o mapammpovpeva
YOPOKTNPLOTIKA KOTOVOUNG AVTOVOKAOVV Ui vépBean dvo drokxpitav katavouwmv. Kot ot
300 TEPAAUPAVOLY YEYOVOTO LOPLOKTG OVVOLIKNIG TTOV OVITKOVV GTOLG 101006 TOTTOVG, OAAYL
He  OPOPETIKOVG  pLOHOVE  mov  avtamokpivoviol  oTlG  OlOKPITES  EEEMKTIKECG
dwpoporomoetg v CNE, mov dev eivor cuoyeticpéva e yovidio kot Tov yovidiov (Le To
omoia to. CNE mov eivar kovtd og yovidwa givarl yopikd cuvoedepéva). Avti n veépheon
TOV KOTOVOU®MV HE SLPOPETIKA YOPAKTNPIOTIKG (T KAIon Kol TV KAIHOKO HAKOLG
TAPEUPOAAOVGDOY  OAANAOVYUDV)  OVOUEVETOL VO EANTTAOCGEL TNV TOPOTNPOVUEVT|
ypoppkoTTo €67 autiog evOg PHETAGYNUOTIGULOD TUNIOTOG TMV VIEPTIOEUEVOV YPOUUIKOV
log — log katavoumv oe éva kKoumvilwtd oynqua. Eva dAho ctoyeio, mov vrootmpilel v
andxkion petald twv 600 TPOTHTWV KATAVOL®MY, TOV aKoAovBovvtol omd o yovidlo Kot T

CNE, mpoépyetonr amd v mopatnpnomn, mov £xel ovaeepbel omd apkeTEC EPELVNTIKEG
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opadeg, 0tL ta. UCE ko tao CNE givon apbova otig yovidakég eprijpovg (Kim & Pritchard
2007; Stephen et al. 2008).

Ye po peAétn tov Pabpov cvvtpnong v amootdoewv petald tov UCE ota
omovovAmtd (Sun et al. 2006), Tpaypatiky GLVINPNON TOV ATOGTAGE®V EVPICKETAL UOVO
HeTa&l GTOLEIV KOVIIVAOV ATOGTACE®MY, VO €DPOG ATOCTACENMY TOV OVGKOAN GUVEIGPEPEL
OTIS YPOUUIKOTNTEG OWANG AoyoaplOukng KAipokag mov avagépovtal €d®. H oamovoio
ONUOVTIKNG SLOTPNONG OMOCGTACEDV HETAED CLUVTINPNUEVOV oTolElmV gival cupufatn Kot
EVIOYVEL TOV 1GYLPIGUO LG OTL £VOL LOVTELO GUOCOUATMOGEMY (OTWS ALTO TOL TEPLYPAPNKE
7O TAV®) €ivor KATAAANAO Yo TV gpunveia e StodedopEVNG ELPAVIONG YPOUUIKOTTOV
TOMOV VOOV dVVAUNG GE KATAVOUEG OmOoTAGE®V HeTaEy dtadoyikadv CNE.

O Mattick kot ot cvvepydrteg tov, 6 éva GpOPO TAV® OTIG VIEPGVVINPNUEVES
aAAniovyies (UCE) ota yoviSidpoto TV TETPAmodmV, TOPOTHPNoaV IO EVIVTMOGIOKT
dtpopd 6tovg TAnBvucpovg twv UCE petad tov yovidlopdtov tav TeTpanodny, To omoio
etvar mhovown oe UCE, kot tov yoviSlopdtov Tov yopliodv, 6mov Bpédnkay onuaviikd
yauniotepot apiBuoi UCE (Stephen et al. 2008). I1pdtevav, og v mo @edmAr eqynon,
OTL 611 YEVIA TV TETPATOd®V GLVERT Hia LolIKN TPOGAPLOYT AELITOVPYIKMV GTOLXEI®VY, M
omoio. &ivar mOBavd vo NTOV OMOPOATNTN YL TNV 7O TOAVTAOKY HOpQOAOYio T®V
TETPATOS MV KOl TNV TPOocapuoyn / emPBimon oTig Totkideg TePPAAAOVTIKES TPOKANGELS TTOV
avTILeETOMC AV eKeivol ot opyavicpol. Amo v dAAN, ot 10101 GLYYpaPEiG avépepav OTL AT
T0 gupNUa eVOEYOUEVOS va eényeitat amd 10 Aydtepo mBavO Gevdplo HOlIKNG OmMAELNS
41010V 6ToLYEl®V 6T0 Yovidiopa tov teledotemv yBvwv. H peténeito aAAnilovymon tov
TPOTOL Yovidtdpatog yovoprbvog (elephant shark) odnmynoe otmv emPefoiovon Tov
teAevTOiov cevapiov. Xvykekpyéva, ot Lee kot cuvepydteg Pprkov 0Tt 0 TPOYOVOS TMV
YVOOOCTOU®V GTOVOLAWMTAOV gixe évav onuavtikd apBud CNE, ta onoia £xovv amaiowpdel
(&xer oAAGEEL M aAANAOLYiO TOVG LE OmOTEAECHO VO UV lvarl TAEOV ovoyvmpiciua) o€
ueyéAo Bobuod otovg teEledoTEOVG, EVD EYxovv drotnpnbei ota tetpanoda (Lee et al. 2011).
Avto 10 gupna Topldlel KaAd e TNV TOPATAPNOT HOG OTL Ol TPELS LEYAADTEPEG EKTACELS
YPOUUIKOTNTOG, Ommg @oivetar amd tov [livaka 2 (cOvoAia dedopévov v, V, Vii),
TOPUTNPOVVIOL O TEPUITAOCES OTOWICEMV 7OV  GUUTEPIAAUPAVOLY  YOVISUOUATO
teredoteV oyvwv. EmmpooHitmc, ot Wang kot cuvepydteg cvoyéticoav €vBémc Tic
extetapéves omarorpés CNE otovg teledoteong 1yBueg pe tov Sumhactacid oAOKANPOL ToL
yovididpatog mov gixe ovuPei ot yeveokoyia tov aktvontepuyiwyv (Wang et al. 2009).
YNUEIOOTE TN ONUACIO TOV SUWTAAGIUGUAOV (OAOKANPOL TOL YOVIOIOUOTOS OAAL KOl TOV

TUNUOTIKOV) YL TO TPOTEWOUEVO HOVTEAO paG. O poAog Tovg eivar OmAdg, KobMG
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KaO16TOOV €QIKTN TV UETEMEITO amorolpn Towv dmiactacpévoy CNE Adyw mheovacpov
KOl, TOVTOYPOVMOC, TOPEXOLY TNV avayKoio €TEKTOOT) OAANAOLYING YL TO CYNUATIGUO
evpey€bmv spacer petald tov CNE.

Y& o mpooeoatn epyocia tov Dimitrieva ko cvvepydrteg (Dimitrieva & Bucher
2012) mopovcldoTnKay GTOXEID, TOV GLVIYOPOLV VIEP WIOG EKTETAUEVNG OLOOOTOINONG
tov UCNE (otoyeio pe peyolvtepn and 95% opotdtnta peto&d avOpdmov / Kotdmoviov
v Tave omd 200 VOUKAEOTIONN) GTO YOVIOIOUOTO, S10LPOP®Y GTOVOLAMTMV, GE OUASES TOV
oxetilovioan pe ™ pvOuon evog yovidiov kdbe @opd (yovidlo — oto)0g). Otoav
npoypatoromdnke ondiewn  Swhacwwopévov UCNE oty e&éMén, m  Swrhpnon
VIEPGLVINPNUEVOV aAANAOLYIOV avapEépOnke mog kaBe Ao mapd tuyaia Ntav. [To
CLYKEKPLUEVA TPOTEWVAY OTL IGYVEL £VAL TPATLTIO SLOTNPTONG CTOLXEIMV OV TO OVOLLAGOV «O
viknmg ta maipver OAax» (“winner takes all”), dniaodr| £va yovidio — 6td)0¢ drotnpel TOAAG
UCNE eve 10 dAlo, mapdroyo, yovidio ydver 6ia ta. UCNE mo ovyvéd amd 6t Oa
avapevotav ota mAaiclo kaboprg toyme. Bpénke, emmAéov, o vmepekmpocdnnon
yovidiov yaptod mov emPimcav kot ta omoia &xovv ydoet OAa to mpoyovikd tovg CNE.
Av16 10 gVpNUa Eivol GE CLUPOVIL LE TNV TOPOTIPNGN LOG YL EKTETAUEVT] YPOUUKOTNTO
TOMOV VOHOL JVVOUNG TOL TOPATNPEITOL OTA TPOTLTO, KOTAVOUNG GTOLXEI®V TOL £X0VV
TPOKOLYEL OO GTOYIGEIS LLE YOVIOLOUOTO TEAEOOTEMV 1YBV®V. O1 oYETIKA GLYVES OTMOAOLPES
oAdKkAnpov opddwv UCNE evioybGovov v eugdvion HEYOA®V GE UNKOG OMTOCTAGEWDV
(spacer) peta&y twv UCNE, ot ontoiec cuvelopépouy oTig HaKPIEG OVPEG KOl ETOUEVMS GTO
OYNUOTIGUO EKTETOUEVIC YPOULKOTNTOG GE OUTAY] AOYoplOIKT KAMpoKa, Yo TIG EKAGTOTE
katavopéc anootdacewv (Newman 2005). H Aeitovpykr; avth opadomoinon twv UCNE pe
Bdon ta yovidia — 6Td)0vG, oV TEPYpheNnKe 0td TNV opdda tov Philipp Bucher, gaivetal
TOC OVIUWTPOSOMTEVEL W0 SLOKPLTH] GLVICTMOGO OTn PN katovopr tov UCNE. H
OLYKEKPILEVN opadomoinon exteiveton o KAlpakeg peyéboug g tdéng g yerrvioong pHe
éva yovidlo — otdyo. Ta amotedécpata mov mapovstdlovior 00 £x0VV Vo KAVOLV UE Lol
mo extetapévn kKAipaka peyédovug, v katavour t@v CNE og eninedo ypopocdHatoc, mov
éxel ¢ amotéAleopa po TAnBdpa emkpateidv Thovowwy oe CNE kot ptoymv ce CNE,
AOY® ™G SLVOUIKNAG GLUGCMUATMOOEDY OV TEPLYPAPNKE O TPWV. AVLTEG Ol EMKPATEIES
akoAovBovy éva mpdTLTO TOTOL popPokAacuatikod ceapidiov (‘fractal globule’), dmmg
yiveTon gpEavég PECH TOV KATOVOU®V TOTOL VOUOL SUVOUNG TTOV TTOPOTNPOVVIOL GTIC
amootdoelg petasd tov CNE. H yvdon mov €yovpe, motdc0, yia tovg porovs towv CNE kan

TIG TOGOTIKEG OAANAETOPAGELS TOVG LE YOVIOLO TOPOAUEVEL OPKETE TEPLOPIOUEVT).
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H oVykpion g éktaong g YPOUMKOTNTOS TOTOV VOUOL OUVOUNG LETAED GUVOAWMY
dedopévov CNE Apviotikdv ko Oniactikeov (Kim & Pritchard 2007) Bpioketol og
CLLE®VIN HE TO TPOTEWOUEVO HovTédo (ITivarag 2, cuvola. dedopuévav iia, 1ib). BAénovue
OtL M mododtepn, otov eEeMKTIKO ypovo, cvihoyn dedopévev Apviotikov CNE
oyNUatiCel TIG MO EKTETAUEVES YPOUUKES TEPLOYES, OTMG TPOPAETETOL 0l TIG VITOOETELS
TOV HOVTEAOL GCLGCMOUATOCNG — OTAAOIP®Y, OTOV, OGO TO TOAD eKTifETOL TO GVOTNUA (O€
eEEMKTIKO YpOVO) OTN OLVOLIKTY E1GO0YMV Kol amaAolpns aAiniovyiwv CNE, 1600 mo
EKTETOUEVT] aVOAPEVETAL VA Elvol 1 YPOUUIKOTNTO 6€ oA AoyaplOuikn kiipoko. H 10w
Tdon sival peavig Kot o T€o0ep0 GOVOAN dedopévav ov €yovv mapbel amd por GAAN
uehétn (Stephen et al. 2008). Avtd ta covora dedopévav (ITivaxas 2, ib — ie) cvvictavtaol
amod otoyeion mov €yovv TPOCaPUOCTEL GE SadOYIKES £EEMKTIKES TEPLOdOVE KOTA TNV
€100YEVECT TOV TETPATOOMV, TOV OUVIOTIKOV Kot Tov Oniactikov. Tapatmpodpe 6t ot
WECEG EKTAOELS YPOUUKOTNTOC Yoo To mévie koAvtepa (<5 best”) ypouocodpoto
akohovBovv ovomnpd v avopevopevn avéntik tdon (amd To MO TPOGPUTO GTO
TaAOTEPO), evd TO 1d10 woyvEL Otav e€etdlovpe TG Héceg EKTAGEIS Yo TANPT GUVOAQ
YPOUocOUdTOVY, pe povo pia e&aipeon (uetald ic kar ib).

Xe OTL aQOpd OYL TIC OTOOTATEIS UETALD AEITOVPYIKADV YOVISIOUATIKOV EVIOTICU®DYV,
OALG TO LEYEON TV EVIOTIOU®Y OVTO. KOOEADTA, TIPEMEL VO, AVAPEPOVUE EAVA 0D OTL £)EL
nopaTnPNOel o KATovopr] VOLOL dUVAUNG «TEAELDL GUVINPNUEVOVY GAANAOVYIOV LETAED
TV yovidtopdtov avBporov kot tovtikov (Salerno et al. 2006). "Eva oyxetilopevo gvpnpo
elval 0Tt o1 KaTtovouég HEYEDDV «GUVTNPNUEVOV OUAO®VY HETOED TOV YOVISIOUATOV TNG
Drosophilia melanogaster kot Drosophila virilis  toupialoov  xodd o o
AoyopiOpokavovikry (lognormal) katovoun (Clark 2001). EInueidvoovpe €d®d 0Tl ovt M
KoTovoun mapovctdlet emiong ypoppukéc neployés oe log — log kiipaxa (Newman 2005).
M koatavopr| THmov vopov dvvaung Exet avapepOel emiong yia tig 3> un peta@palopeveg
neployég (Martignetti & Caselle 2007). Avtd to gvpiuata, 6cov a@opd ta LEYEON TV
TUNUATOV TNG YOVISIOUOTIKNG oAAnAovyiag, mpémel va eival To OmOTEAEGHA TNG OpAoNg
LUNYOVICU®V EVIEADS OLUPOPETIKAOV Oomd TO €EEMKTIKO GEVAPLO OV TPOTEIVOLUE €00,
kaBmg extelvovton o€ TOAD pikpég kAMpakeg peyefav (0ekdoeg £€mg  EKOTOVTAOES
VOUKAEOTIOIMV), EVAD OTTOLOONTOTE TLY L0 J1UOIKAGIO CVGGMOUATMONG vl AKATAAANAT Yo
T0 OYNUOTICUO Agtovpykdv otolyeimv oaAiniovyiag. H adénon peyébovg péow
CLGCOUATOCE®V EIVOL TEPIGGATEPO KATAAANAN Y1t T SWOUOPPMOOT) LEYAAMV TEPLOY DY TOL
yoviolopotog (my. oAAnAovyiec mov mapepPdriovror pPeTad yovidimv) pHe  UIKPEG

amaitioelc cvvinpnong (Sellis & Almirantis 2009; Takayasu et al. 1991). ITapoia avtd, N
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oOUTPOEN AVTAOV TOV YPOLUIKOTATOV GTI LOPON TOV VOU®V dOVAUNG, Y0 APKETEG TAEELG
peyébovug kat yuo 01dpopa Ae1tovpyikd (1 ThavOv AEITOVPYIKA) GTOLXEID TOV YOVIOIDUOTOG
N YW TIC OmooTdoel; MeTaEy oavutdv, civar mBovo vo oyetiletor pe ™ ooun
nopeokiacpotikov oeoipdiov (fractal globule), mov éyel avoeepbei yo t0 avOpodTIVO
yovidiopa, Otav ovtd Pploketor o1 HOPEY| OTEVA TOKETOPICUEVNG YPOUOTIVIG
(Lieberman-Aiden et al. 2009). Avti n doun yopaktnPiletarl omd EKTETOUEVEG KOTOVOUES
peyebdv TuTOL VOUOL SVVOUNG OTIS OMOGTACELS HETOED TMV CNUEIMV TOL YPOUOGHOUIKOD

VAULATOG, TOL omoia £pyovial o€ apotPaio exagn AOy® NG TPLOOACTATNG AVAIITAMGNG TNG

YPOLOTIVIG.
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3. Katatan aAAnAovyi@dv TOL YOVIOLOUUTOS
mov Pplokoviol VO EMAEKTIKO TEPLOPLGUO

ne ng@ooovg unyoavikis pnadnong

3.1 Koararoén CNE kov eoviov pe 1 Yp1on OwvVOoUAT®OV
YOPUKTPLOTIKAOV AAA0VYLOS KU TUSIVOUNTAOV ALOYIKAOV KOVOV®V

Ewaymyn

H opowdmta aAlniovyidv Bewpeitor yevikd og o £vOegiEn opotdtntog o€ eninedo
Aertovpyioc. Or meprocdTepeg amd T1g vIdpyovses peBOSOVG avAALONG AAANAOVLY LDV
Bacilovtar 6e GTOWIGES KOl O GLYKEKPLUEVO GTOUYIOELS TEPLOYDV AAANAOVYLOV GE
dapopeg KAPOKEG UNKOVG, amd yovidla péypt oAoKANnpa yovidiopato. Kabe otoiyion
aflohoyeitar pe Paon €va okop mov egoaptdton amd Tov aplBpd TV 181V Kot
EMAVOAQUPAVOLEVOV YOPOKTPOV GTIS aAAnlovyiec. Ot Bértiotol pébBodor otoiyiong
aAlndovyiov Pacifoviar oe TeEXVIKEG OLVOUIKOD TPOYPUUULOTIGHOD, €K TOV OTOI®MV Ol
o yvootég ivol twv Needleman kor Wunsch (Needleman & Wunsch 1970) kot tov
Smith koau Waterman (Smith & Waterman 1981). Ot cuykekpyuévol akyopidpot eivat
QITOLTNTIKOT 0TO VITOAOYIGTIKNG GKOTMIAG KOt 1] TOAVTAOKOTNTA TOVG oEAVEL EKOETIKG [LE
T0 pNKog TtV aAiniovyiov. ‘Exouvv mpotabel gvupiotikéc Avoelg mov Advouv 1O
TpoPfAnua g otoiyiong aAiniovyimdv, 6mwc to BLAST (Altschul 1997) kot to FASTA
(Pearson 1990). AAAot akyopiBuot, 6mwg o ClustalW (Thompson et al. 2002), o Muscle
(Edgar 2004), o Mafft (Katoh 2002) kot o Motalign (Mokaddeml & Elloumi 2013)
&ovv mpotabel 1y TN oTOlYoN  TMOAAATMA®DV OAANAOLYIDV pE  pEYOADTEPT
OTTOTEAEGUATIKOTNTOL.

Ao TG TPOTEC OEKOETIEG OCLOTNUOTIKNG OAANAODYNONG TEPOYDV  TOL
YOVIOIOUOTOS TOL  KMOIKOTOWOUV TPMOTEWVESG KOl U1 KOOKOTOWOLGMV  TEPLOYDV
wapotnpNOnKe OtTL, EVO Ol GTOIGES KMOKOTOOVOMV TEPLOYMV UETAED OPYOVIGU®OV
Kol péco oto 1010 yovidlopo mopéyovv mOAAEG TANpogopieg, dev €xovv (1 €xovv
TEPLOPICUEVT)) EPOPUOYN OTO U1 KOOKOTOWOVV TUAUO TOV YOVIOUOUATOS. AvTo
cvpPaivel enedn To TEAELTOL0, KATA TO PEYAADTEPO HEPOS TOV, JEV EIvVOL GLVTNPNUEVO
Kkatd v eEEMEN. TTapodla avtd, ot péBodot oroiyiong evoéyetan va gival yprioyLot OtTov
epapuoloviol oe WKPEG U K®OKomolovces aAinAovyiec DNA. Xe peyolvtepeg

YPOUOCOUIKES TEPLOYEG €lvOL TEPLOPIGUEVT] 1 XPNOWOTNTA TOVG, O10TL GE UEYAAECG
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TEPLOYES N VOLKAEOTIOKN ohvOeon dev elvar cvvimpnuévn peta&d opyaviopmv, ot
omoiol &lvor  oyeTiKd amopokpuopévol eEghktikd. H  otoiyion  aAAnlovyiov
OTTOOEIKVVETOL 1O104TEPO YPNOIUN KATA TN UEAETN TV HETAOET®V GTOLYEl®Y, TO OMOia
aVIYVEVOVTOL GE TOAAOMAG OVTIYpO@O GTOVS TEPIGGOTEPOVG OPYOAVICHOVS Kot
yopoaktpifovionr amd mowkihovg Pabuodc oporoyiag peta&h tovg, oavéroyo pe tnv
NMKio Tovg 6To Yovidimpa. XToryicels, AAA®MGTE, OMK®OV YOVIOIOUAT®mV HETaED 000 N
TEPLGGOTEP®V EWODV 0N YNOE GTNV OVOKAALYT TV dtopdpwv katnyopidv CNE.

Ot pébodor mov o¢ Pacilovtor omn otoiylon eivor ypnoeg 6tav BEAovpe va
e€dyoue YOPOKTNPLOTIKA GVGTAOTG OPOpmv aAiniovyimv. Eeapudlovtal kot oe
oLYKPioES OAOKANP®Y YOVIOLOUATOV HETAED OPYOVIGUAOV OAAL Kol GTNV, €VTOG TOL
{010V YOVIOLONOTOC, OViYVELOT) TUNUATOV TOV EMOEIKVOOLV WOLOLTEPOTNTEG GTN GVGTAO
Tovg, ot omoieg ovyva oyxetiCovror pe ™ AettovpykdtNTd Tovg. ‘Eva xhaocuko
mapadetypa pnefodoroyiag aviAvong TOL YOVISUDUATOG, TOL O€ XPNOLUOTOLEL GTOLYIGELS,
Baciletar otn peAétn TOV Am0GTACE®V UETAED TMOV YOVIOIOUATIKMOV VIOYPUPDV TMV
aAlndovyldv, mapovctaletor ot «MebBddovgy MO KAT® Kol YPNCUYLOTOlEiTaLl Yo
oLYKPLoN UE TIG HeBAGOVE AVAAVGNC TOL YOVISIMUOTOS TOV EIGAYOVLE £0(. Baciopuévol
oe pebodoroyieg mov de ypnoonTolovY GTolyion ivarl kot dtapopot adydpiduot yio Tov
evtomiopud vmoidov CpG (“CpG islands™), ot omoiec eivor pukpéc aAlniovyieg tov
yoviolopotog  pe  Kopio  apolfaioc  opowdtnra oAAG  pe  Odpopa,  OloKplTd,
YOPAKTNPIOTIKG cvoTaons. Ta TURUATO TOV K®OTKOTO100V TPp®TEIvES Elvar dvuvatdy va
kaBopioBovv pe pebodoroyieg mov Paciloviarl 6e oToryicES, OAAG KO PLE OVTEC TTOV OF
Bacilovtar, 6mwg M APNOT TOL YEVETIKOD KMOKO KOl Ol WO1UTEPOTNTES TOV UNYOVIGHLOV
Tapoy®yng mpoteivov (mpdcsdeon mRNA — piocodpatog, micovoopol tRNA, k.4.),
Yvopiopato mov arodidovy GTO TUNUO TOV YOVIOUDUOTOS OV KMOWKOTOEl TPMTEIVEG
YOPAKTNPIOTIKEG 10101TEPOTNTEG oVoTaoNG. [evikd Bo pmpovoaue va movpe OTL Ot
pébodor mov Pocilovron oe  ortoryicelc ko oavtég mov O Paocilovian  egivon
GUUTANPOUOTIKEG LETOED TOVG KOt OTL GUYKEKPLULEVES CUVIGTAGEG TOV YOVIOIONOTOS Oa
UTOPOVGAV VO, LEAETNOOVV e KATAAANAOVS GLVILAGHOVS TV dVO.

Ot péboodotl, mov oe Pocilovror oe oTOYICELS, OMOOEIKVOOVTOL 1dl0UTEPQL
EMTVYNUEVES KOTA TN QLAOYEVEST] KO TV avdivon odiniovyiov (Vinga & Almeida
2003). Ocov apopd avtég Tig nebddovg, M opotdtTa 600 GAANAOVYIOV EKTIUATOL pE
Baon oamoxieloTikd TO AEEIKO TV LRWOOKOAOVOWDV WOV epeavifovtar pEca OTIG
aAAnAovyiec vmd perétn, un AapPdavovtag vmoéyn T oxetkn tovg 0éomn. Mo

vooyoueEV HEB0OOC, oV OE ypnoiponmolel otoryioels, Paciletor otV avamapdoToon
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oG aAAniovyiog HEGH  OOVOCUATOG  YOPOKTNPIOTIKOV, OmoL o aAAniovyio
K®OIKOTOLEITAL GE £VAL SLAVUCLLOL TTOV TTEPLEYEL TIG EUPAVICELS (1] CLYVOTNTES EUPAVIONG)
TOV VTOOKOAOVOIDV oV TNV amaptifovv (k — pepn), k — mers) (Kudenko & Hirsh 1998;
Kuksa & Pavlovic 2009; Xing et al. 2010). 'Eva « — pepég (k — mer) opileton o¢ o
vroakolovdio ¢ apykng aiiniovyiog, ukove K (k) yopaxkmpov. v avaivon
GLYVOTNTOV K — LEP®V eEdryeTal KAOE dLuVaTO K — HEPES OO TO VOUKAEOTIOIKO OAPAPNTO
{A, C, G, T}, amopiOpovvior ol EUPAVICEIC TOL OTNV OPYIKN OAANAovLYioL Kol
vroroyileTan  cuxvOTTA ToL. YToAoYileTal, 6T GUVEXELD, £VO OLAVUCLA TTOL TEPLEXEL
TN GYETIKN oLYVOTNTA KAOE K — Hepovg, Yo Kabe aAAniovyic 6to chvoro dedopévmv
nov e€etaleta.

Ta CNE amaviovior covifog oe éva avtiypago oto yovidiopo (Bejerano,
Pheasant, et al. 2004; McLean & Bejerano 2008; Stephen et al. 2008) kot &yovv
npotabel w¢ deikteg oe pehéteg poplakng euroyéveong (McCormack et al. 2012). Xt
cuvéyeld mPoteivovpe o TPOooEyywon, mov Ot Pacileror 6TO  TANPOEOPLOKO
meplEXOLEVO oG otoiyiong petalld oapopetikav mepoy®v DNA, amd drapopetikd
YOVIOLOHOTO, Kol TNV €apuolovpe oty taSvopmon Aertovpyikav (1 mhovov
AELTOVPYIKAOV)  OAANAOVYIDV, TOV TPOEPYOVTIOL OO  OLOPOPETIKA  YOVIOUDLLOTOL
oTOVOLAMTOV Kol acTOvOL V. [Ipoympdpe emiong oe cvykpicels ®ote va eAéyEovpe
N SuvakT TS peBodoroyiag pog, cvykpivovtag v amddoot| e oty tagvounon
UIKP®OV YOVISIOUOATIKOV OAANAOLYLOV SOPOPETIKMV AEITOVPYIKOTATOV Kol EEEAMKTIKOD
BaBovg, Oyt pévo petald edav, oALd Kot péoa otov 1010 opyoviopd. I' avtd 10 cKomd
ypnowonoovue pia gvpeios cvAloy ] CNE crovdviwtdv mov givar dnpoctevpéva ot
Broypapia, kabag kot véa cuvora dedopévav CNE avBpdmov kot acndvéviwy, Tov

Towtonolovpe o ovt ) perétn (Polychronopoulos, Weitschek, et al. 2014).

Mé00d01
Anuoocieouéva 6Hvoia 0E00UEVOV

Xe auth ™ peAétn Bewpovpe dAPOPO SNUOGIELUEVE GUVOAD SEQOUEVMV OAANAOVYIDV,
oL Bpickovion VIO EMAEKTIKO TEPLOPIGUO Katl Exovv e&aybel omd Ta YOVIOIOUOTA TOV
avOpodnov (Homo sapiens), ¢ woyag (Drosophila melanogaster) kot tov okdAnka
(Caenorhabditis elegans). EmAéyovpe, Toyxaio, 1000 aAiniovyieg and kabe viepcHvVoro
VL0 LETEMELTA. OVOAVGELS, OEGOUEVNG TG ETEPOYEVELNS, OGOV APOPH TOVS APIBLOVS, TV

GLVOA®V dedopévav. MOvo ot aAlniovyieg TOL GKOANKO LEAETMOVTOL GTO GUVOAO TOVG,
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KaBDC avtd to chvoro mepiéyel povo 1869 otoyeia. Ot eEmvikég alinAovyieg tov
avOpdnov, Tov oKOANKo kot TG poyag AopPdavovrar and to UCSC (University of
California at Santa Cruz) (Kent et al. 2002). Extog and eEmvikég aAiniovyiec, d10¢popeg
dAlec KAGoEIS Un eEOVIKOV 0AANAOVYLDV, VIO EMAEKTIKN TEST, XPTOLLOTOIOVVTOL Kot

mo ovykekpuéva (deite emiong dmb.iasi.cnr.it/cnes.php):

(@) Ymrepovvmpnuéveg Mn Kowdiwomolovoeg  Alnhovyieg (UltraConserved
Noncoding Elements, UCNE): Avtéc eivon avOpdmivec aAlnlovyieg mov dev
KOdKomolouy  mpwteiveg  (ekdoyn yovidiopotog: hgl9) kot ot omoieg
emdekviovy > 95% opotdta yio wive ard 200 vovkieotidwn petalld tmv
YOVISIOUATOV TOV ovOpdITov Kot Tov kotdmoviov (Dimitrieva & Bucher 2013).

(b) EULI00 pn eEovikég orlniovyieg CNE (EU100nx CNE): Avtég eivon
avOpomveg  oAnlovyieg  (exdoyny  yovidiopotog:  hgl8) mov  sivan
wavopoldtuneg yuoo move and 100 vovkAeotidwn oe tovAdyiotov 3 amd S
TAakovvtoPopa  Oniactikd (dvBpwmog, movtiKy, apovpaiog, OKLAOG Kot
ayelaoa) (Stephen et al. 2008). OAd6KANpo t0 cOvoro ovoudletor EUL100+,
OmMG OVAPEPOUE KOL GTO TPONYOVUEVO KEPAAOLO, KOL EMEWN OPOIPOVLE
ototyeia mov emkaidmTovTon pe eE@via Tig ovopdlovpe EU100nx CNE.

(c) CNE opviotikov kot Onhootikdv:  Avtéc  elvar  aAlnlovyieg  mov
tavtoromOnkav amd tovg Kim ko Pritchard (Kim & Pritchard 2007) ko ot pev
OnroocTtikdv gtvar adAniovyieg mov givar cuvnpnuéves ot ONANGTIKA ALY OE
Bpiokovtol 610 KOTOTOLAO 1| GTO YAPL, EVA EKEIVEC TOV AUVIOTIKOV &ivot
GUVINPNUEVEG OTO ONMANOTIKA KOl GTO KOTOTOLAO, OAAQ Ot Ppickoviar 6To
yapt. To LiftOver ypnouonoleital yio tn LETATPOTN TOV GUVTETAYUEV®V GTNV

70 TPOGPATN EKOOYT TOL avOpdTIVOL Yovidtdpatog (ard hgl7 oe hgl9).

Tavtomoinon véwy cvvilwy dedouévwv CNE o orovovimra, évroua Kat 6KmiNkKes

Mo tc avaykeg g HEAETNG HOG TPOYWPOVUE OTNV  TOLTOMOINGT GLVOAWLV
CUVINPNUEVOV  OTOEI®Y OTOL OMOVOLAMTE, O©TO £VIOHO KOl GOTOVG OKMANKES
YPNCLOTOIMVTAG OUOOHOPPO.  KPUNPLY, OCOV  apOopd TO KOTOQALL EAAYIOTNG
OULOLOTNTOG OV EPAPUOLOVTOL HETOED TWV GLYKPIVOLEVOV OAANAOVYIOV KOODS Kot TO
Bewpodpuevo eldyioto unkoc. AtoAéyovpe va cuykpivoope oAoKAnpa yovidiwupatoa D.
melanogaster / D. virilis xou C. elegans / C. japonica, 6101t ta €idn mov omaptilovv

avtd to (evydpla sivor apketd amopokpvopéva (efelktikd) petald tovg, MoTE va
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emutpénovy  évov  EekABopo  Soympopd HETaED  AEITOLPYIKA GUVTNPNUEVOV Kol
0VOETEPU EEEMOOOUEVMOV YOVIOIOUATIK®OV GAANAOLYIOV, EVD EMAEYOVTOL £TGL OGTE Ol
e€eMKTIKEC omooTdoelg uéco oe kabe (evyog va givon kovtvég (Retelska et al. 2007).
OMkég otoyyioelg yovidtopdtov peta&v D. melanogaster (dm3) / D. virilis (droVir3)
ko C. elegans (cel0) / C. japonica (caeJap4) avaxtodvtar andé to UCSC Genome
Browser (Kent et al. 2002). Q¢ ocvvinpnuéva otoryeio. Bewpodvianr mepPloyég
aAAnAovyiog, OOV TO TOCOCTO OUOLOTNTAG OE EMIMEOO GAANAoLYiOG elvan dlopKdg >
90% o1 1o pnkog peyoAdtepo amd 60 vouvkAeotidin. H opodtmra oe emimedo
aAlndovyiog vroAroyiletol Katd Evoav acOUUETPO TPOTO, AAUPAVOVTIOS MG OVOPOPA TO
yovidiopata g D. melanogaster kot tov C. elegans kot petpmdvtag tov aplOud tov
CUVTNPNUEVOV VOVKAEOTWOIOV oTa €101 — oTOY0VG pe éva kvAduevo mapdbupo 61
voukAeoTdimv. O apBude, mov Aapfaveton v kdbe mopdabvpo, ypnooroleital yio
™V amdd0on UG TG TOCOGTOD OUOOTNTOC GTO VOLKAEOTIOW mov PpiokeTon 61N
péomn tov mapabvpov, Omwe TEprypapetar and Tovg Retelska kar cuvepydreg (Retelska
et al. 2007). X& ovvolro, tavtomomOnkav 45345 aAlniovyieg mg cuvinpnuéveg petaé&d
D. melanogaster kot D. virilis oto yovidioua avagopds dm3 kot 1869 aiiniovyieg
peta&y C. elegans kot C. japonica oto yovidiopo avapopdc cel0. Baciopuévolr otoug
oxoMacovg yovidimv tov Ensembl ya ta yoviduopata tg D. melanogaster ot C.
elegans, «xdbe pic omd TG ocvvmpnuéveg oAAnlovyieg Kornyoplomoleital G
K®OIKOTO10000, KOO0 TPOTEIV 1 U1 K®dkomoovoa (ecwvikn, oyxetilopevn pe UTR
N neta&d yovidiov aAiniovyia).

[Tpoywpovpe emiong omv tavtomoinon CNE omnovovimtov, Paciopévor og
oLYKpioEg PeTaEL avOpMOTOL Kot KOTOTOVAOV, TOL EMOEKVVOLV TTOKiAovg PBabpodc
opototntag ( pe éva otabepod Prua 5%, ol 75 — 80%, 80 - 85%, 85 — 90%, 90 — 95%).
Me okond va mapovpe CNE mov £yovv opordmra petald m.y. 75% o 80%, eEdyovus
mpoto éva cvvoro CNE mov emdeikviovv opototnta 75% (xpnoomoldvoag Ty 1ot
pebodoroyio dmwe mePLyplPTNKE MO TAVE®) Kot ard avTtd T0 cOHvoro agatpovpe CNE
7oV €MOEKVOOLY opototnTa 80%. AT TIg aAAnAovyieg Tov amopévovy, Kpatodue Lévo
eketveg mov eivon peyohdtepeg amd 199 vovkdeotidwn. Emavorappavoope v idw

dwdkaciao yio to Ao cvvora dedopéveov CNE, katd tov 1610 tpomo.

Elaywyn avaminpouatik@v aiiniovyiov
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Alnlovyieg tomov FASTA Aappdvovtar and apyeio tomov BED, ypnoomoidvrog to
naxéto fastaFromBed twv BEDTools (Quinlan & Hall 2010). Exicolvrtopeva tunuota
HETOED OLOLPOPETIKMY GUVOA®V dedoUEVDV voAoYilovTal e TN YPNON TOV TAKETOV
intersectBed amd v 6o covita epyareiov. Emmiéov epapudlovpe o mpoypauporo
mov gvoopotovel 1o makéto EMBOSS dote va vmoloyilovpe «dbe @opd T0
nepleyouevo oe GC tov aAlnrovyidv (Rice et al. 2000). Agdouévov evog CNE 1 evidg
dAhov Aertovpytkov otoryeiov kdbe GLAAOYNG VIO peAéTT, Eva avaroyo kdBe oToryeiov
e€dyetoan amd 10 avtiotoryo yovidiopo. Kdébe tétolo otoryeio (avoamAnpopotikn
aAAnlovyia) dtaceariletal vo gival Tov id10v pkovg Kot mepeyopévov o GC (£1%)
pe to avtiotoyyo otoryeio otnv, vd peAétn, cvAroyn. Ta otaTGTIKA TOV GUVOA®Y
dedopévav (Héco pnkog aAAniovyidv kot mepieyduevo oe GC) givan dwabéoipa 610
«Zopuminpopatikd Excel» ot celida dmb.iasi.cnr.it/cnes/php. Adyo tov 611 ta CNE
OTOVOLAMTOV KOl 0oTOHVOLA®MY SOQEPOVY GTO PNAKN TOLG (AVTE TOL OVAKOVYV GTNV
televtaio kotnyopion givar onpaviikd pkpotepa, ocite (Retelska et al. 2007)),
dwocpaiilovpe 6t maipvovpe otoryeio dwv unkov g akoloVbwg (oe O eg TIg
TEPUTAGELS TO GUVOAL OEOOUEVMVY TTOV GLYKpivovtal Tepthapfdvovy to kébe Eva 1000
aAAnAovyieg):

(i) vmoloyilovpe kGBe @OPG TO WUAKOS €VOG GTOWXEIOL amd TN «GLAAOYN HIKPDV
aAAniovyiodvy, (i) émerta moipvovpe €vo otoyeio amd TN «ovAloyn pEYAA®V
OAANAOLYLOVY» KOl TO TPOTOMOLOVUE OTIC OKPES TOV OTNPAOVTAG UOVO TO KEVIPIKO
KOUUATL {60 pE TO PNKOC TNG EKAGTOTE «UIKPNG aAAnAovyiacy, (iii) emavaiapupdvoupe
M Jwdkacio deEodwd (1000 @opéc oe OAeg TG mepumTOOoEl Hog). Emopévog
KATOAYOUUE GE €vo. VEO GUVOAO OEOOUEVAV Y10l TIG «UEYAAEG aAAnAovyies» (cLAAOYN
aAniovyldv og popoen apyeiov BED), tov omoiwv ta pédn £govv unkn ica te to HEAN
NG KGLAAOYNG MKPAOV OAANAOVYLDVY.

H uéBodoc ralvounong aiiniovyiav ywpic eroiyieny (Logic Alignment Free, LAF)

Me okomd va dei&ovpe 6t pmopovpe va droywpicovpe CNE amd dAheg Asttovpyikég
aAAndovyiec oAAG KOl OO OVOTANPOUOTIKEG OAANAOLYIES, HE KPUINPLO HOVO TIG
evooyevelg 1010tnTeg aAniovyioag tovg, epapuolovpe po péBodo ympig otoryicelg Tov

Baocileton os:

> o avomopdotaon aAANAOV IOV IE SIOVOCUOTH YOPOKTPIOTIKOV Kot
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» tofvounon  HE  TEYVIKEG EMOMTEVOUEVNG UNYXOVIKNG MaOnong mov
BaciCovtat 6 Aoykohg KavOvec.
ko TNV ovopalovpe LAF (Logic Alignment Free).

To dudvocpo YopoKINPIOTIKOV €lvar por KoOlepopuévn TEXVIKN Yo TNV
avVomopAcTao POAOYIKGOV oAANAOLYIOV KOl Yoo TNV petémetta TaSvounon toug. H
uebodoroyia meprypapetor and tovg Kudenko xor Hirsch (Kudenko & Hirsh 1998),
Vinga kot Almeida (Vinga & Almeida 2003) kot Xing kot ovvepyareg (Xing et al.
2010), 6mov elcdyetal n vvola TG OVATOPACTOONG OAANAOLYiNG HECHD SLOVUCUATOV
YOPOKTINPIOTIKOV Kol oLVOVALETOL pe emomTevdpeveg neBddovg pnyavikng pdodnong,
omwg Mnyavég Ynootpiéng Awavoopdtov (Support Vector Machines - SVM), pe
okomd Vv TaEvounon derypdtov og €idn. Mo dAAn Tpdoeatr epyacia sivar ovtn TV
Kuksa kat Pavlovic (Kuksa & Pavlovic 2009), ot omoiot pdppocay ovamopocTaoeLg

SLOVUGUATOV YOPOKTNPLOTIKAOV Yia TNV Tagvounon edonv (DNA BarcodeS).

H avomapdotoon péow OS10vOCUATOG YOPOKTNPIOTIKOV oG oaAAnAiovyiog S
Baciletal 6Tov VTOAOYIGUO TOV EUPOVICEDY VTOAKOAOVOIOV dEJOUEVOL UNKOVE K TNV
apyw] aAAniovyia, epapupoloviog €vo kvilopevo mapdbvpo oty S. Avtég ot
vrookolovlieg ovoudlovtor k — pepn (K — mers). To minBog toOv K — UEPDOV HLOG
aAAnAovyiog avIpocOTEVETOL amd £va SLAVUCUO YOPOKTNPLOTIKAV, Omov KdaOe
GLUVIGTAOGO TOV OOVOGHATOS GYETICETOL UE TIG EPPAVIGELS EVOG OEGOUEVOD K — LEPOVG.

O Vinga kot Almeida divouv tov e€fg opropd (Vinga & Almeida 2003): ‘Ecto
S p aAAniovyio N yopakmpov yia éva aieapnto A, m.y. A = {A, C, G kot T}, ko
éoto kel, k< n,k>0. Edqv 10 K elvar pua yevikn vroaxorovdio g S peyéboug k, 10
K xo)eitor k — pepéc. 'Eotw 10 ovvoro V = {k-pepécl, k-pepéc2, ..., k-pepécr} ot
AVTITPOSOTELEL OO TO TOOVE K-pepn oto A Kot 6Tt t0 V €xet uéyebog t = |Alk. Ta k —
pepn vroAoyilovtal LETPAOVTOG TIS ELPAVIGELS OADV TOV VTOAKOAOLOIOY 6TV S e éva
KvoAdpevo mopdbupo peyébovg k Yoo OAN TV S, Eexkwvovrog amd ™ Oéon 1 kot
tedetdvovtag ot 0éon v-k+1. 'Eva didvooua cuyvotntov C mepiéyet, v kdbe K —

nepéc, tig eppavioelg (M opdpovg) Tov C = {Cropepicty Ckopepic2s - - -5 Chepspict} 2T CUVEXELDL

® To 2003, o Paul Hebert, epeuvnt¢ oTo MNavemoTrpio Tou Guelph oto Ovtdpio TTPOTEIVE TO
«DNA barcoding» w¢ pia péBodo yia tnv Tautotroinon Twv €1dwv. To Barcoding xpnoiyoTrolei
MIO PIKPH YEVETIKF) akoAouBia 648 voukAeoTISiwV TTOU BPICKETAI GTO YOVIBIO TG KUTOXPWHIKAG C
o&e1idaong 1 (“CO1”), evid ovoudoTnKe €101, AOyw TNG dIAKPIONG TTOU TTPAYHOTOTIOIEI JE TPOTTO
id10 pe TG paupeg ypaupég (barcodes) Twv uTTEPUAPKET. AUO QVTIKEINEVA UTTOPEI va @aivovTal

id1a OTO PN eKTTAIOEUNEVO PATI, WOTOOO KAl OTIG dUO TTEPITITWOEIG, Ta barcodes gival diakpiTa.
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vroroyifovtal ot GUYVOTNTEG, COUPOVO LE TIG EUPOAVICELS, KOl omobnkedovtal o€ Eva
dwvuopa F = {fepepscts Fepepsczr o Feonepect), EVO Y100 éval yeviKO k — pepés, €0Tm |, M
ovyvoémtd tov opiletonr ¢ fj = Cepepeg / (v-k+1). T mapdaderypo, Bewpdvrag o
arpdpnto tov DNA {A, C, G, T}, 2 — pepn, kot ™mv aiiniovyic ACGACT, to

duvocpa yapoktnplotikav C etvat:

AA AC AG AT CA CC CG CT GA GC GG GT TA TC TG TT
0 2 0 0 0 0 1 1 1 0 0 0 0 0 0 0

Kot 1o dtvuopa cvyvotintov F givat:

AA AC AG AT CA CC €6 CT GA GC GG GT TA TC TG TT
0 2/5 0 0 0 0 15 1/5 1/5 0 0 0 0 0 0 0

Ot aAAnhovyieg avTITPOGOTEVOVTOL KOTA TETOWO TPOMO GE £V YOPO
CUVTETOYUEVOV, MOTE VO €ivol HOONUOTIKA aviyVeEDOIUEG UE YPOUUIKT GAyefpa Kot
OTOTIOTIKY], ONAMOTN, .. OePOVIOG TNV OVOTOPACTACT OWVUGUATOV Yo TIG
aAAndovyies elvarl EQIKTO VoL VTOAOYIGOVLE OLPOPETIKES UETPIKES OMOGTAGEMV LETOED
000 OAANAOVYIDV N VO ODCOVUE TO OVTITPOGMOTEVTIKO SAVUGHO MG €160d0 og €vav
aAYOPLOUO EMOTTEVOUEVIG UNYAVIKAG Labnong, dnAadn oe Evav ta&wvountn (classifier).

H mpocéyyion emontevdpevng pnyoavikng pddnong kaieitan emiong tagvounon
(classification). Kabs cuAlloyn T@v aAAnAOVY LGV, TOV avaADOVTOL, TPETEL VO, TEPLEYEL
L0 €K TOV TPOTEPMV YVOOTH ETIKETOL KAAONS, OnAadn kdbe adinlovyia oyetileton pe
po dgdopévn KAdom, Y. XTOVOLAMTE - AGTOVOLAN 1| ApVIOTIKA - OniacTtikd. Kdbe
TETOL0L GLAAOYT KaAgiTon oUVOAO dedopévmv ekmaidevong (training dataset). Baciopuévn
010 oUVOAO ekmaidevong, N peéBodog e&dyel éva poviého ta&vounong (classification
model), yio mapdderypa, Kovoveg «edv — toten (“if-then”), yio 1o daympiopd TtV
OLOLPOPETIKMOY OAANAOVYLDV TTOV VTLAPYOLV GTO GUVOAO dedouévmv. To poviédo avtd,
GT1 GLVEYELN, UTOPEL va EQoppocTel (Kot va eKTunOel) mveo oe £va GUVOAD dedoUEVAOV
doxuaciog (test dataset), to omoio amoteleiton amd dyvooteg oAAnAovyieg M
aAANAOVYIEC TTOL OVNKOVV GE UK YVOOTH KAAGTY, £TGL MOTE VO TAPOVUE OTOJOGELS
tagvopnong. H pébodog, mov viobBetovpe, ocvvovdalel v avomopdotacn UECH
SLOVLGLATOV YoPaKTNPIOTIK®OV poll pe peboddovg emOnTELOUEVNC UNXAVIKNG 1LABNn oG,
nov Pacilovtor og Aoyovg kavoveg (Lehr et al. 2011; Weitschek et al. 2014).

Ot ta&wvountég mov Pacilovion oe hoywovg kavoveg (rule based classifiers)
éyovv mpotabel, o100 TOPeABOV, ®C O TEYVIKY YL TNV OVAALGON  PlLOAOYIK®V

OAANAOLYLOV KOl TO CLYKEKPIUEVO Y10 TNV KATATOEN OPYOVIGU®OV (YPNCLOTOUDVTOG
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aAAniovyiec DNA Barcode) kat ywo tnv tavtoroinon ewdmv (Bertolazzi et al. 2009;
Weitschek et al. 2012). e avtéc T epyooieg, ot oAANAovYieS TOL YOVIOIOUATOG
avaAvovVTOL HE o TPooyylon mov AdpPoave vmoyn t 0€om: kabBe vovkAieotidlo
peAetdror Eexymplotd, avapépovtag povo ot 0éon tov. Emopéveg ftav avaykaio puo
otoiylon TV oAAAoLYIOV 1M HOG  EMIKOAVTTOUEVNG  YOVIOLWOKY|  TEPLOYNG.
[TpaypatomomOnke o ovOALON TGOV YOPOKTNPIGTIKOV VOLKAEOTWOI®V, Tov &ivot
mopdvTa. o€ o 0edopévn Béomn yia KaBe KAGOT, 00NYDOVTAG GE AOYIKOVG KOVOVES TOV
tomov, m.y., €av 06on90 = A 101e M aAAnAovyia avikel oty kKAdon X. H otoiyion ftav
amopaitntn, 00Tt o ovélvon 0éong eivor @ikt povo Otav ot aAAniovyieg
mpoépyovtal amd TG 101eg mePLoyEg yovidimv Kot ototyiloviar ¢ mpog pio Béom
avapopag.

H é£odog evog talvountn, mov Paciletor o€ A0yKoVvg KovOves, sivor pua
ovAloyn kavovev “if-then”, ekywpdvtag pio aAAniovyio Gg o, CLYKEKPLULEVT KAGOT
(eld0g), m.y., €bv B6on30 = A kar 06140 = C tote | aAAnAovyia aviKeL GTOV opyavicrd
squalus edmundsi. To kVOplo mAeovéKTNUA THG TAEVOUNONG e PACT AOY1KOVS KOVOVEG
glva n emmpdcGOeTn YVOGT TOL TOPEXETAL OO TO GLUTAYT LOVTEALD — KAVOVES (KOVOVEG
“if then”). Xtnv mapovoa gpyacia, ot akdrovBotr adydpifpot ypnoionolobvTal, MGTE Vo
TPAYUOTOTOWCOVUE  ovAvon  Ta&vounonsg, He  Pdon  AOyKoUug  KOVOVES, TMOV
AVOTOPAGTAGE®MV HEGH SLOVUGUATOV YOPOKTNPIOTIKOV, aAANAoLYLOV TTov Bpickovtan
1o emhektikd meplopopd (CNE 7 e€Eovia): RIPPER (Cohen & Singer 1999), RIDOR
(Gaines & Compton 1995) kot PART (Frank & Witten 1998).

O RIPPER eivar évog aAdydpiBpog tagvounong mov ypnoylomotel pio dpeon
péBodo vy eaywyn KOvVOVOV: GLVAYEL TOLG KAVOVES Le TNV dueon emelepyacio Tov

dedopévav. O RIPPER ovvictatat oand ta akdrovba vroroyiotikd frypata

1) eméxtaon kavovev (rule growth)
2) amhomoinon / «yaAidiopay kavovev (rule pruning)
3) BeAtiotomoinon poviélov (model optimization)

4) emioyn povtédov (model selection).

210 mpdTo Prjna vmoroyilovior ot kovoveg pe €va YpNyopo TPOMO UECH NG
eneEepyaciag TOV YOPOKTNPIOTIKOV TV Ogdopévav. Ot kavoves, o1 GLVEXELD,
AmTAOTOOUVTAL GTO OEVTEPO PriUa, COUP®VE LE TO OTATIOTIKA UETPO GTO GUVOAO
ekmoidevong. 1o tedevToio Pripo emAEYovVTOL Ol KAVOVEG e TNV VYNAdTEPN emidoon

Kot gketvol Tov amopévouy amoppintoviot omd 1o povtédo Tagvounong.




O aiyopBpog ta&vopnong RIDOR g&ayet emiong anevbeiog Tovg kovoveg amd
ta. dgdopéva. Ymoroyilel mpadTa €va YeVIKO KavOovo MOV KOADTTEL TNV TEPICCOTEPO
EKTPOGOMNUEVT KAGo™ (T.Y., “OAec ol aAAniovyieg eivor omovOLAMTMOV™) Kot EmETa
KOVOVEG, Tov avtimpocmnevovy eEapécelg (exception rules) kot ot omoiot KOADTTOVY
TIG AAAEG KAAoELS (T.Y., “eKTOG €av 1 cuvOTNTAU(ACG) > 250 ko 1 ovyvotNTo(AGT) <
2007, avtég ot aAAnAovyieg ival 0oTOVOLAMY).

A’ v aAAn, o PART amotehel po éppeon pébodo e&aymyng KOvOvmV.
Eneéepyaletan ta dedopéva, ypnoiponowwvtag tov ta&vounty C4.5, mov Pacileton g
dévopa (Quinlan 1993), divovtag éva amhovotevpévo dévipo andpaong (decision tree)
v Ka0e emoviinym. Telkd, o adydpiBpog emAéyel To KAAVTEPO OEVTIPO TAEIVOUT|ONG
Kot APNOIUOTOLEL T PUAAL G AOYIKOVS KOVOVEG.

2Ooppova pe Tig mo mave peboddove, n mpocséyyion LAF, mov viobBetodue oe
avTVv TV dtoTpiPn], emitelel Yo KOs aAinlovyio S o éva GUVoAo dedopévav, 1) ool
oyetiCetar (avnkel) oe por KAGomn (.. oTovovA®mTd, AGTOVOLAL, K.0.K), TO. 0KOAOLO

VIoAOYIoTIKG Pritata (deite kou Ekdva 6):

1. Ymohoyiletor n avtictpoen copuminpopatiky kdbe aAiniovyiog S.

2. Ot oMnAovyieg S kol Ol OVTIGTPOPES GLUTANPOUATIKES TOLG Sy
ocuvovalovtatl, Le GLVEVOOT), G Lia aAAnovyia S.

3. Zmv aAknrovyio S, vroloyilovtat Ot HETPNOGEIC TV K — UePOV (Yl K
= 3, 4, 5) ko maipvovpe to davoopa avorapdotaong C = {Ck-mert, Ck-
mer2s «--» Ckemerty- 10 TANB0OG TV K — pepdv eEAyeTOL UE TO AOYIGUIKO
Jellyfish (Marcais & Kingsford 2011). To «k éxet emAeyel vo Aappdvet
Tiég petaév 3 ko 5, pe Paon tic avapopéc tov (Teeling et al. 2004,
Brendel et al. 1986). Ot gpgvvnég aLTOV TOV PEAET®V dNAd®VOLV OTL O
TIWEG K 6 ovTO TO €0pOg evoegyopévmg va glval ot BérTioTeg, OGOV
aQopd TV avdAvon oAAnAovyidv, Kabmg TopEYOLV O 1O0VIKN
16oppomio peTa&h TOL UNKOVS T®V LTOOKOAOLOIOV Kot TOL POV
TOVG, OTOV Ol aAAnAovyieg exppaloviot pe Tn HOopeN TOv GAPAPNTOL
1e660paV Ypouudtomv tov DNA.

4. YmoloyiCovtat ot cuyvotnTeg Yo kGO K — nepEc: fj= Cpepagi/ (V-K+1).

Ewova 6: Awaypappa poijg tg pedddov LAF. o mepiocodtepeg mAnpogopieg, dcite oto

Kelpevo
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reverse complement &S calculation of counts
computation and concatenation . and frequencies

Y

discretization

A

data matrix generation

Y

evaluation and biological
knowledge extraction

rule based classification >

5. Aapfdvetor évo O14vuGHO GLYVOTHTOV YOPOKTNPIOTIKOV Yol KOOE
oAnhovyio: F = {fpepicts Fepepecas o Fropepict}-

6. Ta JSwvocpate YopPOKTNPOTIKOV ocvvovaloviol e ol UnTpa
dedopévarv (data matrix), omov «dOe ypouu CVTITPOCOREVEL Lol
aAlniovyioe kor kdBe omAn TN ovyvotTo. K — pePOLS. M
EMKEPAAIdN ONADVEL TO OVOUN T®OV OAANAOVYIOV Kot TNV KAdom dmov
avikovv. 'Eva mapddetypa g untpag dedouévov divetar otov

axorovbo wivoka (ITivaxag 3).

Hivaxkag 3: Hopaderypa pitpog oedopévov yio ™ pédodo LAF. H pntpa dedopévov
amoteheitol amd 600 oTNAEg emKePaAidVY, N TPOTN pe T avayvoplotikd (identifiers) tov
aAANAOVYIOV Kot 1) OEVTEPT UE TIG ETIKETEC KAGoe@V. Ot akOAovbec oelpég mePIEXOVY TIC TIUEG
GLYVOTNTOV Y10 TO. K — LEPT] OTIG OAANAOVYIES.

Seql Seq 2 Seq N-1 Seg N

Vertebrate Vertebrate .... Invertebrate Invertebrate
AAA 0.46 0.26 0.24 0.54
AAC 0.12 0.16 0.23 0.24
AAG 0.12 0.23 0.23 0.23

7. Ta aplBuntikd ocOvoAd JSedOUEVOV  OLOKPITOTOIOVVTOL, ONANdN Ol
GLYVOTNTEG LETATPETOVTOL OO OPIOUNTIKES GE KATNYOPIKES, COLPOVAL

ue 1 pébodo MDL tov Fayyad wou Irani (Fayyad & Irani 1993). H
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10.

11.

Swdkacio drokprtonoinong Peitidvel v omddoon Twv aAyopiduwmv
unyovikng pdbnong, mov Pacilovrtal oe Aoykovg KavOvec.

H pntpa dedopévav odlveton, ¢ €16000¢, o€ TPeES aAyopiBpovg
(emomtevOpEVG) UNYAVIKNG paBnong, mov Pacilovtor o€ Aoykovg
kavovec: RIPPER, RIDOR kot PART.

Ot aAyopBpotl TaEvounong eKTEAODVTOL VOTEPO HE TNV TEXVIKN TNG
dlotavpopévng  emkvpwong (cross validation). Xvvomtikd, TO
ogdopéva  yopiCovion o€ v {oa  pépn Kol TOL  TEPAUOTO
enovoloppavovior n opéc. Xe kdbe emavaAnymn ypnoylomoteital va
OlPOPETIKO  HEPOG TV  OedOUEVOV Yoo TNV a&loddynomn Tov
GLGTNUATOG, EVA TO, VTOAOUTA V UEPT] YPTCLULOTOOVVTAL G dedoUEVA
ekmaidevone. To teMkd omoteléopota eivor o pECOG OPOC TV
anoteAecudTov amd T v emavoiiyels. Me 1 pébodo avtn
yPMNOOTOOvVTOL TEMKA OAO TO. dedOUEVO TOGO Y10 EKTAIOELGT OGO
Koty a&oAdynon, eved dgv LIApPyEl TMEPIMTOON TO GUOCTNUO VO
a&lohoynOel o dedopéva, ta omoia Exovv ypnoiponombei Tavtdypova
Yo TV ekmaidogvon tov. Mo cuvnbiouévn Ty mov maipvel To v givort
10 ko ot eivor mov vioBetovpe (10 — fold cross validation).

Xt ovvéyewr eEdyovtar ta povtédo  taSivoumong, my.  «edv
ovyvotNta(AAAC) < 0.195 tote 0 opyaviouds €ivol GTOVOLAMTOG»
evd «eav ovuyvotnta(AAAC) > 0.195 tote o opyaviouds eival
aoTOVOLAOGY.

Ta poviéha ta&wvounomng afloloyovvtal, petémelta, pe Pdon to

TOGOGTA EMLTVYOVG TASIVOUNONG.

e 6Aa T VTOAOYIOTIKG TTEpdpaTa ypnoponoleitoan n covita epyareiov WEKA, kabdg

KoL 01 EK00YEC TV adyopifumv Tagvounong, mov Pacifoviol 6e AOYIKOUG KOVOVES, TOV

gtvat evoopotopéves og avtd To cuvoro mpoypappdtov (Hall et al. 2009).

H ué6odoc twv yovidrwuatikdv vroypapayv (Genomic Signatures, GS)

Epappolovpe o pion GAAN, dwaupopetikn pebodoroyia yio v koatdtaén PloAoyikmv

akoAovOudV pKpoh UNKOG, HE OKOMO Tn GUYKPION HE TO OTOTEAEGUATO  TTOV

happavoope pe ™ péBodo mov mpoteivovpe ed®d (LAF). Mo khacwkn pébodog yio tnv

TOGOTIKOTOINGN T®V TPOTIUNCEMV YEITOVOV 6 o aAiniovyic DNA evog opyovicpon

Baciletor otov LWOAOYICHO TOL OWVOGHOTOS TV AOY®V TOHAVOTHTO®V Yo TO
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dwvovkAeotidwa (Karlin 1998). O Adyoc mbavotntog v kabe dtvovkheotidlo givar M

TOCGOTNTO

= .IFI}'
Pi = 1 f

omov fij xau fi, fj INAdvouy T1Ic SLYVOTNTES EPPAVIONG, OTIG aAANAOVLYiEG VIO HEAéT,
€VOG OIVOLKAEOTIONOL KO TV GUOTATIKOV TOV VOUKAEOTIOI®mV avtiotorya. Erouévamg ot
deixtec | kot J avrimpoocwnevovy kabe (evyog A, G, C kat T. Avty givar n avoloyio g
«TOPUTNPOVUEVNG» GLYVOTNTOC OLVOUKAEOTIOOD TPOG TNV  KOVOUEVOUEVI)», YOPIC
TPOTIUNGoN Yeltova kol €Tl ekQPALEl TIG TPOYUOTIKES TPOTIUNGES YELTOVOV TOV
dedopévou Lebyovg voukAieotdimv. IIpotod voAoyioTovV ot Adyotl TOaVOTATOV Yo Lo
ogdopévn  aAAnrovyio, ovt) (N oAAnAovyic) evovetol UE TNV QVTIOTPOOM
CUUTANPOUOTIKY TNG. ZUVETMS, Ol OYETIKEG ovoroyieg elvar pdvo déka, OmAadn
TEGGEPLS Y10 TO OUOIMG CLUTANPOUOATIKE dtvovkAgoTidw kot €51 v ta apolfoing
ovumAnpopoatikd (evyn. O Karlin kot ot cuvepydreg Tov Bprikav 0Tt avTég 01 TOGOTNTES
dtopopomotovvtarl PeTAED SOPOPETIKOV YOVISIOUATOV, CUUO®VO, TPOGEYYICTIK, LE
mv e€ehiktikn tovg amndotoon (Karlin & Mrazek 1997). Emopévog omédmoav 610
OWIVUGHO QVTAOV TV OEKA «ITPOTIUNGEMY TPAOTMV YEITOVOV» TOV 0po ['ovidtopotiky
Ymoypaery (Genomic Signature, GS). Xto omoteléopata, TOL  AKOAOLOOVV,
epapuolovpe Tavopunon HECH YOVISIMUATIKOV VTOYPAP®V, Yo GUEST] GUYKPION UE
mv taéwounon péow g pebBddov LAF, n omoia e Poacileton oe otoryicelg
AAANAOLYLOV KOl TEPLYPAPNKE GTNV TPOMYOLUEVN evOTnTa. Ogmwpovue €miong Tovg
RIPPER, PART «xoat RIDOR, g tafwountéc vy OAo to mepdporto, Kot
TPOYLLOTOTOLOVUE T OdIKAGio, TNG O1KPLTOTOINonG, OTMG TV TEPLYPAYALE TPV Yol
™ LAF, opoing kot og Oheg awtég T1g ovykpioeic. Oha ta apyeio (o popeny BED) mov
ypnowonoovue PBpiokoviar oto «IIpdobeto YAwko» (Supplementary Material) ot

d1evbvvon dmb.iasi.cnr.it/cnes.php.

Amoteiéopato ko ovlnTnon

Xe auThVv TV evOTNTO TOPOVGIALOVIE O GUGTNUOTIKY VAALGT TAEIVOUNONG HKPOV

AAANAOLYLOV TOV YOVISIMHUOTOS, TOV EMOEIKVIOLV SLOPOPETIKEG AEITOVPYIKOTNTES KoL
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Bpiockovtal 6To avOpdOTIVO Kot 68 GALD YOVIOIOLOTO, YPNCLLOTOLDVTOS L0 TPOGEYYIOT
gmonmTeLOUEVNG unyovikng udnong (LAF). I'ao kabe neipapo ta&vounong viobetodpe
™ pebodoroyia NG avamapdotaong PloAoyik®V  OAANAOVYIOV UE  OLOVOCUOTO
YOPOKTNPIOTIKAOV KOl UETEMELTO, TASIVOUNOT TOVG LE TN XPNON AOYIKAOV KAvOVOV, OTMG
mEPLYPAPNKE  OTIG  mpomyovueveg  evotmrteg. Kdbe  melpopo tagvounong
TPOLYLLOTOTTOIEITO YPNCUYLOTOLDVTOS OVOTAPUCTACELS OLOVUGUATMV YOPOKTNPIOTIKAOV LE
K — pepn punkovg 3, 4 kot 5, Ta omoia divovion ¢ €00001 GE TPEIS OLUPOPETIKOVG
aAdyopibpuovg mov PoaciCovrar oe Aoywovg kavoveg (RIPPER, RIDOR, PART),
viobetmdvtag v teyvikn ™G 10mAng dactavpopévng emkdpoong (10 — fold cross
validation). O\n n Alota tov amoteleopdtmv axpipetog (accuracy) tavounong poli pe
OAeg T1G mapapéTpoug cvvoyilovral 6to «ZvumAnpopatikd Excel» mov givar dtobéoipo
oto dmb.iasi.cnr.it/cnes.php. Tlapaieinovpe to. TOCOGTA TOV YELODS OETIKOV Ko
Yeuddg apvnTIK®v, O10TL To oEAAQATO EIVOL OUOLOYEVAOS KOTOVEUNUEVO OTIG
OLPOPETIKEG KAAGES oTa cOVOAa Ogdopévav. Avaeépovpe €00 kol culnTaue To
amoteAéopatd pag, Paciopévol oto kaAVTEPO amotédecud (VYNAOTEPO TOGOGTO
emtuyovg Tagvounong) petald kdbe Srapopetikov adyopibpov, mov Poaciletar og
AOYIKOUG KOVOVES Kot QAPUOCETOL GE SAVOGLOTO YOPUKTNPICTIKMOV TOV TPOKVITTOVV
amd xpnon K — pepav peyédovg 3, 4 kar 5. O Adyog, MOV EMAEYOVUE TO GUVOAMKE
KaAOTEPO amotédecpa Y’ ovTd TO GKOTO, €ival 0Tt Bempole TmG avTovaKAd mo dueco
™ ouvapikny g peddoov tagvounong mov Pacileton oe K — HEPT] KO ETOUEVOS
oyetileTon, &voeyouévmG, HE OPKETA PLOAOYIKA YOPOKTINPIOTIKA KOl OTOKOAVTTEL
Aertovpyikég (1 TBavA AEITOVPYIKES) 1O10UTEPOTNTES TOV AAANAOVYLDOV VIO UEAETN. ZTO
«ouminpopotikd Excely, ot evdiopepdpevol avayvdoTteg UTopovy va Bpouv TOvg
HEGOVG OPOVE TOV TOGOCTMV EMTVYOVS TOSIVOUNONG, 0TS VIToAoYioTnKoY PBdor TV
26 mepopdtov, mov mpayuaromombnkav. Baociouévolr oto  amoteAécpotd  pog
npoteivovpe Ty tov k = 3 ko tov PART akydpiBpo, og éva BéATIoTo cuvovacud
TWAG TOV K Kot odyopiBpov ta&vounong avtiotoyyo, yoo évo ab initio meipapo
tawounong (Osite «Xouminpopatikd Excely). Tw 6Aa 1o mepdpota  mwov
mpaypotoromOnkay, eeoapuocape  Eexwplotd ™ HEBOOO TWV  YOVIOIOUOTIKOV
vroypaeav (GS), oc pwa evoriaktiky g peboddov LAF, mov mpoteivovue edm. Ot GS,
Otvovtog YOpOKTNPIOTIKES «OTOYPOQPES CVOTACNG» Yl OLOPOPETIKE  YOVIOLOUATO,
AVTITPOCHOTEVOVY o KAootK péBodo, pe Paon v onoia BEAAE Vo cuykpivovpe T
LAF. Kot omv mepintoon tov GS, Aaupdvetor vadym 1o KoAHTEPO, GLUVOAIKA,

OTOTEAEG LA, OGOV APOPA TOV OAYOPIOLLO TTOV YPNGILOTOLEITAL.
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Ot axdrovBeg avaivoelg tagvounong mopovctdlovial, TPOKEWEVOD Vo
ektunooovpe v mwhavy ypnowdtmro g LAF, oto dywpiopd peta&d mowiiwv
YOVIOLOUOTIK®V OTOlElMV, oL Bpiokoviol 6to 1010 1 GE SPOPETIKA YOVISLOUATO
petdloov. Ot kavoveg tagvounong, mov e&ayovror pe ™ pébodo LAF, 6mwg avt
weplypagetar mo whve otig «MebBodovgy, elvar  dwbéoipor oy tomobecia
dmb.iasi.cnr.it/cnes.php. O &volopepOUEVOS OVAYVOOTNG TOPATEUTETAL €KEL, OMOV
dtvovtal Ta YopoKTNPLoTIKG K — pepn ywoo kdbe meipapo avé (edyn kot KAdon tov

GLUVOL®V OEOOUEVOV TTOV LEAETADOVTOL.

2vykpicers alinioviay vrofdlpov uetalv éwv

Xe autég TIg ovykpioelg peTad aAAniovyiodv vroBdfpov avOBpmdmov, GKOANKA Kot
EVIOUOVL, YPNOUYOTOOVUE, O OVIUTPOCMOTEVTIKG OelyHOTO TOV  OLOUPOPETIKMV
YOVISIOUATOV, AVOTANPOUOTIKG cOVoLo dedopévav (surrogate sets), mov Aappavovtot
amd TO EKACTOTE YoVidlopa, EXovtas og onueio avaeopdg, ite ta eEmvia, gite Ta CNE.
Y11¢ ovykpioeg avda (evyn, émov mepthapPdvetar o H. sapiens, maipvovue mavto to
KOADTEPO TOGOGTA TASIVOUNONG, XPNOUOTOIOVTOS Kot TIS dVo pebddovg (LAF kar GS,
ogite Ilivaxa 4). Avtd to eOpnua pmopel va kotavondel, ota mAaicia ™G VYMANG
dPopag oTIg TPOTUNGELS YEITOVMV, Kuping ota CpG kot TPA, peta&d H. sapiens kot
AGTOVOLAMYV, EVM OLTEG Ol TPOTIUNGELS Ppiokovtar vo givol opKETA KOVIQ Gg €10M
aondévoviwv: D. melanogaster (évtopo) kot C. elegans (oxoinkag). H GS cuvietd
OTTOKAEIGTIKA W10 TOGOTIKOTOINGTN TNG TPOTIUNGNG TPAOTOV YETOVOVY, eved otn LAF
coumepAapBavovtol Kot dpopes GALES CLVIGTAOCEG GVOTACNG aAANAoLYiaG, OT®G M
oVGTOGT LOVOVOUKAEOTISIMV KOl Ol TPOTIUNGELS YETOVOV OvVATEPNS TAENG (TEPAL TNG
TPAOTNG). X& OLUEMOVIOL HE TNV MO 7OV TEPLYPOAPTN), OTIS TEPWTAOGELS OTOL
neplhoppdvovtor  avBpomivec  aAiniovyiec ot ovykpion, ot GS  amodidovv
cvotnuatikd koAvtepa amd 1 LAF, evo m televtaio amodidel koAVTEPO OTIG
gvamopeivovuseg 600 TEPMTMOGELS.

‘Eva dAAo ovumépoopo, mov mpokvmTeEl and omAn embedpnon tov Ilivaxa 4,
glval 0Tl O0TIG CLYKPIGEIS YOVIOIOUATIK®OV 0AANAOVYI®V LTOBabpov petald €dmv, To
KOADTEPO,  OMOTEAEGHOTO  TOPATNPOUVTOL Yo TS €EOVIKEG  OVOTANPOUOTIKES
aAAnAovyieg (exonic surrogates), e cOYKPION HE TIS OVOTANPOUATIKEG OAANAOLYIEG
CNE (CNE surrogates). Avto e&nyeitat omd 1o yeyovog 0Tt ta péca unkn tov eEmviov,

o€ OMEG TIC MEPMTOOELS, VIEpPaivouv Ta péoa unkn twv CNE (kot 1o 1610 1oydet o T1g
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VOTANPOUATIKEG TOVG OAANAOLYiES, amd «kaTaoKEVNG»). Ta vynAdtepa péoa pnkn
emrpémovv  Eekdbopo KOAVTEPT OTOTIOTIKN KOU EMOUEVOG LYNAOTEPO TOGOGTA
emTuyovg Tagvounong kat yio Tic oo peboddovg (LAF ko GS). Inueidvovue £6m 011,
otav mpokertar Yoo ovykpioelg petaEd CNE S10popeTikdv €100V, TPOTOTOIOVUE TIG
aAinrovyiec CNE tov omovovAotov, £Tol doTe va Tacovy 6to péco pnkog tmv CNE

aomovov AV (ta omoia elvar pikpdtepa, Yio AeTTOUEPELS deite 6TIg «MeBOBOVEY).

Mivaxkag 4: ZOYKPLoN YOVISIONOTIKAOV 0AAnAov)i®dv vrofdfpov omd S10@opeETIKOVS
0pYaVIoRoUS. XuyKpicelg HETaED CevydV GLAAOY®V aAANAoVYIDV, TTOL amoteAovvTol omd 1000
aArnAovyieg vroPabpov N kabed (01 CNE, oy eEovikég), amd 3 S10(popeTIKA YOVISIOUATA.
Avtéc ov aAAnlovyieg Aapfavovtal ®g oavamAnpopotikég yuoo too CNE kot to edvia, mov
peietovpe ot cvvéyela. Kabe tétola adinAiovyia €xet to 1610 pnkog kot tocootd GC% pe éva
pérog amo kabe cviioyn CNE 1 e£oviov. H vymAdtepn tiun axpifelag tagvopumong ya
LAF kot ™ GS, og kdbe meipapo ta&ivounong, Ociyvetar pe évrovn ektommon. o
TEPIOCOTEPEG TANPOPOPIEC TAV® GTIC YPNOUOTO0VEVEG HEBOOOVG, dgite GTO KEIUEVO KOl GTO
«CEOUTANPOUATIKO DAKOY.

Experiment Description Average  Average  LAF, GS,
No length GC accuracy accuracy
A negelrwomoors 1o ox S 8
4 rogeolorinedUNEs  mess o LS 8430
0 rogeloineoon 16w 0% S8 6780
%2 o formedtoans  2ios o5y 1960 1095
% rogeloUONEs | mss oz 20 8ads
M3 Cnogmeoforinet UNEs  goss 0z 040 6388
Average 79.29 7970

2oykpiocn aliniovyidv mov Ppickovrar VIO EMIAEKTIKG TEPIOPIGUO EVAVTL TOV

avTICTOLY WV AVATANPOUATIKDY TOVS AAANL0VY LDV

Ta akdAovBa Tepdpato avaEEPOVIaL GE GLYKPIGELS AAANAOVYLOV oL Ppiokoviat VLo
EMAEKTIKO Teplopopd (constrained Sequences) £vavil TV OVOTANPOUOTIKOV TOVG
aAAnloviov  (ITivaxog 5). InNUEU®VOLUE OTL Ol OVOTANPOUATIKEG  OAANAOLYiES
(surrogates) powpalovior pe TG apykéc arAnAovyiec to 1610 mocootd oe GC% kot
unkog (deite «Mebddovg»). Omwg amodeikvieTal, ol cLYKpIcES Tov TEPAaUPAvoLV
aAAndovyiec aomOvovilmv, mov Ppiokovior VIO  EMAEKTIKO TEPLOPICUO, OEV
taSivopodviol  pe 1060  pEYOAN  emituyio 660 ol ovtioTtorkeg  avOpadmiveg,
ypnowonowwvtog tv LAF. To ocvykexkpyévo edpnua pmopet va katovondel oto

mhoio apKeETOV 1uTtepOTNTOV TV Bepudopmv (dov (Kot covibog OAwv twv
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OTOVOLAMTOV), W1HTEPO OGOV APOPE TO U1 AEITOLPYIKO, UM CLVTNPNUEVO TUNHO TOV
yoviduopotog  vmoPfabpov.  Avtég  meptlouPdvovov  vynid  gumAovTiopnd o€
emavorapPoavopeves aAiniovyiec. EmumAéov, ta yOVIOIOUOTO TOV GTOVOLAOTOV
Tapovctalovy éva TUmIKO TPOEIA omdvimv dtvovkieotidiov (eWdkd CpG ko TpA) ta
omoio. amo@evyovTaL AYOTEPO OTI OAANAOLYIEG OV VTOKEWVTOL GE EMAEKTIKT TIEOT
(e€ovio kv CNE). Avtéc ot aAAnlovyieg, £€yoviog AETovPYKOUS POAOVE, OV
aKoAovBoLY aVGTNPE TIG TACELS TOL VITOAOUTOV YOVIOIDUOTOS OGOV 0POPE TY] GVCTOON.
Ta yovidiopato aomOVOLA®Y 0V TTEPLEXOLV TOAAEG eMAVOAUUPOVOUEVES aAANAOVYIES
Kol EMTAEOV Ol VTOEKTPOCHOTNCES CLYKEKPIUEVOV OIVOUKAEOTISI®MV dgv gival TOGO
GLYVEC. XTIG oLYKpioels pe T néEB0d0 TV YOVIOIOUATIKOV VITOYPOPAOV akoAovOeiTat 1
ot Tdom, oAAG TO TOGOOTO EMTLYOVS TAEIVOUNONG £Vl GNUOVTIKG EAATTOUEVO, AOY®
NG AmAOVGTEPNG OOUNG OVTOD TOV HETPOL GUYKPIOTG YOVISIOUATIKOV GAANAOVYLOV.
I'vopilovpe, pdota, and TponyoOUEVEG HEAETES OTL Ol YOVISIOUATIKEG VITOYPAPEG OeV
To INyaivouy KaAd 6€ GLYKPIGES oTOlXEl®V oL Tpoépyovian amd o idto yovidioua,
Ol0TL O1 TPOTNGELS YELTOV®V TAPOUEVOLY GYETIKA oTafepéc péca 6To 1010 yovidimpa.
[V avtdv 10 AdYO, GE OAEG TIG GLYKPICELS TOL TOPOLGLALOVTOL GTOV TIVOKO O KATM, M
LAF amodeikvietol KaAvTtepn).

O televtaieg €€ oepéc tov [livako 5 detyvouv cuykpicels d10pOpwV GLALOYOV
CNE oAniovyiov évavtt avarinpopatikedv aainiovyuwv (CNE surrogates). Tevicd
TOPOATNPOVUE OTL, UETOED TOV OAANAOV IOV Tov PBpiokovtol VIO EMAEKTIKN TGN, Ol
avOpomivec adAniovyieg CNE évavtt Tov SIk®V TOVG OVATANPOUOTIKOV OAANAOVY IOV
EMOEKVHIOLV GLYKPITIKA DYNAOTEPO TOCOGTA EMLTVYOVS TAEVOUNGTG, €0V GLYKPLOOVLV
pe 115 eEmvikég aAinAovyieg £vavil TOV SIKAOV TOVG OVOTANPOUATIKOV OAAAOLYUDV.
[Taporo mov dev eipoote oe BEon va epunvedcove TANPOS aVTO T0 €vpMua, givar
mBavo va oyetiCetar pe v vrdbeon 611 T CNE puOpilovv morlvmhokeg ovamtuElokss
dwadikooieg Ommg givatl 0 oynuationds Tov eykepdiov (Matsunami & Saitou 2013). Ot
0omyieg mov pvOuilovv avtéc TIc dadkacieg pmopel va etvor Kodtkomompéveg oTig 101eg
T1G oAAnAovyiec. 'Exetl deybel ot Pploypapio 611 opiopéves katnyopieg CNE Spovv
WG TEPLOYES TPAGOEONG UETAYPOUPIKAOV TOPAYOVIOV Kol ETITAEOV QEPOLV SLAPOPO.
potipa (Xie et al. 2007; Viturawong et al. 2013), ta omoio 1 avdivon K — uepadv givat
mBavov apketd evaicOnm oote va evromiler kot ovtd avtikotontpileton oTa
VYNAOTEPO TOG0GTA £mTLY0VS Tavounong tov CNE evavtiov opowwv pe CNE (CNE-
like) oAAnrovyidv oe oyxéon pe ta e&mvio evavtiov tov opolov pe e&mvio (exon-like)

aAANAOLYLDV.
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Hivakag 5: Xoykpion aAinrlovyi@dv wov Ppickovtor V6 EMAEKTIKG TEPLOPIONO EVAVTL TOV
OVTICTOL(OV UVUTANPOURATIKAOV TOVS. 2vyKpicelg petald (euydv GLAAOYOV aAANAOLY IOV
CNE 7 g€oviov £&vavtl Tov ovTioTOl®V CUUTANPOUOTIKOV TOVG, HEGO 6To 1610 Yovidiopa. H
vynAoTepn T axpipetog ta&vounong v ™ LAF kot GS, og kdBe meipapo tagvounong,
delyverar pe évtovn extonwon. Edd ta CNE tov okmAnko peAeTdviol 6To GOVOAD TOVG EVavTl
TOV ovVATANPOUATIKOV Tovg (1869 aAiniovyieg). o mepiocdtepeg mAnpoopiec mThvem oTIg
YPM OO0V EVES LEBOOOVGS, OgiTe OTO KEIPEVO KOl GTO «ZVUTANPOUOTIKO VAIKOM.

Experiment Description Average Average LAF, GS,
No length GC accuracy accuracy
* urrogaes 2asr o4 563 TS
” "noges oge 05 % 68
#17 'Zzerf;ge;(t‘;rs‘s ggf:gg 8:22 6372 6195
#a WOSLTK%(;::E ° §§;§§ 8:32 61.00 57.71
#5a hu:J??o:actel\les §§§8§ 82; 8115 7355
o MDEROS S E e e
#oc amsliﬁﬂ‘;a?e”fs o o 7625 6610
#5d marzm')ig;‘tei'\"zs e o 7365  60.00
2 " Soogates s 0% 679 6005
Average 70.96 64.55

2vykpicn oaliniovyidv mov PPicKovTol VIO EMILEKTIKO TEPLOPIGUO HEGO GTO 1010
EI00G (AEITOVPYIKES OAANAovYIES EvavTl AEITOVPYIKAY 0IANAIOVYIOV OlAPOPETIKOD

TUTOD)

H mnepintoon tov  eoviov  évavnt tov  UCNE: Ilpoywpodpe ot perétn

YOPOKINPICTIKOV aAANAovyiog otoryeiov, ta omoia £€ovv  YUPOKTNPOTEL G
Aertovpyikd: e€dvia, Ta omoia eival Yvootd mtwg Ppiokovion KAT® amd EMAEKTIKN oM
KOl KOOTKOTTO100V TOAVTENTIOKEG 0ALGideg, kabag kot CNE, ta onoia eivar dyvomong,
€V TOAAOLG, AgrtovpyKOTNTaG, 1 Oomole OpmG vmovoeitor omd tov vymid Pabuod
cuvtpnong Heta&d VO M TEPIOCOTEP®V OPYOVIGU®OV. Mg [o TpdOTN HoTld, Ol
dpopomomoelg ota 106ootd tasvounong petald LAF ko GS, 6mwg cuvoyilovtan
otov Ilivoka 6, evoeyouévmg oyetiCovtal pe v mocdet®mon ot1o mepleyduevo oe GC
petald tov avolvdpevov khacewv. Ipdypatt, ivor yvootd and t Piprloypaeio o1t
ta CNE eivor yevikd mhovcin oe AT (Walter et al. 2005), eved ta yovidiwo mwov
KOIKOTO00V TPMTEIVES gival oyetikd mhovowo oe GC (deite emiong tuéc pécov

nepieyopévov og GC oty tétoptn otAn tov [Tivaka 6). Avtd, ®GTOC0, EVOEYETAL VO,
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unv gtvar oaméAvto 6moTo, KaBmg 1 enttuyio Tavounong oy TepinTmon TV eEmvimv
tov okdAnka oe oyéon pe T UCNE tov okdinko eivor pétpro (deite meipapo #6,
68.65%), evd m dSweopd oto mocootd GC eivon eddyotn. To yeyovdc owtd
KOTAOEIKVVEL, EVOEYOUEVMG, OTL Ol AELTOVPYIKEG dlapopés TV eEwviov kot Tov CNE
elval Kodkomomuéveg otn ovoTaon TG oAAniovyiog tovg. Tétoleg TpomikdOTNTES
GUVIGTOVV Ol TPOTIUNGELS OTN XPNON KOIKOVI®MV Kol 01 GLYVOTNTEG TV OVOEE®Y GE
K®OIKOTO1000eG OAANAOVYiEG 1| M Topovsio SoPOP®Y LIOAKOAOLOIDY TPOGIECTG
TPOTEWVIKOV TOPAYOVIOV Kol GAA®V GLVOLVETIKGOV (consensus) OAANAOVYIOV 7OV

Bpiokovtat ota CNE.

Hivakag 6: Xvykpicels o10PopeTIKAV TOTOV 0AMA0VL®OV TV PpicKovTal VTG EMAEKTIKG
nePLOPLoNd. Zuykpicelg evtdg Tov 1010V yovididpotog, peta&d cvihoydv CNE évavit GuAloydv
e€oviov, arotelovuevee amd 1000 odiniovyiec n kabepd. Me €vtovrn ekTOTOGN  QoiveTol 1
vyMAGTEPN TN, Yo KABe TEipapa tagvounong, yio ke uébodo (LAF: Logic Alignment-Free,
GS: Genomic Signature). ['ia nepiocdtepeg mAnpopopieg deite Kol 6T0 Keipevo.

Experiment Description Average  Average LAF, GS,
No P length GC accuracy accuracy

worm exons 82.64 0.42

#6 worm UCNEs 83.11 0.43 68.65 6188
human exons 169.82 0.52

#1 human UCNEs 169.32 0.37 82.79  71.66
insect exons 86.09 0.52

#18 insect UCNEs 86.58 0.39 .

Average 78.08 73.81

H mnepintoon  ovykpiong  dwpopetikdyv  kotnyopudv  CNE: Edd  ocvykpivovpe

dwpopetikég Katnyopieg CNE, mov yapaxtnpiotikd toug etvar 6t £xovv e&oyBel pe ta
{010 kprTNplel 0ALG e GTAdIOKE OVEAVOUEVO KOTOOAL EAAYIGTNG Opo1dTnTOS KAOE popd,
YPNOoOTOI®VTOS €va. Pua 5 mocootiaiov povddwv (deite «MebBddovgy oto TUMua
«Tavromoinony véwv ovvéiwv deoouévay CNE oe omovoviwrd, évroua ko
OKOINKESY). TNUEIOVETOL £0® OTL 1 dwapopomoinon Paost cvotaong oe GC peta&y
QVTOV TOV GLVOA®V dedopévav givor younin. IHopatnpodpe KaAd m0c00TA EMTLYOVS
tavounong ypnowonolwvtag ™ pébodo LAF, capnc kaivtepa omd avtd mov divovv
ot GS. [T ovykekpéva, Aappdavovpe Wwaitepa vynAég Tpég axpifelog 6tav oTig
ovykpicelg mepthappdavetar n kKAdon tov UCNE (vrepovvimpnuéves arAnlovyieg pe
95-100% opotdtto PETOEL avOpdTOL — KOTOTOVAOV, TTewpdpata #27, #30, #32, #33,
#5a). Ta UCNE ewdletar O6t1 egvoegyopuévog amaptiCouv o Eeymplot) katnyopia,
dwkptt] and CNE dAA@vV cuvOhmVv d£00UEVOV, TOV TEPIAAUPAVOVTOL GE GUYKPIGELS
otov [livoxo 7, ko1 To omoio, £xovv TovTtomombel YpNOUOTOIOVTOS AYOTEPO AVGTNPE

KPLTNP1o. OPOOTNTOG OAANAOLYIOG OTOVG 1010V OPYOVIGHOVS (AVOP®TO — KOTOTOVAO).
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Emumiéov, 6tav ovykpivovpe ta CNE 75-80%, CNE 85-90% xatr CNE 95-100% pe 11
OVOTANPOUOTIKEG TOVG OAANAOVYIEG OTO AVOPOMIVO YOVIOIOUO, TOPUTNPOVUE U0
otadloKky avénorn oty amddoorn (cvykpivete #34 ko #35 pe 10 #5a). Xvvolkd
Aoppdvovpe T VYNAGTEPO. TOGOGTA EMTLYOVS TOEVOUNONG OTav TEPLAapPdvovTal
UCNE (Ileipapa #5a). To mAnpo@oplokd TEPEXOUEVO TOV VIAPYXEL GE OVTEG TIG
aAinAovyieg Tic kabiotd aviyvedoueg amd v nEBodo nog (LAF) pe vynin okpipeta.
H Sogpopetikn mpocéyyion twv yovidoropotik®v vroypapoy (GS) emiong divel kKald
AMOTEAECUATO, YEYOVOS TO OMOI0 LIOONAMVEL TG TPAYUOTL AVTEG Ol OAANAOLYIES
(UCNE) oymuoatifouv pa Eexmplot] Kotnyopio DIEPSUVTNPNUEVOV OAANAOVY LDV Kot

VO TO TPIGUA TOV TPOTIUNGEDV KTPDOTMV YEITOVOVH.

Hivakag 7: Xvykpicels 010@opeTik@V TOTOV arlinrovidv CNE, mov £yovv tavtomoinOei
APNOLUOTOLOVTOG TA 1010 KPLTNPLA, 0ALG PE OLOPOPETIKE KOTOPALY ELAYLOTIS OUOLOTITOG.
2uyKpicelg, EVIOC TOL 1010V YovidlduaTog, HETOED (evydv cuAioyov avBpdmivov CNE (amod
1000 CNE 1 xaBemd kidon). Avtd ta chvora dedopévev cuviotavior and aAiniovyieg mov
&yovv tavtomomBel petald otoyicewv ovlpdmov / KOTOMOVAOL e OTASKG AVEAVOUEVO
KATOEAL EAGYIOTNG OpodTNTAS. Me éviovn eKTOMMOT  QOIVETOL 1] VYNAOTEPT TIUN, Yot KAOE
neipapo ta&vopnong, v kéOe pébodo (LAF: Logic Alignment-Free, GS: Genomic Signature).
I'ao mepiocdTepeg TANpogopieg deite kol 6To KeipEVO.

Experiment Descrintion Average  Average LAF, GS,
No P length GC accuracy accuracy
CNEs 75-80%  248.92 0.39
#24 CNEs 80-85%  248.39 0.38 5545  53.95
CNEs 75-80%  248.92 0.39
#25 CNEs85-90%  250.63 0.38 5745  50.00
CNEs 75-80%  248.92 0.39
#26 CNEs90-95%  268.64 0.37 6095  59.05
CNEs 75-80%  248.92 0.39
#21 CNEs 95-100%  319.70 0.37 6850  63.25
CNEs 80-850%  248.39 0.38
#28 CNEs 85-90%  250.63 0.38 5000  50.00
CNEs 80-85%  248.39 0.38
#29 CNEs90-95%  268.64 0.37 58.90  54.30
CNEs 80-85%  248.39 0.38
#30 CNEs 95-100%  319.70 0.37 68.60 6180
CNEs 85-00%  250.63 0.38
#31 CNEs90-95%  268.64 0.37 5800  50.00
CNEs 85-00%  250.63 0.38
#32 CNEs 95-100%  319.70 0.37 6565  59.30
CNEs 90-050%  268.64 0.37
#33 CNEs 95-100%  319.70 0.37 6155 50.00
CNEs 75-80%  248.92 0.39
#34 surrogates 248.92 0.39 76.20 64.10
CNEs 85-90%  250.63 0.38
#35 surrogates 250.63 0.38 7845 65.25
CNEs 95-100%  326.92 0.37
#5a surrogates 326.92 0.37 81.15 7355
Average 64.68 58.04
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H taéwvounon, mov Poaciletar 6Ty avdiveny Kk — HEPOY KAl 6 TASIVOUNTES LOPIKOY
KOVOVvVY, OT0OEIKVIETOL OTOTEAEGUATIKY GTO OlAYWPICUO AIANA0VYIAY ATLO TO (010

EI0OG (eVOOEIOIKES GVYKPIGELS)

Or yovidiopatikég vroypagés (GS) ypnoipomolohvtal €vpéME GTNV TOVTOTOINGN
dwpopetikdv ewdov (Karlin & Mrazek 1997). Xpnowomoidviog o YpoQikn
aVOTOPACTOCT TG oVOTACNG TOL YovdlOpaTog, mov ovoudletor Chaos Game
Representation (CGR), o1 Deschavanne kot cuvepydteg avépepay 0Tt 01 VITOAKOAOLOIES
EVOG  YOVIOIOUOTOC  EMWOEKVOOLY  TOL  KUPLOL  YOPOKTINPIOTIKA OAOKANPOL  TOL
YOVIOIOUOTOC, GOLYKAIvOovTag £T61 otV 1060 NG YOVIOIOUOATIKAG  VTOYPUPNS
(Deschavanne et al. 1999). Ot cuyypageic TG cLYKeEKPIUEVNC UEAETNG Bedpnoay OTL
UTOPOVV VO TEPLYPAYOLV TAL KOPLOL YOPOKTNPICTIKG 1TNG TOKIAOUOPQING, TOL
TapoTNPEital HETOED OAANAOVYIOV HECH GLYKEVIPMOGE®V / TOGOCTMGE®MV PAGE®V,
Sd0NG CLUTANPOUATIKOV PBaoemv 1 movpvOV / TUPYISVOVY, KAOOG Kot Omd TIC
VIEP- M| VTOEKTPOCONMNGELS AEEEMV TOIKIA®V UNKAV, pE KOPLO GKOTO VO LLETPTCOLV TN
euAoyevetikn eyyvmnto €Wov. [T KOTo TPoympAale Ge [ KOTNYOPloToinon Tmv
TEWPAUATOV HoG 6€ J0EWKE Kol EVOOEWK(, PacIGUEVOL 6TO €6V OL aAANAoLYiEG TTOV
peAetoOpE TTPOEPYOVTAL OO SPOPETIKOVG N amd Tov 1d10 opyavicpd avticTor(d.
[Tapovcialovpe otov Ilivoko 8 GULYKEVIPOTIKA TO OTOTEAEGUOTO Kol Yoo To 26
nepapata. Paiveton 6t n péBodog mov mpoteivovpe (LAF) amodeucvieton eicov kain
pe Tic yovidiwpatikés vmoypagés (GS), otav €xovpe va KAVOLUE HE dAANAOLYIES TTOV
mpoépyovtal amd dpopeTikd €ion (80.20% éEvavtt 80.19% yuw 1ig GS). Otav duwg
cuyKpivoupe aAilnAovyieg mov tpoépyovion amd tov idto opyavicud, n LAF ta myaiver
onuovtikd kaAvtepa oe oxéon pe 115 GS (70.90% Evavtt 65.83%). Avtd to €hpnua
KATOOEIKVVEL OTL 1] AVAALGT K — LEPAV GYETIKA LUKPOV OAANAOVYIDV, GE GLVOLACUO LE
tawvountéc mov Pacilovror oe Aoywolg kovoveg, eivar o vrooyopevn péBodog,
kabog 1 LAF Aoupdver vwoyn, emmAEov TOV TPOTIUCEOV TPOT®V YEITOVAOV, TNV
VIOPEN OTIG LTTO UEAETN OAANAOVYIES SLOPOP®V GLVOVUGLAOV OATYOVOVKAEOTIOIWV, OTTMG
OUO-TIOLPIVEG KOl OUO-TTLPIUISIVES Kot TOAVOPOU®YV aAANAOLYLOV, Ol oTtoieg QaiveTal
O VIEPEKTPOCHOTOVVTIOL GE GLYKEKPLUEVE cuVora dedopévav CNE (un dnpoctevpéva
aroteAéopata and to gpyactnplo tov Philipp Bucher). AlAeg této1€G YOpaKTNPIOTIKES
«OTOYPAPESH, oV Eyovv potabel ot PipAoypaeia Yo too CNE ko mov gvoeyouévag
aviyvevovtor and T péBodo LAF mov mpoteivovpe, eivor m mapovsic ota CNE
SPOPOV  EMKAAVTTOUEVOV — TEPOYDV  TPOCOECNG  UETOYPUPIKDOV  TOPAYOVIMV

(Viturawong et al. 2013). H vmapén avtdv tov meploy®dv eivar mbavov va S1apopomotel
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CUGTNUATIKA T GULYKEKPUWEVEG OAANAOVYIEG a0 TIG LTOAOUTEG HUN-CLVTNPNUEVES

aAAnAovyiec.

Mivaxog 8: I'evikd oTOTIOTIKA GTOV(EID TOV TEPLYPAPOVV TNV UTOTEAEGUATIKOTTA TNG
LAF. LAF (Best): O xaA\vtepog cuvdvacpdc yio kG0e meipopa, 660v agopd v Tipy tov k kot tov
ta&vountn Tov ypnoilonoteital, mapovcldletar Kot AapPavetar VwOYN Yo TOV VTOAOYWOUO TOL
apBuntikov pécov, LAF (average of 9): ApBuntikdg pnécog OAMV TV SUPOPETIKAOV GUVOVAGUMV Y10
KOs melpopa kK — pepdv Kot TaSvountdv mov Pacifovror oe Aoyucovg kavoves, LAF (k =3, PART): Me
Baon 6ra Ta mEpdpoTO TOL TPAYULATOTOWONKAY, O GUYKEKPILEVOG, TTLO KOTAAANAOG GUVOLAGLOG TING K
Kot aAyopiBuov tagvounong, emdéyetol yio nv e&ayyn copnepacpatov o ke neipapa, GS (without
discretization): o1 YOVISI®UATIKEG VIOYPAPEG OGS £XOVV VITOAOYIGTEL MG SIAVUGLLO GLYVOTHTOV XWOPIG TO
gmmAéov Prpa draxprronoinong mov kévovpe ot LAF kot meprypdostot mo méve.

GS, GS, accuracy,
LAF, actlf;';cy accul;ﬁcl; k= accuracy, GSB'eeslgc\l/Jv?tar?yy mean of 3,

accuracy, Best average of 9 3, PART dis\é\:'ggg;:ion discretization discrvgtlitzhation
Overall 75.19 71.33 74.39 70.86 72.45 71.78
s'g‘;;gs 80.20 75.56 79.81 79.62 80.19 79.53
Intra- 70.90 67.69 69.74 63.35 65.83 65.14

Species
Yopnepdopora

[Mapovoidlovpe kar epappolovue po mpooéyyion, ™ LAF (Logic Alignment Free),
mov Paciletor oty avdivon K — pepOV kol oty taSvounon pe yxpion AoyiKov
KOvOVOV, HE OKOTO TNV OVOTOPACTOOT KOU TN METEMELTO KaTtdToln ProAoyikadv
OAANAOLYLOV SLPOPETIKMV AEITOVPYIKOTNTAOV KAOMG Kol OPOPETIKNG TPOEAEVOTG.
Yuykpivovpe TV mPOGEYYIoN pog Vis-a-vis pe 1 péfodo TV  yoVISIOUATIKGOV
vroypapav (GS) tov Karlin kot mapovsialovpe mocootd tagvounong. Amd 660
yvopiloope, N pekétn pog givor m TpdT TOL £PaPROlEl avtég Tic peBodoroyieg oe
pikpéc Proroykég ariniovyies, kabmg péxpt topa ot GS eiyav ypnoiporombei povo oe
TEPMTOGELS OO OPICUOD TEPIOCOTEPO EKTETUUEVAOV TEPLOYDYV TOV YOVIOLDUATOG,
peyébovug 50 kb i kau mepiocotepo (Karlin 1998). Baciopévol 6ta amoteAéGHaTd LOg,
ovumnepaivovpe 6tt n LAF amodidet idtoutépmg Kad, 0tav peAetovpue aAiniovyieg and
70 1010 €id0g, Eemepvavtag TV anddoot TV GS, evd 6e cuykpicelg petald 10mv, dTov
n ouvvopkn tov GS €et Mo emPeforwbel péow G ovYKplong  pEYOA®V
YOVIOLWUOTIKOV TEPLOY®V, ot dvo péBodor amodidovv e&icov Kohd. Emopéveg,
npoteivovpe 6tt n LAF pmopel va ypnowomomBel mepatépm o€ epapuoyég mov

evEYOLV ovOAvomn oAANAOLYING, OTMG 1M KOTNYOPLOMOiNoT JSPOPETIKOV, TOAVOV,
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Aertovpywkottov péoca oe opddeg aAiniovyuwv CNE 1 m tovtomoinon kot o

S ®OPIGUOG SLUPOPETIKDOV GUVIGTOGMY TOL LETAYOVIOIDUOTOG,

3.2 Avaivon kot ta&vounon aiiniovytov DNA, wov Bpickovror vo
EMAEKTIKO 7epropiopd, pe T ypnon ypaewv (ypoenuatwv) N —
ypoppdatmv (N — gram Graphs, NGG) Kol YOVIOIOUOTIKAOV VTOYPAPOV
(GS)

Avalvovras T 6U6TaCH AIANAovYIaS HEGH EVOS GVDVOVAGUOD TEPIEYOUEVOD AEEEWY

Kot TApopopios cyetikns Oéong

Mo oAAnAovyia propet va Oempnbei 1loodvvaun pe €va KEIPLEVO PLUGIKNG YADCGCOG, VIO
mv pobmdBeon OtL 10 AeAdyo eivar molv mepropiopévo. Ioapadooiakd, péBodot
eneEepyaciag LUOIKNG YA®ooag mov Pacifovtor oe n — ypaupato (N — VOuKAEOTiOW
avtiotorya) €xovv epappocbel o  Poloyikég aAAniovyieg, GTOYELOVIOG OTN
Beltiotonoinon pueboddwv avtiotoiyiong ariniovyiog (Kim & Shawe-Taylor 1994), ot
dnwovpyia gvpetmpimv (indexing) (Kim et al. 2005), omv avdlvon TPOTEVIK®OV
arniovyiov (Ganapathiraju et al. 2002), kofdg kot otV avaALGT KOSIKOTOIOVGMY
Kot pun aAAniovyiov (Mantegna et al. 1995). Ta povtélo n — ypopUUAT®V GAANAOV IOV
delyvouv mmg pikpég viroakoilovdieg unkovg n epeaviovion oe OAN TV aAAnAovyio vVTO
avalvon. AAdec evodlaxtikéc pébodot avaivong, omwg too HMM (Hidden Markov
Models) 1 ta. CRM (Conditional Random Fields), povtehomolobv mbavotikd Tovg

TOavoLG GLVIVACHOVS GTOXEIWV GE Lo aAAnAovyia.

2T1G EMOUEVEG TTAPOYPAPOVS, TPOTEIVOLLE KOl TEPTYPAPOVILE TNV EPAPUOYN TNG
uebodoroyiag avamapdotoong tov ypaemy / ypaenudtov N — ypappdtov (NGG), n
ool KOTOQEPVEL VO OMOTUTMOGEL TOMKG Kol KOOOMKA YOPAKTNPIOTIKN TOV
avoilvopevov aliniovyuwv (Giannakopoulos G. Vouros G. and Stamatopoulos, P.
2008; Polychronopoulos, Krithara, et al. 2014). H xdpuo 18éa wicm and toug ypapovg
gtva 6T M yerrovid Heta&y TV vToakoAoLOIGV 6e Pl aAAnAovyio mepLEyEL Eva KPIGILO
UéPOC G idtag g mAnpoopiog e aainiovyiag. O ypagog N — ypauudtev (NGG),
omwg mpokOITEL omd  KABe oAAniovyio, Eivol  OvVOYKOOTIKO €VO  1GTOYPOLLLLOL
GUVEVTOTICUAV / GUVEUPAVIGE®Y GUUPOA®V (OTNV TEPITTMOT pHaG, VOUKAEOTOI®V). Ta
ovuPora Bempovvion 6TL cuvevtomilovton Otav Ppiokovtal 6e po pHEYLOTH omdGTOoN

(rapdBvpo, window) peta&d tovg. To péyebog Tov Tapabvpov, 10 omoio amotelel o
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napapetpo v NGG, emitpénetl eveM&ia 6TV avomapicTICT) TMV GUVEVTOTIGUMVY LEGO,
oe pwo. aAAnAovyio. To yeyovog OtL ot ypagpolr N — ypappdtov Aoupdvovv vrdoym
GUVEVTOTIGUOVE TPOGPEPEL L0, OLVOLIKT TTEPTYPOAPNG TNG TOTIKOTNTAG, EVA TO YEYOVOG
OTL JpoVV G £vo, 1GTOYPOLUON OVTMOV TOV GUVEVIOTICUAOV TOPEXEL U0 OVVOLUIKN
KOOOMKNG avomapdcsTaonS TOV GLVOLOL TG OAANAOVYiNG. Xnueudvovpe £d® OTL, GTO
0p1o Tov peyébovg Tov mapabvpov (dmepo péyebog moapabvpov), ot NGG ydvovv

SVVOTOTNTO TEPLYPAPNC TNG TOMIKOTNTOG.

Ye avtibeon pe ta mbovotikd poviéda (0mwg to. HMM), ot NGG egivan
vreteppviotikoi. Emumiéov, ot NGG d¢ Bacilovtar og moAvapiOpa mapadeiypoto aote
VO GUVAYOLV TIG TOPOUETPOLS TOL poviédov. Tpitov, petayepilovionr 16oTINA,
QOVOLEVO TTOV VTTOEKTPOGMTOVVTOL, KATL TO OO0 LG ATOAAAGGEL OO TIG TPOTIUNGELS
TOV TOAVOTIKOV TPOCEYYIGEMV Y10 GLYVA ATAVTONEVE TPOTLTA. Xe ovtifeon pe To
povtéda N — ypappdtov, ot NGG mpocpépovv mepiocdtepn mAnpopopia, Paciopuévor
TNV aVOTOPACTOGT TOV GUVEVTOTIGUAV. ['evikd, pumopovue va modue, 0Tl TapEYovV

pa péom Ao petalh EKQPAcTIKOTNTAS Kol YEVIKELOT|G.

To mhaico epoappoyng twv NGG odwbétel emiong éva GOVOAO GNUOVTIKMV
TEAESTAOV. AVTOL Ol TEAEGTEG AG EMTPETOVY TO GLVOLOUCUO UELOVOUEVAOV YPAPOV GE
éva Ypapo mpoTLTO / HOVTELD (TTO GLYKEKPIUEVA, O TELEGTNG TNG evnuépwong, update
operator) kot 1t oVykpion Cevydv  ypAe®vV, UE TNV  EMTAEOV  dLVATOTNTO
owpobcpévov  peTtpNoe®y  opolOTNTAS (TEAECTEG OUOOTNTOG). XTO TESI0  TNG
avdAvong ocvotaong OAANAOLYING, 1 OVOTOPACTOGT KOl TO GUVOAO TMV TEAECTMOV
TapEXouV Eva aKOUO HEGO OVAALONG KOl GUYKPLOTG GAANAOVYLADV, LE XOPOKTIPICTIKA

T 0Toi0 aroLGLALOVY aTd EVPEMG dradedopEVA TBOVOTIKG povTéAa, OTtmg o HMM.

Ot NGG pmopovv va ovvdvactohv e  OVUGUOTIKY  OVOTOPAGTOCN
aAANAOLYLOV, OCTE VO KOTAOTEL duvaTr 1 €Qaproyn aAyopiBuwv pnyovikng pabnong
vy v tavopunon aAAniovylov, pe v 01 AOyKd OTMG TEPLYPAYOUE OGTNV
TPONYOVLEV EVOTNTO OWTOL TOV KEPOANIOV. XTIC EMOUEVES TOPAYPEPOVS LEAETOVUE
CUVTNPNUEVEG UM KOIKOTOOVGES OAANAOVYiEG Kot €€MVIML LE TNV TPOGEYYION TV
YPopmv N — ypopUdTOV Kol GUYKPIVOVUE TO ATOTEAECUATA HOG LE TIG YOVIOUMUATIKEG
vroypagés (GS) (Karlin 1998). Emnpocbétmg, uehetovpe cuvora dedopévav CNE kat
e€oviov, pall pe KaTdAAnAeg avamAnpOUATIKES aAANAoVYiES, Kot divovue, 6 OAEG TIG

TEPMTMOGELS, TOGOGTH EMTVYOVS TASIVOUNOTG.
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M£6odo0r
AVAKTNON GOVOAWDY dEOOUEVOV

o tovg okomovc TG HeEAETNG Mo Bewpodue TANO®PO OMUOCIELUEVOV GUVOL®V
dedopévev adiniovyidv mov Bpickoviol vd egMkTikd meplopioud. Aedopévov OTL Ta
oVUVOAD OedopévmVY dlapépovy e apBpovg, oréEaue tuyoion 1000 otoyeia, amd
apyeio popong BED, vy mepartépm avaivon. Méovo ta CNE tov oxoAnka (worm
CNE) peletdvtar 6to oOvord T0ovC, KOOMC avtd TO GOVOAO mepiéyel povo 1869
otolyeia, ta omoia dnuootevtnkav mwpoceata (Polychronopoulos, Weitschek, et al.
2014). Ot e€mvikég aAANAOVYIEG TV YOVISIOUATOV TOL ovVOPOTOV, TOV GKMANKO KoL
tov evtopov (human, worm kot insect €XONns ovrtiotoya) avokthOnkav amd To
amofemplo tov UCSC, Bdoel tov oyolacumv tov RefSeq, mov avagpépovior otig
televtaieg ekdOoelg TV ekdotote yovidtwpdtov (hgl9, cell, dm3 yw avOpomo,
ok®Anko kot éviopo avtiotoyyo) (Pruitt et al. 2007). Ta clOvola dedopévov mov
TEPLYPAPOVTOL MO  KOT®, MHoll HE TIC OVOTANPOUOTIKEG TOVS  OAANAOVYIES,
YPNOLOTO0VVTOL GE 26, GTO GUVOAO, TTEPdaTH TaSvounong avd (edyn, To omoia 6To
Kelpevo Ko oToug mivakeg avagépovtolr o¢ #1, #2, K.0.K. X10 «ZUUTANPOUATIKO
Excel® VILAPYOVY OAES Ol TANPOPOPIES KOl TOL GTATICTIKA Y10, TOVS EVOLAPEPOUEVOVG
avayvonotes. Extoc and tig eEovikég aAlnlovyiec, ypnoyLomotovviot ot akOAoVOES
KAAGELS U1 KOIKOTOOLVGAOV GAANAOLYLOV IOV PBpiokovionl VIO EMAEKTIKO TEPLOPIOUO

(ka1 £xovv avaeepBel ovaALTIKG KO TO TAV® GTNV apyn OVTHS THG daTpPrg):
I. UCNE (UltraConserved Noncoding Elements) (Dimitrieva & Bucher 2013),
Il. EU100 un e€mvika CNE (EU100nx CNE) (Stephen et al. 2008),

I1l. CNE Apviotikedv kot Onlactikeov (Amniotic kow Mammalian CNE) (Kim &
Pritchard 2007),

IV. CNE oxodika kot evtopov (Worm xor Insect UCNE) (Polychronopoulos,
Weitschek, et al. 2014).

®  Mmopeite va  KOTEBAOETE TO  «ZUPTTANPWHOTIKO  Excel»  oTo  oUvdEOO:

http://users.iit.demokritos.gr/~ggianna/Publications/alcob2014/
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Xe1piopuog aiinlovyldy kar eEaymyn avaminpwuoaTiK®y alinlovyimy

Xpnowonoteiton . covita gpyareiov BEDTools (Quinlan & Hall 2010) ywo v
eCayoyn olniovyiov tomov FASTA and6 BED apyelo kor yio tov vmoroyiopod
emkaAvnTopevov otoyeimv. Emmpochétmg, ypnotponoovpe ™ covitan EMBOSS yia
tov vrohoyiopd tov GC mepieyopévonr tov ardinrovyidv (Rice et al. 2000). o va
AopPavovue kGbe @opd aAnrovyieg 6100 pRKoOLE YpPNooToloVUE SCripts, To omoia
TEPLYPAPN GOV OVOAVTIKE TTLO TPV GTV TPOTYOVUEVT] EVOTNTA OVTOV TOV KEPOANIOV KO

glvat S100€G1L0 GTOVG OVAYVOOTEG KOTOTLY GYETIKOD OLTNHOTOC.

Ao TG aliniovyies 6TO YWOPO OlOVOGUATOV OUOIOTHTAS TV Ypapwy N —
ypopudarwyv (NGG)

AxolovBolpe (o cepd amd PUOTO OOTE VO OVOTOPOCTHGOVUE TIS OAANAOLYIES,
ypnowonowwvtag toug NGG. H 16éa elvan 611, amd yvootés (onuacuéves) ahiniovyies,
onuovpyovpe avimpoconevtikods NGG oo kdbe khdon oaiiniovyiov. Emetta,
meprypdpovpe  OAeg T aAAnAovyiec, Pdacer ™G OpOWOTNTAG TOLG UE  TOVG
avtmpooconevtikong NGG, yw kdbe kAidon. Emopévmg, m epappoyn tov NGG

cuvictatol amd o ToPaKAT® Prporto

- Avtmpocomevon kde aiiniovyiog ypnoiponoiwvrog toug NGG.

- YmoAoyiopog tov aviimmpoo®mnevtikol (tpodtumov) ypapov NGG yio kabe kidon
eKTaidELoNG TOL YPNCLLOTTOLELTAL.

- Ymohoyiopdg g opotdmrog petahd tov oTiyotutmv ekmaidgvong (training
instances) kot Tov TpOTLT®V YPAP®V.

- AvomapdoTtaotn TV CTIYUOTVROV EKTOIOEVONG (P CLLOTOIMVTOS OMOKAEIGTIKA

Kol LOVO TIG OLOIOTNTEG TOVG, ONAAOT GE VO YDPO SVLUGHATMOV OLOLOTNTAG.

[Mo meplocoTepeg, AVOALTIKEG AETTOUEPELES, TOMOVE Ko paBnuoTikéS e€10MGES TOV
neplyphpovy to fripata mo mave, deite Tig axolovbeg epyaciec (Giannakopoulos G.
Vouros G. and Stamatopoulos, P. 2008; Polychronopoulos, Krithara, et al. 2014). H
TPOTN TEPLYPAPEL TN Lo UOTIK) Kot LTOAOYIoTIKY Bepelioon tov NGG pe oxomd v
e€aywyn TEPIMNYEWDV, EVD 1 SEVTEPT TNV EPAPLOYT OVTMV GTO TEDIO TNG AVAALGTG TOV

YOVIOLOUOTOG Ko TG BromAnpopopikmc.
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H uéfodog twv yovidimuatikdv vroypapny (Genomic Signatures, GS)
Onwc meptyplenke GTNV TPONYOVUEVT] EVOTNTA OVTOV TOL KEPAANIOV, YPTCLLOTOIOVUE
Kot €00 TN HED0SO TV YOVISIOUATIKGOV VIOYPAP®OV Yio To. dtvovkieotiowa (GS), ue
oKOTO TN GLYKPION TOV OTOTEAECUATOV TASIVOUNGONG GTOXEI®Y TOL YOVISUDUOTOG UE
PO Kot TV dVo peBOOWV. LTV TEPITTO®ON MG, XPNCULOTOIOVUE TNV TPOGEYYIoT TOV
GS ywa dvo Adyovg: a. Ot aAAnlovyieg v eE€taon eivar Oheg pikpov unkovs. Ta
eEovia add kou tao CNE €youv péco unkog mov oev Eemepva ta 200 vovkAeotiowa,
eMOUEVMG M YpNoN HeyorlvTepns kKhMpakag GS (m.y. tpt- | TeTpavoVKAEOTIOIWV) ol £d1ve
apéPata amoteréopato, MOy NG enidpacng tov memepacuévov peyéboug (finite size
effect), B. Ta e&dvia, o omd TIG KOPLES KOTNYOPIEG AELTOVPYIKOV GTOWEIOV TOL
YOVIOIOUOTOS TOL YPNOCUYLOTOOVVIOL €0, €lval Yvwotd OTL €(0VV TPOTIUNGELS GE
OPIGUEVO TPIVOVKAEOTIOW (Kot TOALOTTAAGLA TOVG, OGS £Ea- 1 evviapepn), AOY® g
€YYEVOUG OOUNG TOL YEVETIKOD KOOWKO Kou €5 oitiog TOV TPOTIUNCEDV TTOL
cuvemdyovior omd 1n Oladkocion TG HETAPpacnS. Avti 1 W10TNTo, YVOOTH ©C
npotipunon kwdwoviov (codon bias), ivar oAb mo £vtovn oto TpvovkAeoTidlo Tapd,
OT0 OIVOUKAEOTIOW, EMOUEVMG EMAEYOVUE TO TEAELTAIN MG PACT Yol TV OVIAVCY] O
pe t pébodo tawv GS.

Ortav mpoypatonotodpe ta TEPAUATe TASIVOUNGONG OTIG TEPUTTMGELS KOl TOV
NGG ka1 tov GS, ypnoipomolodpe to amotérecpa (tnv €060, output) g avéivong
(Savdopato opowdtitv oty mepimtowon Ttov NGG kot mocootd  gpedviong
voukAeoTimv oty mepimtwon tov GS) ©g dwvdouata €06d0v  ®OTE VO
exmadevoovpe toEvountég mov Pacifoviar 6e Aoywolhg Kovoves, OmMMG Y. TNV
vAiomoinon JRIP (Hall et al. 2009) tov RIPPER (Cohen 1995). Xnueudvovpe 61t 0!
amoteAéopato mov mopatifevior €00, pe Pdon tov RIPPER, givan cuykpicwa pe ovtd
oL TOPVOLULE OO GAAOVG EVPEMS S1AOEIOUEVOLS TAEIVOUNTEG TOL SOKIUALOVUE (OTTMG
ta Support Vector Machines — SVM, Random Forest). Xtic akdéiovbec mopoypdpovg
AVOQPEPOVLLE TOL EVPNUATE LG e PAOT TO TEPALOTO TOV TPOYUOTOTOWONKAV KOl e

115 600 pebodovg (NGG kan GS).

Amnoteréopato kKol ovlntnon

Ed® meprypdpovpe pio GUGTNUATIKY OVAALGT MKPAOV TUNUAT®V TOV YOVISIMUOTOG, TO
omoio.  EMOEIKVOOVV  OLOPOPETIKES  AEITOLPYIKOTNTEG, KOU TPOEPYOVTAL Omd  TO

YOVIOIOUOTO TOL OvOP®OTOL, TOL GKMOANKO Kol Tov gviopov. [ kdbe meipopo
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tagwvounong viobetovpe Tig teyvikég v NGG kot twv GS, 0nmg eEnynoaie vopitepa,
(MOTE VO EKTIUNCOVUE TAOG OUPOPETIKEG TPOMIKOTNTEG UTOPOVV Vi dlaY®PIoTOVV PACEL
™G €YYEVOUE GVGTACTG OAANAOLYIOGC.

Inuewwvoope 0tL N avorapdotaon pécm NGG eumepiéyet tpeig mapapétpovs. H
TPOTN €lvor n Tiwn Tov M, N omoia kabopilel to eldyioto unkog twv N — ypappdtwv,
oto omoio ywpiletar o aAiniovyia. H devtepn eivor n tyun tov M, 1 omoia kaBopilet
T0 péyloto unkoc Twv N — ypapupdtov, oto omoio ywpiletar pio aAAniovyio. H tpit
gtvor n T tov D, n omola avtimpoownevel T PEYIOTN AnOGTACT] LEGO GTNV OToin
Bewpovpe ta N — yphppata (N — Baocelg) o1t eivan yeitoveg. H dlampnon m = M =D
amAOVGTEVEL TNV AVAALGT ELVYIGTOTOUDVTOG TOV OOLTOVUEVO VTTOAOYIGTIKO YPOVO, EVED
OgV TPOTOTOLOVVTOL CNUAVTIKA TO OTOTEAECUATO GTIV TAELOVOTNTO TOV TEPMTOCEDV
(Giannakopoulos G. Vouros G. and Stamatopoulos, P. 2008).

XpNoWonoovpe &vay eKTIUNTY, TOL glxe meprypagel apyikd oty TpOTN
epyocia pe NGG, mote va kabopiotovv ot mpoavapepeiceg mapapetpot. Agdopévon
o0t ot NGG apykd oxeddotnkov Yoo Hio SQOPETIKY, YAMGGOAOYIKY OvVOAVOT|
(ekTipunom VTOAOYIGTIK®V GLGTNUATOV £EAYWOYNG TEPIMYE®V), Un AapuPdvovtag voyn
v evdgyouevn duvvouky mpoPAeyng ota mAaicla  mEPAPdTOV  TaSvOUNoNG,

TPOYWPOVUE GE dOKIUAGIES PeATioTONOiNONG TOV TAPAUETPOV PACIGUEVOL GE d1eE0dKEL
newpapato (Yo m € [2, 9]), ypnowonoidvrag v texvikh g 10mANRg daotavpopévng

emkopwong (10 — fold cross validation). H Pektictomoinon mpoaypoatomoleiton
YPNCLOTOIDVTAG 5 SLUPOPETIKA GUVOAN SEGOUEVOV.

YroAoyilovpe v emidoon ota mepdpato tasvopumons pe to pétpo Fo—
measure. To F — measure, é&vo pHétpo 10 0010 YPNOCIUOTOLEITOL GLYVE GTN UNYOVIKT
uébnon oe mepdpata tagivounonsg, eivar o yeopetpwkds pécog g axpifelag P
(Precision: to m0600t0 TV OAANAOLYUDV OV €xovv ekympnOel o€ o KAGoN Kot
OVIKOUV TTPOYLOTIKG 6€ ouThV TV KAdon) kot tng avakinong R (Recall: to mocootd

TOV GLVOAOL TOV CAANAOLYUDV TOV TPAYUOTL AVIKOLY GE Mo KAGoTN Kot arododnkayv

oe eketvn Vv KAGon) evog tafwvounty|. Emopévag, F1= % >mv Ewéva 7
amewkovioope, péow tov F1, v emidoon ¢ ta&vopmong pe m Pondea tov NGG.
KdaBe otAn avtamokpivetol o€ éva cuvdvacud TIL®V Tapapétpov. H éviovn opldvtia
YPOUUN, o€ KABE GTNAN, KOTAOEIKVOEL TN HECT] EX{OOGT TOV GLYKEKPYLEVOV GLVOLOG OV
YL TO Y10, TO GET T®V 6 GLVOAWV dedopEvmV. Ot VTTOAOUTES YPOUUES OVTITPOGHOTEVOVV

TIC TOCOOTIONES TIMEG TNG emidoons. Xvumepaivovpe OTL LIAPYEL €VOL CLOTNUOTIKA
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VYNAO Mmoo emidoong, O6tav 5 < m < 8, 1o omoio delyver 60Tt M pEBOSOG pog de
BeAtidveTon cvotpatikd / onuoavtikd, 6tav to M Eemepdoel v T 5. Mo GAAn
mopoaTNPNoN Eivar 6Tl 0 GLVOLOCUOS TOPAUETPOV 2 — 2 — 2 OmOOIdEL GNUOVTIKA
KoAvTepa and Tov cuvovaoud 3 — 3 — 3 kot oyedoV to 1d1o0 koAl pe tov 4 —4 — 4. To
YEYOVOG 00TO evOeyopévmg oyeTiletal pe TN ONUAGIO TOV TPOTIUNCEDV TPAOTMV

yerrdvov, 6nwg avtavakiovtol otn pebodoroyio tov NGG.

Ewoéve 7: Onkoypappata (Boxplots) tng emidoong tadwvounong tov NGG pe ypion

OLUPOPETIKAV TAPAUETPOV

0.85
|

o1 — P

0.80
|

0.70
|

F1 Performance

0.50
1

T T T T T T T T
2-2-2 3-3-3 4-4-4 5-5-5 6-6-6 7-7-7/ 8-8-8 9-9-9

Setting (minN, maxN, D)

X100¢ Tivaxeg, mTov TePLAaUPAvovTol 6T cuvEKELD, Bewpodue TV Enidoom TV
NGG ywo ka0e BEATIOTO GLVIVAGUO TIHOV TapaUETpwv. ['o Tapddstypa, 6to eipapa 1
(Exp #1), ITivaxag 9, n tiun 83.86 diveton yia tovg NGG, 1 onoia avtamokpiveTor 6Ty
emloyn ovvdvoouov tapapétpov 7 — 7 — 7. Ilpoteivoope (M, M, D) = (5, 5, 5), o¢ T1¢
Béltioteg pvbuicelg mopopéTpov, Yoo TNV OVAALCT WKPAOV  OAANAOVLYIOV  TOL
YOVIOLOHOTOC, Bactopévol kKot ot 26 melpdpato TaSvOUnong mov mTpayLatomomonkay
(Ogite «Zvuminpopatikd Excely, kaptého “Overal Statistics”). Ot yovViSIOUOTIKES

voypagés (GS) ypnolpomolovvial g pio eVOAAOKTIKY pébodog tagivounone oe
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avtmapafoin pe tovg NGG. And 660 yvopilovpe, Yo TOG0 HIKPES YOVIOLOUATIKES
aAlnAovyiec, Aettovpykng (N mbavd AETOVPYIKNG) oNUOaciag, avT) Eivol M TPOTN
gpyaocio mov e€eTalel TNV epappoyn Kot Tmv 6o uebddwv (NGG, GS).

2vykpicels aliniovyidy vrofdabpov (background sequences) uetals e1dmv

['a ovykpicelg peta&d ariniovyidv vtoBddpov Tov avOPOTOV, TOL GKOANKO KOl TMV
EVIOU®V YPNOCLUOTOIOVUE OVOTANPOUATIKE cOVoAo dedopévmv (surrogate sets, ommg
epypapovpe oTlg “Mebddovs”) ®g aVTITPOCSMTEVTIKA OEIYUATO TMOV OLUPOPETIKAOV
yovidiopdatov. Ot cvykpioelg mov mepthapupdvoov tov H. sapiens divovv mavto to
KaAOTEPO TOGOOTA TASIVOUNGONG, YPTCLOTOUDVTAG Kol TOVG Ypapoug N — ypappdtov
(NGG) xot tig yovidiwpotikég vroypopés (GS), deite ITivaxa 9. Avtd pmopei va
eEnynbei ota TAaiota TG VYNANG SLOPOPAS TV TPOTIUNGE®V YETOV®V, Kuping o CpG
kot TPA peta&d H. sapiens kot aomdvovAmv, Ve 0VTEG Ol TPOTIUNAGELS PBpiokovtal
apkeTd Kovtd peta&d 0oV acndovovimv, dmwg N D. melanogaster (évtopo) kot o C.
elegans (oxdinkag). Ot GS &ivol 0moKAEIGTIKG [0 TOGOTIKOTOINGT TV TPOTIUHGEDY
TPOTOV YETOVOV Kol ¢ ovvémeln oev enmpedlovtor and 1o mepieyouevo oe GC.
AvtiBétmg, ot NGG eivar o€ B€om va EVOOUOTOCOVY EVVOIOAOYIKA S1APOPO GLGTATIKE /
TTVYEG TG ovoTaong aAAniovyiog, Omwe gival 1 LOVOVOLKAEOTIONKN cVGTACT Kol Ot
TPOTUNGEL YELTOVOV ovOTEPNS TAENS (va KPUTplo TO Omoio TAPEXETAL MG L0 TIUN

nopapéTpov ot pebodoroyio pog petafariiovoc to D).

g TEPIMTOGELS OTOL TEPAAUPdvovTat avBpdmiveg aAiniovyieg 6T GLYKPICELS,
ot GS amodidovv cuotnuatikd kaAlvtepa amd toug NGG. Avt) 1 dtapopd givar miong
OTOTIOTIKG onpoavtiky pe Eva p — value pikpdtepo omd 0.10 (paired t — test). A&ilel va
onuewdel 6tTL o1 600 TEPUTOCELS He TIG VYNAOTEPES dapopéc oe mepieyoduevo GC
petah tov cuvOAmv mov mepAapPdavovior oe mepdpoata ToSvounong tvat to
neipapo #22 (EXp #22), 1o omoio gival To povadikd (e avth TV opado cuyKpicewv),
6mov ot NGG amodidovv karvtepa amod t1g GS kat to meipapa #1 (EXp #1), 6mov ot GS
amodidovv kaAvtepa and toug NGG, aAld pe ) younAdtepn d10popd oTIS EMOOGELS.
O mepumrtmoelg pe v vynadtepn (o peyaddtepo Pabud), oyetkd, ETKpATNoN TOV
NGG givan exelveg pe Tic vynAotepeg dapopég o mocootd GC, dnwg avapéveror Aoy

NG GYETIKNG evaloOnciog TV dVo PeBOd®Y G AVTAV TNV TAPAUETPO GVGTACTG.
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Mivaxkag 9: Xouykpicelg petald 10OV  YOVISIOMUTIKOV oAAniovidv vrofdadpov

(background)
Exp Description Average length Average GC NGG GS
surrogates for human exons 167.837 0.5155 -
#1 surrogates for worm exons 169.318 0.4049 83.86 85.98
) surrogates for human UCNEs 86.094 0.3651 - ..
#14 surrogates for insect UCNEs 86.582 0.3949 79.38 84.05
surrogates for insect exons 169.318 0.5202 )
#20 surrogates for human exons 169.816 0.5087 80.48 87.49
surrogates for worm exons 213.365 0.4194 R -
#22 surrogates for insect exons 212.858 0.5194 73.50 70.35
surrogates for human UCNEs 82.932 0.3648 . -
#23 surrogates for worm UCNEs 82.875 0.4297 80.35 83.75
surrogates for worm UCNEs 83.407 0.4265 )
#13 surrogates for insect UCNEs 86.582 0.3949 58.79 64
Average 76.06 79.27

Hepouara taswvounons aliniovyiwv DNA mwov Ppickovior vmé emidektino
TEPLOPIGUO EVAVTL TV OVOTANPOUATIKOV allinlovyidy vmofdblpov (Taéivéunon
EVTOG TOV i010V EIO0VG)

Ta axdAovba TEPAUATO OVOPEPOVTAL GE GLYKPICELS AAANAOLYLOV OV PBpickovion VIO
EMAEKTIKO TTEPLOPIGHO EVOVTL TOV OVATANPOUUTIKOV Tovg ([Tivakog 10). INUELOVOLUE
€0M OTL 01 AVOTANPOUATIKES aAANAovyieg popdlovtal To 1010 mocostd GC% kot punkog
pe g apywég arnAovyies (deite «Meboddovg»). Onwg mpokimtel and embedpnon Tov
Iivaxo. 10, or aAAnAovyieg aoTOVOLA®Y OV PpickovTol VIO EMAEKTIKO TEPLOPIGUO OEV
taSivopovvtor  pe  toéom  peYOAn  emituyio Om®G ol avtioToyyeg  avOpOmIveS
ypnowonowwvtag tovg NGG (deite mepdparta #2 kot #17). Mévo or UCNE evtopmv
(insect UCNES) oaivetatr mog avtiaivouy avtév tov kavova, deite meipapo #12. To
GLYKEKPIUEVO gVpNUaL puopel va kaTavonBel ota TAaiclo S1apOpOV O1UTEPOTITOV TOV
Beppdoapov (oov (cuvnbog OA®V TOV GTOVOLAMTAOV), WOUTEPMOS OGOV APOopd TO uUn
AELTOVPYIKO, U1 GUVTINPNUEVO TOGOGTO TOV YOVIOIOUATOG. AVTEG Teptlapdvouy LYNAO
EUTAOVTIGUO o€ PeTABETd GTOoLKElD, LKPOSOPVPOPOVG, OULOTOVPIVIKE / OLOTUPIUIOVIKE
KOTAAOUTO Kot 01dpopa GAA0 XapakTnPloTikd potifa cvotaons. Tétown yovididpato
Tapovclalovy emiong éva TUTIKO TPOPIA dtvovkAeoTWimV Tpog amopuyn (sWdwd CpG
kot TpA), 1o omoio. amo@ehyoviol o€ HKPITEPO TOGOCTO OTIS OAANAOLYIEG TOV
Bpiokovtar vo emiektikd mepropopd (e&mvio, CNE), ot onoieg, £yovtag Aettovpytkong
polovg, Oev axkoAovBolv avotnpd TG HECEC TACELS GVGTACNG TOV YOVIOUMUOTOG.
INUEIOVOLUE €0 OTL TO. YOVIOLOUATO OOTOVOLA®V &lvar moAd Aydtepo apbova oe
emovoloppavopeva  otoyeion kol O TOPOVGIALOVY  VTOEKTPOGMMNGCT  EOIKAOV

dwvovkieotdimv. X115 cvuykpicelg pe ™ péBodo twv GS akorovbeiton 1 1010 TGom oAAL
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01 d10popég etvar EAAYIOTES, AMOY® TNG VAIGHNGING AVTOV TOV TOGOTHTOV ATOKAEIGTIKA
OTIG TPOTIUNCELS TPAOTOV YeITOVoV. ['vopilovue, and tpotepeg peréteg, 6t ot GS dgv
amodidovy KoLl o€ GLYKPicElS péoa oTo 1010 €idog (intra — species comparisons), 6101t
Ol TPOTIUNCELS YETOVOV TOPOUEVOLV GYETIKO otabepéc péca oto o yovidimpo.
Emopévog, otig mepiocdtepeg mepimtddoelg mov mopatifeviar, ot NGG amodidovv
KoAvtepa amd Tig GS (ovykpivere toug pécovg dpovg, 68.76% évavtt 61.84% otov
nivaka mov axolovbel). H dwapopd sivonr otatiotikd onuaviikny (p — value uikpdtepo

and 0.10, paired t — test).

Hivaxag 10: Tagvopnon arinriovyldv mov Bpickovtal vTd emMAEKTIKO Tepropiopd Evavtt
AvOTAMPORATIKOV aAlnlovytdv vrofadpov (background surrogates)

Exp Description Average length Average GC NGG GS
; 5 19:
42 rrogates 213365 04239 7 60
. =
e o T s wa
g o o as
; 7C 5 '
a i mm
EF
e L T
— =
Average 68.76 61.84

O tedevtaieg €61 oepéc tov IMivaxa 10 dMADOVOLV GLYKPICELS OPKETAOV
ovAloy®v CNE oAlnlovyidv Evavtt Tov avaminpopotikdy tovg (surrogates). Tevikd
TapoTNPovUE OTL, HETOEL aAANAovy OV Tov Ppiokoviol VIO EMAEKTIKO TEPLOPIGUO,
avOpomveg CNE aliniovyleg €vovilt TV OVOTANPOUATIKOV TOVS TOPOLGIALOLV
GYETIKA LYNMAOTEPU TOGOGTA TASIVOUNONG, O GUYKPION HE €EMVIKES OAANAOVYiEg
EVOVTL TOV OVTIOTOLY®V OVOTANPOUOTIKOV TOVS. Avtd umopel va omodobel 61o yeyovog
ot too CNE (xou €101kd ta avOpdmive UCNE mov Aapfdvovpe vroyn €d®) eivar wo
covinpnuéva  oképo kot amd to eEovia. EmmpocBeta, eivor yvootd amd
Broypapia 61t Too CNE dpovv g 0€c€1g TPOGIEON G HETAYPAPIKOV TAPAYOVTOV KO
QEPOVY apKeTA potifa, To omoia n avaivon pécm NGG eivar apketd gvaicOnt va

aviyveLOEL.
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O1 YoVIOIOUATIKES VTOYPAPES ATTOSIO0VY KAAVTEPA GTHY TASIVOUNGH TUNUATOV TOV
YOVIOIDUATOS LEITOVPYIKNG CIUOCIOS KAl OlOPOPETIKHG TTPOELEVOHS

Y10 mepdpoto, mTov mephapPavovtal otov Ilivaxa 11, peAeTOOUE TNV ATOOOCT TOV
NGG kot tov GS, o6tav epoppoloviar o€ GUVOAL OESOUEVMV  AEITOLPYIKAOV
aAnrovyiwv (CNE 7 eEdvia) dwpopetikdv yovidiwpdtov. EmPefoidvovpe 10
yeyovog 0tt ot GS amodidovv KoALTEPA GTNV TASIVOUNGT] CTOLKEI®MV OLOPOPETIKMV
YOVIOLOUATOV Kal 1 amddoon tovg PeAitiwvetor eldyioto otov Ilivaxa 11, GUYKPITIKA
pe tov IMivoxoa 9. Avtd onpoivel 0Tt gV OAAOLOVETOL TO OTOTEAECUO AOY® TOL
CGLVINPNLUEVOLY YAPOKTNPO TV CAANAOLYIDV, ONAAST 1| TPOTIUNGN TPATOV YEITOVOV,
mov yopakmpilovv To SEOPETIKA yovidudpate Kot @utpdpovior amd TG GS,
Swmpettar Eexdbapa oo eEdvio kot oto. CNE. EAéyyouvpue, Eavd, ™ oTOTIOTIKN
onuoavtikoéTTa otny enidoon petaéd tov puebodwv NGG kot GS (paired t — test) ko
BAEmOLUE OTL VITAPYEL L0 OTATIGTIKA OTOVTIKY dtopopd (p — value < 0.05).

A’ v GAAn pepd, n emidoon tov NGG pewwvetar. To yeyovog ovtod
evogyopéveg oyetiletal pe 10 TOAOTAOKO GUVOAO WOTATOV CVGTACTNG 7oL Elvat
Yopokplotikég g nebddov twv NGG: vovkieotidikny cbotacn g oAAniovyiag,
TPOTIUNGCELS TPMTOV YEITOVOV KoL, ETITAEOV, GYEGELS YELTVIOONG SPOP®V EMTEd®V /
té&ewv. Enopévac, oe avtd to mhaicto, ot dteopég petald Tov Yovidlopdtomv mov
00NYOLV GE o, OTOTEAECUATIKY ToSvounon aAlniovydv vrofddpov (background
sequences) pe ypnon tov NGG, aAloidvovtol amd TV ToPOVGio KOW®MY TEPLOPICUDY
o¢ eninedo cvoTaoNS OAANAoLYiaG, ol omoiol oyeTilovTan pe Asttovpyia, OTwWS PaiveTol
otov [livaka 11 (M.O 1 average = 74.47). 'Eva 11010 TOpAdelypo. TEPLOPIGUOD
oLOoTOONG €ivol 1 TOPATNPOVUEVT] VIEPEKTPOCAOMNGCT OOEVIVIIG Kol yovavivng ot

obvotaon Tev E®VinY Tov Kmdikonolovy TpoTeiveg (purine loading).

Hivakag 11: Xoykpiceig AELTOVPYIKOV GAAAOVYLOV PHETAED YOVIOIONATOV
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Exp Description Average length Average GC NGG GS

#9 bootna: exnim }ggjﬁﬁ ggfgg 74.68 82.21
#10  pian UCNEs 82610 03728 m s
#15 et UONES 56 582 o 08 749
C 3 :
#16 1:22;2? LI?CCSE];:; ngggg g:g;gg 82.08 86.70
#19 ﬁﬁﬁiﬁfjﬁ;‘i }gg;g}ﬁ g:gégg 70.03 81.29
#21 insect exons 1o 850 oA n3 723
Average 74.47 79.97
Yopnepdopora

To mpéPAnua ¢ amddooNS AEITOLPYIKOTNTOS O OAANAovLYies, mOv dgv €xouv
oyoMaotei (Unannotated sequences), amotelel TpdxkAnon ywo ) Fovidtwpatiky, 101K
OTaV TPOKELTUL Y10 YOUPUKTNPIGUS TOV TOADTAOK®OV YOVIOLOUATOV TV OnAactikdv. Me
TNV  TPAYUATOTOINGN UG  OEPAES  OLYKPIGE®V  HETAED  OVTITPOCHOTEVTIKAOV
aAANAOLYLOV, OLOPOPETIKNG TPOEAEVONG KOL AELTOVPYIKOTNTOC, Ociyvovpe €0d 1
duvapuk tov ypaoov N — ypoppdtov (NGG) oty amoteleopatiky didkpion peta&y
TUNUATOV OAANAOLYLUDV TOV YOVIOIOUOTOS HE OVOUEVOUEVT Agttovpyiol €vOvTl TOV
ocwpov (bulk) tov yovididuatog. Or NGG eivar oe 0éom vo TOGOTIKOTOOOVY TO
OTOTEAECUO TOV TEPLOPICUAOV GE EMMEOO AAANAOLYING, EMOUEVOS 1 EQPAPLOYN TOVLG
OTNV TEPLYPAPT] GAADV AEITOVPYIKOV OAANAOLYLOV TOV YOVISLOUAT®OV ONAAGTIKOV
(6nog etvor Teployég pe dOUIKES WO10TNTES, TEPLOYEG TPOGOEGNC GTOV TUPNVIKO PAKEAO
Kot Oldpopa  €idn un  kwdwomowovviov RNA)  evdeyopévoc OmoeEL TOADTIUES
TANPOPOPIES TAV® OTN OLEAEDKOVOT] TOV OAANAETOPACE®MY KOl TNG OYEONG HETAED
cvotaong Kot Agttovpyiag. Otov mpoKeTan Yoo GLYKPICELS OAANAOVY LDV OLOPOPETIKNG
petald yovidtwpdtov, ot NGG eivar Aydtepo amoTteAeoUATIKOL, GE GUYKPION UE TN
puébodo twv GS. H anoteleopotikotnra ¢ teAevtaiog deiyveTat Yoo TpdTN Opd €00
(oe ovvovoopd pe TN pEAETN oL Oeifape oV TPOMNYOVUEVT] EVOTNTO OLTOV TOV
kepaiaiov, ogite 3.1). Ov GS elyav ypnowomomBei, €wg onuepa, ywr T HEAETN
TEPIGOOTEPO EKTETAUEVAOV TEPIOYDV TOL YOVISUDHOTOG, ukovg > 50 kb (Karlin 1998).
[TepiocOtepn dovAeld amatteitanl Yoo TNV TeEpoUTEP® al0mOINCT TOV AMOTEAECUATOV
ov mapovolalovial, eved £vag ovvovooudc tov ovo uebddwv (GS kot NGG)

EVOEYOUEVMS VO 00N YNGEL GE VYNAGTEPE TOGOGTA TAEIVOUNOTG.
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4, Avaivon NG YPOUOCOUIKNS KOATAVOUNS
tov CNE pe ypnon pedooov xkKiipaxkmong
EVIPOTLOG (entropic scaling) KoL
eyKipotiopov (box counting)

Ewayoyn

H pehétn g ypoposopukng katavoung tov CNE pe pefddovg kMpdkwong evipomiog
Kot €YKIPOTIOHOD €xel WG oKOMO TNV avaAivon tov Padrod HopEOKANGLOTIKOTNTOG
(fractality). Ot ovykekpuyéveg pébodor €xovv ypnowomomBel yoo ™ peAétn ™G
Katovoung OGAA@V otolyeimv Tov YOVIOIOMHOTOS, Omm¢ elval 0l KOOKOTOLOVGES
aAAniovyiec (Athanasopoulou et al. 2010) kot ta. petabetd otoryeio (Athanasopoulou et
al. 2014), evod evégikvovron yia ) perétn g katavoung towv CNE edikotepa, 6101t ta
televtaio éxel mpotobel péow mepapdtov 3C (Chromosome Conformation Capture)
ot alMinremdpodv peta&d tovg (Akalin et al. 2009; Viturawong et al. 2013; Dimitrieva
& Bucher 2012) kot cuvenmg evéyovtal o€ cvoyetioelg pakpac suféretag (long — range
correlations). e avtd cuvnyopei to yeyovoc, emmAéov, 0Tt dei&ape TMG Ol ATOGTAGELS
petalh autodv TV otolyEiowv 6To avlpdmTvo Kol o€ GALL YOVIOIOUOTO 0KOAOVLOOVV
Katovoun TOmov vopov dvvaung, aveEdptnta amd To eqv Bpickovtol Kovid 6€ yovidwa 1)
oxt. Ot vopor ddvoung ovvoéovtor Kot ovtol  GUECH  HE  OVOUEVO
poppoxiacpatikotrag (fractality) xar ocvoyetioelg poxpdc eupérelog yevikotepo
(Feder 1998; Mandelbrot 1982), evd, cOpE®VO HE GYETIKA TPOGOOTO TELPOLOTIKO

anoteléopata, Bpickovv epappoyn kot oto yovidiopo (Lieberman-Aiden et al. 2009).

2m Bewpia ™ mAnpogopioc, n €vvola g gvipomiog avoamtvydnke ond tov
Claude Shannon (Shannon 1948), pe okomd TNV &KTiUNON TG TOGOTNTAS TNG
TANPOPOPIOG OV HETAPEPETOL o€ €va petaddopevo pnvopo. Kotd tig televtaieg
dekaetieg €yovv moapotnpndel povopevo mov Oev eopTd®VIOL OO KATOw KAIpOKOL,
KaODG KOl POIVOLEVO LOPPOKAUGUATIKOTNTOS GE YPOVOCELPEG OO LETAGOOT| OLLOTOG
OTNV NAEKTPOVIKY] UNYAVIKY], GEIGHOVS, OIKOVOLN, KOWOVIKES EMGTAIES KOl GE TOAAL
Ao media. Xvyva Tétoleg MEAETEG OlEEAyoVTOL YPNOIUOTOIOVTAG TNV Kadlepmuévn

pebodoroyior Tov eYKIPOTICUOD KOl GE OPKETEG AALEC TEPIMTMOELS GLOTNUAT®V TOV
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yopoktnpiloviar amd CLOYETIOES HOKPAG eUPEAEOG ypnoylomoleital 1 evipomiol

Shannon.

[Ipécpota amd 10 €pyactnpld oG HEAETHONKOV Ol 1010TNTEG KAMUAK®ONG
evtponiog Shannon (block entropy) tng xotovoung T@v yovidiov Kol TovV HETOOETMOV
GTOLEIMV OTO EVKAPVAOTIKA YOVIOLOUATO LEGH TNG avaywyng tg aAinAiovyiog DNA og
o aAAnovyia cupBorwmv (Athanasopoulou et al. 2010; Athanasopoulou et al. 2014). H
ovuPaocn mov akolovdndnke yo ta yovidla, my., nTav 0Tt To. ‘0°, otV aAAnAovyia
oLUPOA®V, OVOTOPIGTOVY VOLKAEOTIOW TOV OEV OVIIOTOLYOVV GE KMOTKOTOLOVGEG
neployég (yovidwn) kot ta ‘1°, VOUKAEOTIOW 7OV OVAKOLV GE OAANAOVYIEC TOL
kodwomolovv mpwteiveg (eEdvia). TToAéc pehéteg éxovv Oeifel OTL, Ol YPOUUIKN
KMpakmon g evrpomiag (Shannon-like i block evtporia) H(n) pe to unikog n g
AEENC (epebng v kaiodue N-AéEn) oe mui-AoyoplOuikd Swrypdupoto, omotelel
Eexabopn €voelEn kAipokog pokpds eppéretag kot popeokracpotikotnrag (Ebeling &
Nicolis 1991; Ebeling & Nicolis 1992).

[To kGt peietovpe TV Katovou Slaeopmv cuvorwv dedopévaov CNE pe tov
akoAovBo tpomo: Novkreotidlo Tov Ypopocmpatog avikadiotavtor and ‘0°, dv dev
aviikovv otov tomo CNE mov peietovpe ko amd ‘17 €qv avikovv. Emopévac, ot
aAANA0dLad0YEG LIKpDV YNGidmv, Tov oynuotilovtol amd Tig LovAades Kot dSloaKOTTOUV
TO GLVEYEG TOV UNOEVIKAV, OVTIKATOTTPILOLV TO TPOTLTO TNG YWOPIKNG XPWOUOCOUKNG
SopOpemong Yo ovtodv To cuykekpipuévo Tomo CNE. Tt cuvéyela mpoympovue e )
ovyKekpéEVN oAnlovyio dvadikdv cupPormv yio kabe ypopocope g eénc: (i) H
KAMpaKkmon g evrpomniag katd opddeg H(N) vs. n og avt) v aAiniovyic copporwv
UEAETATOL KOl TOGOTIKOTOLEITOL LEGM TNG EKTAONS TNG YPOUUKOTNTOG GE OOy PALLOTOL
nui-AoyapBuikne kAipakag, ot (i) Mo pébodoc eykiBotiopod eeoapupoletor kot
vroloyileton n ddotaon opotdtrag pall pe TNy €KTaoN NG YPOUMKOTNTOS GE SN

royopOpkn kAipoko.

MéOodog klarmwang tns evrporias Shannon (Block entropy scaling)

Ag vroBécovpe 6tL €govpe pa aAinAovyio copPormv peyébouvg N, pe ta copfoira va
Tpoépyovtal omd Eva dvadikd arpafnto {0,1} kot é6tm Pn(Ag, ..., 4n) N TOAVOTTA VO
Bpovue po opddo | po N — AEEN (A, ..., An) oe avtiv ™V arAniovyio. H evipomia

Shannon o T1g N — AéEeig, N evrpomio Katd opddeg (block entropy), opiletat wc:
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H(n)==3 Pyl Apreo AIN P (A A (g

H nocotnta H(n) umopei va epunvevdel og éva pétpo g péong afefoudtntag yio tmv
poPAeym pog N — Aéénc. Xt Piproypagion pumopel vo GLVOVTACEL KATOL0G OVO
TPOTOVG avAyvmong e aAAniovyiog cvuPorov Kot €£ay®YNG TG KOTOVOUNG TNG
mBavotntog yuoo g N — Aégeic: ‘gliding” kou ‘lumping’. Xtnv mopovoa HEAETN Ol
aAAnAovyiec ocvpPorwv owPalovronr pe ‘lumping’. Avtd onuoiver 6t avii va
Sapatovron d1eodkd 0Aeg o1 mBavic AéEelg unrovg N (gliding), Bsmpovvion pdévo ot N
— MéEeg mov AapPavovtor pe éva otabepd Prpa ico pe N. Isodvvapo, pmropodue vo
movpe 6t aeov dSafactel N apyikn n-A&EN pag aAAniovyiog,  emduevn n-Aéén mov
petpape givar avt) mov Eekwvd omd ) Béom n + 1 ko €merta péypt to T€AOG TNG
aAlniovyiog. Emopévemg, kabe ypdupa tg odiniovyiog avinkel povo oe por N — AEEn
nov petpatal. H pebodoroyior avty vioBetionke yiati, eved Aappdvel derypotonmikd
EMOPKAG TN SLUPOLOCELPA, glval TOAD TO Yp1YyOpn amd Ao VTOAOYIGTIKOV YPOVOL
Kot Olvel TN OuvaTdTNTO  OVIXVELONG  UN-LOVOTOVIKNG EVIPOMIKNG KAUAK®ONG

(Karamanos & Nicolis 1999; Karamanos 2001).

Ot V10T TEG KMUAKMOTG TNG EVIPOTIOG KOTA OUAdES £YoVV ypnoiponombel og Eva
péTpo v TV Ta&vOUNon T@V oAANAOLYIOV GUUPBOA®Y. ENUOVTIKO YOPOUKTNPIOTIKA
Khpdkoong tov H(n) éxovv gpeuvnbei amd didpopovg ocvyypoeeic. Ov Ebeling ot

Nicolis Tpotewvav v €€Ng popen| yio v kKApdkmon tov H(n):

H(n)=e+gn™(Inn)*+nh (2)

Yoo oAinAovyieg oupPOr@V OV TPOEPYOVTOL OO OUVOLIKT  UN-YPOUUIKOTNTOG
ovumeprappavopévov dadikacidv eneéepyaciog yhwooag (Ebeling & Nicolis 1991;
Ebeling & Nicolis 1992). ITio cuykekpéva, otnv mepintmon tov ekkvotn Feigenbaum
™m¢ Aoywotikng amewkoviong (logistic map) ko yu n=2" k =2,3 4 .., 0
Grassberger(Grassberger 1986) £deiée Ot yio v avdyvoon pog oaAiniovyiog pe
gliding woyvet:

H(n)=log,(3n/2) (3)
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g avuTd T0 GUGTNUO GLVOVTATOL YPOUUKOTNTA GE MUL-AoYopOKky KAipaKo Tov
omv mepimtwon g E&icwong (2) avtomokpiveton oe 970 | h=0  #=0
11, >0 (Nicolis & Gaspard 1994). O cvyKekpluévog TOTOG KAMUAK®ONG eKaletal 0Tt
WoYVEL YloL po PeYaAn KAdon aAiniovyiov cvuformv pe wdtteg fractal. I'owtd
ypoputkotnto, H(N) — logn oyetiletan pe ™ doun ave€aptntn wAipokog TETOIOV
OAANAOLYLOV TOV GLUVETAYETOL TNV VTLOPEN CLOYETICE®V HoKPAG epPéretad.

[o Olo To YOVIOLOUOTIKA GUVOAO OEOOUEVOV KOl TIG TPOCOLOUDCELS
KOTOUGKEVAGOE OVATANPOUATIKEG TVYOiES aAlndovyies pe v 1d1a cvotacn 0/1 kot ot
omoieg Oev €xovv, Omd KOTOOKELNG, KOUio €0MTEPIKN OOUN. ZVYKEKPIUEVA, KOVOLLE
aVOGUOTOON MG OAANAOLYIOG LE TO 1010 UNKOG OTIMG 1) YOVISI®UOTIKY OLLGTEIPMOVTOG
TG Proroyikéc Aettovpykég povades (ot mepintoon pag ta CNE) oe tuyoieg Oéoeis.
Ot koumdreg mov delyvouv v KhMpdkmon g evrponiog (H(N) vs. n) g apykng
aAANAOLYIOG KOl TNG OVATANPOUOTIKNG TNG TOPOVGIALoVToL 6TO 1010 S1dypaLpLa.

[Tocotucomolove ™ HOPPOKAUGUOTIKOTNTO (oG dAANAovYiag HEGM TNG £KTAONG
™m¢ ypoppwomrag E oe nui-AoyapBuikn kiipaxo kot g avéroyns kiiong S. Otav
VIAPYEL TAV® 0md Eva Ypoppkd Tpunquo, cvpufoiilovpe pe E* to dBpotopa tov unkov
TOVG. Mio emmAéov mOGHTNTA OV EIGAYOLUE €0 KO YPNOUYLOTOIEITOL EVPIOTIKA MG
évag extiuntng Tov Babpov opydvoong o aAiniovyiog stvor o Adyog R g Tiung g
EVIPOTIOG TNG OVOTANPOUOTIKAG OAANAOLYIOG TPOC TNV TWN TNG EVIPOTIOG NG
avaAvopevng (YOVIOIoHOTIKAG N and mpocopoiwon) aAiniovyioag. Avtdg o AOYOG
VROAOYIfETO TAVTOTE YO0 TNV TYW| TOL N, OTOL 1 CVOTANPOUOTIKY] CAANAOLYIN
TAPOLGLALEL TN UEYIGTN TN TNG EVIPOTING TNG, TPOTOV 1 EMIOPAGCT] TOV TEMEPUGUEVOD
ueyébovug (finite size effect) otpefrmoet To oynfua ™c. Meydreg Tipég R vmodnidvouy
VYNAO PBabuod TaENG Kol LOPPOKAAGLATIKOTNTOG TNG 0AANAOVYiOG VTG PEAETT.

MéOodos eyxifwtiouod (box counting) ya tyv ektiugon tov fabuod THS

nopporiacuotikortyros kor tyg fractal dideracnys

H pébodog eykifotiopov elvar g kAoowkn péBodog yoo v ektipnon Ttov
YOPOKTNPIOTIKOV HOPPOKANCUATIKOTNTOC o€ évol oOvoro dedouévev (Feder 1998;
Mandelbrot 1982). Xpnoiponotovpe pio oAy Lovodldotatn €kd0y KoTd TV omoia
OAOKANPO TO UIKOG TOV YPMUOGMUATOS KOAVTTETAL OO LOVOSIAGTATA “KLTIO UKOVG
0. O op1Budg avTdOV TOV KLTIOV TOV ETKOADTTOVV (TANPW®S N €V UEPEL) TOVAAYLIGTOV

éva avtiypago tov CNE Bewpeitor 0Tt avTITpoo®REVEL TO PUNKOG TOL YPWOUOCHLOTOS
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L(0) mov kaivmretanr and CNE. Otav vrdapyet HopQOKAOCUATIKOTNTO, TO UETPOVUEVO
unkog oe @aivetoanw vo @BAaver oe o kobopiopévn T, 660 to 0 pikpoivel. To
UETPOVUEVO UNKOG emiong kKAMpokoveTon o¢ L(J) ~ 5°, ue tov ekBétn D va mapiotdvel
v apvntikn fractal dtdotaon Df tov avtikeévov vd perét. Ta daypappoto Tov
BAémovpe otn cvvéEla, Ta ool pe oo TPOTOo T0 L(J) KMUOKAOVETOL MG GLVAPTNON
TOV 0, Tapovclalovtol € OIMAN AoyoaplOukn KAipaxka. Mog evotapépet Kat 1 KAIon Tov
YPOUUIKOD TUNUOTOG TNG KOUTUANG OAAG Kot 1 €ktoomn g ypappikoétntos. Edom n
HLOPQOKAAGHOTIKOTNTA Oempobpie 6Tt 1oy0eL edv 1 didotacn Dr maipvel TiéG pikpdtepeg
a6 0.9 yia pa éktaon ypappukottog (F) mov Eemepva ) pia taén peyébovug. Ot tipég
GTO OplaL TNG YPOLLUIKNG Tteployng kaBopilovv ta xaumAdtepa Kot LYNAOTEPL KATOPALN
petald Tov onoimv To HEAETOVUEVO YMPIKO TPOTVLTO TOPOVGLALEL GTATIGTIKA CTLLOVTIKNY
avto-opototnto. YmoloyiCovpe 1o L(J) 8éka @opéc, ywo kKGBe T TOoL O, PE Ui
petatomon miaiciov ion pe 1/40 Tov GLVOAMKOL PNAKOVLE TNG OAANAOVYING Kot HETA
TaipvoLLE TOV LEGO OPO MGTE VO TAPOVUE ATOTEAEGLATA AVEEAPTNTA OO TV EMAOYN
oL onueiov eKkivnong e HETpNong.

[Tpocé€te 6T 6¢ o yovidtopotikn Katavouy CNE mapatnpodvtal d0o meployég
YPOUUIKOTNTOG OTNV TAELOVOTNTO TOV TEPMTOCEDV: Pidt GTNV TEPLOYN HKPOV UNKOVG
mov oyetiCetan pe 10 péyebog twv CNE vrd perén kon pio otnv meployn peyaiov
pnkovg. H televtaio eivoar n povn ywoo v omoia m kAion Ppioketonr vo amokAivel

oNUOVTIKA 0td T0 -1 (OTIC TEPUMTDOGELS TOL OELYVOVV LOPPOKAAGUATIKOTITO).

Mop@okiaopotikoTnTte o€ yovioropuatikéc kotavopés CNE ommg perparor amo
po péfodo sykifotiopov: v Eikovo 8 mapovcidlovpe  SoypEUUOTO  TOV
napotdvouv dedopéva CNE mov éyovv avarvBel pe ™ pébodo eyxiPoticpov avd
YPOUOCOU. Xg OAQ T SLOYPAULOTO TOPATPOVUE dVO (CLVNOMG) YPOLLKE TUALLOT,
OTIG MEPLOYES UIKPDOV KOl LEYOA®V TIUDV TOL peyEBoug Tov kutiov. Ot kKMoelg Yo o
Tunuoto pKkpov peyebov etvar mévtote petacy -0.9 ko -1. Xmv mepoyn peydiov
UAKOLG, M £€KTAOT KOl 1] KAIOT TOL YPOppKod TUAUOTOS TOKIAOVY GMUOVTIKA, Kol GE
LTV TNV TEPLoyn akpPmg eivor mov avapévovpe popeoxkiacpatikoétnto. H éxtaon
¢ ypappikomrog (Fi, Fo F3) ko n fractal (opototnta) d1dotacn mov petpovrol and
TIG avTioToreg KAMoelg Tov 0Vo Ypapkov tunuatov (D1, D2 Ds) eaivovior oty mo

KaTo ewova:
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Ewova 8: Awypappoto pe ™ pédodo tov gykifpoticpov (box — counting) yw to €&
peyadvtepo ypopocdpote tov avlpomov (hgl7). H katmyopic CNE mov peretdror €5
givan exeivn tov «opyaiovy CNE mov sivar covimpnuéva peta&d avBpdmov kor Takifugu
rubripes. Ta ypoppikd tpnpoto mov @aivoviol mopdyoviol pe T HEDOSO TNG YPOUIKNG
modwvdpdunons. Ov mayée kot oTiktég ypoppés ameikoviCouv mapovoic kol amovoio

LOPPOKAOGLOTIKOTNTOG OVTIGTOLYCL.

Human - Fugu CNEs on hg17: chrl
FI=15.DI=0.05; F2=2.4, D2=035: F3=06, D3=0.75

Human - Fugu CNEs on hg17: chr2
FI=15, DI=095; F2=27, D205

s s : g
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\\ \\
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% \
"
3 .
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3 ~ £l
........... 1 " 1 . 1 L 1 n 1 a 1 L 1 " 1 "
¢ s 3 s s
Human - Fugu CNEs on hgl7 Human - Fugu CNEs on hg17: chr4
FleL 5, DI=095; F242.75, D2-0.3% F3+0.6, D3+0.76 Pla % D108 8, DA%, P,
e — (S et S o s i
n -
i+, - T -
3 N
e % Y
N
4 N
L . ] L e ]
| |
Human - Fugu CNEs on hg17: chrS Human - Fugu CNEs on hg17: chr6
Flet . DI=092: F22275, D2-0.36; P3-0.6, D3-0.73 Fle2, DI=09S; F2-3, D2-0.32
5 T T T T S T T
N
Al ¥ aba

ZOUTEPACUATIKA, £0® MUmMOpPOVUE vo. TOVpE OTL OGO To «opyoio» &livor ta
otoyeio (CNE) mov peAdetodpue, 1060 KOADTEPES YPAUUIKOTNTES TOPOTPOVUE. AVTO TO
amOTEAECH E£pYETOL O SLUPMVia pe ta euvpruatd pog ot too CNE mapovcidlovv
KATOVOUES TOTOV VOUOL dUVOUNG Kol OTL 0 HOKPVG €EEMKTIKOG XPOVOG €UVOEL TV
opipavorn kot ) dnuovpyic, HECH SOPOPMOV YEYOVOTMOV YOVISIMUOATIKNG OLVOUIKNG,

TV Tapatnpoduevov katavoudv (Polychronopoulos, Sellis, et al. 2014).
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5. Xovoyn

v mapovoa SoTpiPn EmMYEPOVUE VO LEAETHCOVE VTOAOYIOTIKA TI GUVTNPNUEVEG
un kmdikomolovoeg ariniovyiec (Conserved Noncoding Elements, CNE). Ta CNE
elvar aAAnAovyieg Tov TapovGlalovy EVILTMGIOKY GLVTPNCT HETAED OPYOUVICU®DV, TTOL
ovyva Eemepvl OLTAY TOV TAPOTNPEITOL GTA YOVIOl TOV KMIKOTOWOLV Tpwteives. H
Aettovpyia TOVE, WGTOGO, O UNYAVICULOG TOV 00N YNCE GTN dNpovPYia Tovg, Kabmg Kat,
ev Yével, 0 AOYOG NG OLVINPNONG TOVG G€ TOGO LYNAO Pobud, avdipeca ocTovg
0pPYOVICHOVG, TOPAPEVEL EVa LVGTNPLO OV KoAgitar va Avoel 1 obyypovn Proroyia,
YPNOCLOTOIOVTAG GLUVOLACUO HEBOO®V, VTOAOYICTIKMOV KOl TEPAUOTIKOV. ApPYIKA,
avaAbcovpe TV Yopotasikn opydvoon tov CNE o yovidiopata 6movoviot®v kot
AGTOVOLAMV LE OKOMO VO OWMGTMOGOLUE oV Umopovue vo  Pydhovpe Kdamowo
ocvumepAopoTo Yoo To TG e€eAiyOnoav avtég ou aAiniovyiec pe Pdon v Katavoun
TOVG OTO YPOUOCHOUOTE. AOMTIGTOVOLHE OTL Ol OMOGTACEL OVTAOV  0KOAOLOOVV
KATOVOUES TOTOL VOOV dVVOUNG o€ pa Towkidio yovidltopdtov. Agdopévoo 0tt ta CNE
oyxetiCovtar yopwd pe yovidw, eWwd pe avtd mwov pvOuilovv avamTLENKES
dwdikacieg, emPefordoape 0Tt Eva TPOTLTTO VOUOL dVLVOUNG dtotnpeital aveEdptnTa
amd To0 €hv ovumepiinebovv otoyeion mov Ppiokovtar péGH 1 €KTOG Yovidimv.
[Tpoteivovpe éva e€eMKTIKO HOVTEAD YlOL TNV KOTOVONOT] OLTOV TOV EVPNUAT®V TOV
TePAOUPAVEL YEYOVOTO TUNUATIKOV OVOOUTAAGIOGUMV 1] 0VOSUTAAGIOCUOV 0OAGKAT POV
TOV YOVISIOUOTOG KOl OMOAOLPEG TV TEPLGGOTEPOV omd To. dumhactoopuéva CNE.
[Ipocopoudoely mov  KAVOUE  OVOTOPAYOLV  TO  KOPLOL  YOPOKTNPIOTIKE — TMV

TOPATNPOVUEVAOV KATOVOU®Y HEYEOOG.

2 ovvéyela Tapovcslalovpe Tpoomadeleg KatdTaéng TV GTOWyEI®V aVTOV e
pebdoovg punyavikng pdnong (Fpaenuota N-ypoappdtov, NGG kot avéivong x —
pepav, LAF). Ta CNE mapovsialovv evolapépovses 1010tnTeg choTAONS Kot Y1 ovTd
TPpoomafoVcapE Vo SOVUE OV UITOPOVV Vo KaTnyoplomoinfodv pe PBAcn autég ToUg TIC
Wilomtec. TV TPoomabeld poGg ovTH, TOVTOTOWLHE VEX cOvola dedopéveov CNE
OTOVOLVAMTOV KOl 0oTOVOLAMY. AOMIGTAOVOLHE OTL KOl e TIG 600 peBddoVG, Tov Yo
TPOTN POPA AVaTTOYONKOV Kot EPUPUOGTNKAY GTO TAOIGLO AVAAVOTG YOVISIOUATIKOV
dedopévav, etvar ikt 1 KAaoudtowon otoygiov tov yovidiopartog (CNE, eEovia) oe
OLLPOPETIKES  KaTNYOpleg HETOED YOVIOLOUATOV 1 €VTOS TOL 10100 YOVIOIMUOTOG.
[Tepoutépw  ovvepyooieg avomtucoovior ot Pdon ovtov Tov  peBodoroyudv

YOVIOIWUOTIKNG, HE OKOTO TNV avdivon kot TaSvOunon HETOYOVIOIOUATIKOV
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dedopévaev, v gbpeon potifov Kot BEcewv TPOGOEONS LETAYPUPIKDOV TOPAYOVIMV
KaBmMG KoL TNV ovOALONG EVOEXOUEVNG OLOPOPIKNG TPOGOECTG OWTMOV GTO. SLAPOPO.

ovvola dedopévav CNE omovovAmtdv Kol acsmTovVOLAMV.

Me ™ ypnion epyoleinv amd tn Oswpia g TAnpogopiog (eviporioa Shannon kot
eYKIBOTIGUOC) TPOoY®POoVUE G OvAALON POCIKOV WO0TATOV S10POPOV KUTNYOPLDV
CNE, pe oxomd va domot®covpe v Omapén popeokiacpatikotntog (fractality). H
ovyKekplévn gpyocio Ppioketar oe eEEMEN kal, pe Pdon to TPOTA ATOTEAECUATO,
emPePardvetor n vIOdeon OTL N APYOLOTNTA AVTOV TOV CTOLKEI®MV TOV YOVIOIMUOTOG
moilel oNUOVTIKO POLO GTNV EPUNVEILN TOV TPOTLTMYV KATOVOUNG TOVS KO, EVOEYOUEVMG,

otV e£EMEN Tovg.

Meletodpe emiong kot GAAL 1310HTEPA YOPOUKTINPIGTIKA GVOTACTG OLUPOPETIKAOV
katnyopidv CNE mov €yovv dnpocievtet otn Piloypaeio, kabmg Kot GuoyeETIcELS TOV
EVOEYETOL VO TPOKVTTOVV Ue O18popeg KAAGES YoVdimv, OmmG Y. HE Yovidla Tov
KOOKOTO00V TapAyovteg mov mailovv poro otnv avartuén, vinoideg CpG kot yovida
mov  Kodkomowvv NCRNA. EmmAéov, oxedidlovpe TEPAUATIKEG TPOGEYYIGELS
avéivong vrepevarcOnciog oe DNAdGon, oe cvvepyacio pe GAAeG OUAdES, DGTE VA
dlmot®oovpe €qv M kotactaon s ypopativing ota CNE elvar eniong owxpr,
ONAadn €dv VLAPYOLY SLUKPLTE OTOTLTMUOTO LETOYPUPIKMY TOPAYOVIMV, O UKV CE
oxéon pe evioyutég eréyyov (control enhancers). Emiong, dedopévov ott tan CNE
nmailovv puBuotikd poOA0 oe O014POopeg AVOTTLEIOKEG SLOOIKOGIES, TTAPUTNPOVLVTOL
OlPOpPEG  OTIG  KOTAGTACELS Ypopoativng tov  dwedpov  katyopuwyv CNE, oeg
OLPOPETIKEG KLTTAPIKEG GEPEG 1 GE OLUPOPETIKA aVATTLEKA oTAdL TG Hoyag; H
YPNON TOV TOWKIAOV GLVOA®V JedOUEVOV, HE OLOPOPETIKA KATOPALL EAAYIGTNG
GUVTNPNONG KOl EAAYIOTOL HNKOLG UETOED VO M MEPIGCOTEPWOV OPYOAVICUDV, GE
SLPOPETIKA TAAIGLO KO TEPOUATIKES OLUTAEELS, EVOEXOUEVAOS DGOV KATOL0 GTOLYELNL

ywo. T Broloyia TV 6TOLKEI®V 0VTAOV TOV YOVIOLOUATOG.
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Abstract

Conserved, ultraconserved and other classes of constrained elements (collectively referred as CNEs here), identified by
comparative genomics in a wide variety of genomes, are non-randomly distributed across chromosomes. These elements
are defined using various degrees of conservation between organisms and several thresholds of minimal length. We here
investigate the chromosomal distribution of CNEs by studying the statistical properties of distances between consecutive
CNEs. We find widespread power-law-like distributions, i.e. linearity in double logarithmic scale, in the inter-CNE distances, a
feature which is connected with fractality and self-similarity. Given that CNEs are often found to be spatially associated with
genes, especially with those that regulate developmental processes, we verify by appropriate gene masking that a power-
law-like pattern emerges irrespectively of whether elements found close or inside genes are excluded or not. An
evolutionary model is put forward for the understanding of these findings that includes segmental or whole genome
duplication events and eliminations (loss) of most of the duplicated CNEs. Simulations reproduce the main features of the
observed size distributions. Power-law-like patterns in the genomic distributions of CNEs are in accordance with current
knowledge about their evolutionary history in several genomes.
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Introduction

The sequencing and comparative analysis of many mammalian
genomes has indicated that at least 5.5% of the human genome is
under selective constraint; of that, 1.5% is estimated to code for
proteins, 3.5% displays known regulatory functions, while for the
function of the rest there is little or no information available [1].
One of the most interesting findings that have arisen from
comparative analysis among mammalian genomes is the discovery
of hundreds of ultraconserved elements (UCEs) of more than
200 bp in length that show absolute conservation among human,
mouse and rat genomes [2]. One out of four of UCEs overlaps
known protein-coding genes. However, such a high degree of
conservation (100%) is not expected even in exons, due to the
degeneration of the genetic code. Since the discovery of UCEs,
there have been efforts to identify conserved elements based on
lower thresholds of sequence similarity over whole genome
alignments of two or more species. Several thresholds of minimal
length of conserved sequence have been used as well as the
exclusion of elements inside protein-coding genes [3,4]. Through-
out this article, we use the term CNE(s) for Conserved Noncoding
Elements to describe all such elements despite their specific
characterization as UCEs, UCNEs, HCNEs, CNGs, CNEs etc in
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the related literature. We here use the specific name only when we
refer to the corresponding class of elements.

CNEs are not a vertebrate innovation but are also found in
invertebrate and plant genomes [5—7]. The vertebrate, insect and
nematode CNEs are not related to each other at the sequence level
[6,8,9]. However, a recent study has identified two elements
conserved between vertebrates and invertebrates [10] and it is
possible that more will be identified in the near future with the
advent on new sequencing methodologies and the increasing
availability of sequenced genomes. In the relatively recent
evolution of vertebrates, the mean length and conservation of
CNEs found therein are the highest observed [11] regarding all
taxonomic groups, while the conjectured roles they have acquired
are particularly important [12].

CNEs are often clustered in the vicinity of genes involved in
transcriptional regulation and/or development [13-15]. Using
microarray analysis it was reported that a large fraction of
noncoding UCEs have tissue-specific expression levels and are
deregulated in human cancer [16,17]. When such elements are
located in the vicinity of genes, these genes are invariably found in
conserved synteny in all vertebrates, possibly due to the fact that
the surrounding genomic environment of a regulation-dependent
gene has to be maintained intact [18]. Gene deserts are usually
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enriched in CNEs [19,20] while, in mammalian genomes, the vast
majority of those elements are found at long distances from the
closest genes, exceeding in some cases 2 Mb, which is the limit for
any known cis regulatory element [18,21,22]. Little is known or
could be speculated about what those distant CNEs actually do.
Published studies tend to support the idea that they might be an
essential part of Gene Regulatory Blocks (GRBs) and that they
could function in a cooperative way alongside with their target
genes [4,23-25].

There is a corpus of literature suggesting that CNEs are
selectively constrained and not mutational cold spots [26,27].
Studies showing that CNEs might act as transcriptional regulators,
e.g. enhancers or insulators, have been published [28,29],
although i wviwo experiments of elimination of some of these
elements yield viable mice [30]. A CNE from one species may
drive expression in another species as shown by transgenics
experiments [31,32], although this is not a demonstration of
whether a particular CNE drives conserved expression. Experi-
ments that have been performed in order to test the same CNE in
multiple species or the same CNE from multiple species in one
species, have shown that although CNEs can be identified using
sequence conservation criteria, the expression patterns they drive
across species may show little conservation [33-36]. Another
aspect not directly addressed herein is the existence of paralogous
CNEs in vertebrate genomes. These are believed to often remain
conserved having the possibility of controlling overlapping
expression patterns of their adjacent paralogous protein-coding
genes [37]. Paralogous CNEs are involved in the gene expression
pattern of the vertebrate brain [38].

The alternative hypothesis that CNEs are horizontally trans-
ferred between lineages and accumulate during the course of long-
term evolution has also been expressed [39]. Furthermore, a study
has suggested that CNEs might act as Matrix-Attachment Regions
(MARs) by serving as sequences that regulate the architecture of
chromatin through specific binding of particular proteins [40]. An
association between CNEs and phenotypic variation and disease
has also been reported [41-43].

Long-range correlations were reported in the nucleotide
sequence of the non-protein-coding part of eukaryotic genome
soon after such large sequences became available [44—46]. In
previous works, we explored the large-scale features of several
classes of genomic elements, such as protein coding segments
[47,48] and transposable elements [49,50], by studying the size
distribution of inter-exon and inter-repeat distances. In most cases
we found power-law-like size distributions, fractality and self-
similarity, often spanning several orders of magnitude. We here
apply the same methodology for the analysis of inter-CNE
distances. We use published datasets, which are characterized by
different degrees of evolutionary conservation, identified in a wide
variety of organisms spanning vertebrates and invertebrates. We
detect power-law-like inter-CNE size distributions in most cases
studied. A previous study from Salerno et al. [51] reported the
existence of a power-law distribution in the length of “perfectly
conserved” sequence from mouse/human whole-genome inter-
section and alignment. The work we present here focuses on the
distances of consecutive CNEs (inter-CNE spacers) for which we
also propose an explanatory model. The model that we propose
cannot apply to the length distribution of CNEs themselves, thus
the finding of Salemo et al. appears to be the expression of an
independent phenomenon.

Given the aforementioned detection of long-range correlations
in the nucleotide juxtaposition in non-constrained sequences of the
cukaryotic genome, simple molecular dynamics have been used in
attempts to explain this emergent pattern. A simple expansion -
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modification system is shown to generate long-range correlations
through the interplay of symbol duplication and symbol elimina-
tion events [52]. More recent findings on strand slippage during
replication combined with point mutations shed light into homo-
nucleotide tracts and microsatellites’ evolution and may be a
realistic implementation of the above model to genome dynamics
(see Athanasopoulou et al. [48], where a short discussion about
evolutionary scenaria generating long-range correlations is includ-
ed). Here we implement a model (initially proposed in [47]) for the
generation of the observed power-law-like distribution pattern of
distances between evolutionary constrained genomic elements in
general (protein-coding segments and CNEs). This evolutionary
scenario is based on an earlier model accounting for the
explanation of power-law size distributions appearing in aggrega-
tive growth of particles in physicochemical systems [53]. This
mechanism, as applied in genome evolution herein, mainly
involves segmental duplication (including whole genome duplica-
tion events) and loss of most of the duplicated CNEs, alongside a
moderated loss of non-duplicated CNEs in some cases.

Methods and Materials

Datasets

We systematically investigate the chromosomal distribution of
various CNEs. We include in our analysis a phylogenetically wide
collection of datasets, ranging from human to elephant shark and
from vertebrates to invertebrates:

(i) 13,736 CNEs mapped on the human genome (hgl8), of
various lengths, that are identical over at least 100 bp in at
least 3 of 5 placental mammals (human, mouse, rat, dog and
cow) [20]. The whole set is named EU100+. Specific subsets
are also considered for our purposes as follows (data kindly
provided by J.S. Mattick, see also Table 1): (ia) 8,332
EU100+ elements that are not present in fish (Fugu). These
appeared during tetrapod evolution (present in frog, chicken
and/or mammals) and are named EU-FR. (ib) 5,404
elements from EU100+ set with orthologs in fish (ancient).
These are named FR. (ic) 1,665 elements that are present in
frog but not in fish (tetrapod speciation). These are named
XT-FR. (id) 980 elements that are present in chicken but
not in frog or fugu (amniote speciation). These are named
GG-XT-FR. (ie) 600 elements that are not present in
chicken, or frog, or fugu (mammalian speciation). These are
named EU-GG-XT-FR.

(i) 82,335 Mammalian CNEs (conserved within mammals but
not found in chicken or fish) and 16,575 Amniotic CNEs
(conserved in mammals and chicken but not found in fish)
respectively, mapped on the human genome (hgl7) [19].

(i) 4,386 UCNEs (Ultraconserved Noncoding Elements,
longer than 200bp) mapped on the human genome
(hgl9) that display sequence identity which is consistently
greater or equal to 95% between human and chicken
whole genome alignments [24].

(iv) 3,124 Human Fugu conserved noncoding elements
mapped on the human genome (hgl7) with 70% identity
and a score of match-mismatch up to 60 [54].

(v) 2,833 Human — Zebrafish CNEs mapped on the human
genome (hgl7) that display identity greater than 70% over
at least 80 bp [32].
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(vi) 4,782 Human — Elephant Shark CNEs mapped on the
human genome (hgl7), with identity ranging from 71% to
98% [55].

(vii) 4,519 PCNEs (Phylogenetically CNEs) mapped on the
zebrafish genome (genome-build Ensembl 42) that are
conserved across amphioxus, zebrafish, mouse and fugu
[56]. These elements are unique due to the way of their
identification, which is not biased by rearrangement and
duplication. In addition to that, local similarity searches
(versus whole genome alignments) in the genomic regions
surrounding phylogenetically defined gene families have
been employed in order to detect them.

(viii) 23,651 D. melanogaster — D. pseudoobscura (insect) CNEs of
50 bp or more that are 100% conserved between these two
species, mapped on the D. melanogaster genome (dml) [6].

(ix) 2,082 Nematode (worm) CNEs with mean identity of 96%
between C. elegans and C. briggsae mapped on genome
WS140 [5].

(x) 2,614 Noncoding elements marked by extreme human-
mouse-rat constraint (mapped on hgl7), a subset of which
act as developmental enhancers [57].

For specific details about the used data sets and the subsequent
treatment see File S1. In most cases, the suite of utilities BEDTools
has been used for the computational analysis [58]

Gene and CDS masking

We proceed to a complete masking of the regions characterized
as genic in the human genome (hgl7 and hgl8). In addition, we
mask flanks surrounding every gene: 5 kb at the 5’ end and 2 kb at

Power-Law-Like Distributions in Inter-CNE Distances

the 3’ end, in order to exclude cis-regulatory elements the
localization of which may be principally determined by the
positioning of the regulated gene. The region located upstream of
transcription start sites is usually particularly enriched in such
regulatory sequences. Extended flanks of 10 kb and 100 kb have
also been masked in a similar manner (see Results section). We use
custom scripts and BEDTools in order to perform the masking. In
the case of D. melanogaster, when we refer to masked CNEs of insect
origin, we refer to elements that do not overlap exonic sequences
and splice sites, as adopted from the supplementary material of
Glazov ¢t al. [6]. For masked genes’ genomic coordinate data (file
format and availability) see in the File S1.

We do not proceed to the masking of other genomic
components, such as transposable elements (TEs), for which there
are indications that they do follow power-law-like distributions,
because there is no evidence about CNE — TE functional
interaction or systematic co-localization. Only a tiny proportion
of TEs is reported to have been exapted to the role of a CNE, but
they are too few to influence and reshape the whole CNE
distribution [59].

Size distributions

Suppose there is a large collection of n objects (in our case
spacers between CNEs), each characterized by its length S. In
typically random such collections (like runs of heads in a coin
tossing experiment) we can approximate the distribution of sizes
with an exponential distribution. Let p(S) the probability of a
spacer having length between S-s/2 and S+s/2 (where s is the size
of the bin width) and N*(S) the number of spacers:
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Table 1. Summary characterization of genomes for several datasets: Power-law-like distributions of inter-CNE distances at

chromosomal scale.

Dataset  Class of CNEs Unmasked Masked Reference genome
Average Extent  Average Extent of five Average Extent Average Extent of five
(avg E) ‘best’ chr. (avg E-5) (avg E) ‘best’ chr. (avg E-5)

i EU100+ 2 2.38 2.48 2.98 hg18

ia EU-FR 1.97 2.46 hg18

ib FR 2.2 2.72 hg18

ic XT-FR 2.32 2.32 hg18

id GG-XT-FR 2.14 2.14 hg18

ie EU-GG-XT-FR 1.96 1.96 hg18

iia Mammalian 1.49 1.9 1.59 2.04 hg17

iib Amniotic 2.2 2.86 2,25 291 hg17

iii Human/Chicken 235 2.63 hg19

iv Human/Fugu 2.78 3.26 hg17

v Human/Zebrafish 2.46 2.98 2.31 2.31 hg17

vi Human/El. shark 2.36 2.69 2.42 2.68 hg17

vii D. rerio PCNEs 243 3.01 #

viii Insect CNEs 1.23 1.23 1.42 1.42 dm1

ix Worm CNEs 1.7 1.7 WS140

X Human/Rodents 2.15 243 hg17

Propensity for the formation of power-law-like size distributions of the inter-CNE distances as quantified by the extent (E) of linearity in log-log scale. Average values of E

for all chromosomes (avg E) and average values of E for 5 chromosomes with the largest E (avg E-5) in each genome are presented. Gene-masked genomes are also

included when available (for details see in the text).

#: genome-build Ensembl 42 (zebrafish).

doi:10.1371/journal.pone.0095437.t001
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N*(S)=np(S)cce ™ a>0 (1)

When scale-free clustering appears, long-range correlations
extend to several length scales (ideally, in our case for the whole
examined genomic length) and the spacers’ size distributions
follow a so-called power-law, which corresponds to a linear graph
in a double logarithmic scale:

N*S)=np(S)ocS™ =S~!17# ;>0 2)

In this article we use the “cumulative size distribution”, more
precisely: the complementary cumulative distribution function
[60], defined as follows:

P(S)= j p(r)dr (3)
S

where p(r) is the original spacers’ size distribution. The cumulative
distribution has in general better statistical properties, as it forms
smoother “tails”, less affected by statistical fluctuations. Also, by
definition it is independent of any binning choice: in a cumulative
curve the value of P(S) for length S is not associated with the subset
of spacers whose length falls in the same bin, as in the original
distribution, but it corresponds to the number of all spacers longer
than S. For reviews on power-law size distributions, their
properties and alternative forms see e.g. [60-64].

The cumulative form of a power-law size distribution is again a
power-law characterized by an exponent (slope) equal to that of
the original distribution minus 1: if p(r)ocr~ ¥ then

NS) =nP(S)cc [ (! e )
S

where N(S) is the number of spacers longer or equal to S. All the
distribution plots presented in this article depict complementary
cumulative size distributions of distances (spacers) between
consecutive CNEs. The logarithms of these spacers’ length (S)
are shown in the horizontal axis and the logarithms of the number
N(S) of all the spacers longer or equal to S are shown on the
vertical axis.

The slope for a typical power-law does not exceed the value of
w = 2,as u < 2 is a condition leading to a non-convergent
standard deviation. In the power-law-like linearities reported in
what follows the value of p is always below 2. Power-law-like
distributions in nature always have an upper and a lower cutoff,
which determine the linear region in log-log scale, where self-
similarity and fractality is observed. The extent of the linear region
(E) measures the orders of magnitudes that the fractal geometry
spans. Linearity has been determined by linear regression and the
associated value of r? is in all cases higher than 0.97 and in more
than 90% of the cases higher than 0.98.

Additionally to genomic spacers’ size distributions, all figures
also include a bundle of ten surrogate simulated size distributions
(continuous lines) where markers representing CNEs are randomly
positioned in a sequence. The number of the randomly positioned
markers and the length of the simulated sequence are equal to the
number of CNEs and the size of the considered chromosome
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respectively. The inclusion of these random (surrogate) data sets in
the figures visualizes the difference between observed distribution
patterns and the ones expected on the grounds of pure
randomness. Note that, whenever gene-masking methodology is
applied, corresponding surrogates are being made that exclude the
masked space from the random positioning of markers.

Simulations using the genomic duplications — CNE loss
model

Simulations using an ample choice of parameter values
reproduce the observed genomic distributions. In the last figure,
we show characteristic cases, while in the appendix of Plot SI,
some more examples are also included. Initially, 1000 markers
(representing CNEs) are randomly inserted in a sequence 2 Mbp
long. Part (a) of the last figure shows snapshots of the emerging
power-law-like pattern as it develops through time. Complemen-
tary cumulative size distributions of distances (spacers) between
consecutive CNEs are computed every 50 segmental duplication
events. Each segmental duplication (SD) event involves a region
with length sampled from a uniform distribution with maximum
the 5% of the actual length of the simulated sequence. In all these
simulations, after each SD event, a number of CNEs equal to 90%
of the number of the duplicated CNEs are eliminated (denoted as:
fr =0.9). In the part (b) of last figure, three distribution curves are
presented produced after numerical simulations where the fraction
fr takes the values 0.8, 0.9 and 1. In part (c) of the same figure,
three distribution curves are presented again. In these simulations
the fraction fr remains constant and equal to 0.9, while, in two of
them, additional eliminations of CNEs are allowed, one and two
after each event of segmental duplication respectively.

Results

Occurrence of power-law-like size distribution between
inter-CNEs’ distances

The main finding of this study is the widespread occurrence of
power-law-like size distribution of the distances between consec-
utive CNEs. In our analysis we include CNE datasets from various
taxonomic groups and also compare CNE populations exapted at
different evolutionary stages. The studied CNEs are mapped on
different genomes (human, D. melanogaster, C. elegans, D. rerio).

In Figure 1 we present the size distributions of distances
between consecutive CNEs in a double logarithmic plot in some
typical cases. We also report the linear region E of the distribution,
and the slope p. The full set of plots is presented in Plot S1, while a
complete quantitative description of our results is given in Table
S1. In Table 1 we summarize the results per organism and report
the average value of the linear extent E in log-log scale for all
chromosomes (avg E) and for the five chromosomes with the
largest E (avg E-5) (including only linear regressions with r* >
0.97, see in the Methods). The extent E captures the orders of
magnitude that the power-law-like distribution spans. Throughout
this work we use the quantity E for measuring the existence of a
self-similar chromosomal geometry and for assessing the accor-
dance of the observed genomic distributions with the evolutionary
model we propose (see Discussion).

Power-law-like patterns are not only found in alignments of
closely related genomes but are widespread. Elements identified
from mammalian and amniotic whole genome alignments [19]
were among the first non-coding constrained elements found in
quantities allowing statistical analysis of their chromosomal
distribution. The complete set includes 16,575 Amniotic and
82,335 Mammalian CNEs (see Datasets 1ia,b, File S1 & Table S1).
We observe power-law-like patterns also in collections of CNEs
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Figure 1. Examples of power-law-like size distributions. Twelve plots of inter-CNE spacers’ cumulative size distributions in whole
chromosomes. Genomic curves are accompanied in each plot by 10 curves of surrogate data (continuous lines), corresponding to randomly
distributed markers. The linear segments are inferred by linear regression. Whenever we mention CNEs in the plots, we refer to the distances between
consecutive CNEs.

doi:10.1371/journal.pone.0095437.g001
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derived from alignments including mammals along with teleosts,
their last common ancestor dated ~450 MYA and cartilaginous
fish (elephant shark) that diverged ~530 MYA [65]. The size
distribution of inter-CNE spacers in invertebrate genomes, such as
D. melanogaster and C. elegans also follow a similar pattern. It is
known that vertebrate and invertebrate CNEs share similar
sequence characteristics but are not identical [5], hence indicating
in combination with our results that their distributions are shaped
by common mechanisms.

Power-law-like distributions are typically characterized by
overrepresentation of large spacers. Thus, one could expect that
extended power-law-like linearity would be favored in scarce data
sets. However, this is not the case. Based on our data, we deduce
that the power-law-like size distribution of inter-CNEs’s spacers is
inherent to the studied system and is not dependent on the
population sizes (instances of CNEs). This is evidenced by the fact
that when we reduce the numbers of mammalian CNEs
(~80,000), by random downsampling to similar numbers as the
amniotic ones (~16,000), which are characterized by more
extended power-law-like linearity, the extent of linearity is not
increased. Instead, linearity in double-log scale disappears as a
consequence of the alteration of the studied genomic landscape.
Similarly, linearity disappears when we study the merged
populations of amniotic and mammalian CNEs. A description of
this methodology and the related plots are included in the last
section of Plot S1. Thus, we argue that our results are
characteristic of each CNE class studied and are not dependent
on CNE population sizes provided that the existing populations of
constrained elements are sufficient for statistical analysis.

The observed distribution of CNEs is not a mere
consequence of the localization of genes in the same
chromosome

Power-law-like distributions are found in the chromosomal
distribution of protein-coding segments [47]. As it is known from
the literature, CNEs are somehow spatially associated with genes
coding for transcription factors and developmental regulators (also
known as trans-dev genes) [13,15,18]. To rule out the possibility
that the observed CNE distributions are a consequence of power-
law-like patterns followed by inter-genic distance distributions, we
mask all protein coding genes and extended flanking regions,
where usually most of the known regulatory elements are located.
By masking, we mean excluding all the elements that fall within
genes and flanking regions and not removing the genes themselves,
as the latter would alter the inter-CNE distance size distribution.
Linearity in log-log plots is not only preserved but in most cases
improved, as shown by the increase of the linear region extent.
This shows that even if we exclude from our study the CNEs that
might be bound to be close to genes (thus following their
distribution), the remaining CNEs still follow a power-law-like
chromosomal distribution. Our principal aim here is to show that
the dynamics creating the power-law-like pattern is not a mere
consequence of the genic distribution, although the two distribu-
tions are expected to influence one another, a fact which is not
taken into account in our simple model. Examples of such plots are
given in Figure 2. The full set of these plots and the related
quantitative description are also included in Plot S1, Plot S2 and
Table S1. In Table 1 the results concerning “gene-masked”
chromosomes per organism are also given for a direct comparison.

We choose to perform the masking methodology in the human
genome for the most abundant sets of CNEs [19,20] as well as for
the most ancient elements conserved between human and
zebrafish [32] or elephant shark [55]; datasets (iia,b), (i), (V)
and (vi) respectively. In all cases studied, we observe power-law-
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like size distributions of inter-CNEs’ spacers that are extended
over several orders of magnitude (see Table S1 & Table 1). A
similar methodology is applied to the genome of D. melanogaster,
dataset (viii). The possible functions of many CNEs (individually
or in blocks) through their interactions with specific genes within
the nucleus, by means of chromatin looping and other conforma-
tions, has recently received a direct experimental verification
through the work of Viturawong et al. [66]. These authors have
demonstrated, in a collection of 193 UltraConserved Elements, the
frequent cis action of (distant to a gene) CNEs through chromatin
looping. The scope of our gene masking applied herein is not to
exclude CNEs acting as distant regulatory elements through such a
mechanism. Thus, we have chosen to present a moderated (5 kb
upstream of the 5’ end and 2 kb downstream of the 3" end) gene-
flank masking, in order to only exclude elements, which are
probably limited to act as close (e.g. promoter-like) regulators and
consequently may be spatially linked to nearby genes. To further
validate our claim we also performed gene-masking with extensive
flanks (10 kb and 100 kb) in the EU dataset for six chromosomes
(the five largest ones and chromosome 10, which is particularly
abundant in CNEs). Linearity in log-log scale in the distributions
of inter-CNE distances is still evident and extends at several length
scales (see various statistics and plots in Table S1/sheets EU100+
_masked10/100 kb and Plot S2 correspondingly). Even in the case
of 100 kb flanks, such linearities are preserved, despite the few
CNEs left after masking at such a large scale.

Discussion

An evolutionary model reproducing the observed power-
law-like distributions based on genomic (segmental or
whole-genome) duplications and CNE loss

Segmental duplication events occurred continuously in the
evolutionary past of virtually all eukaryotes [67-70]. At least 10%
of the non-repetitive human genome consists of identifiable (i.e.
relatively recent) segmental duplication events [71]. It is estimated
that 50% of all genes in a genome are expected to duplicate, giving
an “offspring” at least once on time scales of 35 to 350 million
years [72]. Additionally, most extant taxa have experienced
paleopolyploidy during their evolution (i.e. duplication of the
whole genome and subsequent reduction to diploidy), see e.g.
[73,74] and references therein. Segmental duplication and
polyploidization generate copies of some or all the genes of an
organism, but also of other functional genomic elements, such as
CNEs. As all authors agree, see e.g. [72,74,75], the fate of most
duplicated genes is that one copy is silenced, losing the ability to be
transcribed, and then disintegrates progressively by random
mutations, while it is also exposed to the possibility of excision
due to recombination driven eliminations. The fate of duplicated
CNE:s is expected to be similar, therefore a duplicated CNE often
can become superfluous and stop to be under purifying selection,
being thus gradually decomposed and lost. The existence of
another source of CNE loss can be supported by current findings
of comparative genomics, as many of the CNEs found to be
conserved between elephant shark and human are not recognized
in the fugu genome (see next section for further discussion). In that
case, not only duplicates of CNEs are lost but also the population
of CNEs present in an ancestral organism is considerably reduced.

Occasional CNE loss of function and subsequent degradation,
complete genome duplications and repeated segmental duplica-
tions alongside with other forms of genomic dynamics (e.g.
insertions of transposable elements and of other parasite sequenc-
es) can be combined in an evolutionary model the propensity of
which to generate power-law-like chromosomal distributions is
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Figure 2. Examples of power-law-like size distributions after gene-masking. Six plots of inter-CNE spacers’ cumulative size distributions in
whole chromosomes after masking genes and flanks (for further details see in the text). Surrogate curves and regression as in figure 1. Whenever we
mention CNEs in the plots, we refer to the distances between consecutive CNEs.

doi:10.1371/journal.pone.0095437.9g002
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testable through computer simulations. We implement such a
model and name it “‘genomic duplications — CNE loss model” (see
link at the bottom of File S1 where we provide the code in Fortran
and a detailed description of the model). The genomic events
included are:

i Segmental duplications of extended regions of chromo-
somes. This step may include as limiting case whole
genome duplications, although not considered in the
examples shown.

i Random eliminations of a number of CNEs which is lower
or equal to the number of the duplicated ones.

i Occasionally, additional eliminations of non-duplicated
CNEs.
iv Insertions of sequences increasing the total chromosomal

length (these could be transposable elements, retroviruses,
microsatellite expansions etc).

v Deletions of sequence stretches (which usually are under
weak or no purifying selection).

The proposed evolutionary model reproduces power-law-like
distributions of the sizes of inter-CNE distances, see Figure 3 and
additional examples of simulations in the appendix of Plot S1. This
property is proven numerically to be robust to quantitative
modifications of all the involved types of molecular events. Only
events ¢ and # are indispensable for the appearance of the power-
law-like pattern. This dynamics has close parallels with the one
described earlier for the explanation of an analogous distributional
pattern followed by protein-coding genes [47]. In a completely
different genomic framework (i.e. when non-conserved elements,
e.g. interspersed repeats or microsatellites are being studied), event
types #2¢ and 7o (i.e. insertions of TE families more recent than the
studied one) are required instead of ¢ and 7z [49,50]. Events 7v and
v are numerically shown not to be required for the emergence of
power-law patterns in computer simulations described herein.
Inclusion of events of the type 7w tests the robustness of the model,
as for many organisms important parts of the genome represent
repeat proliferation. Events of type » represent either deletion of
sequence regions, usually due to unequal recombination or
gradual shrinkage by a balance of indel events, favoring decrease
of the sequence length. These types of events are of importance in
genomes getting more compact (evolution occurred e.g. in the
recent past of Drosophila melanogaster or in the case of Takifugu
rubripes). Examples of simulations including all these types of
genomic dynamics can be found in [47].

These evolutionary scenarios are based on an analytically
solvable model introduced by Takayasu et al. [53] for the
appearance of power-law size distributions in aggregative growth
of particles in physicochemical systems. Notice that the model
presented herein, conceived to describe the genomic dynamics of
CNEjs, is not analytically solvable and thus no universal exponents
(slopes for the linear segment in log-log scale) may be reached.
This is verified by all our computer simulations and is in
accordance with the variety of slope values met in the study of
genomic CNE distributions. Thus, our data deviate from the
typical power-law not only because they always have the linearity
in log-log scale truncated at a lower and an upper cut-off (in fact,
this is a feature common to all cases of naturally occurring “power-
laws”) but mainly because they lack any universal exponent (slope).
This is the principal reason why we call the pattern we have found
“power-law-like” throughout this article. For a recent in depth
view of the requirements for having a power-law, see Stumpf and
Porter [63]. These authors state that these requirements include a
statistically sound power-law (extended linearity in log-log scale
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Figure 3. Simulations using the ‘“genomic duplications - CNE
loss model”’. The dependence of the extent of the linearity in log-log
scale for the distances between consecutive simulated CNEs on several
parameters is shown: (a) The number of Segmental Duplications (SD).
(b) The fraction of the duplicated CNEs eliminated after each SD (fr). (c)
The number of additional, non-duplicated, CNE eliminations. In (a) we
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are able to follow the evolution of the emerging power-law-like pattern,
as the four curves correspond to consecutive snapshots taken from the
same numerical experiment. The curve depicted by squares (m) is
common in all three plots, representing a simulation including 150
segmental duplications, where 90% (fr=0.9) of the number of
duplicated CNEs are lost. No additional eliminations are supposed
here. Linear segments are computed by linear regression and in all
cases r*>0.98.

doi:10.1371/journal.pone.0095437.9003

with indications of convergence to a universal exponent) and a
concrete underlying theory to support it. In our case we clearly
show that the log-log linearities we observe in our genomic data
(often being quite extended) lack a universal exponent (slope). On
the other hand, this deviation from universality is a characteristic
feature shared between the genomic inter-CNE distributional
patterns we describe herein and the simulations of the proposed
evolutionary model. This feature, along with the common
dependence on the evolutionary parameters shared between
model and genomic distributions, corroborates the hypothesis
that the evolutionary dynamics described by this model is at the
origin of the observed genomic patterns.

Under a wide range of parameter combinations, our model
reproduces the transient power-law-like distributions we observe in
genomic data. In the simulation of Figure 3a & b, events of the
types ¢ and # are only included: i.e. segmental duplications (SD)
followed by CNE losses. In Figure 3a, a simulated chromosome is
monitored using consecutive snapshots taken every 50 SD, starting
from an initial (at “time zero”) random distribution of markers
representing genomic CNEs. We see that, gradually, a power-law-
like linear region in log-log scale appears in the cumulative
distributions of inter-CNE distances, as the ones observed in real
chromosomes. This plot also shows the positive dependence of the
observed extent of the linearity on the number of the occurred SD.
In Figure 3b, the positive dependence of the extent of linearity on
the number of the CNEs eliminated (lost after each segmental
duplication) is shown. Here, the number of the eliminated CNEs is
expressed as a fraction (fr) of the duplicated ones, because of the
segmental duplication events. Finally, in Figure 3c additional
eliminations of not duplicated CNEs are simulated (events of type
111), and the positive dependence of the extent of linearity on the
number of non-duplicated lost CNEs is also shown. As we discuss
in more detail later, this finding is compatible with the extended
linearities found in the distributions of teleosts’ CNEs, where
important losses of ancestral CNEs are reported. Such ancient
CNEs are absent in the teleost genome while retained in the
tetrapod lineage.

Evolutionary origin and implications of CNE
chromosomal distributions

In the Results section we have seen that the power-law-like
distributional pattern reported in the present work is proper to
CNEs, UCEs and other highly conserved elements, not being a
mere consequence of genic spatial distributions (see Figure 2 and
Table 1). The complete study of gene-masked chromosomes has
been conducted in the human genome for the most abundant sets
of CNEs, as well as for the most ancient elements. In five out of six
examined cases (see Table 1, datasets. i, iia, iib, vi, viii),
inspection of both average extent of linearity for all chromosomes
(avg E) and for the five chromosomes with the more extended
linearity (avg E-5) reveals that the extent of the linear region in log-
log scale of the original distribution follows an increasing trend (or
is at least preserved) after masking of the CNEs positioned next to,
or inside genes (for details see “Methods”). In the remaining one
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case (dataset v, Human/Zebrafish) well-shaped power-law-like
distributions are still present after masking, with reduction of the
length of the linearity. In Table SI more information on the
related statistics is given. The persistence of the linearity in log-log
plots after gene-masking shows the independence of the two
patterns. The fact that, in most cases, the average extent is not
only preserved, but increased, further strengthens this conclusion.
The frequent improvement of the power-law features when gene-
masking applies, might indicate that, when the whole CNE
chromosomal population is studied, the observed distributional
features reflect a superposition of two distinct dynamics. Both include
molecular events belonging to the same types but with different
rates, corresponding to the distinctive evolutionary modalities of
gene-uncorrelated CNEs and of genes (with which gene-proximal
CNEs are spatially associated). This superposition of distributions
with different features (the slope and the length scale of intervening
sequences) is expected to reduce the observed linearity, because of
a transformation of part of the superposed linear log-log
distributions into a curved shape. Another evidence in support
of the divergence between the distributional patterns followed by
genes and CNEs stems from the observation reported by several
research groups that UCEs and CNEs are abundant in gene
deserts, see e.g. [19,20].

A link between CNEs and Segmental Duplication, and an
additional insight about the fate of duplicated CNEs is provided in
the work of Derti e al. [76]. These authors found that segmental
duplications (SD) are depleted in UCEs (100% conserved
elements). They explained this finding as a result of counter
selection of duplications when they contain UCEs, probably due to
dosage effects. If their result is valid for constrained elements
independently of degree of conservation (denoted herein as CNEs
in general), this implies that we should expect a low rate of
duplication of CNEs, as is the case for genes under strong dosage
dependence. In our proposed evolutionary scenario, we model
these rare events that over long evolutionary time may have
significantly contributed to the observed distributions. Note that in
most of the cases of CNEs studied herein, the time from the
divergence of the studied species is sufficient for accumulation of
random mutations beyond recognition for a duplicated CNE,
which is no longer under purifying selection. The finding of Derti
et al. about counter selection of duplicated CNEs may drive to the
inference that, when a SD containing a CNE is fixed in a
population, we may have not only relaxed purifying selection on
the second copy, but additionally, due to a deleterious dosage
effect a fast rate of accumulation of mutations until all the
functions of the duplicated CNE are lost.

In a study of the degree of conservation of distances between
UCEs in vertebrates [77], real conservation of distances is found
only between closely spaced elements, a range of distances which
hardly contribute to the log-log linearity reported herein (see
Figure 1 and Plot S1). The absence of considerable interspecies
retention of distances between conserved elements is compatible
with our claim that an aggregative model (like the one described in
the previous section) is suitable for the explanation of the
widespread occurrence of power-law type linearities in inter-
CNE distance distributions.

Mattick and co-workers, in their article on ultraconserved
elements (UCEs) in tetrapod genomes, observed a striking
difference in UCE populations between tetrapod genomes, which
are rich in UCEs, and fish genomes, where considerably lower
UCE numbers have been found [20]. They proposed as the most
parsimonious explanation that in the tetrapod lineage a massive
exaptation of functional elements occurred, which would probably
be required for the more complex morphology and different
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environmental challenges met by these organisms. On the other
hand, the same authors mentioned that this finding might also be
explained by the less probable assumption of a massive loss of such
elements in the teleost fish genome. The subsequent sequencing of
the first cartilaginous fish genome (elephant shark) led to the
verification of this latter scenario, as Lee et al. found that the jawed
vertebrate ancestor had an important number of UCEs which
have been eliminated (diverged beyond recognition) at great extent
in teleosts, while retained in tetrapods [78]. This finding fits well
with our observation that the three globally best scores in linearity
extent, as deduced by inspection of Table 1 (datasets iv, v, vii), are
all cases of alignments including teleost fish genomes. Additionally,
Wang et al. directly correlates the observed extended eliminations
of UCEs in the teleost fish with the whole genome duplication that
had occurred in the ray-fish lincage [79]. Note the significance of
duplications (both whole genome and segmental ones) for our
proposed model. Their role is twofold, as they make possible the
subsequent elimination of duplicated CNEs due to redundancy,
and simultaneously provide the necessary sequence extension for
the formation of lengthy inter-CNE spacers (see previous
subsection).

Evidence for extensive clustering of UCNEs in the vertebrate
genome, in groups which are related to the regulation of one gene
each, has been presented in a recent work [24]. When loss of
duplicated UCNESs occurred, the retention of UCNEs is reported
to be far from the expected on the basis of a random retention
model. A “winner-takes-all retention pattern” applies, i.e. one
gene retains many UCNEs whereas the other paralog loses all of
them more often than expected on the grounds of pure chance. An
over-representation of survived fish genes, which have lost all their
ancestral UCNESs, has been found. This finding is in line with our
observation of extended power-law-like linearity observed in the
distributional pattern emerging in alignments including teleost fish
genomes. Therein, the relatively frequent eliminations of whole
UCNE clusters promote the appearance of large inter — UCNEs
spacers, which contribute to the long tails and thus to the
formation of extended linearity in log-log scale for the corre-
sponding distance distributions [64]. Gene-centered functional
clustering described by Bucher and co-workers of CNEs seems to
represent one distinct component in the spatial distribution of
CNEs. This clustering extends at length scales of the order of
single gene neighborhoods. The findings presented herein deals
with a broader length scale, the distribution of CNEs at the
chromosomal level, resulting in a variety of CNE-rich and CNE-
poor domains due to the described aggregative dynamics. These
domains follow a fractal-like pattern, as witnessed by the power-
law-like inter-CNE distance distributions. The model we propose
here consists a better null model than the random positioning of
CNEs at a chromosomal level, which then, has to converge with
local, gene-specific organization trends. However, the state of our
knowledge about the roles of CNEs and their quantitative
interactions with genes is currently limited. Further research on
evolutionary dynamics and functional roles of CNEs is required in
order to better understand the interweaving of the two distribu-
tional trends.

The comparison of the extent of power-law-like linearity
between Amniotic and Mammalian data sets of Kim and Prichard
[19] is also in accordance with the proposed model (Table 1,
datasets iia, iib). We see that the older in evolutionary time
Amniotic CNE collection forms the most extended linear
segments, as predicted by the hypotheses of the aggregation-
elimination model, where, the more the system is exposed (in
evolutionary time) to the CNE elimination — sequences insertion
dynamics, the more extended the linearity in log-log scale is
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expected to get. The same trend is clearly present in four data sets
extracted from another study [20]. These datasets (Table 1, ib -
ie) consist of elements exapted in consecutive evolutionary periods:
tetrapod, amniote and mammalian speciations. We observe that
the mean extents of linearity for the “5 best” chromosomes strictly
follow the expected increasing order (from the more recent to the
older), while the same holds true when we examine the mean
extents for complete chromosomal sets with only one inversion
found (between ic and ib).

In a very interesting work, Martinez-Mekler ¢ al. [80] have
shown that a broad range of systems consist of elements which,
when plotted in rank vs. frequency or size diagrams, at semi-
logarithmic scale, fit closely to a functional form including two
fitting parameters. We have not further elaborated on the relation
of the fitness of our data to the rank-ordering distribution
approach. The range of application of this approach is quite
large, and as these authors suggest, there must be an underlying
explanation, possibly of a statistical nature [80]. On the other
hand, our principal aim is to focus on the specific events of
molecular dynamics origin, which may have caused the linearity in
double logarithmic scale, and the evolutionary model proposed
herein serves this purpose. A question that remains still open is the
molecular dynamics impact of the fitting parameters of the
functional form proposed by Martinez-Mekler et al., which
however lies beyond the scope of the present work. This task
might be more straightforward in the case of the genomic
evolution of non-constrained elements [49,50], where the evolu-
tionary modeling is simpler.

In what concerns not the distances between functional genomic
localizations, but the sizes of the localizations themselves, we have to
mention again here that a power-law size distribution of “perfectly
conserved” sequences between human and mouse (repeat-masked)
genomes have been observed [51]. A related finding is that the size
distribution of “conserved blocks” between Drosophila melanogaster
and Drosophila virilis genomes fits well to a lognormal distribution
[81]. Note that this distribution also presents linear regions in log-
log scale [64]. A power-law-like distribution has been reported for
3’ untranslated regions earlier [82]. These findings, concerning the
sizes of functional genomic sequence stretches, have to be the
result of the action of mechanisms entirely different than the
evolutionary scenario applied herein, as they extend in very short
length scales (tenths to hundreds of nucleotides) while any random-
aggregation procedure of the type proposed herein is unsuitable
for the formation of functional sequence elements. Aggregative
length growth is more suitable for the shaping of large genomic
regions (e.g. intervening sequences) with low conservation
requirements (see also [47,53]). However, the interweaving of
linearities in the form of power-laws at several orders of magnitude
and for several functional elements or the distances between them,
is probably related to the fractal globule structure reported for the
whole human genome when it is in the form of the tightly packed
chromatin, which is characterized by extended power-law-type
size distributions of the distances between points of the chromo-
somal thread which come in close mutual contact due to the 3D
chromatin folding (see Figure 4A in [83]).

Supporting Information

Table S1 ‘‘Supplementary Table’ (including all the
examined cases).
(XLS)

File S1 Description of the data sets that include the
chromosomal coordinates of conserved noncoding ele-
ments (BED file-format) and the corresponding data sets
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after suitable gene masking as described in the ‘“Mate-
rials and Methods”’. All these data sets are also available in a
compressed form via the provided URL.

(TXT)

Plot S1 “‘Plots’’ (including all the examined cases) and
additional examples of model simulations.

(PDF)

Plot 2 ¢‘Plots”’ of EU100+ CNEs on 10 kb and 100 kb
gene-masked genome (hgl8).

(PDF)
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Scarce work has been done in the analysis of the composition of conserved non-coding elements (CNEs) that are
identified by comparisons of two or more genomes and are found to exist in all metazoan genomes.

Here we present the analysis of CNEs with a methodology that takes into account word occurrence at various
lengths scales in the form of feature vector representation and rule based classifiers. We implement our approach
on both protein-coding exons and CNEs, originating from human, insect (Drosophila melanogaster) and worm
(Caenorhabditis elegans) genomes, that are either identified in the present study or obtained from the literature.
Alignment free feature vector representation of sequences combined with rule-based classification methods
leads to successful classification of the different CNEs classes. Biologically meaningful results are derived by
comparison with the genomic signatures approach, and classification rates for a variety of functional elements
of the genomes along with surrogates are presented.
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1. Introduction
1.1. Conserved non-coding elements in metazoan genomes

Itis generally believed that sequence conservation across genomes is
a key indication for functional relevance. As a consequence, since the
early days of comparative genomics several groups have focused on
the detection of genomic sequences highly similar between two or
more organisms. Bejerano et al. described a set of 481 sequences that
display 100% identity between the human, mouse and rat genomes,
so-called ultraconserved elements (UCEs) [1]. Surprisingly, the majority
of these sequences do not encode for proteins. The UCEs along with
several other classes of elements called UltraConserved Non-coding El-
ements (UCNEs) (>95% identity over > 200 bp between human and
chicken) [2] and Long Conserved Non-Coding Sequences (LCNS)
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(>95% identity over > 500 bp between human and mouse) [3] are
among the most conserved sequences described in the biomedical
literature with mostly unknown functionality overall. These sequences
represent only the tip of the iceberg of a much larger class of conserved
non-coding elements (CNEs), whose mean level of conservation
frequently exceeds that of protein-coding sequences [4,5].

Conserved non-coding elements can be found in the literature under
various definitions, depending on the minimal sequence similarity
between species under consideration and the similarity score achieved
over a minimal sequence length [6]. Throughout this article, we use
the term CNE(s) to describe all such elements despite their specific
characterization as UCEs, UCNEs, LCNSs, etc. in the related literature.
We use the specific name only when we refer to the corresponding
class of elements.

Due to the level of conservation of those elements, their non-
random co-localization around developmental genes [7] and their
widespread distribution throughout genomes [5,8], many plausible
functional roles have been attributed to CNEs (reviewed in [5]). It has
been shown, amongst others, that many of the identified CNEs function
as regulatory elements that are important in the early stages of verte-
brate development and brain formation [9-11].

Although early studies have primarily focused on CNEs in vertebrate
genomes, CNEs with similar properties have been also identified in
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invertebrate genomes (insects, worms) [12,13] and in plants [14]. This
has suggested that they are of very ancient origin and has provoked
speculations about the emergence of those elements [5].

When compared to their surrounding genomic environment, CNEs
are generally AT-rich, often containing runs of identical nucleotides
(homopurines or homopyrimidines, unpublished results). Walter et al.
analyzed the base composition of human and fugu CNEs at single nucle-
otide level and found that they are A + T rich, much more so than the
region they reside in, in contrast to their flanking region just outside
their boundaries, which exhibits a marked drop in A + T content that
forms a unique pattern [15]. But surprisingly, very little is known
about the sequence intrinsic properties of CNEs that are important for
their function and that segregate them from other classes of functional
elements. It is therefore of great interest to further investigate the
compositional preferences of constrained regions in greater detail.

1.2. Alignment-based and alignment-free methods for sequence analysis

Similarity of sequences is generally used as an indication of a corre-
sponding similarity in their functionality. Also, similarity studies have
been widely used in the phylogenetic reconstruction based on molecu-
lar grounds. Most of the current sequence analysis methods are based
on alignments, i.e. aligning areas of sequences at several length scales,
from single genes to whole genomes. Each alignment is evaluated
with a score that depends on the number of same and contiguous char-
acters in the sequences. Optimal methods for sequence alignments rely
on dynamic programming techniques, the most widely used optimal
sequence alignment algorithms being the ones of Needleman and
Waunsch [16] and Smith and Waterman [17]. These algorithms are
computationally demanding and their complexity grows exponentially
with the length of the sequences. Heuristics have been proposed that
solve the sequence alignment problem, e.g. BLAST [18] and FASTA
[19]. In order to perform the alignment of multiple sequences more
efficiently, several algorithms have been proposed: ClustalW [20],
Muscle [21], Mafft [22], and Motalign [23].

Since the first decades of systematic sequencing of protein coding
and non-coding genomic regions, it has been noticed that, while align-
ment of protein coding genomic segments both between organisms
and inside genomes reveals a richness of information, it has limited
application on the non-coding. This is because the non-coding, in its
greatest part is not evolutionary constrained (i.e. conserved due to its
functionality in the course of evolutionary time). Nonetheless, align-
ment methods may be useful when applied in short non-coding DNA
stretches. In larger chromosomal regions their use is limited, because
in long regions synthesis is not conserved between organisms, which
are evolutionarily relatively distant. Alignment is particularly useful in
the study of transposable elements, which are found in multiple copies
in most organisms, and are marked by variable degrees of homology
between them, depending on their age in the genome. A recent applica-
tion of alignment of whole genomes between two or more species led to
the aforementioned discovery of thousands of conserved and highly
conserved non-coding genomic elements (CNEs, UCNEs, etc.) through
various strategies.

Alignment-free methods are valuable when we want to extract
compositional profiles and preferences, and are applicable both
in whole-genome comparisons between organisms and in intra-
genomic detection of segments which exhibit particular modalities in
their composition, often related to their functionality. One classical
alignment-free method is based on studying distances between the
genomic signatures of sequences, which is briefly presented in the
methods section and is used in the present study for comparison with
the novel method applied herein. Based on alignment free techniques,
there are also various algorithms for locating CpG islands, which are
short genomic sequence stretches with no mutual similarity but with
several distinct compositional traits. Protein coding segments could be
determined by both alignment and alignment-free techniques, as the

use of the genetic code and the modalities of the machinery of protein
synthesis (mRNA-ribosome binding, tRNA abundances, etc.) endow
the protein-coding part of the genome with characteristic composition-
al biases. Overall, we could say that alignment and alignment-free
methods are complementary and that particular components of the
genome could be studied by suitable combinations of both.

Alignment free techniques have been proven to be particularly
successful in phylogeny and sequence analysis [24]. In alignment free
methods the similarity of two sequences is assessed based only on the
dictionary of subsequences that appear within the studied sequences,
irrespective of their relative position. A promising alignment free meth-
od is based on the feature vector representation of a sequence [24-26],
and [27] where a sequence is encoded in a vector containing the occur-
rences of its substrings (k-mers). A k-mer is defined as a subsequence of
the original sequence, k characters long. In k-mer frequency analysis
every possible k-mer over the nucleotide alphabet {A, C, G, T} is
extracted, its occurrences in the original sequence are counted and its
frequency is calculated. A vector containing the relative frequency of
every k-mer is computed for each sequence in the analyzed data set.
Two sequences are rated similar by analyzing the dictionary of their
subsequences, without taking care of their relative position.

CNEs, as their name suggests, are identified through pairwise or
multiple sequence alignments between two or more genomes.
They tend to appear in single copies in the genome [1,28,29] and
have been proposed as markers for phylogenomic studies [30].
Herein, we propose an approach that does not rely upon the informa-
tion content of an alignment between different inter-genomic DNA
regions and we apply it to the classification of functional sequences
taken from several genomes, which range from invertebrates to
vertebrates. We also proceed to several comparisons that test the
robustness of our approach by comparing the performance of
our proposed method in classifying genomic elements not only
between species, but also within the same organism and of different
possible functionalities and evolutionary depth. For that purpose, we
use a wide collection of vertebrate conserved non-coding elements
published in the literature as well as new datasets of human and
invertebrate CNEs identified in this study.

2. Methods
2.1. Published datasets

In this study, we consider several published datasets of constrained
sequences extracted from the human (Homo sapiens), insect (Drosophila
melanogaster) and worm (Caenorhabditis elegans) genomes. We
randomly select 1000 elements from each superset for subsequent
analysis, given the heterogeneity of the datasets. Only worm elements
are studied in their entirety, since this set includes only 1869 elements.
The exonic sequences of human, worm and insect genomes are
downloaded from UCSC [31]. Apart from exonic sequences, several
classes of constrained non-exonic sequences are used as follows
(for various metrics, also see the Supplementary Excel available at
dmb.iasi.cnr.it/cnes.php):

(a) UltraConserved Non-coding Elements (UCNEs): These are
human non-protein coding sequences (hg19 assembly) that
display >95% sequence identity when compared to the chicken
genome and are longer than 200 bp [32].

(b) EU100 non-exonic CNEs (EU100nx CNEs): These are human
sequences (hgl8 assembly) that are identical over at least
100 bp in at least 3 out of 5 placental mammals (human, mouse,
rat, dog and cow) [29]. The whole set is named EU100+ and
since we remove elements overlapping exons, we name it
EU100nx.

(c) Amniotic and mammalian CNEs: These are elements identified by
Kim and Pritchard [33]. Mammalian CNEs are sequences that are
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conserved within mammals but not found in chicken or fish, while
Amniotic CNEs are conserved in mammals and chicken but not
found in fish. LiftOver is used in order to convert the coordinates
to the most recent release of the human genome (from hg17 to
hg19).

2.2. Identification of sets of CNEs in vertebrates, insects and worms

For the needs of our study, we also identify sets of conserved
elements in vertebrates, insects and worms using uniform criteria in
terms of the similarity thresholds applied between the compared
sequences and of the considered minimum length. We choose to
compare whole genomes of D. melanogaster/Drosophila virilis and
C. elegans/Camellia japonica because the species which form these
pairs are distant enough to allow a clear separation between function-
ally conserved and neutrally evolving genomic sequences, while
they are selected so that evolutionary distances within every pair
are close [34]. Whole-genome alignments between D. melanogaster
(dm3)/D. virilis (droVir3) and C. elegans (ce10)/C. japonica (caeJap4)
are downloaded from the UCSC Genome Browser [31]. Sequence
regions, where the percentage of sequence identity is consistently
>90% and the length is >60 bp, are considered as conserved elements.
The sequence identity is computed in an asymmetric fashion by taking
as references D. melanogaster and C. elegans genomes and counting the
number of conserved bases in the target species in a 61 bp sliding
window. The number obtained from every window is used to assign a
percentage identity value to the base at the center of this window, as
described in [34]. In total, 45,345 sequences are identified as conserved
between D. melanogaster and D. virilis and 1869 between C. elegans and
C. japonica. Based on the Ensembl gene annotations for D. melanogaster
and C. elegans genomes, each of the conserved sequences is classified as
protein-coding or non-coding (intronic, UTR-associated or intergenic).

We also identify vertebrate CNEs (based on comparisons between
human and chicken) that exhibit various degrees of identity (75-80%,
80-85%, 85-90%, 90-95%). To obtain CNEs that have identity between
e.g. 75% and 80%, we first extract a set of CNEs that exhibits identity of
75% (using the same methodology as described above) and from this
set we remove the CNEs that exhibit identity of 80%. From the remaining
sequences, we keep only those that are longer than 199 bp. We repeat
the same procedure for the other sets of CNEs, accordingly.

2.3. Surrogate sequences extraction

FASTA sequences are obtained from BED files using the fastaFromBed
package of BEDTools [35]. Overlapping elements between different
datasets are calculated using intersectBed package from the same suite
of tools. In addition, we apply the EMBOSS suite to estimate fractional
GC content of sequences [36]. Given a CNE or another functional
element of each collection under study, an analogue of it is extracted
from the corresponding genome. Every such element (surrogate
sequence) is ensured to be of the same length and GC content (4 1%)
with its corresponding element in the collection under study. Statistics
of the datasets (mean length of sequences and GC content) are available
in the Supplementary Excel available at dmb.iasi.cnr.it/cnes.php. As
vertebrate and invertebrate CNEs are of different lengths (the ones
belonging to the latter category are considerably smaller, see [34]), we
make sure that we take elements of same lengths as follows (in all
these cases the compared sets include one thousand sequences each):
(i) each time, we compute the length of one element from the ‘short
sequences collection’, (ii) then we take one element from the ‘long
sequences collection’ and we trim it retaining only its central part
equal to the length of the corresponding ‘short sequence’, (iii) we repeat
this procedure exhaustively (1000 times in all the considered datasets).
Thus, we end up with a new dataset for the ‘long sequences’ (collection
of sequences in the form of a BED file), of which members have lengths
equal to the members of the ‘short sequences collection’.

24. The alignment-free sequences classification method LAF

To show that we can distinguish CNEs from other functional
sequences and from surrogate sequences based solely on sequence
intrinsic properties, we apply an alignment-free method based on

« a feature vector representation of the sequences and
* classification with rule based supervised machine learning techniques.

And we call it LAF (Logic Alignment Free).

The feature vector is a well-established technique for representing
biological sequences and for permitting a classification of them. This
methodology is described in Kudenko and Hirsch [25], Vinga and
Almeida [24] and Xing et al. [27], where sequence representations
with feature vectors are introduced and combined with supervised
classification methods, e.g., Support Vector Machines, for classifying
specimen to species. Another recent work is the one of Kuksa and
Pavlovic [26], who apply feature vector representations for DNA
Barcode classification.

The feature vector representation of a sequence S is based on the
computation of the substrings occurrences of a given length k in the
original sequence by applying a sliding window in S. These substrings
are called k-mers. The k-mer counts of a sequence are represented in
a feature vector, where each component of the vector is associated
with the occurrences of a particular k-mer.

The authors of Ref. [24] provide the following formal definition. Let S
be a sequence of n characters over an alphabet A, e.g. A = {A,C,G,T}, and
letk €1, k<n, k>0.If Kis a generic subsequence of S of length k, K
is called k-mer. Let the set V = {k-mery, k-mery, ..., k-mer,} be all
possible k-mers over A, V has size t = |A|X. The k-mers are computed
by counting the occurrences of the substrings in S with a sliding window
of length k over S, starting at position 1 and ending at position n-k + 1. A
feature vector C contains for each k-mer its occurrences (or counts) C =
{Ck-mert, Ckemer2s ---» Ck-mert}. The frequencies are then computed accord-
ingly and stored in a vector F = {fi_mer1, fccmer2s «+-» fkmert}» fOT @ generic
k-mer j the frequency is defined as f; = Cxmerj/(n-k + 1). For example
considering the 4 letters alphabet {A, C, G, T}, the 2-mers, and the
sequence ACGACT, the feature vector C is:

AA AC AG AT CA CC CG CT GA GC GG GT TA TC TG TT
o 2 o0 o0 o0 o0 11 1 1 O O O O o0 0 O

and the frequencies vector F is:

AA AC AG AT CA CC CG CI GA GC GG GT TA TC TG TT
o 25 0 o0 o0 O 15 15 15 0 0 0 O O O O

The sequences are so represented in a coordinate space, that is
mathematically tractable with linear algebra and statistics, e.g., by
considering the vector representation of the sequences it is possible to
compute different distance measures between two sequences or to
give the vector representation as input to a supervised machine learning
algorithm, i.e. a classifier.

The supervised machine learning approach is also called classifica-
tion: any collection of the analyzed sequences must contain an a priori
known class label, i.e. every sequence is associated with a given class,
e.g. Vertebrate, Invertebrate, Amniotic, and Mammalian. Such a collection
is called training set. Based on the training set, the method extracts a
classification model, e.g., “if-then rules”, for distinguishing the different
sequences present in the data set. The model can then be evaluated on a
test set, that may be composed of unknown sequences or sequences
that belong to a known class, in order to verify the classification perfor-
mances. Our adopted approach combines the feature vector representa-
tion with rule based supervised machine learning methods [37,38].
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As a technique for biological sequence analysis, rule based classifiers
have been proposed in Bertolazzi et al. [39] and in Weitschek et al. [40],
in particular for classifying organisms using DNA Barcode sequences
and for viruses identification. In these works, the genomic sequences
were analyzed with a positional approach: each nucleotide was
analyzed independently by referring only to its position. Therefore an
alignment of the sequences or an overlapping gene region was neces-
sary: an analysis of the characteristic nucleotides present in a deter-
mined position for every class was performed, leading to logic rules of
the type, e.g., if pos90 = A then the sequence belongs to class X. The align-
ment was necessary, because a positional analysis is only possible when
the sequences come from the same gene regions and are aligned on a
reference position.

The output of a rule based classifier is a collection of if-then rules,
assigning a sequence to a particular class (species), e.g., if pos30 = A
and pos40 = C then the sequence belongs to the squalus edmundsi species.
The major advantage of rule-based classification is the additional
knowledge that is given by the compact human interpretable model
(the if-then rules). In this work, the following algorithms are taken
into account for performing the rule based classification analysis of
the CNEs sequences feature vector representations: RIPPER [41],
RIDOR [42] and PART [43].

RIPPER is a classification algorithm that uses a direct method for
rules extraction: it infers the rules by processing directly the data.
RIPPER is composed of following computational steps:

1) rule growth

2) rule pruning

3) model optimization
4) model selection.

In the first step, the rules are computed in a greedy way by process-
ing the data attributes. The rules are then pruned (simplified) in step 2
according to statistical measures on the training set. In step 3 the rules
are optimized by extending them and adding new pruned rules. In the
last step the best performing rules are selected and the remaining
rules are discarded from the classification model.

The RIDOR classification algorithm also extracts the rules directly
from data. It firstly computes a default rule that covers the most repre-
sented class (e.g., “all sequences are Vertebrates”) and then exceptions
rules which cover the other classes (e.g., “except if freq(ACG) > 250 and
freq(AGT) < 200" these sequences are Invertebrates).

On the other hand, PART is an indirect method for rules extraction: it
processes the data by using the C4.5 tree based classifier [44] generating
a pruned decision tree for every iteration. Finally it selects the best
classification tree and uses the leaves as logic rules.

According to the previously described methods (feature vector
representation and rule based supervised learning) the LAF approach
that is adopted in this work performs for every sequence s in a data
set, which is associated to a class (e.g. Vertebrate, Invertebrate), the
following computational steps (see Fig. 1):

1. The reverse complement of the sequence s is computed.

2. The sequences S and its reverse complement s, is combined by
concatenation in a sequence S.

3. The counts of the k-mers (for k = 3,4,5) are calculated on the
sequence S, obtaining the feature vector C = {Ci_mer1, Ck-mer2s ---»
ck-men}~
The k-mer counts are extracted with the Jellyfish software [45]. k has
been chosen between 3 and 5, based on the following references [46,
47], which state the optimality of such lengths as they provide an
ideal balance between the length of the subsequences and their
number, when the sequences are expressed in the 4-letter (A,C,G,
T) alphabet.

4. The frequencies of each k-mer are computed: fj = Cimerj/(n-k + 1).

calculation of counts
and frequencies

reverse complement -
computation and concatenation

discretization data matrix generation

evaluation and biological
knowledge extraction

Y

rule based classification

Fig. 1. The LAF method flow chart.

5. A feature frequency vector of each sequence is obtained:

F= {fk—men» fl(—mer2s ceey fkmer’c}

6. The feature vectors are combined in a data matrix, where each row
represents a sequence and each column the k-mer frequency. A
header with the name of the sequences and their belonging class
is present. An example of the data matrix is given in Table 1.

7. The numeric data sets are discretized, i.e. the frequencies are
converted from numerical to nominal by the definition of intervals,
according to Fayyad & Irani's MDL method [48]; the discretization
procedure improves the performance of the rule based algorithms.

8. The data matrix is given as input to three rule based supervised
machine learning algorithms: RIPPER, RIDOR, and PART.

9. The classification methods are run in 10 fold cross validation mode
to evaluate the performances.

Cross validation is a standard sampling technique that splits the
dataset in a random way in m disjoints sets, and the data mining
procedure is run m times with different sets. At a given run n the
nth subset is used as test set and the remaining m-1 sets are merged
and used as training set for building the model. Each of the m sets
contains a random distribution of the data. The cross validation
sampling procedure builds m models and each of these models is
validated with a different set of data. Classification statistics are
computed for every model and the average of these represents an
accurate estimation of the data mining procedure performance.
10. The classification models are extracted, e.g.,
if freq(AAAC) < 0.195 then the organism is Vertebrate;
if freq(AAAC) > 0.195 then the organism is Invertebrate.
11. The models are evaluated in terms of correct classification rate.

Table 1

Data matrix example of the LAF method.

An example of the data matrix obtained by the application of the LAF method. The data
matrix is composed by two heading columns, the first with the identifiers of the sequences
and the second with the class labels. The following rows contain the frequency values of
the k-mers in the sequences.

Seq 1 Seq 2 Seq N-1 Seq N
Vertebrate Vertebrate Invertebrate Invertebrate
AAA 0.46 0.26 0.24 0.54
AAC 0.12 0.16 0.23 0.24
AAG 0.12 0.23 0.23 0.23
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Scripts for filtering, reverse complementing, joining the data sets,
calculating the frequencies, discretizing, and classifying have been
implemented and are available upon request.

The Weka [48] implementations of the ruled based classification
algorithms are adopted for performing the analysis. The experiments
have been run under a 64-bit Debian Linux workstation with kernel
2.6.26, 32GB of RAM, and an Intel i7 4-core processor.

2.5. The “genomic signature” method

A different technique for classification of biological sequences is
considered for a direct comparison with the results obtained using the
LAF approach proposed here. A classical method for quantifying the
neighbor preferences in a DNA sequence of an entire genome is the
computation of the vector of the odds ratios for dinucleotides [49].
The odds ratio of each dinucleotide is the quantity: p; = f/(fi f;).
where f; and f;, f; stand for the frequencies of occurrence in the studied
sequence of a dinucleotide and its constituent nucleotides respectively.
Thus subscripts i, j represent any pair of A, G, C and T. This is the ratio of
the “observed” dinucleotide frequency over the “expected” one under
no neighbor preference, thus it expresses the actual neighbor prefer-
ences of the given pair of nucleotides. Before computing the odds
ratios for a given sequence, this is concatenated to its reverse comple-
ment. Consequently, the relevant ratios are only ten, i.e. four for the
self-complementary dinucleotides and six for the mutually complemen-
tary couples. Karlin and co-workers found that these quantities differ-
entiate between different genomes, according, approximately, to their
evolutionary distance [50]. Thus they have assigned to the vector of
these ten “first neighbor preferences” the name of genomic signature
[51]. In what follows, we use classification based on genomic signatures
for comparison with classification based on the alignment-free method
described in the previous section. We also consider RIPPER, PART and
RIDOR as classifiers for all the experiments and we also perform the
discretization procedure as described previously.

All scripts used throughout this work are available upon request to
interested readers. All the used files (in BED format) are available as
Supplementary material at dmb.iasi.cnr.it/cnes.php.

3. Results and discussion

In this section, we present a systematic classification analysis of
short genomic segments displaying different functionalities and found
in the human and other genomes by using a supervised machine learn-
ing approach. For every classification task, we adopt the technique of
feature vector representation and rule based classification explained

Table 2
Comparison of background genomic sequences from different organisms.

in previous sections. Every classification task is performed using feature
vector representation with k-mers of length 3, 4 and 5, which are given
as input to three different rule based algorithms (RIPPER, RIDOR, PART),
adopting a 10-fold cross validation sampling technique. The full list of
accuracy results with all parameters is summarized in Supplementary
Excel available at dmb.iasi.cnr.it/cnes.php. We omit the percentages of
false positives and false negatives, because the errors are equally distrib-
uted between the different classes in the datasets. We report here and
discuss based on the best result (highest classification rate) among
each different rule based algorithm, applied on the feature vectors
composed of k-mers length 3, 4, 5. The reason for choosing the overall
best for this purpose is that we consider that it captures more directly
the potential of k-mers based classification and consequently it might
be correlated more meaningfully with several biological characteristics
and reveal functional modalities of the studied sequences. In the
Supplementary Excel, interested readers are provided with the average
classification rates as calculated based on all 26 experiments performed.
Based on our results, we suggest k = 3 and PART as the optimal param-
eters for an ab initio classification experiment (see Supplementary
Excel). For all the considered experiments, genomic signatures are
also used as an alternative to the k-mers based classification method.
Genomic signatures, as characteristic constitutional traces of different
genomes, have a long history and represent a classical standard to
which we would like to compare the k-mers based approach. In the
case of genomic signatures, the best overall result in terms of algorithm
used is also considered.

The following classification analyses are presented in order to assess
the potential usefulness of our approach in distinguishing among differ-
ent genomic elements in the same or in different metazoan genomes.
The classification rules extracted with the alignment-free sequences
classification method (LAF), described in the “Methods” section, are
available for download at dmb.iasi.cnr.it/cnes.php. The interested read-
er can identify the characteristic k-mers for every pairwise experiment
and class of the investigated data sets.

3.1. Inter-species comparison of background sequences

In these comparisons between human, worm and insect background
sequences we use as representative samples of the different genomes
surrogate sets, composed either for exons or for CNEs. Comparisons
involving H. sapiens yield always the best classification rates using
both LAF and Genomic Signatures (GS), see Table 2. This may be
understood on the grounds of the high difference of neighbor
preferences, mainly in CpG and TpA between H. sapiens and the inverte-
brates, while these preferences are found to be close between

Inter-genomic comparisons between pairs of collections of 1000 background sequences each (non-CNE, non-exonic) from the three studied genomes. These sequences are produced as
surrogates for the CNEs and exons studied later. Each sequence has same length and same GC% with one member of the CNE or exon collections. The highest value of LAF or GS accuracy in
each classification experiment is shown in bold. For more details on the used methods see in the text and supplementary material.

Experiment no Description Average length Average GC LAF, accuracy GS, accuracy

#1 Surrogate for human exons 167.84 0.40 84.21 86.93
Surrogates for worm exons 169.32 0.52

#14 Surrogates for human UCNEs 86.09 0.36 81.45 84.30
Surrogates for insect UCNEs 86.58 039

#20 Surrogates for human exons 169.82 0.51 84.66 87.89
Surrogates for insect exons 169.32 0.52

#22 Surrogates for worm exons 213.37 0.42 78.60 70.95
Surrogates for insect exons 212.86 0.52

#23 Surrogates for worm UCNEs 83.18 043 82.10 84.48
Surrogates for hUCNEs 82.93 0.36

#13 Surrogates for worm UCNEs 83.41 0.43 64.70 63.65
Surrogates for insect UCNEs 86.58 0.39

Average

79.29 79.70
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invertebrate species: D. melanogaster (insect) and C. elegans (worm). GS
is exclusively a quantification of first neighbor preference, while in LAF
several other components of the sequence composition are implicitly
included alongside, e.g. mono-nucleotide composition and higher
order neighbor preference. In accordance with the above description,
in cases where human sequences are included in the comparison, GS
perform systematically better than LAF, while in the remaining two
cases LAF is the best.

Another conclusion that stems from simple inspection of the Table 2
is that in interspecies comparisons between background genomic
sequences, the best results are obtained for exonic surrogates (vs. CNE
surrogates). This relies on the simple fact that the mean lengths of
exons, in all cases, clearly exceed mean lengths of CNEs (and the same
holds true for their surrogate sequences, by construction). Higher
mean lengths obviously allow better statistics and thus higher classifica-
tion rates in both LAF & GS. Note that, concerning interspecies CNE
comparisons, the sequences of the vertebrate CNE set are always
trimmed to the mean length of the shorter invertebrate CNEs set (for
details see in the Methods section).

3.2. Comparison of constrained sequences vs. their corresponding surrogates

The following experiments refer to comparisons of constrained
sequences against their surrogates (Table 3). Note that surrogates
share with the initial sequences the same GC% and length (see the
Methods section). As evidenced, comparisons involving invertebrate
constrained sequences are not classified as successfully as their
human counterparts using LAF. The latter may be understood on the
grounds of several particularities of the warm-blooded animals (and
often of all vertebrates) especially in their non-functional, non-
constrained background genomic fraction. These include a high enrich-
ment in repetitive sequences. Such genomes also present a typical
profile of avoided dinucleotides (especially CpG and TpA) that are less
avoided in the constrained elements (exons, CNEs), which having func-
tional roles, do not strictly follow the average genomic compositional
trends. Note that invertebrate genomes are much less abundant in
repeats and less marked by underrepresentation of specific dinucleo-
tides. In the comparisons by means of GS, the same trend is followed,

Table 3

Comparison of constrained sequences versus their corresponding surrogates.
Intra-genomic comparisons between pairs of collections of CNEs or exons vs. surrogates.
The highest value of LAF or GS accuracy in each classification experiment is shown in bold.
Here worm CNEs are studied in their entirety against their surrogates (1869 sequences).
For more details on the used methods see in the text and supplementary material.

Experiment Description Average Average LAF, GS,

no length GC accuracy  accuracy

#2 Worm exons 21337 0.42 65.63 63.75
Surrogates 213.37 0.42

#3 Human exons 169.82 0.52 7331 65.81
Surrogates 169.82 0.52

#17 Insect exons 388.82 0.54 63.72 61.95
Surrogates 381.56 0.54

#4 Worm UCNEs 82.88 043 61.00 57.71
Surrogates 82.88 0.43

#5a Human UCNEs 326.92 0.37 81.15 73.55
Surrogates 326.92 0.37

#5b Human EU100nx  155.50 0.38 75.95 65.15
CNEs
Surrogates 155.50 0.38

#5¢ Amniotic CNEs 289.06 0.38 76.25 66.10
Surrogates 289.06 0.38

#5d Mammalian CNEs  246.49 0.40 73.65 60.00
Surrogates 246.49 0.40

#12 Insect UCNEs 86.58 0.39 67.95 66.95
Surrogates 86.58 0.39

Average 70.96 64.55

but differences are minor, due to the simpler structure of this genomic
metrics. Furthermore, we know from earlier studies that genomic signa-
tures do not perform well in intra-species comparisons because neigh-
bor preferences remain relatively constant within the same genome.
Therefore, in all cases listed, LAF performs better than GS.

The last six rows of Table 3 denote comparisons of several CNE
sequences collections against their surrogates. In general we notice
that among constrained sequences, human CNE sequences vs. surro-
gates exhibit relatively higher classification rates, if compared with
exonic sequences vs. their corresponding surrogates. Although, we are
not able at this stage to clearly interpret this finding, it might be related
to the hypothesis that CNEs orchestrate highly sophisticated develop-
mental processes including brain formation [11]. The instructions that
direct these processes might be hardwired and reflected in their
sequences themselves. It is known from the literature that CNEs do
serve as transcription factor binding sites and bear several motifs [52,
53] that k-mer analysis is possibly sensitive enough to detect and thus
increase the found CNE vs. background towards exons vs. background
classification rates.

3.3. Intra-species comparison of constrained sequences (functional sequences
vs. functional sequences of a different type)

3.3.1. Case of exons vs. UCNEs

We next proceed to the study of the sequence characteristics of
elements that are characterized as functional; exons that are known to
be under selective constraints and encode for polypeptide chains and
CNEs that are mostly of unknown functionality, which is though implied
by their high degree of conservation. At a first glance, differences in
classification rates between LAF and GS, tabulated in Table 4, may be
related to the gradation of GC content between the studied classes.
Indeed, it is known from the literature that CNEs are generally AT rich
[15], while protein coding genes are relatively GC rich, see also GC
content values included in Table 4. However, this may not be entirely
true, as classification success in the case of worm exons vs. worm
UCNEs is medium (see experiment #6, 68.65%) while CG content differ-
ence is minimal. This might indicate that exons and CNEs functional
differences are inscribed in their sequence composition. Known such
modalities are codon biases and amino-acid frequencies in coding
exons, or inscription of several protein binding and other consensus
sequences frequent within CNEs.

3.3.2. Case of different classes of CNEs

Here we compare different classes of CNEs which are identified
using the same criteria but with gradually increasing similarity thresh-
olds, using a step of 5 percentage points per dataset (see the Methods
section). Note that differentiation on the basis of GC composition
between these datasets is quite low. However, we still obtain good

Table 4

Comparison of different types of constrained sequences.

Pair-wise intra-genomic comparisons between collections of CNEs, vs. exons, containing
1000 sequences each. The highest value of LAF or GS accuracy in each classification exper-
iment is shown in bold. For more details on the used methods see in the text and supple-
mentary material.

Experiment Description Average Average LAF, GS,

no length GC accuracy accuracy

#6 Worm exons 82.64 0.42 68.65 61.88
Worm UCNEs 83.11 043

#7 Human exons 169.82 0.52 82.79 77.66
Human UCNEs 169.32 0.37

#18 Insect exons 86.09 0.52 82.80 81.90
Insect UCNEs 86.58 0.39

Average 78.08 73.81
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Table 5

Comparison of CNEs identified using the same criteria but with different thresholds.
Intra-genomic comparisons between pairs of collections of 1000 human CNE sequences
each. These datasets consist of sequences identified between pairwise human/chicken
alignments with gradually increasing similarity thresholds. The highest value of LAF or
GS accuracy in each classification experiment is shown in bold. For more details on the
used methods, see in the text and supplementary material.

Experiment Description Average Average LAF, GS,

no length GC accuracy accuracy

#24 CNEs 75-80% 24892 0.39 55.45 53.95
CNEs 80-85% 248.39 0.38

#25 CNEs 75-80% 248.92 0.39 57.45 50.00
CNEs 85-90% 250.63 0.38

#26 CNEs 75-80% 248.92 0.39 60.95 59.05
CNEs 90-95% 268.64 0.37

#27 CNEs 75-80% 248.92 0.39 68.50 63.25
CNEs 95-100%  319.70 0.37

#28 CNEs 80-85% 248.39 0.38 50.00 50.00
CNEs 85-90% 250.63 0.38

#29 CNEs 80-85% 248.39 0.38 58.90 54.30
CNEs 90-95% 268.64 0.37

#30 CNEs 80-85% 248.39 0.38 68.60 61.80
CNEs 95-100%  319.70 0.37

#31 CNEs 85-90% 250.63 0.38 58.00 50.00
CNEs 90-95% 268.64 0.37

#32 CNEs 85-90% 250.63 0.38 65.65 59.30
CNEs 95-100%  319.70 0.37

#33 CNEs 90-95% 268.64 0.37 61.55 50.00
CNEs 95-100%  319.70 0.37

#34 CNEs 75-80% 248.92 0.39 76.20 64.10
Surrogates 248.92 0.39

#35 CNEs 85-90% 250.63 0.38 78.45 65.25
Surrogates 250.63 0.38

#5a CNEs 95-100%  326.92 0.37 81.15 73.55
Surrogates 326.92 0.37

Average 64.68 58.04

classification rates, clearly better than those using genomic signatures.
Especially high accuracy values are obtained when we deal with
ultraconserved elements (UCNEs, 95-100% similarity between
human and chicken, experiments #27, #30, #32, #33, #5a). UCNEs are
presumed to form a distinct class, distinguishing themselves from
CNEs of the other datasets included in Table 5 comparisons, that are
identified from the same organisms but using less stringent criteria of
sequence identity. Furthermore, when we compare CNEs 75-80%,
CNEs 85-90% and CNEs 95-100% vs. their corresponding surrogate
sequences in the human genome, we observe a gradual increase in
performance (compare #34 and #35 with #5a). Note here, that we
consider for this kind of experiments raw sequences that are not
processed in any way (i.e. trimming is not performed). Overall, as we
have mentioned earlier, we get the best classification rates when we
have UCNEs (Experiment #5a). The information content hardwired in
those sequences probably renders them detectable by our method
with high efficiency. The genomic signatures approach also performs
well in this case, which means that those sequences do probably form
a distinct category of ultraconserved sequences from the point of view
of first neighbor preferences too.

Table 6
Overall statistics describing the effectiveness of our method. LAF (Best).

3.4. Classification based on k-mer analysis and rule based classifiers proves
efficient in distinguishing sequences from the same species (intra-species
comparisons)

By definition, genomic signatures are widely used for the identifi-
cation of different species [50]. Using a graphical representation of
genomic composition termed Chaos Game Representation (CGR),
Deschavanne et al. reported that subsequences of a genome display
the main characteristics of the whole genome converging to the geno-
mic signature concept [54]. Interestingly, the authors attributed the
variability observed among sequences to base concentrations, runs of
complementary bases or purines/pyrimidines and over- or under-
expressed words of various lengths with the aim to measure phyloge-
netic proximity. We categorize the performed experiments as inter-
species or intra-species based on whether the sequences under study
derive from different or the same organism respectively. Based on the
statistics presented in Table 6, it seems that our method performs
almost equally well with the GS approach, when dealing with sequences
from different species (80.20% vs. 80.19% for the genomic signatures).
When it comes to intra-species comparisons, however, the method
proposed herein performs fairly better (70.90% vs. 65.83%). This lies
in accordance with the fact that k-mer analysis of relatively short
sequences combined with logic mining classifiers is a promising
method, since it also takes into account the occurrence in the studied
sequences of other oligonucleotide stretches such as homopurines,
homopyrimidines (unpublished results) or overlapping transcription
factor binding sites that are found in the sequences and represent
another type of “signature” that distinguishes them from the bulk or
from other non-constrained sequences.

4. Conclusions

We present and apply an approach based on k-mer analysis and rule
based classification called Logic Alignment Free (LAF) in order to repre-
sent and subsequently classify biological sequences of different func-
tionalities and origins. We compare this approach vis-a-vis Karlin's
Genomic Signature (GS) method, and present classification rates. To
our knowledge, our study is the first one that applies those methodolo-
gies on short biological sequences, as up to now GS had only been
applied in more extended genomic regions of 50 kb or more [49)].
Based on our results, we deduce that LAF performs particularly well
when dealing with sequences from the same species surpassing the
performance of Genomic Signatures (GS), while in inter-species
comparisons, where the potential of GS has already been validated by
comparing large genomic regions, the two methods perform equally
well. Therefore, LAF analysis of biological sequences could be further
used in applications involving sequence analysis such as categorization
of different possible functionalities within groups of CNEs or identifica-
tion of metagenomic components.
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The best combination for each experiment, in terms of k-mer and classifier used, is considered and then averaged, LAF (average of 9): All the different combinations for each experiment of
k-mers and rule-based classifiers are averaged, LAF (k = 3, PART): Based on all the experiments performed, the most suitable combination of k and algorithm is used for the analysis in
each experiment, GS (without discretization): genomic signatures as calculated without the extra discretization step (described in the Methods section) that we apply when we perform

our analysis.

LAF, accuracy, LAF, accuracy, LAF, accuracy,

GS, accuracy, without GS, accuracy, Best, GS, accuracy, mean of 3,

Best average of 9 k = 3, PART discretization with discretization with discretization
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Intra-Species 70.90 67.69 69.74 63.35 65.83 65.14
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Abstract. Most common methods for inquiring genomic sequence composition, are based
on the bag-of-words approach and thus largely ignore the original sequence structure or the
relative positioning of its constituent oligonucleotides. We here present a novel methodol-
ogy that takes into account both word representation and relative positioning at various
lengths scales in the form of n-gram graphs (NGG). We implemented the NGG approach
on short vertebrate and invertebrate constrained genomic sequences of various origins and
predicted functionalities and were able to efficiently distinguish DNA sequences belonging
to the same species (intra-species classification). As an alternative method, we also ap-
plied the Genomic Signatures (GS) approach to the same sequences. To our knowledge,
this is the first time that GS are applied on short sequences, rather than whole genomes.
Together, the presented results suggest that NGG is an efficient method for classifying
sequences, originating from a given genome, according to their function.

Keywords: genomic sequence representation, n-gram graphs, conserved non-coding ele-
ments, CNEs, UCEs, ultraconserved elements, classification, genomic signatures

1 Introduction

1.1 Constrained Elements in Eukaryote Genomes

High throughput sequencing at a massive scale combined with comparative genome analysis has
led to the discovery of a variety of constrained genomic elements. In fact, there are many more
selectively constrained noncoding than protein-coding sequences in mammalian genomes. One of
the most interesting discoveries that have arisen from comparative genomics among mammalian
genomes are the hundreds of such noncoding elements of more than 200bp in length that show
absolute conservation among mammalian orders [I]. These only represent the tip of the iceberg
of a much larger class of conserved noncoding elements (CNEs), a general class of sequence
elements that are significantly more conserved than protein-coding genes and non-coding RNAs
(ncRNASs)[2]. In the following analysis, we implement the term “constrained elements” for both
protein-coding and conserved non-coding sequence stretches, while we refer to noncoding as
strictly not protein-coding.

Conserved non-coding elements can be found in the literature under various definitions, de-
pending on the percentage of identity between two or more organisms and the minimum length.
Increasing evidence suggests that CNEs are selectively constrained and not mutational cold-spots

* Corresponding author.
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[3] and there is a plethora of studies indicating possible functions of those elements [2]. Among
the various reported functional roles of CNEs, enhancers appear to be the most plausible. Nev-
ertheless, the relative abundance, genomic distribution and variable length of CNEs is indicative
of various alternatives. CNEs have been shown to bear resemblance to CTCF insulator sites
[4], matrix attachment regions [5], while a recent, concise study across 29 mammals revealed
constrained elements of smaller sizes that may be directly related to transcriptional regulation
as well as to the encoding of functional RNA molecules [6]. CNE existence may be extended
even further back in evolutionary time as suggested by recent works including both bony and
cartilaginous fish species [7]. While the majority of the analyses have been conducted in mam-
mals, there is growing evidence that CNEs are not a vertebrate innovation and can also be found
in invertebrates and plants. Despite the fact that vertebrate and invertebrate CNEs bear no
sequence identity, they share common sequence characteristics, indicating a parallel evolution of
those sequences in order to perform the same, possibly essential, functions [g].

Among the various attributes of these genomic sequences, DNA composition has been greatly
ignored. When compared to non-CNEs and near-promoter sequences, CNEs possess an excess
of AT-rich motifs, often containing runs of identical nucleotides. In a recent paper, Walter et al
have analysed the base composition of human and Fugu CNEs at single nucleotide level [9]. They
have found that those elements are A+T rich, much more so than the region they reside in, in
contrast to their flanking region just outside their boundaries, which exhibits a marked drop in
A+T content that forms a unique pattern. Such compositional extremes are strong indications of
functionality as has been shown for gene-dense regions and CpG islands [I0JTT]. It is therefore of
great interest to further investigate the compositional preference of constrained regions in greater
detail. To this end, conventional approaches addressing composition through histograms, or bag-
of-words approaches tend to overlook the positional information, while probabilistic sequential
methods like HMMs are likely to undermine the effect of local sequence boundaries. In the
following we describe a novel methodology that is able to address both such aspects with the
additional advantage of allowing for similarity measurements between any two sequences.

1.2 Analyzing Sequence Composition Through a Combination of Word-content
and Relative Positioning Information

A sequence can easily be considered equivalent to a natural language text, under the assumption
that the vocabulary is very limited. Traditionally, natural language processing methods based
on n-grams (n-nucleotides correspondingly) have been applied on biological sequences, aiming
to support sequence matching [12], indexing [I3], analysis of protein sequences [I4] and coding
and non-coding DNA sequences [I5]. The n-gram models of sequences indicate how short sub-
sequences of length n appear in the whole analyzed sequence. Other alternatives of analysis, like
Hidden Markov Models or Conditional Random Fields [16], model probabilistically the possible
combinations of elements in a sequence.

In this work, we propose the application of the n-gram graph (NGG) representation methodol-
ogy [I7], which manages to capture both local and global characteristics of the analysed sequences.
The main idea behind the n-gram graphs is that the neighborhood between sub-sequences in a
sequence contains a crucial part of the sequence information. The n-gram graph, as derived from
a single sequence, is essentially a histogram of the co-occurrences of symbols. The symbols are
considered to co-occur when found within a maximum distance (window) of each other. The
size of the window, which is a parameter of the n-gram graph, allows for fuzziness in the rep-
resentation of co-occurrences within a sequence. The fact that n-gram graphs take into account
co-occurrences offers the local descriptiveness. The fact that they act as a histogram of such
co-occurrences provides their global representation potential.
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As opposed to probabilistic models, the n-gram graphs are deterministic. As opposed to n-
gram models, n-gram graphs offer more information, based on the representation of co-occurrences.
Overall, they provide a trade-off between expressiveness and generalization.

The n-gram graph framework, also offers a set of important operators. These operators allow
combining individual graphs into a model graph (the update operator), and comparing pairs of
graphs providing graded similarity measurements (similarity operators). In the sequence compo-
sition setting, the representation and set of operators provide one more means of analysis and
comparison, one that is lacking from widely-implemented probabilistic models such as HMMs.

Finally, the n-gram graphs can be combined with vector representation of sequences to allow
the application of machine learning methods for the classification of sequences. Within this
study, both conserved non-coding and protein coding segments are analyzed through a NGG-
based approach and an approach based on the method of genomic signatures [I8]. Additionally,
datasets of CNEs and protein coding segments(coding exons) are studied along with suitably
chosen (see Methods) surrogate sequence sets.

2 Methods

2.1 Datasets Retrieval

We consider various published datasets of constrained sequences. Human, worm and insect de-
note sequences taken from H.sapiens, C.elegans and D.melanogaster genomes. Given that those
datasets are heterogeneous in numbers, we randomly select 1000 elements from each set for our
subsequent analysis. Only worm CNEs are studied in their entirety, as this dataset is relatively
small. The exonic sequences of human, worm and insect genomes were obtained from the UCSC
genome repository based on the RefSeq annotation referring to the latest genome assemblies
(hgl9, cel0, dm3) [19]. The datasets described below along with their surrogates are used in 26,
in total, pairwise classification experiments, denoted throughout the text as #1, #2, ...; see Sup-
plementary Spreadsheetﬂ where further information is provided. Apart from exonic sequences,
the following classes of constrained non-exonic sequences are used:

— UltraConserved Noncoding Elements (UCNEs): These are sequences of at least 200bp in
length mapped on the human genome (hgl9) that display sequence similarity which is greater
than or equal to 95% between human and chicken whole genome alignments [20]

— EU100 nonexonic CNEs (EU100nx CNEs): These are sequences mapped on the human
genome (hgl8) that are identical over 100bp in at least 3 out of 5 placental mammals (hu-
man, mouse, rat, dog and cow) [21I]. The whole set is named EU100+ and since we remove
elements overlapping exons it will be referred to as EU100nx.

— Amniotic and Mammalian CNEs: These are elements identified by Kim and Pritchard[22].
Mammalian CNEs are sequences that are conserved within mammals but not found in chicken
or fish, while Amniotic CNEs are conserved in mammals and chicken but not found in fish.
LiftOver [23] is used to convert the coordinates to the most recent release of the human
genome (from hgl7 to hgl9).

— Worm and Insect UCNEs: These are elements mapped on cel0 and dm3 genome releases of
C.elegans and D.melanogaster respectively. Worm UCNEs are DNA stretches longer than
60bp that exhibit sequence similarity greater than 90% among C.elegans and C.japonica,
while Insect UCNESs are stretches longer than 60bp that display sequence similarity greater
than 90% among D.melanogaster and D.virilis (unpublished results, Philipp Bucher’s group,
EPFL)

®You can download the spreadsheet from http://users.iit.demokritos.gr/~ggianna/
Publications/alcob2014/.
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2.2 Treatment of Sequences and Extraction of Surrogate Sequences

A useful suite of tools called BEDTools [24] is used in order to extract FASTA sequences from
BED files and to calculate overlapping elements. Additionally, we make use of the EMBOSS
suite to calculate fractional GC content of sequences [25]. It is known from the literature that
vertebrate and invertebrate CNEs are of significantly different lengths (the ones belonging to
the latter category are considerably smaller) [26]. We make sure that we take segments of equal
lengths as follows: for classification experiments involving CNE sets of vertebrate and invertebrate
origin, we truncate the vertebrate ones around their middle point to the length of the shortest
invertebrate CNE included in the experiment. For each element of each collection under study
(CNE or exon), an analogue of it is extracted from the corresponding genome. Every resulting
DNA segment (surrogate sequence) is ensured that is of the same length and GC content (within
a 1% deviation limit) with its corresponding element in the collection under study. Statistics
of the datasets (mean length and GC content of sequences) are available in the Supplementary
Spreadsheet. All custom shell scripts are available upon request to interested readers. All the
files (coordinates in BED and sequences in FASTA format) are also available upon request.

2.3 From Sequences to the N-gram Graph Similarity Vector Space

We have followed a set of steps to represent our sequences using n-gram graphs. The idea is that
from known (labeled) sequences we form representatives of each class of sequences. Then, we
describe all sequences based on their similarity to the representatives of each class. Thus, there
are essentially three steps in our application of the n-gram graphs:

— Representation of individual sequences using n-gram graphs.

— Calculation of representative (model) n-gram graphs for each training class used.

— Calculation of similarity between training instances and model graphs.

— Representation of instances using only their similarities, i.e., in a similarity vector space.

In the following paragraphs we elaborate on these steps.

Representation of Sequences The n-gram graph is a graph G =< V& ES L, W >, where
V¢ is the set of vertices, E¢ is the set of edges, L is a function assigning a label to each vertex
and to each edge and W is a function assigning a weight to every edge. The graph has n-grams
labeling its vertices v“ € V. The edges e € E¢ (the superscript G will be omitted where easily
assumed) connecting the n-grams indicate proximity of the corresponding vertex n-grams. The
weight of the edges can indicate a variety of traits. In our implementation we apply as weight
the number of times the two connected n-grams were found to co-occur. It is important to note
that in n-gram graphs each vertex is unique. To ensure that no duplicate vertices exist, we also
require that the labelling function is an one-to-one function. Two vertices are considered equal
if and only if their labels are equal.

We repeat that the edges I/ are assigned weights of ¢; ; where ¢; ; is the number of times a
given pair S;,S; of n-grams happen to be neighbors in a string within some distance Dyin of
each other. The distance d of two n-grams S(»#+®) §(1:7+8) i5 ¢ = |j — j|. To create the n-gram
graph from a given sequence, a fixed-width window Dy, of characters (or words) around a given
n-gram Ny = S”,r € N* is used. All character n-grams within the window are considered to be
neighbors of Ny. These neighbors are represented as connected vertices in the text graph. We
use a symmetric approach, where a window of length 2 X Dy, + 1 runs over the text, centered
at the beginning of Ny. If the n-gram we are interested in is located at position pg, then the
window will span from pyg — Dyin to po + Dwin, taking into account both preceding and succeeding
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characters or words. Each edge e =< a,b > is weighted based on the number of co-occurrences
of the neighbors within a window in the text:

w(e) = |[{SEF) = L(a), SUI+™) = L(b) : abs(i — j) < Dyin,i # j}| (1)

Creation of Representative Graphs The n-gram graph representation specification indicates
how to represent a text using an n-gram graph. However, in sequence analysis it is often required
to represent a whole sequence set, i.e. a sequence class. In our applications we have used the
update function U to represent sets. The update function U(G1, Ga, 1) takes two graphs as input.
One graph is considered to be the pre-existing graph G; and one that is considered to be the
new graph Gbs.

The U function takes an additional argument, the learning factor | € [0, 1], which determines
the sensitivity of G to the change G5 brings. The higher the value of learning factor, the higher
the impact of the new graph to the existing graph. The definition of the weighting performed in
the graph resulting from U(G1, Ga,1) is:

w(e) = wi(e) + (wa(e) —wi(e)) x 1 (2)

for every edge e € Eq U Es.

The U function allows creating a representative graph for a set of documents, in analogy
to the centroid of a set of vectors. The creation of a set-representative graph Gg, for a given
set of graphs G = {G1,G2,Gs3,...,G,} is as follows. We initialize the class graph with the first
document of the class G5 = G;. Then, iteratively we update G by:

1 ,
Gs = U(GS,G»L‘, m) for ¢ € 2,n. (3)

After all iterations the weight of every edge e € E will have a weight of:

> wi
i:e€ B,

_ 4

|Z e € Ez| ( )
This weight is the average of the weights of edge e over all the graphs G;, where it appears.

This means that graphs where the edge does not appear, are not taken into account in this

calculation. This essentially means that having a graph with an edge e, where w(e) = 0 is

different than not having the edge at all.

We =

Measuring Similarity and Vector Space Representation In the n-gram graph framework
there are different ways to measure similarity. We choose the Value Similarity function [I7]. This
measure quantifies the ratio of common edges between two graphs, taking into account the ratio

of weights of common edges. In this measure each matching edge e having weight w? in graph
VR(e)
max(|G*[,|GT]) T
for an edge e ¢ G" we define w? = 0).
The ValueRatio (VR) scaling factor is defined as:

G' contributes to VS, while not matching edges do not contribute (consider that

min(w?, w?)
VR(e) = ——————=~ 5
(©) max(w?, w?) ©)

The equation indicates that the ValueRatio takes values in [0,1], and is symmetric. Thus, the

full equation for VS is:
min(w;,wy)
>

e€Gi max(wg,wf)

max(|Gil, |G,])

VS(Gi, Gy) = (6)
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Given the similarity function VS(G;, G;), a sequence instance S with a corresponding graph
Gs and class-representative graphs G; for classes C;, we can describe S in a similarity vector
space. In this space, each dimension reflects the similarity of the instance sequence to a corre-
sponding class. Thus, the vector V(S) is of the form

V(9) =< VS(Gs,G1),VS(Gs, Ga), ..., VS(Gs, Gy) > (7)

where n is the number of classes we have. Thus, the above process allows us to map each sequence
in a dataset to a vector space of similarities.

In the following section we discuss another representation of sequences we use in our experi-
ments: genomic signatures.

2.4 The “Genomic Signature” Method

This is a standard methodology for classifying and distinguishing genomes based on the quantifi-
cation of neighbor preferences in a DNA sequence of an entire genome by computing the vector
of the odds ratios for dinucleotides [27]. The odds ratio of each dinucleotide is the quantity:
ri; = fi;/(fif;), where f;; and f;, f; stand for the frequencies of occurrence in the studied se-
quence of a dinucleotide and its constituent nucleotides respectively. Therefore, the subscripts i,
j represent any pair of A, G, C and T. This is the ratio of the “observed” dinucleotide frequency
over the “expected” one under no neighbor effects, thus it expresses the actual neighbor prefer-
ences of the given pair of nucleotides. Before computing the odds ratios for a given sequence, this
is concatenated to its reverse complement. Consequently, the relevant ratios are only ten, i.e. four
for the self-complementary dinucleotides and six for the mutually complementary couples. Kar-
lin and co-workers first proposed that these quantities differentiate between different genomes,
according, approximately, to their evolutionary distance. Thus they have assigned to the vector
of these ten “first neighbour preferences” the name of genomic signature (GS). It has to be noted
that GS filter out mononucleotide composition retaining only the first neighbor preferences.

For a direct comparison with the n-gram graphs (NGG) approach described in the previous
section, we use classification based on genomic signatures (GS) and apply that to the same pairs
of genomic sequences. When applying classification, in both the NGG and the GS approaches we
use the output of the analysis (similarity vectors, or ratio correspondingly) as input vectors to
train a well-known, rule-based classifier: the JRIP implementation [28] of RIPPER [29]. We note
that the results provided by RIPPER are comparable to those of other state-of-the-art classifiers
we tried (e.g., Support Vector Machine based classification). In the following section we report
our findings based on experiments using both analysis methods (NGG and GS).

3 Results and Discussion

In this section we describe a systematic analysis of short genomic segments, which display dif-
ferent functionalities and stem from human, worm and insect genomes. For every classification
task, we adopt the technique of NGG and GS as explained previously in order to estimate how
different modalities could be separated based on sequence composition.

We note that the n-gram graph representation embeds three parameters. The first is the value
of m, which defines the minimum length of the n-grams into which a sequence is split. The second
is M, which defines the maximum length of the n-grams into which a sequence is split. The third
is D which represents the maximum distance within which we consider the n-grams (n-bases) to
be neighbors. Keeping m = M = D simplifies the analysis step reducing the required time, while
not significantly altering the results in most cases [17].



Classification of Constrained DNA Elements 7

An estimator described in the the original n-gram graphs’ work [I7] was used in order to
define these parameters. As it was devised for a different, linguistic task (summarization system
evaluation) not taking into account the prediction potential of n-grams for a classification task, we
performed an approximate optimization based on exhaustive experiments (for m € [2,9]) using
10-fold cross validation. The tuning was performed using 6 different datasets. In Figure [I] we
illustrate the performance of the n-gram graph based classification. Each column corresponds to
a parameter value combination. The strong horizontal line in each column indicates the average
performance of this combination over the set of 6 datasets. The remaining lines represent the
quantile values of the performance. We deduce that there exists a persistent high plateau of
performance when 5 < m < 8, which shows that the method does not improve significantly after
m = 5. Another observation is that 2-2-2 performs considerably better than 3-3-3 and almost
equally to 4-4-4. This might be related to the importance of first neighbor preferences as reflected
in the NGG methodology.

0.70
|

0.65
|

F1 Performance

T T T T T T T T
2-2-2 3-3-3 4-4-4 5-5-5 6-6-6 7-7-7 8-8-8 9-9-9

Setting (minN, maxN, D)

Fig. 1. Boxplots of the performance of n-gram graphs classification over varying parameters

In the tables included throughout the Discussion section, the NGG performance obtained
for the optimal combination of parameter values is included; e.g. in Exp #1, Table[l| the value
83, 86 is given for NGG, corresponding to the parameter choice (7,7,7). We propose (m, M, D) =
(5,5,5) as the best parameter settings for analyzing short genomic sequences, based on all the
26 performed experiments (see Supplementary Spreadsheet, Overall Statistics tab). Genomic
signatures have been used as an alternative to the NGG based classification method. To our
knowledge, for such short genomic segments of possible functional importance, not only the
NGG method but also the genomic signature approach has not been applied before.
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3.1 Inter-Species Comparisons of Background Sequences

For comparisons between human, worm and insect background sequences, we use the surrogate
sets described in Methods as representative samples of the different genomes. Comparisons in-
volving H. sapiens yield always the best classification rates using both n-gram graphs (NGG) and
Genomic Signatures (GS), see Table This may be understood on the grounds of the high differ-
ence of neighbor preferences, mainly in CpG and TpA between H.sapiens and the invertebrates,
while these preferences are found to be quite close between invertebrate species: D.melanogaster
(insect) and C.elegans (worm). GS are exclusively a quantification of first neighbor preferences
and as a consequence are not influenced by GC content. On the contrary, NGG are able to
conceptually incorporate various components/aspects of sequence composition, such as mononu-
cleotide composition and higher order neighbor preferences (a criterion that is provided as a
parameter value in our technique by adjusting D).

In cases where human sequences are included in the comparison, GS perform systematically
better than NGG. This difference is also statistically significant with a p-value below 0.10, based
on a paired t-test. It is also worth mentioning that the two cases with the highest differences
in GC content between the sets involved in the classification experiment are: experiment #22
which is the only one where NGG perform better than GS; and experiment #1 where GS perform
better than NGG, but with the lowest difference in their performances. I.e. the cases of the
highest relative preponderance of NGG are the ones with the highest differences in GC content,
as expected due to the relative sensitivities of the two methods to this composition parameter.

Table 1. Inter-species comparisons of background genomic sequences

Exp Description Average length Average GC NGG GS
L regates or worm svons. 100 318 oaly B w8
FUoaaten for et UCNEs 50 oaoip TS s40n
H ouaten or human exoms 169816 oso W48 8T
2 ates fo inet exo 12508 osir B 703
#23es for o U, 2875 oay 0B 8
#13 itogates for et UCNES 80 582 oaag T o

Average 76.06 79.27

3.2 Classification Experiments of Constrained DNA Sequences Versus their
Background Surrogates (Intra-Species Classification)

The following experiments refer to comparisons of constrained sequences against their surrogates
(Table [2). Note that surrogates share the same GC% and length with the initial sequences (see
Methods). As evidenced from inspection of Table [2| comparisons involving invertebrate con-
strained sequences are not classified as successfully as their human counterparts using NGG, see
experiments #2 and #17. Only insect UCNEs appear to be resistant to this effect, see experiment
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#12. This finding might be understood on the grounds of several particularities of the warm-
blooded animals (often of all vertebrates) especially in their non-functional, non-constrained
background genomic fraction. These include a high enrichment in transposable elements, mi-
crosatellites, homo-purine /homo-pyrimidine tracts and several other characteristic compositional
motifs. Such genomes also present a typical profile of avoided dinucleotides (especially CpG and
TpA) that are less avoided in the constrained elements (exons, CNEs), which having functional
roles, do not strictly follow the average genomic compositional trends. Note that invertebrate
genomes are much less abundant in repeats and less marked by under-representation of specific
dinucleotides. In the comparisons by means of GS, the same trend is followed but the differences
are minor, due to the sensitivity of these quantities solely upon first neighbor preferences. We
know from earlier studies that genomic signatures do not perform well in intra-species compar-
isons because neighbor preferences remain relatively constant within the same genome. Conse-
quently, in most cases listed, NGG perform better than GS (compare averages, 68,76% versus
61,84%). The difference is statistically significant (p-value below 0.10, based on a paired t-test).

Table 2. Classification of constrained DNA sequences versus background surrogates

Exp Description Average length Average GC NGG GS
#2 ﬁiﬁﬁge;(f;s 3}2222 8:1333 57.7 61.05
#3 mrogates 169816 05183 ns e
i umogates 1557 05389 236 5045
#i W(s)ir:rigtlf ’ 23:252 8:1282 56.76 55.62
# et 326,973 DT me o
#o T ogaten 155199 OTE T s wm
#e et 250 061 0T me o
#5d e 216,458 OB s e
#12 " eisrogates 6 582 OWOT aans o2
Average 68.76 61.84

The six last rows of Table 2] denote comparisons of several CNE sequences collections against
their surrogates. In general we notice that among constrained sequences, human CNE sequences
versus surrogates exhibit relatively higher classification rates, if compared with exonic sequences
versus their corresponding surrogates. Although, we are not able at this stage to clearly interpret
this finding, it might be related to the hypothesis that CNEs orchestrate highly sophisticated
developmental processes including brain formation [30]. The instructions that direct these pro-
cesses might be hardwired and reflected in the sequences themselves. In fact, it is known from
the literature that CNEs do serve as transcription factor binding sites and bear several motifs
[31] that NGG analysis is possibly sensitive enough to detect and thus, increase the obtained
CNE-background vs. exon-background classification rates.
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3.3 Genomic Signatures Perform Better in Classifying Genomic Segments of
Functional Importance and Different Origin

In the experiments included in Table [3|we study the performance of NGG and GS when they are
applied on sets of functional sequences (CNEs or exons) of different genomes. We verify that GS
perform better in inter-genomic classification and their performance is slightly improved in Table
if compared to Table [1} This means that it is not blurred due to the constrained character
of the sequences, i.e. the first neighbour preference characterizing different genomes and filtered
by GS is clearly retained in exons and CNEs. Once again, we tested the statistical significance
in performance between the NGG and GS methods, based on a paired t-test, and there exists
statistically significant difference (with a p-value below 0.05).

On the other hand, the performance of NGG drops. This might be associated with the complex
set of compositional traits that are characteristic of the NGG method: nucleotide composition of
the sequence, first neighbor preferences and also higher neighbor relationships. Thus, in this con-
text, the inter-genomic differences leading to an efficient NGG based classification of background
sequences (Table 1, average = 76.06) are blurred by the presence of common compositional con-
straints related to function as shown by inspection of Table 3 (average = 74.47). Such an example
is the known over-representation of adenine and guanine in the composition of protein coding
exons (purine loading).

Table 3. Comparisons of functional sequences between genomes

Exp Description Average length Average GC NGG GS
#9 ﬁﬁ?f;‘fﬁ; 123:212 8:??32 74.68 82.21
#10 }Xﬁ?n%%lf\g;s Zg:éﬁ; 8:;%; 7777 82.29
#15 o CNT, o e 70.89 74.95
#16 1:2;22? SCCNN]ESS Sg:gzg 8:?;23 82.08 86.70
#10 ens 169518 0518 008 8129
721 IV;Z:; E’;EEZ 3}32?2 8:451(1)32 71.39 72.35
Average 74.47 79.97

4 Conclusions

The problem of assigning functionality to un-annotated sequences is highly relevant in light of
the complexity of mammalian genomes. By performing various comparisons between represen-
tative sequences of different origin and functionality, we were able to show the potential of the
n-gram graphs (NGG) in effectively discriminating between genomic sequence fragments with
expected function against the bulk of the genome. NGG were able to quantify the effect of se-
quence constraint, thus their implementation in the description of other functional sequences
of mammalian genomes (such as regions with structural properties, matrix attachment regions
and various non-coding RNA species) may provide valuable insight in the interplay between
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composition and function. When it comes to inter-genomic comparisons between sequences of
different origin, NGG are less effective compared to the method of Genomic Signatures (GS).
The efficiency of the latter is for the first time demonstrated here at this length scale, as up to
now GS had only been applied in more extended genomic regions of 50kb or more [32]. Further
work is needed for a better exploitation of the presented results, while combinations of the two
methods may result in higher classification rates.
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