Latvijas Universitate
Biologijas fakultate

Angelika Voronova

RETROTRANSPOZONU STRUKTURA PARASTAS PRIEDES
(PINUS SYLVESTRIS L.) GENOMA UN TO EKSPRESIJA

Promocijas darba kopsavilkums
Doktora grada iegtiSanai biologijas nozarg
Apaksnozare: molekulara biologija

Riga, 2014



Promocijas darbs izstradats :
Latvijas Valsts mezzinatnes institiita (LVMI) ,,Silava”
laika posma no 2009. 1idz 2014. gadam.

2009.-2012. gados darbs realizé€ts ar Eiropas Sociala

v fonda projekta ,,Genétisko faktoru nozime adaptéties sp&jigu
.. ESF o un péc koksnes 1ipaSibam kvalitativu mezaudzu izveide”
= s atbalstu (Nr. 2009/0200/1DP/1.1.1.2.0/09/APIA/VIAA/146).

Darbs sastav no ievada, 7 nodalam, literatiiras saraksta un 2 pielikumiem.
Darba forma: disertacija biologijas nozaré, molekularas biologijas apaks$nozarg

Darba zinatniskie vaditaji: 1) Dainis Rungis, Dr.biol., vad. pétn. LVMI Silava;
2) Nils Rostoks, Dr.biol., vad.p€tn., Latvijas Universitate.

Darba recenzenti:
1) Izaks Rasals, Dr.hab.biol., prof., Latvijas Universitate.
2) Gunars Lacis, PhD, vad.pétn., Latvijas Valsts Auglkopibas instittts.
3) Agnese Kolodinska Brantestam, PhD, vad.pétn., Ziemelvalstu Genétisko
resursu centrs

Promocijas darba aizstavéSana notiks Latvijas Universitates biologijas nozares
promocijas padomes atklata sedé 2014. gada 4. februari, plkst. 10:00 LU Biologijas
fakultate (Kronvalda bulv. 4., Riga) 2. klausitava.

Ar promocijas darbu var iepazities Latvijas Universitates Akadeémiskas bibliotekas
filiale, Riga, Raina bulv. 19-203.

LU biologijas zinatnu nozares promocijas padomes

priekSsedetajs /Prof., Dr.hab biol. Gederts levins/

Promocijas padomes sekretare /Daina Eze/

© Latvijas Universitate, 2014
© Angelika Voronova, 2014



ANOTACIJA

Promocijas darbs izstradats Latvijas Valsts mezzinatnes institita ,,Silava”.
Peétijuma merkis bija identific€t aktivos retrotranspozonus (RE) parastas priedes (Pinus
sylvestris L.) genoma un raksturot RE-lidzigo sekvencu transkripcijas limeni dazadu
stresa veidu ietekmé kontroletos apstaklos. P&tijuma izmantoti nespecifiskic RE
markieri balstiti uz augsti konservativam tRNS piesaistes vietam, kas lauj pétit RE
sekvences bez iepriekS€jam zinasanam par organisma genoma sekvenci. Inovativi Sos
markierus izmantoja pétot transkriptomu starp viena klona priedes rametiem, kas
praktiski izslédza genotipu variaciju starp dazadiem individiem. Rametus paklava daba
izplatitam karstuma stresam, kukainu invazijai (priezu hermess, (Pineus pini L.), ka ar1
maksligi izraisitai augu hormonu (abscizskabes un salicilskabes) ietekmei. Atskirigi
ekspresétie fragmenti sekvenéti ar Sangera sekvences noteikSanas metodi, kas Sobrid ir
visprecizaka zinama nukleotidu sekvences noteikSanas metode. Darba rezultati sakrit ar
citu pétijumu publicetajam jaunakajam atzinam par RE un ar tiem saistito sekvencu
transkripciju, ka arT ar kailseklu genomu strukturalajiem pé€tijumiem. Darba rezultata
identificéti parsvara I klases RE parstavji (LTR Gypsy un Copia), ka ari tos saturoSie
himériskie transkripti, kas norada uz to, ka RE sekvences ir izplatitas priedes genoma un
RE-lidzigie transkripti tiek ekspreseti atbildot uz stresu. Noskaidrota ari atrasto
sekven¢u homologija ar iepriek$ aprakstito citu augu sugu RE sekvencém. Atskirigo
elementu gimenu parstavji tika identificéti dazadu ietekmju rezultata, starp
eksperimentiem parklajas tikai dazi fragmenti. Fragmenti atSkiras sava starpa ari péc
konstrukcijas (RE pol, LTR, LTR-LTR, RE pol-hloroplasts), ka ari RE doménu
reprezentacijas (AP, RT, gag). Identificéto RE-lidzigo fragmentu ekspresijas Iimeni
noteica ar reala laika PKR metodi. Ievérojamu ekspresijas pieaugumu noveroja
hloroplastu sekvencem lidzigajiem himeriskajiem fragmentiem, kas skaidrojams ar Sis
sekvences dalas reprezentaciju ar1 hloroplastu genoma un/vai So fragmentu homologiju
ar citam sekvencém kompleksaja P.sylvestris genoma. Identific§ja Cetrus diferenciali
ekspres€tus fragmentus, kas satur gan RE homologas sekvences, gan hloroplastu
sekvenceém lidzigas dalas. B153TE LTR Gypsy Cereba-lidziga fragmenta ekspresija
paaugstinas 45-73 reizes kukainu invazijas rezultata un 5,62 reizes pec karstuma stresa,
salidzinot ar normaliem apstakliem. Savukart hloroplastam lidziga B153C fragmenta
ekspresija paaugstinas 6888-9373 reizes péc kukainu uzbrukuma un 255 reizes péc
karstuma stresa. Vairakam noteiktam §1 fragmenta sekvencém, un ipasi RE dalai, ir
novéroti polimorfismi, kas liecina par hloroplastam lidziga lokusa vairakam kopijam
nukledraja priedes genoma. ST veida transkripti varétu piedalities regulativajos procesos
ar RNS interferences mehanisma starpniecibu. No ¢cDNS ieguva pilna izméra 5796 bp
elementu ar Gypsy LTR RE struktiirelementiem, to sekven&ja un raksturoja (psTE283).
Tapat, daZziem no priedes transkriptoma identificétiem RE homologiem izdevas iegiit
RE ieks$€jo domeénu sekvences. Tas liecina par to, ka diferenciali ekspreséto fragmentu
vidi atrodamas ne tikai himeriskas sekvences un izjaukto RE sekvencu transkripti.
Turpmak ir janoskaidro, vai miisu pétijuma identificétas sekvences ir lokalizétas génu
rajonos, vai ari tie ir autonomi RE. ST darba gaita ir izveidoti priedes RE specifiskie
DNS markieri, kuri ir izmantoti vairaku eksperimentu veikSanai. Izmantojot IRAP
metodi, ir pétiti dazados apstaklos augosi dabigas P.sylvestris audzes individi. Novérota
augsta genétiska daudzveidiba, kas ir salidzinama ar neitralo SSR markieru datiem.



Galveno koordinaSu analize ar IRAP datiem nodalija krasi atSkirigos reljefa apstaklos
augoSus individus. Noskaidrots, ka paugura augo$am priedém ir statistiski biitisks
amplificéto fragmentu skaita palielindjums, salidzinot ar mitros apstaklos augoSajiem
kokiem. Izmantojot IRAP metodi analiz§a Latvijas austrumu un rietumu puses
atSkirigos klimatiskajos apstaklos esoSas plantacijas augoSus 26 gadus vecus priedes
rametus. Tikai viens markieris no desmit uzradija polimorfismu rametu vidi, kas norada
uz iesp€jamu nesen notikuSu transpoziciju Siem individiem. Polimorfu fragmentu
sekvenéS$na atrada homologiju ar Iidz $im priedé neaprakstitu Copia LTR sekvenci
diviem atSkirigiem fragmentiem. V&l divi fragmenti satur&ja priedé neaprakstita DNS
transpozona homologus rajonus. TreSais eksperiments veltits identificeéto RE-lidzigo
fragmentu izplatibas pétijumiem, kas ir veikts gan ar specifiskiem fragmentu
praimeriem, gan ar IRAP praimeriem. P&tijuma ieklava dazadas skujkoku (Pinales)
sugas: 16 priedes, 14 egles, 7 baltegles, ka ar1 citus attalaku kails€k]u taksonu
parstavjus. Izmantojot RE markierus, veikta kailséklu filogenétiska analize. Ar
specifisko RE amplifikaciju, ka art ar nespecifisku RE amplifikaciju peéc IRAP metodes
iegltie dati var&ja nodalit priedes apaksgintis Pinus un Strobus. IRAP dati identific€ja
priezu, eglu un balteglu sugu klasterus, lai gan zarojumu varbiitibas parametri nebija
augsti.
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VISPARIGAIS DARBA RAKSTUROJUMS

Temas aktualitate un peéetijjuma novitate

Kops TE atklaSanas tie ilgus gadus tika uzskatiti par funkcionalo slodzi nenesosam
sekvenc€m, par parazitiem, kas savtigos noliikos pavairojas genoma, izjaucot kod€josas
génu sekvences (Orgel, Crick 1980; Doolittle, Sapienza 1980; Kidwell, Lisch 2001).
Tacu Sis uzskats mainijas lidz ar vairaku genomu sekven&Sanu un to detaliz€tiem
petijumiem. Tagad ir zinams, ka TE sekvences ir plasi izplatitas visu eikariotu, bakteriju
un arheju genomos un, atSkiriba no konservativiem géniem, ievérojami vari€ gan pec
skaita, gan sastava (Kazazian 2004, 2011). TE daliba génu regulacija, hromosomu
struktiiru uzturéSana un organismu evoliicija paslaik ir neparprotama (Wessler 1996;
Kumar, Bennetzen 1999; Kazazian 2004, Madlung, Comai 2004; Kazazian 2011,
Rebollo ef al. 2012). Augu genomi satur ievérojami vairak TE, to sekvences var sastadit
11dz pat 90% no visa genoma daziem liliju dzimtas parstavjiem (Feschotte ef al. 2002).
RE ir visplasak parstavéta TE grupa augu genomos. Balstoties uz RE sekvencem
izveidotas vairakas molekularo markieru sisttmas. RE augu genomos parasti ir
izplatitas, plasi sastopamas, reprezentétas visas hromosomas, to insercijas ir
neatgriezeniskas un raksturojas ar augstu polimorfisma Iimeni. Sis Tpasibas padara RE
par vertigu izpetes objektu ar plasu praktiskas izmantoSanas potencialu.

Transpozicijas aktivitate parasti genoma tiek nomakta izmantojot hromatina
modifikacijas, un abu mobilo elementu klaSu aktivie parstavji transpongjas tikai stresoru
ietekme vai noteiktos attistibas posmos un specifiskos organisma audos. Transpozicija ir
viens no ieveérojamakajiem genoma nestabilitates mehanismiem, kas inicié
parkartojumus un Ilidz ar to ari jaunu genotipu veidoSanos, laujot pielagoties
mainigajiem vides apstakliem. TE var ietekmét genu aktivitati tieSa veida
transpongjoties netalu no kodgjoSiem rajoniem un izjaucot tos, vai ari ietekmét génu
darbibu ar savam regulativajam sekvencém. Turklat, RE var piedalities regulativajos
procesos ar RNS interferences mehanisma starpniecibu, producgjot dazada tipa
regulativas RNS molekulas. Paslaik nav skaidrs, cik liela mera transpozicijas izsaukta
mutagenéze ietekm& augus stresa apstaklos un atjaunoSanas stadija. Priedes genoma
atrasti visu galveno TE gimenu parstavji, tacu transkripcionali vai transpozicionali
aktivie TE nav pétiti. Kails€klu grupas parstavju genomi atskiras no vairakuma eikariotu
ar genoma lielumu un augstu génu un nekod€joso sekvencu atkartojumu saturu. Tapéc
pirma kails€klu - parastas egles (Picea abies) - sekvence tika publicéta tikai 2013. gada
pavasari (Nystedt er al. 2013). Skujkoku genomi satur daudzkopiju génu gimenes,
pseidogénus, tiem ir lieli starpgénu un intronu rajoni. Tapec petijums par P.sylvestris
genoma RE transkripciju var€tu sniegt zinaSanas par komplekso augu genomu
parkartojumiem stresa apstak]os, ka ar1 par ar RE saistitam regulativam sekvencém.

Promocijas darba merki un uzdevumi
Promocijas darba merkis bija identificét aktivos retrotranspozonus parastas
priedes (Pinus sylvestris 1.) genoma un raksturot retrotranspozoniem-lidzigo
sekvencu transkripcijas I[imeni dazadu stresa veidu ietekmé kontroletos apstak]os.
[zvirzitie darba uzdevumi :
1. Identificét un raksturot ar retrotranspozoniem saistitus transkriptus
ekspres€tus karstuma ietekmé, priezu hermesa (Pineus pini L.) invazijas
ietekm€ un péc apstrades ar abscizskabi un salicilskabi.
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2. Salidzinat identific€to fragmentu ekspresiju pétamo stresoru ietekme, ka art
noteikt to ekspresijas Iimeni.

3. Noskaidrot identific€to fragmentu piederibu himériskiem transkriptiem vai
pilna izméra retrotranspozoniem. Izolét pilna izméra retrotranspozonu
sekvenci un raksturot ta transkripcijas un transpozicijas iespéjas.

4. Izveidot P.sylvestris retrotranspozonu molekularos markierus un ar tiem
raksturot dabigas P.sylvestris audzes daudzveidibu, ka ari analiz&t priedes
rametu somaklonalas variacijas iespgjas.

5. Raksturot identific€to fragmentu un retrotranspozonu izplatibu kailseéklu
genomos, ka ar1 analiz€t retrotranspozonu izsaukto daudzveidibu citu
kailseklu genomos.

Aizstavesanai izvirzitas tezes

1. P.sylvestris genoms satur transkripcionali un transpozicionali aktivus
retrotranspozonus.

2. Transkripcionali aktivie retrotranspozoni un ar tiem saistitas sekvences
diferenciali ekspres€jas biotiska un abiotiska stresa ietekmé.

3. Nelabveligo vides apstaklu ietekmé P.sylvestris genoma notiek jaunas
retrotranspozicijas un, iesp&jams, ari elementu ekspansija.

4. P.sylvestris retrotranspozoni ir nevienmerigi izplatiti dazadu skujkoku

sugu genomos.

Iss metozu raksturojums

Priedes rametu vienveidibas parbaudei visos eksperimentos izmantoja SSR (Simple
Sequence Repeat) markierus. RE-lidzigo sekvencu identific€Sanai izmantoja iPBS
metodi (Kalendar et al. 2010), kas izmanto tRNS piesaistes vietas sekvencém
komplementarus praimerus (Primer Binding Site, PBS), kas ir konservativi dazadam RE
gimeném. Fragmentu sekvenéSanai tos lig€ja ar plazmidu, kam sekoja transform&sana
E.coli §tnas (Inoue ef al. 1990). Insertus sekven€ja ar Sangera metodi. Sekvences
analiz§ja izmantojot nukleotidu sekvencu datubazes, ka ari specifiskas TE sekvencu
datubazes péc Wicker et al. 2007 piedavatas shémas. Praimeru konstruéSanai izmantoja
primer-BLAST (Ye et al. 2012). Priedes klonalas un naturalas daudzveidibas pétijumos
izmantoja pétijuma gaitd izveidotus markierus péc IRAP metodes (Kalendar et al.
1999). Molekularo markieru datus analiz€ja izmantojot programas GenalEx v. 6
(Peakall, Smouse 2006), FAMD v.1.30 (Schliiter, Harris 2006). Kailseklu sugu
paraugus analizgja ar petijuma gaita izveidotiem fragmentu, RE un IRAP praimeriem.

Darba rezultati tika prezenteti starptautiskajas zinatniskas konferences:

1. 19.-22.10.2012. Voronova A, Jansons A, Rungis D. Identification of
retrotransposon-like sequences in Pinus sylvestris L. activated in response
to stress conditions. 5th Baltic Congress of Genetics, Kaunas, Lithuania.

2. 16.-18.10.2012. Voronova A, Jansons A, Rungis D. Activation of
retrotransposon-like sequences in Pinus sylvestris in response to stress
conditions. NovelTree Conference, Helsinki, Vantaa, Finland.

3. 3.-5.10.2012. Voronova A, Jansons A, Rungis D. Retrotransposon-like
sequences expressed under various stressors in pine genome shows
different similarity level to known mobile genetic elements. AdaptCar



conference: Genetic aspects of adaptation and Mitigation: forest health,
wood quality and biomass production, p.24., Riga, Latvia.

4. 08.02.2012-11.02.2012. Voronova A, Jansons A, Rungis D. Expression of
retrotransposon-like sequences in Scots pine (Pinus sylvestris L) clones
under stress conditions. Molecular Mapping & Marker Assisted Selection,
Vine, Austrija. VIPCA Conference Abstract Book app.1

5. 04.-07.02.2012. Voronova A, Jansons A, Rungis D. Expression of
retrotransposon-like sequences in Scots pine (Pinus sylvestris. L) clones
under stress conditions. Molecular Ecology, Vine, Austrija. VIPCA
Conference Abstract Book p.41.

6. 22.-24.04.2009. Zuka A, Runpgis D, Schulman AH, Kalendar R.
Retrotransposon variability in Scots Pine (Pinus sylvestris L.) genome. 5th
International Conference Research and Conservation of Biological
Diversity in Baltic Region, Daugavpils, Latvia. Book of Abstracts,
Daugavpils University Academic Press Saule, p.156.

7. 19.-21.03.2009. Zhuk A, Rungis D, Kalendar R, Schulman AH.
Retrotransposon variability in Scots pine (Pinus sylvestris L.) genome.
FEBS Workshop, Adaption Potential in Plants, Vine, Austrija.

Vietejas konferences un kongresi:

1. 13.02.2013. Voronova A, Belévita V, Jansons A, Rungis D. Stresa
apstaklu induc€jamu retrotranspozoniem lidzigo sekvencu transkripcionala
aktivéSanas priedes genoma. Latvijas Universitates 71. konference.
Molekularas biologijas sekcija, Riga, Latvija.

2. 01.02.2012. Voronova A, Jansons A, Rungis D. Mobiliem genétiskiem
elementiem lidzigo sekvencu izplatiba parastas priedes (Pinus sylvestris L.)
genoma. Latvijas Universitates 70. konference. Augu biologijas sekcija,
Riga, Latvija.

3. 24.-27.10.2011. Rungis D, gl,(ipars V, Voronova A, Krivmane B, Gaile I,
Belevica V, Korica A, Kanberga-Silina K, Veinberga 1. Apvienotais
Pasaules latviesu zinatnieku 3. kongress. Molekularas genétikas metodes
Latvijas meZzinatng. Jelgava, Latvija.

4. 04.02.2010. Voronova A, Rungis D. Mobiliem genétiskiem elementiem
lidzigo sekvenCu ekspresija stresoru ietekmeé parastas priedes (Pinus
sylvestris L.) genoma. Latvijas Universitates 68. konference. Augu
biologijas sekcija, Riga, Latvija.

5. 30.11.2011.-1.11.2011. Voronova A, Jansons A, Rungis D. Genome
plasticity of Scots pine (Pinus sylvestris L.) under different stress
conditions. Genetic variation of adaptive traits, Salaspils, Latvija.

6. 4.02.2009. Zuka A. Retrotranspozonu variacija parastas priedes (Pinus
sylvestris L.) genoma. Latvijas Universitates 67. konference. Augu
biologijas sekcija, Riga, Latvija.

Publikacijas:

1. Voronova A, Belevich V, Jansons A, Rungis D (2013) Stress induced
transcriptional activation of retrotransposon-like sequences in the Scots
pine (Pinus sylvestris L.) genome. (29.05.2013 iesniegts public€Sanai
zurnala Tree Genetics&Genomes; apstiprinats ar labojumiem 12.11.2013).
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2. Voronova A. Rungis D. (2013) Development and characterisation of IRAP
markers from expressed retrotransposon-like sequences in Pinus sylvestris
L. (Pienemts publiceSanai).

3. Voronova A, Jansons A, Rungis D. (2011) Expression of retrotransposon-
like sequences in Scots pine (Pinus sylvestris) in response to heat stress.
Environmental and Experimental Biology 9: 121-127 (Publicéts).

4. Lielaka atkartojumu sekvencu datubazeé ,,Repbase” publicetas triju
retrotranspozonu sekvences: PsAppalachian-I, Silava-Pta-1, Copia-17-
Pta-I (Publicéts).

5. Darba rezultata 126 sekvences tika publicétas NCBI EST datu bazé ar
génu bankas numuriem JZ389987-J7390112 (Publicéts).

2009.-2012. petijums ir saistits ar ESF projektu: ,,Genétisko faktoru
nozime adaptéties sp&jigu un péc koksnes 1pasibam kvalitativu mezaudzu izveide”

(Nr. 2009/0200/1DP/1.1.1.2.0/09/APIA/VIAA/146).

Darba apjoms un struktiira

Promocijas darba apjoms ir 202 lpp. Darba ietvertas 20 tabulas, 56 atteli, 2.
pielikumi. Darbs sastav no ievada, 7 nodalam (Literaturas apskats, Materials un
metodes, Rezultati, Diskusija, Secinajumi, Aizstav€Sanai izvirzitas tézes, Pateicibas).
Darba nobeiguma formuléti 9 secinajumi. Darba izmantoti 446 literatiiras avoti.

1. PETIJUMA TEORETISKAIS PAMATOJUMS

1.1. Mobilo genétisko elementu definicija un klasifikacija

Transpon&jamie elementi (TE) vai arT mobilie genétiskie elementi ir sekvences, kas
sp€] mainit savu lokalizaciju genoma (transponé&ties) vienas Slinas robezas. Parsvara
mobilie genétiskie elementi ir zaud&jusi savu spéju transponéties un tikai dazi sugas
specifiskie gimenu parstavji ir aktivi, tau ST aktivitate izpauzas organismam
nelabveligos apstaklos vai art specifiskos audos un attistibas stadijas (McClintock 1984;
Wessler 1996; Grandbastien et al. 1997; Kumar, Bennetzen, 1999).

TE klasifice atkariba no RNS vai DNS molekulu iesaistiSanas transpozicija,
izSkirot divas mobilo genétisko elementu klases: I klase, jeb retrotranspozoni un II
klase, jeb DNS transpozoni (Finnegan 1989; Curcio, Derbyshire 2003; Capy 2005;
Wicker et al. 2007). Retrotranspozoni (RE) péc savas struktiiras un integréSanas
mehanisma ir [idzigi retrovirusiem, tau retrotranspozoni nespgj inficét citas Siinas.
Transpozicijai RE izmanto RNS molekulas starpniecibu ar sekojoSu reverso
transkripciju un komplementaras DNS integraciju jaunaja genoma vieta. Tadel lidz ar
RE parvietoSanos cita hromosomas pozicija genoma notiek ari to kopiju skaita
paliclinasanas. RE iedala kartas, virsgimenés un gimenés (Wicker et al. 2007). RE, kuri
satur tieSos garos terminalos atkartojumus, ietilpst LTR RE karta, elementi bez §1 tipa
atkartojumiem tiek iedaliti autonomas LINE vai neautonomas SINE kartas. PaSlaik RE
tiek klasificéti art Pseudoviridae (Tyl, Copia tipa) un Metaviridae (Ty3, Gypsy tipa)
virusu dzimtas, kas nav pieskaitami nevienai no virusu kartam (Boeke et al. 2006).

1.2. LTR RE struktiira
LTR ir proteinus nekod€josa sekvence, kas satur transkripciju regul€joSas
sekvences. LTR garums var sastadit no 85 bp FRetrol29 risiem (Gao et al. 2012), lidz
pat 5 kb Ogre zirmpu genoma (Neumann et al. 2003). LTR ir specifisks katrai RE
gimenei. IzSkiramas $adas konservativas LTR sekvences: aptuveni 7 bp gari invertétie
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atkartojumi (IR) ar pasi konservativiem 5° TG un 3’ CA nukleotidiem (int piesaistes
vieta), TATATA motivs, kur§ pilda polimerazes II promotera funkciju augiem (Vicient
et al. 2005; Benachenhou et al. 2013). Biezi LTR satur ar1 poliadeniléSanas signalu. U3
rajons vairak varie dazadas RE grupas, kas ir skaidrojams ar to, ka $aja rajona atrodas
specifiskas transkripciju regul&joSas sekvences, kas nodroSina ekspresiju noteiktos
audos / apstaklos / attistibas stadija. 5’LTR uzsakas RE transkripcija, bet beidzas 3°’LTR
atkartojuma (Kumar, Bennetzen 1999). Ta ka 5’ un 3’LTR ir vienadi, tad 3’LTR var
inici€t blakus novietoto sekvencu transkripciju. Virusiem 3’ LTR promotera aktivitate
parasti ir nomakta, bet var tikt aktivéta 5’LTR regulativo sekvencu izjaukSanas
gadijuma (Boerkoel, Kung 1992; Gama Sosa et al. 1994; Klaver, Berkhout 1994).
Autonomie elementi parasti satur divus génus - gag un pol; gag géns kodé kapsidam-
lidzigus proteinus, bet pol/ géns kod€ poliproteinu, kur§ turpmak tiek saskelts ar pasa
kodétu proteazi (pr), veidojot reverso transkriptazi (RT) ar RNazes H aktivitati un
integrazi (int). Env-lidzigs doméns retak ir atrodams RE (Eickbush, Malik 2002). RE
var saturét ar1 papildus ORF ar nezinamu funkciju, pieméram, risu RIRE2 (Kumekawa
et al. 1999). RE var iegiit géna dalas, pieméram, kukuriizas Bs/ satur ATPazes géna
dalu (Jin, Bennetzen 1994). Citoplazma mRNS transkripti tiek izmantoti gan par
matricu proteinu veidoSanai, gan reversajai transkripcijai dubultspirales cDNS sintézei.
Reversas transkripcijas iniciacijai tiek izmantotas dazada tipa tRNS, kura piesaistas PBS
rajonam (Mak, Kleiman 1997). PBS vairaku RE gimenu vida ir loti konservativs
(Kalendar ef al. 2010).

1.3. TE izplatiba augu genomos

Augu genomi satur TE elementus no abam klasém ar LTR RE virsgimenes
parstavju ieveérojamu parsvaru (Kumar, Bennetzen 1999). Augu genomiem RE
sekvences un to izplatiba vari€ un var sastadit no 15% (Arabidopsis thaliana) lidz pat
90% (Liliacea) no visa genoma lieluma (Sabot, Schulman 2006; Morgante et al. 2007).
Kompleksie augu genomi raksturojas ar t.s. kod€joSo génu salam atkartojumu jira
(SanMiguel et al. 1996; Panstruga et al. 1998; Shirasu et al. 2000; Rostoks et al. 2002;
Kejnovsky et al. 2012). SalidzinoSa vairaku graudaugu genomu sekvenéSana atklaja
augstu variacijas pakapi starpgénu un ge€nus kod&josajos rajonos. Tapéc viena
individuala genoma pabeigta sekvence nevar atspogulot visas pastavos$as variacijas
populacija. Varigjosaja dala ietilpst gan TE, gan pseidogéni, gan ar1 individualie géni.
Pedejo gadu petijumi rada, ka lidziga genoma organizacija ir raksturiga visiem
augstakajiem augiem (Brunner et al. 2005; Piegu et al. 2006; Hawkins et al. 2006;
Neumann et al. 2006). Turklat augiem biezi RE rada atSkirigu vidi pirms
konservativajiem génu blokiem (Brunner ef al. 2005; Morgante et al. 2007).

1.4. RE klasterizacija un daudzveidiba

LTR TE ir biezi sastopami neparastas konstrukcijas kompleksajos augu genomos.
Labi izpétita miezu RE BARE-1 gadijuma viens LTR miezu genoma ir sastopams 7 lidz
42 reizes biezak salidzinot ar pilna garuma elementiem un sastada 13.7x10° kopijas
haploida genoma (Vicient et al. 1999). Struktiira ar diviem iek$€jiem doméniem,
flank&tu ar vienu rekombinantu LTR, tika atrasta mieZu haploidda genoma 4.6x10°
kopijas (Vicient et al. 2005). Matricas nomaina ar RT paver iespgjas jauno
rekombinanto elementu veidoSanai (Sabot, Schulman 2007). RE transpozicijas
mehanisma ir iesaistita RT, kuras precizitate, salidzinot ar citam Siinas polimerazém, ir
zemaka (Preston 1996; Gabriel, Mules 1999). Lielakas mutacijas un parkartojumi LTR
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RE rodas nevienadas homologas rekombinacijas procesa, pateicoties to kopiju
daudzumam un $o sekvencéu homologijai (Vicient et al. 2005; Hawkins et al. 2009).
LTR-LTR nevienada homologa rekombinacija var veidot genoma vienu LTR bez
elementa, vai arT vairakus LTR, vai ar1 vairakas iek§€jo domeénu sekvences péc kartas
(Mieczkowski et al. 2006). Turklat, biezi vien RE preferenciali ievietojas atkartojumu
rajonos i1zjaucot ieprieks ievietotos RE. Rezultata veidojas genoma rajons, kas sastav no
sadrumstaloto RE sekvencu dalam un neaktivo elementu klasteriem (Kumar, Bennetzen
1999).

L.5. Genoma izmeéra saistiba ar TE proliferaciju

TE uzkrasanas dazadu augu genomos var€tu atspogulot preferencialu atlasi
lielakiem genomiem (Murray 1998, 2005). Lieli augu genomi satur daudz LTR RE
gimenes, kas var sasniegt vairak ka 10 000 kopiju haploida genoma. Lai gan galvenas
TE grupas ir sastopamas visu augu genomos, relativais TE sastavs un TE klaSu un kartu
proporcijas ievérojami vari€ (Kejnovsky et al. 2012). Izplatitakas RE gimenes BARE-1
kopiju daudzums korele ar genoma lielumu miezu genoma (Vicient et al. 1999). Ir
paradita ari BARE-I ekspansija savvalas mieziem atkariba no to augSanas vietas
mitruma pakapes (Kalendar et al. 2000). Datu analize paradija ari genoma lieluma
saistibu ar geografisko stavokli (Kalendar er al. 2000). Iesp&jams, pastaviga stresa
rezultata TE del€ciju skaits ir zemaks, kas noved pie pilna garuma elementu uzturéSanas
un genoma palielinajuma (Nevo 2001). BARE-I kopiju skaits, iesp€jams, atspogulo
adaptivu atlasi lielakiem genomiem ar augstaku RE aktivitati (Kalendar et al. 2000;
Nevo 2001; Wessler 2001). Turklat, RE transpozicija var radit jaunas funkcionalas
mutacijas un lidz ar to ar1 jaunus pielagojumus stresa apstaklu parvaréSanai (Madlung,
Comai 2004).

1.6. RE aktiveSanas stresa apstaklos

RE aktivéSanas rezultata izsauktais mutagen&zes process varétu dot priekSroku
augu genomiem, sniedzot iesp&ju nelabvéligos vides apstaklos atri palielinat genotipu
variaciju (Wessler 1996; Murray 1998; Murray 2005). Turklat, eksperimentali pieradits,
ka RE augu genoma var radit jaunus stresa atbilde iesaistitus g€nu tiklus (Ito et al
2011). Ari rauga genoma TfI elements, péc karstuma Soka tiek aktiv€ts un ar savu
integraciju ietekmé stresa atbild€ jau iesaistito génu, padarot ta transkripciju vél
efektivaku (Feng et al. 2012). Tabakas Tnt/ RE gimenes pétijums apliecina, ka
atSkiribas TE 3’UTR sekvenceé nosaka elementu transkripcionalu aktivéSanos noteikto
stresa associ€to signalmolekulu ietekmé (Beguiristain et al. 2001). RE Onsen tiek
ekspresets karstuma stresam paklauto Arabidopsis augu pécnacgjiem (Ito ef al. 2011).
Savukart, RE Tam3 no lielas lauvmutites (Antirrhinum majus) genoma (Hashida et al.
2003) un Tcsl no apelsinu genoma (Butelli et al. 2012) ekspresija pieaug pec zemo
temperatiru iedarbibas. Tyl Copia TLCI gimene no tomatu genoma tiek ekspreséta péc
ievainojuma, protoplastu izveides, augstas salu koncentracijas; bet motivi U3 rajona,
padara TLCI.1 elementus induc€jamus ar etilénu (Tapia et al. 2005). Melones Copia RE
Remel tika atrasts UV starojumam paklautajas lapas (Ramallo et al. 2008). LINE bez-
LTR TE Karma ekspresgjas regeneréto augu audos un kultivétajas $inas (Komatsu et
al. 2003). Ar biotiskie stresori inici€ virkni RE ekspresiju: Oare-1, virusu infekcijas
kartupelos; Ttol, tabakas mozaikas viruss (Hirochika 1993); Tntl, tabakas séniSu
infekcijas (Melayah et al. 2001). Korka ozola (Quercus suber) Corky ir ekspreséts
dazadas attistibas stadijas, ka ari péc ievainoSanas (Rocheta et al. 2012). Zirnu Psr
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gimenes RE aktiv€jas atbildot uz protoplastu izveidi un uz apstradi ar sénisu elicitoriem
(Kato et al. 1999). Stinapvalka hidrolaZu iespaida aktiv&jas tabakas Tnt/ ekspresija
(Pouteau et al. 1991). RE ekspresija biezi vien ir arT audu specifiska, pieméram, saknu
audiem specifiska ekspresija ir Tntl (Grandbastien et al. 1994) un TLCI (Tapia et al.
2005); BARE-1 ekspresejas lapas (Suoniemi et al. 1996), bet kvieSu PREM-2
ekspreséjas mikrosporas (Turcich et al. 1996).

1.7. RE regulativa nozime

RE insercija génu rajona var ietekmét génu transkripciju vairakos veidos (Rebollo
et al. 2012). RE LTR var saturét promoterus, kas darbojas abos virzienos, transkripcijas
faktorus, piesaistes saitus, terminacijas saitus, insulatorus, splaisingu regul€joSas
sekvences. RE transpozicijas augu genomos veido daudz mutaciju. RE Bs/ kukuriizas
genoma péc virusa infekcijas sakotngji tika atrasts insertéts Adhl alkohola
dehidrogenazes géna (Johns ef al. 1985). Lidzigi, Tntl tika identific€ts tabakas nitrata
reduktazes géna (Grandbastien et al. 1989), Tosl7 insertéts risu PHYA (fitohroma A)
géna (Takano et al. 2001). Kukuriizas COMT géna (O-metiltransferaze), kur$ ir svarigs
lignina biosintézes dalibnieks, B5-lidziga RE insercija producé 1saku himerisku cDNS
(Vignols et al. 1995). Kukuriizas waxy géna alternativas al€les dazados intronos satur
RE insercijas, kur ar alternativa splaisinga mehanismu tiek veidoti dazadi mRNS
transkripti (Varagona et al. 1992). Vairaku génu promoteri un alternativie promoteri ir
c€luSies no RE (Rebollo ef al. 2012). Pat viens LTR var regulét blakusesoSo génu
transkripciju, ka bija paradits Myb transkripcijas faktora géna gadijuma, pirms kura
notika Copia LTR RE Tscl un Tsc2 insercija apelsinu genoma (Butelli ef al. 2012).
Tapat, RE insercija var inhib& géna transkripciju, pieméram, gadijuma ar Gypsy
elementu Gretl vinogu (Vitis vinifera) genoma (Kobayashi et al. 2004). Zirnu PSPAL?2
(fenilalantna amonija liazes géns 2) un PSCHS! (1,3-difenil-2-propén-1-ona sintetazes
géns) ekspres€jas atbildot uz patogénu invaziju, un aktivé auga aizsardzibas
mehanismus. Abi géni savos 5’ regionos satur vienas apaks$gimenes Copia RE PsrC
insercijas (Kato er al 1999). Amfiploidos kvieSos atrastie atSkirigie himériskie
transkripti satur Wis 2-14 LTR RE, visbiezak lokalizétu génu 3°’UTR sekvence.
Transkriptiem ar palielinatu ekspresiju amfiploidos, Wis 2-14 LTR bija novietots
vienada orientacija ar blakusesoSo génu. Autori norada, ka no Wis elementa var biit
atkarigi aptuveni 208 géni kvieSu genoma (Kashkush et al. 2003).

RE var piedalities regulativajos procesos netiesi producgjot garas nekodéjosas RNS
molekulas ar pagaidam nezinamam funkcijam, vai ar1 tas var tikt Skeltas ar RNS
interferences mehanisma starpniecibu, veidojot mikroRNS molekulas, kas piedalas RNS
interferencé. Pieméram, cilvéka genoma atrasti 55 mikroRNS géni, kas ir c€luSies no
RE (Piriyapongsa et al. 2007). Preteji agrakiem uzskatiem, ka transkribéti tiek tikai
geni, Iidz ar sekven&Sanas tehnologiju attistibu atklats, ka lielaka dala no genoma, ka,
pieméram, ziditaju genoma, var tikt transkribéta, veidojot nekod&joSas RNS molekulas
ar nezinamu funkciju (Mattick, Makunin 2006; Zhang et al. 2012; Ponting et al. 2009).
St transkripcija nav tik intensiva, ka géniem, tomér uzskata, ka §Tm molekulam varétu
blit kompleksa regulativa ietekme wuz kvantitativo pazimju variaciju, attistibas
atSkiritbam un kompleksam slimibam. Transkriptomu analizu veikSanai RE transkriptus
parasti neieklauj, jo tie satur atkartojumus un ir parstavéti daudzas kopijas, 11dz ar to, tie
ir griiti analiz€jami (Mourier, Willerslev 2009).
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LTR atkartojumu klasteri piedalas heterohromatina veidoSana, kas ir loti dinamisks
un svarigs process dazadas auga attistibas stadijas (Finnegan et al. 1998). Vairaku augu
hromosomu centroméras satur centromériskus satelitu atkartojumus pamiSus ar
specifiskiem 7y3 Gypsy RE, kurus sauc par centroméru RE (CR). Zinams, ka augos CR
un centroméru sateliti tiek transkribéti zema Iimeni (Topp ef al. 2004; Neumann et al.
2007). Iesp&jams, ka CR kalpo par promoteru avotu satelitu transkripcijai, kas, savukart,
ir nepiecieSami centrom@ras atpaziSanai un/vai hromosomu segregacijai (May et al.
2005).

RT, kuras vienigais avots genoma ir RE un telomerazes, aktivitates rezultata var
veidoties pseidogéni vai transkrib&ti retrogéni, kuri ir plaSi sastopami kompleksajos
augu genomos (Zhang et al. 2005, Wang et al. 2006). Sadu retrogénu struktiira parasti ir
himeriska, ta satur ar citu regulatoro sekvenci kombinétu géna sekvenci (Betran et al.
2002; Wang et al. 2002), vai var biit kombinéta struktiira ar citiem eksoniem, ja
insercija ir notikusi cita géna sekvencé (Sayah et al. 2004; Zhang et al. 2004). Sis
mehanisms ir nozimigs organismu adaptacija un evoliicija, jo ir atrasti funkcionali géni,
kuri ir radusSies pateicoties pseidogénu diferenciacijai (Betran et al. 2002; Emerson ef al.
2004).

1.8. TE raksturojums skujkoku genomos

RE sekvencu pétijumi kails€kliem aizsakas pirms to genomu sekvenéSanas. 7y-
Copia TPEI RE tika izolets no P.elliottii (Kamm et al. 1996). TPEI transpozicijas
iespejas tika noveértétas ka ierobezotas, jo sekvenéSana atklaja mutacijas proteinu
kodgjoSajas sekvencés (Brandes et al. 1997). No P.radiata 1zolgja un raksturoja
skujkokos izplatito Gypsy IFG RE, kuram starp gag un AP doméniem tika atrasts viens
stop-kodons (Kossack, Kinlaw 1999). Spcl no P.glauca genoma satur tikai vienu stop-
kodonu pirms int doména, kas liecina par §1 elementa neseno izcelsmi (L’Homme et al.
2000). Mazkopiju Gypsy PpRTI elements tika izoléts no P.pinaster genoma, ta
sekvence bija homologa ieprieks aprakstitajam /FG (Rocheta et al. 2007). PpRTI
transkripts tika atrasts EST datubazg, kas norada uz ta ekspresiju (Miguel et al. 2008).

P.taeda BAC sekvenéSana atklaja augstu TE sekvencu saturu un priedei
specifiskas TE gimenes (Morse et al. 2009). Gymny RE ir izoléts no P.taeda un atrasts
ar1 citas Pinus sugas, bet netika atrasts Picea, Abies, Tsuga un Ginkgo, kas norada uz
Gymny ekspansiju péc So taksonu nodaliSanas (Morse et al. 2009). Lidzigs pétijums
P.taeda genoma atklaja gan I, gan II klases TE visu kartu parstavjus, bet zinatnieki
secindja, ka vairums elementu varétu tikt klasificéti jaunas gimenés (Kovach et al.
2010). TE lidziba nukleotidu Itment starp segséklu un kailseklu sugam atrasta no 37,7%
1idz 99,4%. Hibridizacija ar dazadiem elementiem neuzradija krasas atSkiribas genoma
organizacija starp attaliem taksoniem, pieméram P.abies un P.omorika, stipra
hibridizacija ar TE kloniem no P.abies tika novérota Ginkgo biloba DNS un otradi
(Friesen ef al. 2001). P.abies genoma tika atrastas 1773 atkartojumu sekvences, puse no
tam Iidzinas zinamam TE gimeném. LTR RE ir visizplatitaka TE karta, bet Gypsy
virsgimene ir prevalgjosa (Nystedt et al. 2013). P.abies genoma analize neatrada nesen
notiku$a transpoziciju spradziena p&das. Viena LTR attieciba pret pilna izméra RE ir
1:9, kas liecina par zemu TE izgrieSanas intensitati salidzinot ar segséklu genomiem.
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2. MATERIALS UN METODES

2.1. Visparéja eksperimentu struktiira

Darba aprakstitais pétijums sastavéja no vairakiem posmiem. Lai noskaidrotu
aktivo elementu transkriptu esamibu stresam paklautajos priezu stados, izmantoja
nespecifiskus iPBS praimerus, jo kails€éklu retrotranspozonu sekvences var atskirties no
publiski pieejamajam segs€klu sekvencém un neaktivajiem retrotranspozonu
homologiem, kas Iidz §im ir aprakstiti kailsekliem. Lai izvairitos no genotipa izraisito
atSkiribu identific€Sanas, katra eksperimenta izmantoja viena priezu klona rametus. TE
reprezentaciju un ekspresiju parbaudija ar izveidotiem specifiskiem praimeriem.
Parbaudija karstuma, priezu hermesa invazijas, ABA (abscizskabes) un SA
(salicilsakabes) apstrades ietekmi, péc sekojosas vienotas shémas.

> Priedes rametus paklauj pétama stresora ietekmei.

> Ievac pa 4 skujam no katra stada, ieliek iezim&tajos 2 ml stobrinos un
nekavéjoties sasaldé $kidraja slapekli. Sos paraugus izmanto RNS
1zdaliSanai velak.

P&c cksperimenta beigam, ievac vél pa 2 skujam. Sos paraugus izmanto
DNS izol&sanai, genétiskas vienveidibas parbaudei ar SSR markieriem u.c.
Veic DNS izdalisanu, genétiskas vienveidibas parbaudi ar SSR
markieriem.

Veic RNS izdaliSanu, RNS attiriSanu no DNS piemaisijumiem un
kontaminacijas parbaudi ar RNS PKR.

cDNS sintéze un analize ar kontroles markieriem.

1PBS reakcija, fragmentu analize un atskirigo fragmentu izol€Sana un
attiriSana.

Fragmentu klongSana vektora, Stinu transformacija.

Transform@to $iinu pavairoSana, atlase, vektoru izdaliSana, icklon&to
fragmentu garuma parbaude, plazmidu atlase sekvenéSanai.

SekvenéSana, hromatogrammu analize un sekvencu salikSana.

Sekvencu lidzibas mekl&jumi datubazes, retrotranspozonu un to strukturalo
elementu identific€Sana, datu apkoposSana.

Péc identificéto TE-lidzigo sekvenCu analizém radas jautajums, vai kads no
identific€tajiem TE-lidzigiem fragmentiem atspogulo pilna izm@ra retrotranspozonu
transkripciju stresoru ietekmé&, vai ari visi Sie fragmenti ir him@ru transkriptu
sastavdalas. Tadel nakamais pétijuma posms veltits pilna izméra retrotranspozonu
1zoléSanai, raksturoSanai un lielaku sekvencu dalu iegtiSanai no eksperimentala cDNS.

TreSais pétijuma posms veltits praktiskai fragmentu polimorfisma un izplatibas
noteikSanai. Lai saprastu, cik liela méra TE-lidzigas sekvences ir sastopamas citu
genotipu parastas priedes genomos, izveidoja specifiskus praimerus, kurus parbaudija
dabiskas priezu audzes ar IRAP metodi (Kalendar et al. 1999). Sos markierus
izméginaja ar1 klonalas daudzveidibas noteikSanai, par materialu izv€loties atskirigas
plantacijas augoSus viena klona parastas priedes rametus. Lai saprastu, cik liela méra
atrastie fragmenti ir konservativi un izplatiti citu kails€klu sugas, veica specifisku
amplifikaciju ar dazadu kailseklu dzimtu sugu parstavjiem.

VY VV VYvyYy VvV v Y
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2.2. Stresa apstaklu induceSana

32 parastas priedes divgadigos stadus, potetus viena klona rametus, nodro§inaja AS
,Latvijas valsts meZi” Kalsnavas kokaudzetava (Jaunkalsnava, Latvija).

Karstuma stresa iniciacija. Karstuma ietekmes eksperimentu veica izmantojot
klimata kameras ar gaisa, temperatiras un mitruma kontroli HOTCOLD-GL
(SELECTA). Divus JA0O03 rametus paklava nepartrauktam karstuma stresam (40 °C 24
stundas), ar 10 stundu fotoperiodu. Divus JAOO3 rametus ievietoja otra klimata kamera
ar identisku fotoperiodu ar temperattiru 22 °C diena un 14 °C nakti.

PrieZzu hermesa invazija. 16 TU-28 rametus izmantoja priezu hermesa (Pineus
pini) invazijas pétijuma. Invaziju konstat€ja péc vairakam pazimém (svekoSana, balti
vaska plankumi, dzelt€joSas skujas un zaru kalSana). Tapat argjo baroSanos apstiprinaja
pé&c balta tinuma mikroskop&Sanas.

Augu hormonu ietekme. Izmantoja 1mM ABA (Sigma) Skidumu dejonizéta
destileta tident ar 1,92% etilspirta un eksperimenta laika to uzglabaja 4 °C. No 1mM
ABA katru dienu pirms apsmidzinaSanas pagatavoja 10 uM ABA darba Skidumu, ar
kuru apstradaja POP12 rametu stadus. Udens §kidumu ar ekvivalentu etanola daudzumu
pagatavoja kontroles rameta apstradei. POP21 rametus izmantoja SA ietekmes petijuma,
kur divus rametus vienu ned€lu apsmidzinaja un aplaistija ar 5 mM SA (Sigma) tdens
Skidumu. Kontroles rametu apsmidzinaja un aplaistija ar ideni.

2.3. Diferenciali ekspreseéto fragmentu identificeSana

RNS izdalija ar CTAB-metodi (Chang et al. 1993) ar modifikacijam. DNS
kontaminaciju noversa, vairakas reizes attirot ar Turbo DNA-free kitu (Ambion) ar
sekojoSu fenola:hloroforma:izoamilspirta (24:24:1) ekstrakciju, lidz standarta PKR
amplifikacija neuzradija produktu esamibu. RNS koncentraciju merija ar Quibit
fluorimetru  (/nvitrogen). Stresa iniciaciju parbaudija ar kontroles markieru
amplifikaciju: dhn3 (dehidrina III), abaH (abscizskabes induc€jamais), lea (vEla
embriogenézé domingjoss), P5CS2 (delta 1-pirolina-5-karboksilata sintetaze 2). RNS
paraugu kvalitati novertéja péc endogénas kontroles géna GAPDH (gliceraldehida-3-
fosfata dehidrogenaze) amplifikacijas. Reverso transkripciju veica ar TagMan kitu
(Applied Biosystems) ar 1 pug RNS un heksaméru praimeriem. Tipiska PKR reakcija ar
cDNS veikta 20 ul kopgja reakcijas tilpuma ar sekojosSu sastavu: 1x Taq buferis
(Fermentas), 1,5-2 mM MgCl,, 0,2 mM dNTP mix, 0,1 uM no katra praimera, 0,7 U
Taq polimeraze (Fermentas). Programma sastavéja no denaturéSanas posma 94 °C 3
min, tai sekoja 38 cikli ar denaturaciju 94 °C 30 sek, praimeru pielipSanu 50-62 °C 30
sek, sintezi 72 °C 40 sek, un beigu elongacijas posmu 72 °C 10 min. Produktus
vizualizgja ar elektroforézes metodi 1xTAE buferi, ar etidija bromida skidumu (Merck)
iekrasota 1-1,5% agarozes géela, 1,5-2 stundas 70-94 V. Visus elektroforézes att€lus
vizualiz€ja izmantojot UV-staru transiluminatoru ar fotosistemu AlphaDigiDocRT (JH
BIO Innovations) un fotoaparatu Olympus sp-500uz. Attelus apstradaja ar AlphaEaseFC
v. 4.0.0 programmu. RE-lidzigo sekvencu identific€Sanai izmantoja iPBS metodi
(Kalendar et al. 2010). Diferenciali ekspresétus fragmentus noteica, salidzinot
amplifikaciju starp stresam paklauto klonu paraugiem un kontroles klonu paraugiem.
[zol&tus fragmentus attirija no agarozes g€la ar Qiaquick Gel Extraction Kit (Qiagene).
Fragmentus paramplificgja ar gradienta PKR (60 °C uz 47 °C). PKR produktus attirija
ar Sefadex-G50 (Sigma) kolonam izmantojot MultiScreen filtru plates (Millipore) un
Multiscreen Assay system (Millipore). Produktus ligé€ja ar plazmidu pTZ57R/T

15



izmantojot InsTAclone PCR Cloning Kit (Fermentas). Kompetentas E.coli Siinas
sagatavoja pec Inoue et al. (1990). Plazmidas izdalija ar alkalina liz€Sanas metodi
(Birnboim, Doly 1979) ar modifikacijam. Insertu garuma atbilstibu parbaudija péc
SkelSanas ar EcoRI un Sall endonukleazam (Thermo Scientific). SekvengSanai izmantoja
MI13 praimerus un BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems).

Sekvences analizei izmantoja megablast, blastn un blastx rikus (Altschul et al.
1990) mekleésanai NCBI sekvencu datubazes (http:/www.ncbi.nlm.nih.gov); ka ari TE
datubazes: GrainGenes TREP (http://wheat.pw.usda.gov/), GypsyDatabase 2.0
(http://gydb.org/, Llorens et al. 2011), Repbase (http://www.girinst.org/, Kohany et al.
2006). Sekvencu salidzinasanu veica ar CLUSTALW v.1.83 riku (Thompson et al.
1994). Dendrogrammas vizualiz€ja ar programmu MEGA v.5 (Tamura et al. 2011).
EST sakritibu skaitu aprékinaja izmantojot NCBI blastn zalo augu (Viridiplantae) EST
mekleSanu, néma vera ierakstus ar e-veértibu<0,01. Sekvences publicétas NCBI EST
datu baze ar génu bankas numuriem JZ389987-J72390112.

2.4. TE-lidzigo fragmentu ekspresijas kvantiteSana un salidzinasana

[zmantojot Primer-BLAST programmu (Ye et al. 2012) izveidoja 27 specifiskus
praimeru parus. Veica salidzinoSo PKR ar cDNS, ka ar1 ekspresijas limena noteikSanu
ar reala laika PKR. Reala laika PKR reakcijas veica ar Maxima SYBR Green/ROX qPCR
Master Mix (Thermo Scientific) un StepOnePlus™ Real-Time PCR System (Applied
Biosystems) un amplikonu uzkrasanas dinamiku analiz€ja ar StepOne v.2.2.2 (Applied
Biosystems). Analizei izmantoja relativas kvantitgSanas 2" metodi, normaliz&jot
paraugus pret GAPDH amplifikacijas raditajiem (Schmittgen, Livak 2008). PKR
efektivitati katram praimerim un ari endogénajai kontrolei salidzinaja izmantojot
standartliknu analizi.

2.5. Pilna izmera retrotranspozonu izoléSana, markieru konstruéSana

Pilna izme@ra retrotranspozonu izoléSanai izmantoja identificéto homologo
retrotranspozonu dalu izol€Sanu, garas distances PKR izmantojot identific€tas
sekvences, citu priezu sugu BAC sekvencu analizi ar sekojoSu retrotranspozonu dalu
izoléSanu no P.sylvestris. Uzdevuma istenoSanai ar Primer-BLAST programmu (Ye et
al. 2012) kopuma izveidoja ap 60 dazadam retrotranspozonu dalam komplementaru
praimeru. Izveidoti priedes RE specifiskie praimeri vari€joSo sekvencu amplifikacijai ar
IRAP (péc Kalendar ef al. 1999). IRAP reakcijai ar priedes gDNS izmantoja Dream Taq
reagentus (Fermentas). Reakcijas maistjums saturéja gDNS Iidz 100 ng uz reakciju; 1x
buferis; 0,5 mM MgCl,; 1 uM praimeris; 0,2 mM dNTP mix; 0,7 U dreamTaq
polimeraze (Fermentas); 0,2 U Pfu polimeraze (Fermentas). PKR programma:
denaturacija 94 °C 3 min; 38 x (94 °C - 40 sek; 50 °C - 40 sek; 68 °C - 1 min); 72 °C -
10 min.

2.6. Priedes klonalas un dabigas daudzveidibas analizes

AtSkirigos apstaklos augoSas priezu populacijas analizei genotip&ja 150 priezu
individus. SSR un IRAP datus analiz€ja izmantojot programas GenalEx v. 6 (Peakall,
Smouse 2006), FAMD v.1.30 (Schliiter, Harris 2006). Biometrisko merijjumu un
genétisko analizu datu kopu atSkiribu novertéSanai izmantoja vidgjo vértibu
salidzinasanu, to standartnovirzes noteikSanu, rezultatu ticamibas koeficientu un F-
kritérija salidzinasanu.
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Klonalas variacijas identificeéSana izmantoja dazadas klimatiskajas zonas
ierikotajas plantacijas ,,Saviena” un ,,Dravas” augoSus 14 parastas priedes individus, kas
reprezent€ ¢etru klonu rametus. Paraugus analiz€ja ar 9 praimeriem péc IRAP metodes
principa.

60 Latvijas florai eksotisko un reti sastopamo kails€klu sugu paraugi iegiiti no
Latvijas Universitates Botaniska darza un Nacionala botaniska darza. Analizgja
diferenciali ekspreséto RE-lidzigo fragmentu izplatibu, ka ari dazu priedei specifisko
RE izplatibu. Veiktas arT IRAP reakcijas ar 6 markieriem un datu analizes, ka aprakstits
ieprieks.

3. GALVENIE REZULTATI

3.1. Diferenciali ekspreséeto fragmentu analize

Visu eksperimentu rezultata identific€ja 126 fragmentus, kas reprezenté katra
stresora i1zsaukto retrotranspozoniem-lidzigo sekvencu ekspresiju. Kopuma izolgja 112
diferenciali ekspres€tus fragmentus, sekvengja 335 plazmidu insertus. 40 sekvences
neuzradija lidzibu ne ar vienu ierakstu izmantotajas datubazes. 28 identificetie
fragmenti satur€ja augsti homologus TE rajonus, vai lidzinajas TE visa fragmenta
garuma. Pargjie 98 fragmenti neuzradija [idzibu TE sekvenceém, vai ari Iidziba bija zem
pielaujama sliekSna. ABA un SA pétijumos identificétais TE homologu skaits ir
ieverojami zemaks. Karstuma un hormonu apstrades rezultata nav identific€ta neviena
lidziga sekvence. Priezu hermesa invazijas rezultata un karstuma stresa rezultata
identificeja Copia-2 TA-I lidzigas retrotranspozona sekvences (B104 un T30).
Endogénam retrovirusam (ERV) Ilidziga sekvence atrasta gan kukainu invazijas
rezultata, gan peéc apstrades ar SA, tapat Sajas grupas bija lidzigi divi neanotéti
fragmenti (B103 un SA24). Divus lidzigus anonimus transkriptus, ka art vienu Ogre-
lidzigu transriptu (ABA18 un B125) atrada gan péc priezu hermesa invazijas, gan pec
apstrades ar ABA. Dazados eksperimentos identificetie lidzigie fragmenti bija lidzigi ar1
pec garuma, bet nukleotidu sekvences lidziba bija lielaka par 90%.

3.2. TE-lidzigo transkriptu analize

No cDNS izolétas 28 TE-lidzigas sekvences péc savas struktiiras bija
daudzveidigas. Identificétie fragmenti saturgja: sekvences, pilnigi vai dalgji homologas
TE ORF, poliproteina rajonam vai UTR; viena elementa LTR ar fragmentu parklajumu
tuvu 100%; sekvences ar augsti homologu LTR rajonu kombinacija ar nezinamu
sekvenci; divus LTR, kas abos galos orienteti pret€jos virzienos. Lielaka TE-lidzigo
sekvencu grupa (17) satur¢ja tieSi kodeéjoSo doménu rajonus. Astonas sekvences saturgja
LTR un tris TE nekod€josas dalas. Identificgja divas himériskas sekvences, kur viena
dala fragmenta lidzinajas TE, bet otra dala lidzinajas hloroplasta sekvencei.

Dazadu stresoru ietekmé atrasti Cetri Gypsy virsgimenes LTR (Gypsy-6, Ogre,
Appalachian, PIGY-1) un divi Copia virsgimenes LTR (Copia-2-TA I, HORPIA)
transkripti, kas ir pilna garuma nukleotidu lItmeni homologi RE sekvencei. Karstuma
ietekmes rezultata identificEja homologas retrotranspozonu parstavju sekvences no
dazadam kartam (bez LTR LINE un LTR) un no devipam LTR RE gimeném. Papildus
identific€ja dazus DNS transpozonam EnSPM (T49) homologus transkriptus ar augstu
lidzibu TE proteazes doménam nukleotidu sekvences [imen.

Péc priezu hermesa invazijas eksperimenta izol€ja salidzinamu RE-Iidzigo
transkriptu skaitu: tie ir tris LTR RE virsgimenu parstavji (Gypsy, Copia, TRIM), kuri
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pieder astonam gimen&m, ka arT atrada attalu provirusam lidzigu elementu (ERV). Licla
fragmentu grupa bija lidziga Ogre RE dazadiem doméniem. Ar1 péc hormonu ietekmes
identific€ja transkriptus ar dazadu Iidzibu Ogre elemetam (ABA18, SA12). Transkripts
B166 satur augsti lidzigu sekvenci TRIM Cassandra LTR RE. TRIM ir 1si
transkripcionali aktivi neautonomie RE, izplatiti augu vidii. So elementu insercijas bieZi
ir atrodamas génu intronos un promoteru rajonos (Witte et al. 2001). Tomer, [1idz Sim Sie
elementi skujkoku genomiem nav aprakstiti. Augu hormonu ietekmé diferenciali
ekspres€to fragmentu skaits bija ievérojami zemaks. Tomér kopuma identific€ja piecam
RE gimeném (Gypsy un Copia) lidzigus transkriptus, k@ ari vienu provirusam lidzigu
fragmentu. Identificéti vairaki transkripti ar Copia-18-BD RE lidzigu sekvenci.

3.3. Himerisko transkriptu analize

Detekteja divus transkriptus, kas satur gan TE dalu, gan hloroplasta genoma
sekvences dalu (T51 un B153). 49% no T51 fragmenta lidzingjas bez LTR LINE
Karin_TA poliproteinam, bet otra fragmenta dala bija augsti homologa priedes
hloroplasta genoma divam dazadam dalam (ar 16% un 24% parklajumu). Otrs
himériskais transkripts B153 bija lidzigs Gypsy Cereba poliprotetnam, ka ari
nepartrauktai priedes hloroplasta sekvencei. B153C hloroplastam homologa dala
lidzinas lielam skaitam ierakstu no augu EST datubazes (2465 sakritibu), bet RE lidziga
dala B153TE sakrita tikai ar vienu ierakstu no EST datuazes. So hloroplastam-lidzigo
sekvenci atrada starp citam diferenciali ekspresetam sekvenceém, tikai bez Cereba-
lidzigas dalas (SAO1). Pie kam, §1s sekvences (B153C un SAO1) hloroplasta genoma ir
novietotas blakus ar citu transkriptu grupu (SA07, ABA03, ABAO02). 33% no katras no
So transkriptu sekvencém satur augsti homologu rajonu no RE Copia-18 BD 3’ rajona
ar 98% lidzibu, tapéc §is sekvences ieklava TE-lidzigo sekvenéu analizé. Cetri lidzigie
fragmenti ar [idzibu 83-94% identific€ti pec apstrades ar ABA un viens pec SA. BLAST
mekléSana ar Copia 18 BD I elementu atrada, ka 313-315 bp gar§ fragments 3’
nekodgéjosa retrotranspozona dala pirms LTR ir Joti lidzigs vairaku augu sugu
hloroplastu  genomiskajai sekvencei, ieskaitot A./yrata (ORF64c). Pie kam,
hloroplastam homologa Copia 18-BD sekvence atrodas apgriezta orientacija.
Identificetais fragments sakrit ar 1930 sekvencém EST, bet Copia 18 BD-I TE
sekvence sakrit ar 2500 EST sekvenceém.

1. attéls. Copia-18-BD mRNS
sekundara struktiira un rajoni, kuri
varetu veidot cilpveida struktiiras ar
iespejamibu  tuvu 1  (sarkans).
Sequence display OPHONS e econdary structure Struktiiras minimala briva energija

® Plain Sequence — 99,20 kcal/mol.

Other display options
@ Base-pair probabilitic
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Interesanti, ka ir atrasti dazada garuma un struktiiras transkripti, kas varétu
lokalizéties dazados genoma lokusos, bet identific€tie fragmenti var biit arT viena TE
atkarigas struktiiras ekspresijas rezultats. Abas identificétas transkriptu grupas atrodas
45 bp attaluma viena no otras, ko var izskaidrot ar PBS praimeru komplementaritati $im
hloroplasta sekvences rajonam.

Hloroplasta sekvencei homologo Copia-18BD 315 bp rajonu analizgja sikak, jo Sis
konservativais rajons varétu saturét nozimigus regulativus motivus. Meklgjot augu
regulativo motivu datubazeé (REGSITE DB) ar programu NSITE (Softberry Inc.)
v.2.2004, atrada septinu regulativo elementu motivus ar homologiju >80%. Viens no
tiem (TTTAAAG, BPBF no H.vulgare) bija palindroms (atrodas abas DNS kédes), abas
orientacijas nesatur nevienu SNP (e-vertiba=0,0094 un 0,0061). Tapat, bez SNP atrada
divus nezinamus kodola faktorus 5’-CCCGGATC-3’ no kviesu (e-veértiba=0,00395) un
5’-AAACCTCC-3’ no spinatu genoma. Sekvences analize ar mikro RNS meklesanas
programmu FindMiRNA (Softberry Inc.) prognoz€ja Sim rajonam seSu pre-miRNS
génus tiesa orientacija un piecus komplementarajai k&dei, kas veido cilpveida struktiiru
ar brivo energiju zemak par -17 kcal/mol. I. attéla paradita viena no prognozeétam
sekundaram RNS struktiram ar RNAfold (Lorenz et al. 2011), kur vismaz viena
cilpveida struktira veidojas ar augstu iesp&jamibu.

3.4. TE specifisko fragmentu amplifikacija

Lai salidzinatu identificeéto TE-lidzigo fragmentu amplifikaciju dazadu stresoru
ietekmé, konstrugja 27 specifiskus PKR praimerus. Eksperimenta gaita atkartoti veikta
amplifikacija ar kontroles géniem (2. attels A). Vienam no himériskajiem fragmentiem
(pB153) piemeklgja divus praimeru parus katrai no sastavdalam: Cereba-lidzigai dalai
(pB153TE) un hloroplasta sekvencei lidzigai dalai (pB153C). B153TE amplifikacijas
produkti noveroti stresam paklauto rametu cDNS paraugos, bet nebija kontroles
paraugiem (2. attels B). Visiem paraugiem noveroja B153C amplifikacijas produktus.

IDTI T2 Te BI2 BI5 Bc NC G LD Tl T2 Te Bl12 BI5 Bc NC G LD

e ‘-—

P5CS2 — GAPDH -

— ——

A — O — - .—

- e - e D e S R - LB
A

TS E2RTC MBI RSB ERR CRENCERGHISTHaT e B2 = B15 BC RC NC G
BI153TE B153C

L IhdeC
4l ([ g

2. attéls. Salidzinosa amplifikacija ar cDNS karstuma stresam (T1, T2), priezu
hermesa invazijai (B12, B15) paklautiem un kontroles rametu paraugiem (Tc, Bc),
negativa kontrole (NC) un gDNA (G). A - P5CS2-lidziga géna produkti (190 bp un
250bp) un endogena kontrole GAPDH (70 bp). B - BI53TE (110 bp) un B153C (120
bp).
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3.5. Reald laika PKR

Papildus standarta PKR reakcijam veica relativa ekspresijas I[imena noteikSanu ar
reala laika PKR metodi. Standartizacijai visos gadijumos izmantoja endogéno kontroli
GAPDH. Ieverojams transkriptu pieaugums stresam paklautajos paraugos noverots
SAQ07 fragmentam, kas bija 1idzigs Copia-18-BD un hloroplasta sekvencém (3. attéls).
SA07 amplifikacijas produktu kuSanas liknes bija ar vienu izteiktu piki (aptuvens
Tm=84 °C), standartliknes slipums bija no -2,9 Iidz -3,68, R*=0,65-0,90,
efektivitate=86,8-117%.

Ekspresijas Iimena izmainas noteica himeriska transkripta divam dalam (B153TE
un B153C). BI53C amplifikacijas produktu kuSanas Iiknes bija aptuveni vienadas
(Tm=82 °C) un standartlikne raksturojas ar slipumu no -2.2 lidz -3,7; R*=0,94-1 un
efektivitati 85-121%. BIS3TE amplifikacijas produktu kuSanas liknes nebija tik
precizas (aptuvenais Tm= 78 °C), standartlikne raksturojas ar slipumu -1,8, R*=0,92,
efektivitati 241%. Videji, SAQ7 relativais ekspresijas Iimenis bija divas reizes augstaks,
salidzinot ar B153C ekspresijas limeni.
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3. attels. Relativa ekspresija Copia-18-BD-lidzigam transkriptam SA07,
hloroplastam-lidzigam transkriptam B153C un Cereba-lidzigam transkriptam B153TE.

3.6. Pilnizmera RE izolesana

Analizgjot diferenciali ekspres€tus fragmentus pamanija, ka dazi no tiem uzrada
augstu lidzibas pakapi skujkoku BAC sekvencém, ari ja netika atrasta lidziba TE
sekvencu datubaz€s. Pieméram, fragments T50 lidzinajas P.taeda BAC sekvencei
PT 7Ba4363K13 (AC241358.1). Analizgjot sikak So sekvenci, tai var&ja identificet
LTR un Iidzibu TE sekvencu datubaz€s ar dazadu elementu doméniem. No P.taeda
genoma BAC sekvences tika identificéts hipotetisks pilna izméra LTR TE. Izveidotie
praimeri rezultgjas ar sagaidama garuma produktu izoléSanu un homologas sekvences
iegiiSanu no P.sylvestris gDNS. Izmantojot tos paSus praimerus, izdevas amplific€t un
nosekvenét sagaidama garuma fragmentus ari no cDNS

LTR TE-lidzigu strukturu ptTE101 (ar lidzibu T50) ir identificéts P.taeda BAC
sekvencé PT 7Ba4363K13 (gb|AC241358.1). ptTE101 P.taeda genoma ir 7697 bp
gars, ar 949 bp gariem LTR ar 87% savstarp€ji identiskiem nukleotidiem un 5°-TG/
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3°CA LTR galos. Identificéts TSD, kas ir 7 bp 5’-CATCATTT-3". Sis struktiiras pilna
izméra anot€ti homologi nav starp TE datubazes ierakstiem, bet EST datubazu analize
parada, ka P.faeda, P.contorta un P.glauca ir atrodami TE iek$€jai sekvencei Iidzigi
transkripti. No gDNS un c¢DNS izoletas desmit LTR sekvences, kas bija homologas
ptTE101 par 74-81%. Analize Repbase atrada lidzibu ar dazadu TE dalam, ka ar1 vaju
RT/RH doména Ilidzibu nukleotidu Ilimeni ar Gypsy-18 SMo-I no Selaginella
moellendorffii, kas ir senakais vaskularo augu parstavis. BLASTX TREP datubaze
atrasta lidziba ar BAGY-2 poliproteinu (PTREP241), 36% identisku aminoskabju un
58% vienlidzigu aminoskabju, 183 nukleotidu sakritibu vértiba, e-vertiba= 2e-47. 4699-
5481 pozicija pirms RT domeéna atrodas int homologs rajons, kur§ lidzinas BAGY-2 un
Calypso-5 int doméniem proteinu limeni, kas norada, ka Sis elements pieder Copia
virsgimenei.

ptTE121 (T73) retrotranspozonam-lidzigs konstrukts ir identificéts P.taeda
PT 7Ba3500G20 (AC241315) sekvence. ptTE121 ir 5631 bp gar$ ar 1536 bp LTR, un
2558 bp 1eksgjo sekvenci. LTR ir homologi viens otram par 89%, tie ir norobeZoti ar
5°TG/3°CA sekvencem, TE ir 5 bp TSD 5°- AACCC-3’. LTR satur interesantu poli-G
mikrosatelitu (14bp) 5° rajona. Identific€Sanas laika tam netika atrastas homologas
sekvences TE sekvenCu datubazes, tacu 2013. gada 22. aprili publicéta sekvence
PtCumberland I (Wegrzyn, Repbase) ar 72% parklajuma rajonos lidzinas ptTE121, ka
ar1 PtCumberland [ satur vairakas lielas delécijas. ptTE121 satur visas transkripcijai un
translacijai nepiecieSamas regulativas sekvences (UORF (upstream ORF), IRES
(Internal Ribosome Entry Site), TATA, poliadeniléSanas motivu). ptTE121
komplementaraja kéde atrodas Cetri ORF, kuri lidzinas dazadiem TE poliproteiniem.
Izdevas iegut no cDNS psTE121 LTR un 3’ ieks€jas dalas sekvenci.

Tapat RE-lidziga struktiira atrasta analiz€jot citos petijuma posmos iegiitos
fragmentus. Pieméram, psTE283 fragments darba izstradaSanas gaita neuzradija Iidzibu
ne ar vienu RE datubazes, bet lidzinajas ar 77% nukleotidu identitati P.glauca BAC
sekvencel, kuru analizgjot atrada LTR RE-Iidzigu struktiiru.
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4. attels. P.sylvestris sekvenéto daju parklajums ar hipotetisku TE283 struktiiru.
Izdevies identificet kod€josos doménus tikai ar EST datubazes palidzibu kombinacija ar
ORF meklesanas riku, kas norada, ka Sis elements ir specifisks skujkokiem. Piemekl&ja
praimerus kod€joSiem domeéniem un no P.sylvestris cDNS ieguva §1 RE dalas, kas
sakrita ar homologu P.glauca struktiru. ST RE sekvence lidzinas gan karstuma stresa
rezultatd izol€tajam T28 fragmentam, gan ar garas distances PKR izol€tajam
fragmentam. Tomeér, 2013. gada 18. marta §1 TE homologa sekvence tika publicéta
P.taeda genomam ar nosaukumu PtAppalachian 1 (Wegrzyn, Repbase).
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No P.sylvestris karstumam paklauta eksperimentala cDNS pa dalam izolgja pilna
izmera psTE283 retrotranspozonu (4. attéls) un izveidoja ta konsensus sekvenci.
psTE283 ir 5796 bp gar§ ar 615 bp gariem LTR, kuri ir 80% Iidzigi viens otram.
Izoletam psTE283 LTR tiek norobezoti ar 5°-TG/ CA-3’. 5’LTR ir uORF, IRES,
TATA-motivs (5’-AATAATAAATA-3"), ka ari ir atrasta P.sylvestris regulativa
sekvence PtMYB4 5°-ACCACCC-3’ (e-vertiba=0,007) un cetri nezinami kodola
faktori. 3’LTR 391. pozicija ir poliadeniléSanas motivs. psTE283 ieksgjas sekvences
3’dala atrodas polipurinu motivs (5’-AAGGGGGGAGGAA-3’). TSSP programma augu
polimerazes Il promoteru noteikSanai (Softberry) psTE283 prognozeja promoteru tikai
uz komplementaras kédes 5574. pozicija (3’LTR). Tiesas kédes psTE283 sekvencei
atrasti divi ORF, kuru translétas aminoskabju secibas uzrada lidzibu TE protemiem. 354
aa gar§S ORF1 (2644-3709) ir lidzigs RT/RH domé&nam, bet 302 aa ORF2 (3669-4578)
lidzinas int doménam (pfam00665). Int doméns atrodas psTE283 3°dala, kas norada, ka
psTE283 elements pieder Gypsy virsgimenei. Interesanti, ka psTE283 RT/RH doméns
lidzinas Cereba poliprotetnam (TREP99) ar 43% identiskam aminoskabém un 58%
vienadam aminoskabém. Lidziga sakritiba ar Cereba poliproteinu bija B153
himériskajam fragmentam. Tas var€tu noradit, ka Sie transkripti reprezenteé vienas
gimenes RE. Tapat, TE283 ir ari par 77% lidzigs B193 transkriptam, kuru izol&ja priezu
hermesa bojatam rametam. psTE283 sekvence sakrit ar 85 skujkoku EST sekvenceém
NCBI datubaze. P.taeda PtAppalachian 1 un P.sylvestris psTE283 izoléta homologa
iekSejie doméni lidzinas par 91%, bet LTR par 81-88%. Analiz€jot pieejamu
PtAppalachian I sekvenci no NCBI BAC PT 7Ba2797E03 (AC241290.1), to LTR
sakrit par 90%, kas ir vairak neka izoletam P.sylvestris psTE283. Komplementaraja
kéde PtAppalachian I pilna izméra homologu sekvenci no BAC atrasts nepartraukts
584 aa ORF, kas lidzinas RE poliproteiniem, bet otrs ORF ar 375 aa lidzinas gag
doméniem. Visticamak P.sylvestris psTE283 ir zaudgjis transpozicijas iesp€jas, jo tam
nav pilna poliproteina ORF un atrastais RT ORF ir 1saks par PtAppalachian. Tacu
transkripcijas funkcijas, iesp&jams, ir palikuSas vairakam kopijam.

3.7. Atskirigos apstaklos augoSas prieZu populacijas genotipeSana
Izvelgjas dabiski atjaunojuSos priezu audzi, kur vienas populacijas individi aug
paugura (30,4 m), nogaze un parpurvojuma. Devinu RE markieru (/. tabula) fragmentu
amplifikacija tika salidzinata starp 150 individiem péc IRAP metodes principa
(Kalendar et al. 1999). DNS genétisko analizu rezultata ieguva 184 lokusus ar IRAP
metodi un 33 lokusus ar trim SSR markeriem.

Starp
populacijam StEiIP_ ~
4% populacijam
3%

Populaciju
ieksiene
96%

Populaciju
ieksieng
97%

5. attels. Molekularas variacijas procentuald dala (AMOVA, GenAlEx) izmantojot
SSR markieru datus (A) un RE markieru datus (B).
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Molekularas daudzveidibas analize (AMOVA) neatrada batisku genétiskas
daudzveidibas atskiribu starp populacijam (5. attéls). Izmantojot individu gené&tiskas
distances matricu, veica galveno koordinasu analizi jeb PCoA testu (Principal
Coordinates Analysis), kas RE markieru gadijuma nodalija paugura augosu populaciju
no nogazes un parpurvojuma populacijam (6.,7. attéli). Pirmas tris koordinates
izskaidroja 56,46% no variacijas starp IRAP datiem, un 61,15% SSR datiem.

Novértéja katras populacijas individiem amplificéto fragmentu skaita vid€jas
aritmé&tiskas veértibas. RE markieru amplifikacijas fragmentu analizei izmantoja tikai
paraugus ar augstas kvalitates amplifikaciju, tapéc individu skaits (n) bija atSkirigs

katrai populacijai.

1. tabula. Konstruéto IRAP markieru amplifikdcijas raksturojums.

Izmantotas | Vidgjais joslu | Polimorfo | Nepolimorfo
Praimeris sekvences skaits joslu skaits | joslu skaits
numurs individam

IR 1 J7389987.1 11,60+1,90 12 4

IR 2 J7390004.1 13,7249,12 28 0

IR 3 J7390006.1 8,4+2,56 13 0

IR 4 J7390009.1 11,26+ 3,68 19 1

IR 5 JZ390015.1 13,18+4,18 19 0

IR 6 J7390027.1 22,20+12,86 37 0

IR 7 J7390015.1 7,72+1,99 14 0

IR 8 J7389987.1 9,83+1,13 13 3

IR 9 J7390027.1 13,07£2,65 19 2
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6. attels. Dabigas priedes audzes IRAP nespecifisko RE amplifikacijas datu

galveno koordinasu analize (PCoA tests).
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Paugura augoSajai populacijai verteja 38 paraugus, nogazeé — 44 un parpurvojuma -
45. Lai noskaidrotu, vai atSkiriba starp paugura un nogazes/parpurvojuma populacijam
ir bitiska, noteica vidgjo vertibu starpibu (d), §is starpibas vid€jo klidu (Sd) un
ticamibas koeficientu (t) (/. tabula). Starpiba paugura un nogazes populacijam ir
vienada ar 6,78+1,42, bet paugura un parpurvojuma starpiba ir 8,48+1,34. Ta ka
ticamibas koeficientam vertibas ir lielakas par vertibu tris (/. tabula), starpibu var vertet
ka bitisku ar varbitibu 99% (P=0,01).

Papildus ir noteikts F-krit€rijs un noveértéta ta vertiba peéc tabulu vértibam
ticamibas Itmenim P=0,05 un brivibas pakapei df (40). Péc F-kritérija noverté€sanas,
paugura un parpurvojuma lokusu skaita vid€jo vertibu starpibu var uzskatit par bitisku,
bet atSkiribas starp paugura un nogazes populacijam — netisas, dotajai ticamibas pakapei
(2. tabula). Paugura populacijai ievérojami atskiras gan amplific€to lokusu skaita vidéja
aritmétiska veértiba, gan standartnovirze. Lai gan variacija populaciju iekSiené ir augsta,
var redz€t, ka amplificéto lokusu vid€jais aritmétiskais skaits konstanti pieaug paugura
augosSai populacijai veicot Iidzigu analizi ar katra markiera datiem.
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7. attéls. Dabigas priedes audzes analize ar PCoA testu izmantojot SSR lokusu
datus.

2. tabula. Retrotranspozonu fragmentu amplifikacijas datu kopas analizes
statistiskie raditaji. Populacija augoSa paugurd (pg), nogaze (n) un parpurvojuma (p).

Videjais |, 483 | yigsia videja | .. -
SRR kvadratis = - - Ticamibas o ee
aritmeétiska ~ kvadratis | Starpiba | starpiba . F-Kriteérijs
. ka R _ koeficients
Pop is . ka kluda s kluda
novirze
. d(Xvpg- | Sd (pg- F, P= 0,05,
Xvid 0 Sx Xvn/p) | nip) 3 df(40) >1,51
Pg 116,37 6,80 1,10 - - - -
N 109,59 6,08 0,92 6,78 1,42 4,77 1,25
P 107,89 5,40 0,80 8,48 1,34 6,33 1,58
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8. attels. Markieru amplifikacjas joslu skaita videjo aritmétisko starpibas
salidzinajums ar videjo kvadratisko novirzi (o).

Daziem markieriem (IR 1, IR 4, IR 6) amplifikacija pieaug ari parpurvojuma
populacija. Lai novertetu starpibas butiskumu, ta tika salidzinata ar videjo kvadratisko
novirzi (8. attéls). AtSkiribas amplifikacija starp pauguru un parpurvojumu ir bitiskas
markieriem IR 2, IR 5, IR 6, IR 7, bet starp pauguru un nogazi tikai IR 6.

3.8. Klonalas variacijas novertesana

Devinus izveidotus IRAP praimerus parbaudija uz 26 gadus veciem parastas
priedes kokiem, kas reprezenteé dazadas klimatiskajas zonas ierikotajas plantacijas
,Drava” un ,,Saviena” augoSus Cetru klonu rametus. Péc SSR datiem rameti neatSkiras.
Astoniem IRAP markieriem amplifikacijas produkti bija vienveidigi, neidentificgja
skaidri atSkiramus polimorfus fragmentus. Tikai ar praimeri IR 7h ieguva polimorfus
produktus, kas bija skaidri atSkirami katrai rametu grupai (9. attéls). Polimorfi produkti
noveroti gan ,,Savienas”, gan ,,Dravas” plantaciju paraugiem no dazadiem rametiem.
Izolgja septinus polimorfus fragmentus, sekven€ja 17 insertu. Visam sekvencém to
galos atrasts praimeris IR 2. leguva tris lidzigas sekvencu grupas un divas individualas
sekvences. No 5 sekvencém (869 bp) sastavoSa sekvencu grupa daléji 1idzinajas P.taeda
BAC sekvencém. Tas analiz€jot izdevies identificét divus tieSos atkartojumus
iespgjamus LTR, kas ar 555 bp lidzinas polimorfam sekvencém. ST struktiira nelidzinas
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nevienam RE datubazes, bet dal&ji
lidzinas (par 70%) Copia-17 PAb-I
(MA 172979) no P.abies iek§€jam
doménam un nelielam LTR rajonam (63
bp). Identificétais Copia-17 lidzigais
elements ir tikai 4052 bp garS ar 858 bp
LTR, pa vidu ir ORF ar vaju lidzibu
Copia poliprotetnam.

NCBI datubaze ir pilnas struktiiras
lidziba tikai ar seSam P.taeda BAC
sekvencém. 17 EST lidziba ir ar
struktiiras LTR rajoniem, bet 4 EST
lidzinas ar1 ieks€jai sekvencei ar zemaku
lidzibas pakapi. Otras grupas sekvences
(507 bp) art lidzinajas Copia-17 Pab-I un
ar1 identificeétas P.taeda RE LTR, kur
bija lidzigi 32 bp fragmenta beigas.
Individualas sekvences nelidzinajas datu

- bazu ierakstiem. Kopuma tris no
sekvenétajiem polimorfajiem priedes
rametu fragmentiem lidzinajas

9. attéls. IR _7h (T73, Gypsy-I) jaunatklatajai struktiirai, lidzigai Copia:

IRAP amplifikacijas produktu .17 .LT§{ RE, kura sekvence ari

polimorfisms priedes identificeta P.taeda BAC.

rametiem. 3.9.  Kailséklu filogenetiska

analize ar IRAP

60 dazadu sugu kailseklu DNS paraugu analizei izmantoja seSus IRAP markierus,
analiz€ ieklava ari Cetrus parastds priedes paraugus. leguva 241 fragmentu. Vidgji
katram individam bija 38,8 fragmenti, ar variaciju 134,59 un standartnovirzi 11,6. Datus
sagrup&ja lielakas grupas péc piederibas gintij: baltegles (7), egles (14), priedes (19),
citi Pinales (20) un citi kailsekli (5). Kailséklu gintis nebija parstavétas ar vienadu sugu
skaitu (/0. attels), tomer Thuja raksturojas ar vismazako amplificéto polimorfo lokusu
skaitu (37), salidzinot ar tikpat liela méra parstavetiem T7suga (58), Taxus (56) un
Pseudotsuga (52).

Pargjam skujkoku gintim polimorfo lokusu skaits bija lielaks par 100 un dal&ji
atkarigs arT no analiz€to paraugu skaita. Fragmentu reprezentacija individa (%) jeb
frekvence (/1. attéls) ir aprékinata ka fragmentu skaits individam attieciba pret kop€jo
lokusu skaitu reizinats ar 100. Vairakus paraugus saturo$am gintim aprékinaja So
frekvencu vid€jo aritmétisko, atdalot P.sylvestris paraugus atseviski no paréjam Pinus
sugam. Augstaka fragmentu amplifikacija ir parastajai priedei, kuras genomam veidoja
priezu sugu zemaka fragmentu reprezentacija skaidrojama ar vairaku attalu priezu sugu
ieklauSsanu analiz€ (P.banksiana, P.contorta, P.pumila, P.canariensis). Thuja ir
samazinats ne tikai polimorfo lokusu skaits, bet arT visu fragmentu frekvence (/1.
attéls). Ipasi zema amplifikacija noverota eksotiskajiem kailsekliem, kas neaug ziemelu
puslode (Wollemia nobilis, Zamia integrifolia, Araucaria).
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10. attéls. Polimorfo lokusu skaits dazadds kailsekju grupas un so grupu lielums.
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11. attéels. Videja (kur ir iespejams) un individuala fragmentu reprezentdcijas
frekvence, %.

NJ-filogenétiska analize sagrup&ja parastas priedes paraugus atseviska zara ar
augstam ‘bootstrap’ vertibam (/2. attéls), kas ir sagaidams, jo pargjas sugas ir
parstavétas tikai ar vienu paraugu. Ka bija sagaidams, dazadas kails€klu grupas
savstarp&ji ir diezgan lidzigas, uz ko norada katra zarojuma statistiskas ticamibas
Iimenis. Balteglu gints parstavji parliecino$i nodalijas no pargjiem paraugiem, kas
liecina par pétamo TE atSkiribam §aja grupa.
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12. attels. Kailsékju filogenetiska analize izmantojot priedei specifiskus
retrotranspozonu markierus. Oranzaja trissturi - priezu apaksgints Strobus; zalaja
trissturi - priezu apaksgints Pinus; sarkanaja trissturi - eglu gints klasteris, zilaja
trissturt - balteglu gints klasteris,; pelekaja trisstirt - Pinus sylvestris.

3.10. Identificeto RE izplatiba kailsek[u genomos

Izoleto RE izplatibu parbaudija ar iek$€jo sekvencu amplifikaciju 68 kailseklu
paraugiem ar astoniem atkartotiem paraugiem. P.sylvestris karstuma stresa identificéta
un sekvenéta psTE283 retrotranspozona gag-RT doménu amplifikacija uzradija lielako
produktu daudzumu sagaidama fragmenta garuma diapazona P.sylvestris un vél piecam
priedes sugam, divam eglem, hemlokeglém, ciedriem un ari diviem tadiem attaliem
taksoniem ka ginks un ceratozamija. Ar psTE283 nenotika sagaidama garuma
fragmentu amplifikacija duglazijam, ciedrupriedém, lapeglém, volémijai, ka ari
P.contorta. P. rubens, A.concolor, ka ari pargjam balteglém fragments bija nedaudz
garaks. psTE101 (no T50) elementam amplificgja 5> LTR 3’ dalu un gag doména dalu.
Atskiriba no ieprieks€ja RE, ptTE101 izteikta amplifikacija bija mazakam sugu skaitam
- septinam priedém (P.sylvestris, P.nigra var. banatica, P.latifolia, P.mugo, P.
ponderosa, P.canariensis, P.pinea). Amplific€to joslu skaits Sim sugam bija plasaka
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diapazona no 500 bp Iidz 1500 bp (/3. attéls). TE121 retrotranspozonam amplific€ja
ieksejas sekvences-LTR fragmentu (1608 bp). Fragmenti vari€ja no 1,2 kb lidz
apméram 2,5 kb P.nigra, P.latifolia, P.nigra var. banatica, P.mugo, P.ponderosa,
P.sylvestris. Salidzino8i specifiska un spilgta josla sagaidamaja garuma noverota eglei
P.rubens, vairakam priezu sugam P.peuce, P.sibirica, P.koraiensis, P.canariensis,
P.pinea, ka ar1 attalakajiem Gingko biloba un Araucaria heterophilla.
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13. attéls. psTEIOI retrotranspozona LTR-gag doménu amplifikdacija 32
paraugiem, sagaidamais produkta garums 700 bp.

Amplifikacijas ar SAQ7 (ar Copia-18BD-Iidzigu rajonu) rezult€jas viena specifiska
produkta visiem kailseéklu paraugiem, kas drosi vien ir hloroplasta augsti konservativais
rajons. Monomorfus produktus, kas arT [idzinas hloroplasta sekvencei, ieguva ar B153C
praimeriem. Analize paradija, ka Sie fragmenti ir sastopami visu pétijuma ieklauto
paraugu vidd, kas apstiprina §1 rajona izcelsmi no hloroplasta genoma. Savukart
Cereba-lidziga fragmenta B153TE amplifikacijas produkti vari€ja. Sagaidama garuma
(120 bp) fragmenti noveroti 15 priedes, 10 egles, divam balteglu un vienai lapeglu
sugai. Tapat amplifikacijas produkts noverots ginkam, bet vairaki polimorfi fragmenti
noveroti tikai Stangeria eriopus.

Pinus sugam biezak bija sastopama izoleto TE polimorfa amplifikacija, attalakas
kailseklu rindas ta samazinas. Saja pétijuma no P.sylvestris izolétie ptTE101, ptTE121
un psTE283 ir ar1 P.nigra, P.latifolia, P.mugo un P.ponderosa genomos. Karstuma
stresa izoletais psTE283, atSkiriba no pargjiem aprakstitajiem elementiem, ir atrodams
ar1 attalajos Cedrus deodara, Ginkgo biloba, Ceratozamia mexicana genomos, kas
liecina par §1 elementa senu izcelsmi un saglabasanos priedes sugam apejot egles ginti.
Izteikta psTE283 doména amplifikacija nav novérota nevienai no petijuma ieklautajam
eglu, balteglu un lapeglu sugam. Visatskirigakie no P.sylvestris RE bija Pseudotsuga
menziesii var. glauca un Wollemia nobilis. Interesanti, ka priezu gintT p&c izmantotiem
markieriem no P.sylvestris ir atSkiriga P. contorta.
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4. DISKUSIJA

4.1. TE-saistito transkriptu identificeSana

Stresa apstaklos nespecifiski PBS praimeri (Kalendar et al. 2010) lava konstatet
diferencialu TE-Iidzigo sekvencu ekspresiju, identificgjot virkni zinamiem RE lidzigas
poliproteinu sekvences, ka aril citas, pagaidam neidentificEtas sekvences. Preteji
amplifikacijas gadijuma, ir detekteti tikai dazi diferenciali ekspreséti transkripti ar
pret&ji orientétam LTR sekvencém to galos. Genomiskas DNS amplifikacijas gadijuma
ar iPBS metodi ir iesp&jams iegtt 50-70% ar TE saistitu sekvencu (Kalendar et al.
2010). Zemaks identificeéto TE-lidzigo sekvencu skaits ir skaidrojams gan ar So
transkriptu daudz mazaku reprezentaciju transkrib&jamo sekvencu vidiu, gan ari ar
mazaku iespeju identificét priedes TE-lidzigos transkriptus. Priedes genoma RE
sekvences ir atSkirigas no segseéklu RE (Kovach et al. 2010; Nystedt et al. 2013), ka ar1
izmantotajas datubazes publicéto skujkoku TE sekvencu skaits ir nesalidzinami mazaks
neka segsekliem. Vairaki diferenciali ekspresétie fragmenti saturgja TE homologos
rajonus visa ta garuma. Arl identificétajam DNS TE EnSpm izmantota PBS praimera
sekvence bija komplementara TE ORF iznpemot pirmos tris nukleotidus no 5’ praimera
gala. Ipasi daudz sekvencu identificétas pateicoties TE kod&joso doménu Iidzibai, jo Sie
rajoni dazadam TE gimeném ir viskonservativakie (Wicker et al. 2007). Zems
identificeéto LTR homologu skaits ir skaidrojams ar zinamu LTR sekvencu variabilitati
starp TE gimeném, Iidz ar to vairums no iesp&jamajam LTR sekvencém palika
neidentificétas meklIgjot homologiju starp publicéto segseéklu genomu TE sekvencém.
Nesena papeles genoma TE analize paradija, ka tikai 42% no papeles TE ir homologi
kadai publicetai TE sekvencei (Cossu ef al. 2012). P.abies genoma tikai aptuveni puse
atkartoto sekvencCu uzradija Iidzibu ar jau aprakstitiem TE. Senakas izcelsmes Gypsy
virsgimenei vairak identific€to transkriptu bija homologi, salidzinot ar Copia RE. Viena
no nedaudziem bioinformatiskajiem pé€tijumiem par augu RE transkriptiem, kur
analizéja kukuriizas EST sekvenCu sastavu, nov&roja skaitlisko Gypsy transkriptu
parsvaru par LTR Copia un CACTA DNS TE transkriptu skaitu (Vicient 2010). Lidzigi
rezultati ir noveroti kartupeliem (Yadav, Singh 2013) un graudaugiem (Echenique ef al.
2002). Tapat, P.abies genoma identific€ja Gypsy TE ir ar lielaku patsvaru salidzinot ar
Copia TE (Nystedt et al. 2013).

4.2. Stresa izsaukta TE-saistito sekvencu ekspresija

Parastas priedes genoma tadi daba sastopami stresa apstakli, ka karstums un
kukainu invazija, veicina dazadu ar TE-saistito sekvencu ekspresiju. Salidzinajuma,
apstrade ar ABA un SA jau pirmaja p€tijuma posma izraisija zemaku nespecifisko iPBS
polimorfo lokusu amplifikaciju, un ar1 izoleto fragmentu vidi TE-saistito sekvencu
transkriptu sastopamiba bija viszemaka. Tas var biit skaidrojams art ar karstuma stresa
un priezu hermesa invazijas nespecifisku darbibu uz vairakiem auga aizsardzibu
aktivgjoSiem signalceliem, savukart SA un ABA ietekmé tiek aktivéti specifiskie
signalceli, apejot primara stresa iniciacijas celus. ABA ir augu hormons, kur§ mitruma
nepietickamibas gadijuma tiek iesaistits atbildes reakcija, un tas tiek sintez€ts gan
sakn@s, gan lapas, bet var tikt uzpemts arl no apkartgjas vides. ABA receptori
lokaliz€jas atvarsniSu Stinu membrana (Wilkinson, Davies 2002). ABA spgj uzkraties
simplasta rezervuara un neizraisit atbildes reakcijas augiem, kamér lapas un saknés nav
panakts tipisks tidens deficitam raksturigs pH (Wilkinson, Davies 2002). Iesp€jams, tas
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izskaidro tik nelielu ABA efektu uz priedes rametu TE-saistito sekvencu transkripciju
Saja eksperimenta, jo stadiem neradija tidens deficitu. Literattra ir aprakstiti gadijumi,
kad RE transkribgjas atbildot uz ABA apstradi, pieméram, zemeném FaRel Copia L'TR
TE (He et al. 2010). Miezu Copia LTR BARE-I sekvence satur ABA induc€jamu
elementu, kas var izskaidrot §1 elementa kopiju skaita palielinasanos sausuma stresa
ietekme (Kalendar et al. 2000).

Lielaka TE-lidzigo sekvenfu daudzveidiba ir atrasta pe&c karstuma stresa
iniciacijas, kur ir atrasts pat II klases DNS TE transkripts, ka arT bez-LTR LINE RE
sekvence un Gypsy un Copia virsgimenu parstavji. DNS TE CACTA gimenes EnSpm-
lidzigu transpozonu aktivitate stresa apstaklos ir pieradita vairakam augu sugam:
kukuriizai (Peterson 1953; McClintock 1954), kviesiem (Wicker et al. 2003), sorgo
(Chopra et al. 1999), risiem (Jurka 2005), pakSaugiem (Altinkut et al. 2006). Nejausa
EnSpm-1idziga RNS transkripta identificeSana norada uz aktivéSanas iespgju stresa
apstaklos $is gimenes parstavim ari P.sylvestris genoma. Tomér bez pilna garuma
sekvences noteikSanas, nav iesp&jams precizet, vai tiek aktivizéts DNS TE, vai tikai ta
nefunkcionala dala. Nevienu Iidzigu fragmentu neatrada starp karstuma stresa
eksperimenta izol€tiem un augu hormonu apstrades rezultata izol€tiem fragmentiem.
Zinams, ka RE transkripcija ir atkariga no in cis darbojoSos regulativo sekvencu
reprezentacijas LTR sekvence (Vernhettes et al. 1998; Takeda et al. 1999; Butelli et al.
2012). Sis regulativas sekvences ir atkarigas no dazadam signalmolekulam, un tatad ari
dazadiem vides vai stresa faktoriem (Hirochika 1993; Beguiristain et al. 2001; Tapia et
al. 2005; Tto et al. 2011).

Kukainu invazijas eksperimenta liela fragmentu grupa lidzinajas dazadam Ogre
doménu sekvencém. Ogre ir milzigs transkripcionali aktivs Gypsy LTR RE, kur§
sakotngji ir aprakstits zirpu genoma, bet atrasts ar1 citu divdigllapju sugam, pieméram,
Medicago truncatula (Neumann et al. 2003). Dazus lidzigus transkriptus atrada péc
kukainu invazijas un péc SA apstrades, kas ir saskapa ar zinamu SA funkciju. SA
darbojas ka signalmolekula, kura induc€ auga pretestibas reakciju patogénu uzbrukuma
laika (Malamy et al. 1990; Malamy, Klessig 1992; Klessig et al. 2000; Durrant, Dong
2004). Zinams, ka vairaku augu RE transkripcija ir induc€jama ar SA apstradi,
piemé&ram, tomatu 7LC1.I (Tapia et al. 2005), tabakas Tnt! (Grandbastien et al. 1997),
auzu OARE-1 (Kimura et al. 2001).

Analizgjot TE-lidzigus un ari anonimus fragmentus, katram p€tamajam stresa
tipam parsvara identific€ja atSkirigus transkriptus, tikai dazi fragmenti bija kopigi.
Savstarpéja fragmentu salidzinaSana parsvara sakrita ar identifikacijas rezultatiem,
tomér 1saks amplifikacijas rajons var novest pie maldinoSiem rezultatiem. Pirmkart,
kompleksaja priedes genoma Sie lokusi ir parstaveti vairakas kopijas un dazadas
transkripta dalas praktiski var but [idzigas augsti konservativiem rajoniem, pieméram,
hloroplasta sekvencei un tas insercijam kodola genoma. Otrkart, zinams, ka vienas
gimenes dazadu tipu TE parstavji var transkribéties atSkirigos apstaklos pateicoties
stresam sensitiviem elementiem lokalizétiem TE LTR (Kumar, Bennetzen 1999; Takeda
et al. 1999; Havecker et al. 2004; Beguiristain et al. 2001). Treskart, homologija ar
datubazé esoSajiem ierakstiem var bit maldinoSa, jo vienai gimenei kod&joSiem
doméniem homologie transkripti, priedes genoma var izradities dazadu TE gimenu
parstavji. Pieméram, vairakkart atrastie Gypsy Ogre gimenei homologie transkripti bija
ar augstu lidzibu dazadiem doméniem pat nukleotidu sekvencu Iimeni, bet amplifikacija
starp kod€joSiem doméniem ar genomisko DNS nedeva rezultatus. Iesp&jams, $1 lidziba
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attiecas uz dazadu gimenu elementiem un ar Siem praimeriem tiek amplificéts anonims
genomiskais rajons starp elementiem. lesp&jams ari, ka §is elements ir sens un priedes
genoma tas vairs netiek transkribéts pilna garuma. Tada gadijuma, izkaisitas
konservativas TE dalas generé himérus transkriptus, bet pétijuma identificgja tikai to
dalas. Tomér, amplifikacijas produkti pat ar vienu no Ogre-lidzigo transkriptu
praimeriem ir loti polimorfi, drosi vien, katra no $Sim gimeném priedes genoma ir
parstavéta vairakas kopijas.
4.3. Himerisko transkriptu analize

Lielaka transkriptu grupa, kuru identificgja p&c apstrades ar ABA, bija homologa
Copia-18 BD elementam no Brachypodium, bet Sie transkripti ir arT homologi
hloroplasta rajonam. Iespgjams, hloroplasta rajons ir ieklauts Copia-18 BD RE
Brachypodium genoma. Nav zinams, vai §1 Copia-18 BD homologs ir atrodams priedes
genoma, $aja pétijuma homologu sekvenci izolét neizdevas. Iesp&jams, §T homologija ar
Copia-18-BD ir nejausa, jo priedei un visiem augiem $1 seciba ir atrodama hloroplastu
genoma. Izplatita paradiba augu genomos ir hloroplastu un mitohondriju DNS insercijas
kodola genoma (Lin et al. 1999; Stupar et al. 2001; Guo et al. 2008; Ueda et al. 2005).
Interesanti, ka Sajos kodola genoma rajonos biezi ir sastopami TE ar hloroplasta vai
mitohondrija DNS inserciju, un uzskata, ka TE piedalas So rajonu parstrukturéSana
(Ueda et al. 2005, Guo et al. 2008). Analizéta hloroplastu rajona insercija augiem ar
sekvenétu genomu ir atrodama kodola genoma. Pieméram, atsSkiriga skaita insercijas ir
atrodamas algeém, Arabidopsis lyrata, paksaugiem (Glycine max, Medicago truncatula),
Populus trichocarpa, naktenu dzimtas augiem (kartupeli, tomati). Viendigllapjiem,
pieméram, risiem genoma ir vismaz astonas S1 regiona insercijas, piecas insercijas
atrodamas Brachypodium distachyon, bet divas Sorghum bicolor. Hloroplasta genomam
homologu transkriptu identificéSana ar varigjosam flank&josam sekvencem, norada uz
vairakam §1 rajona kodola insercijam ari P.sylvestris genoma. V&l jo vairak, citas
transkriptu grupas identificéSana (B153) ar hloroplastam homologu dalu un nehomologu
TE dalu, apstiprina So iesp&ju. Visi Sie transkripti (B153, SAO01, SA07, ABAO3,
ABAO2) varetu but dazadu inserciju rezultats, interesanti, ka Sie transkripti ir atrodami
pirms stresa iniciacijas un to ekspresijas Itmenis strauji pieaug stresa apstaklu ietekme,
bet RE-lidzigie amplifikacijas produkti ir atrodami tikai stresam paklautajos augos.
Tapat, So transkriptu homologi ir sastopami citu augu EST sekvences, noradot, ka §is
sekvences ir transkripcionali aktivas ari citas sugas, iesp&jams TE inserciju del.
Turpreti, lidzibas mekleSana ar BIS3TE Cereba-lidzigu rajonu rezult&jas vienigaja EST
ieraksta Benksa priedei (P.banksiana), kas var noradit uz §is sekvences specifisku
transkripciju dazam priedes sugam. So transkriptu motivu analize paradija, ka &I
sekvence var saturét mikroRNS geénu, jo vismaz vienai sekvences dalai ar lielu
iespgjamibu veidojas cilpveida struktiira. Rajona sekvences konservativitate,
sastopamiba, ekspresijas I[imena izmainas dazadu stresa apstaklu ietekm€, norada uz §1
rajona iesp&jamu funkcionalitati, kas ir janoskaidro turpmakos pétijumos.

4.4. Identificeto prieZu TE izplatiba kailsekliem
Vairaku augu genomu RE izplatiSanas un struktiiras salidzinoSie petijumi atklaj, ka
RE ir evolucionari seni un homologas RT gimenes var bt sastopamas attaliem augu
taksoniem (Flavell et al. 1992; Voytas et al. 1992; Xiong and Eickbush 1990).
leprieks$€jie P.taeda genoma petijumi aprakstija visu klaSu un kartu TE parstavju
identificeéSanu: DNS TE, endogénos retrovirusus, LTR un bez LTR RE (Friesen et al.
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2001; Kovach et al. 2010). Triticeae, Arabidopsis un Oryza genomu Copia virsgimenes
RE pétijumos atklati seSi evolucionari atzari, kas izplatijas veél pirms viendigllapju un
divdigllapju nodaliSanas (Wicker, Keller 2007). Lidzigs sojas, risu un kukuriizas
genomu pétijums atrada septinus Copia RE un piecus Gypsy evolucionarus atzarus (Du
et al. 2010). RE, kas pieder noteiktajam priekSteCu atzaram, raksturojas ar kopigam
iezZimém, ka arT var saturét negaiditi augstu homologiju DNS sekvences Iimeni starp
attaliem augu taksoniem, un var liecinat par horizontalu génu parnesi Siem elementiem
(Wicker, Keller 2007). Saja pétijuma identificgja RE transkriptus ar homologiju
poliproteinu  kod&josam sekvencém Copia virsgimenes Maximus evolucionarajam
atzaram (Copia-2-TE lidzigie fragmenti B104 un T30), ka arT Angela un Ivana grupam
lidzigs transkripts (T12). Gypsy virsgimenes gadijuma identificéja Tat atzara parstavjus
(Ogre-lidzigie transkripti), CRM atzara parstavjus (Appalachian-lidzigie fragmenti
B193, T28) un Athila atzara parstavji (PIGY-1, B301). Maximus, Athila un Tat
evolucionaro  grupu  parstavji  satur endog€niem  retrovirusiem  lidzigus
strukttirelementus, kas norada uz So elementu senu izcelsmi.

Tris pilna izméra LTR TE-lidzigus konstruktus identific§ja BAC sekvences no
P.taeda (ptTE101, ptTE121) un P.glauca (psTE283), izmantojot lidzibu ar stresa
petijumos identificetiem diferenciali ekspresétiem fragmentiem. TE datubazu
papildinajumi lava parliecinaties, ka divi no identificétajiem konstruktiem tieSam pieder
skujkokiem specifiskajiem RE. psTE121 ir homologs P.faeda PtCumberland 1
(Wegrzyn, Repbase), bet psTE283 ir homologs PtAppalachian I (Wegrzyn, Repbase).
Pec struktiiras, ptTE101 un ptTE121 pieder Copia LTR RE, bet psTE283 pieder Gypsy
virsgimenei. Visu identific€to elementu doméni raksturojas ar izteiktu dazada garuma
fragmentu ‘makonu’ amplifikaciju visiem P.sylvestris DNS paraugiem, kas norada uz
lielu daudzumu lidzigu genomisko kopiju esamibu. Lidziga amplifikacija ir noverota
vairakam priezu sugam, kuram, iesp&jams, So elementu homologi ir tikpat izplatiti.
Doménu amplifikacijas analizes norada, ka psTE283 Ptdppalachian I-lidzigais
retrotranspozons ir atrodams pat tik attdlam sugam, ka Ceratozamia mexicana un
Ginkgo biloba, un skujkoku klases Himalaju ciedram un Kanadas hemlokeglei, bet nav
tik izplatits radniecigajam eglu, balteglu, lapeglu gintim. Savukart, ptTE101 ir augsti
izplatits 10 prieZu sugam, pie kam divam prieZu sugam (P.contorta un P.siberica) ar $0
praimeri nebija amplifikacijas. Arpus priezu gints $is elements ir sastopams vienai eglei
(P.rubens) un vienai lapeglei (L.kaemferi). ptTE121 ir sastopams tikai 7 priezu gints
parstavjiem, pargjiem izteikta amplifikacija nav noveérota. P&tot So elementu izplatibu
kailseklos secinats, ka ptTE101 un ptTE121 ir evolucionari jaunaki par psTE283, un ir
salidzinosi nesen izplatijuSies priezu gints sugas. Rezultati sakrit ar IidzSingjiem TE
izplatibas pétijumiem, par tas nevienmérigumu dazada limena taksoniem (Capy et al.
1994; Langdon et al. 2000; Friesen et al. 2001; Du et al. 2010; Kejnovsky et al. 2012).

4.5. Retrotranspozonu transkripcionald un transpozicionala aktivitate

Saja pétijuma ir analizétas salidzinosi Tsas (zem 10 kb) diferenciali ekspresétas
sekvences, tadel nevar secinat par visu identificEéto homologu patstavigu pilna izméra
transkripciju. Potenciali, var notikt fosilo vai nefunkcionalo elementu un to dalu vai ari
TE-geénu himeru ekspresija (Vignols et al. 1995; Betran et al. 2002; Wang et al. 2002;
Rebollo ef al. 2012). Tik 1su fragmentu piederiba RE var tikt pieradita tikai analizgjot
lidzibu ar publicétam TE sekvencém, bet ar1 lidzibas detekteSana nevar sniegt atbildi par
fragmenta izcelsmi. Skujkoku genomi raksturojas ar augstu kolinearitati. Zinot, ka
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vairaki parastas egles génu rajoni satur lielus intronus (Nystedt et al. 2013), bet viena
autonoma elementa sekvence var biit tikai dazus simtus bp gara (Kumar, Bennetzen
1999), nav iespejams pieradit RE aktivéSanos pat p&c pilna izméra sekvences iegiiSanas
no cDNS. Tomeér, $aja petijuma no stresam paklautas priedes cDNS paraugiem ieguva
divu elementu (ptTE101 un ptTE121) doménu sekvences, ka ar1 vienu pilna izméra
LTR elementu psTE283. Tas liecina, ka So elementu transkripti ir atrodami stresam
paklautajai priedei un tie nav tikai fosilo elementu palieku transkripcijas rezultats. Pat ja
Sie elementi atrodas intronos, tie var ieverojami ietekmé&t génu transkripciju un
splaisingu (Vignols et al. 1995; Marillonnet, Wessler 1997). Tapat, izolétam elementam
(psTE283) ir atrasti divi ORF, viens no kuriem kod€ reversas transkriptazes domenu,
bet otrs integrazes doménu. Aktivi elementi raksturojas ar vienu nepartrauktu
poliprotetna transkriptu, bet nesen transponétie elementi - ar vienadiem LTR
atkartojumiem (Kumar, Bennetzen 1999). Daudzkopiju TE raksturs traucé konkréta RE
kopijas izol€Sanu, tad€] sekvenetam elementam neizdevas salidzinat ta LTR, jo tiek
transkribétas vairakas kopijas un sekvences sava starpa satur polimorfismus. Tacu
novertejot ORF un transkripciju regul€joSus motivus, psTE283 visdrizak ir palikusi tikai
transkripcionala aktivitate. Saja pétijuma aprakstito elementu transkripcija ir identificéta
karstuma stresa apstaklos. psTE283 transkripti ir identific€ti karstuma stresa ietekmé,
bet tie tiek ekspres€ti arl kukainu invazijas rezultata un 64 stundas p&c apstrades ar
ABA un SA hormoniem. ptTE101 homologi rajoni identificeti karstuma stresa ietekme,
ar1 ta ekspresija pieradita tikai karstumam paklautajiem paraugiem. PtTE121 transkripti
ir atrodami ari péc kukainu invazijas un 24, 64 stundas p€c apstrades ar SA.
Transkripcija ir tikai pirmais posms RE transpozicija, aktivajam elementam ne vienmer
jakode funkcionalie proteini. Pastav virkne pieméru, kad neautonomais RE aktivi
parvietojas ar citu elementu kodetiem proteiniem (Berg, Howe 1989; Flavell et al. 1994;
Feschotte ef al. 2002; Dewannieux et al. 2003; Kazazian 2004).

IepriekSejos kailseklu RE pétijumos nav aprakstiti aktivie TE. Tomer,
bioinformatiskas P.taeda BAC sekvencu analizes identificgja dazus elementus ar
konservativiem LTR, kas var noradit uz So elementu nesenu transpoziciju (Kovach et al.
2010). Priedes klonalas variacijas analizu rezultata izdevies identificét divus elementus,
kas potenciali ir nesen transpongjusies, izraisot polimorfismu dazadas plantacijas
augoSu rametu starpa. IRAP metode ir lietota somaklonalas variacijas petijjumos (Asif,
Othman 2005; Lightbourn ef al. 2007; Bairu et al. 2011; Campbell et al. 2011; Bayram
et al. 2012). IRAP amplificé genomisko rajonu starp diviem pietickami tuvu esoSiem
elementiem, bet amplifikacija nenotiek, ja genomiska rajona izmérs ir parak liels
(Kalendar et al. 1999). Lidz ar jaunas TE kopijas integréSanos, var paradities jauns
amplifikacijas fragments. Sekven€Sanas rezultatad ieguva divas atSkirigas sekvencu
grupas ar homologiju vienam hipotétiskam LTR Copia elementam no vienas puses, kas
tehniski bija sagaidams, jo dazadiem rametiem polimorfismu var€ja izraisit aktiva
elementa integracija dazadas genoma vietds. Tapat, divam individualam sekvencém
identificgja homologiju ar DNS TE, kas ari varétu piedalities somaklonala mutagengze
priedes genoma. NepiecieSami turpmaki pétijumi So elementu izol€Sanai un
raksturoSanai.

Priedes dabigas populacijas analize ar nespecifiskiem RE markieriem péc IRAP
metodes principa uzradija tikpat augstu daudzveidibas pakapi, ka SSR markieru analize
tiem paSiem individiem. Izveleta priedes populacija bija dabigas izcelsmes un auga
dazados reljefa apstaklos, kas norada uz regularam mitruma rezima atskiribam. IRAP
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amplificéto fragmentu skaita analize paradija statistiski biitisku vid€ja fragmentu skaita
pieaugumu subpopulacijai, kas auga paugura, salidzinot ar parpurvojuma augoSajiem
individiem. Galveno koordinasSu analize (PcoA) nodalija paugura un parpurvojuma
subpopulacijas, kamér nogazes subpopulacijas individi grupgjas vidiu. Al€les bija
vienmerigi reprezentétas visas subpopulacijas un atskiriba frekvence katra no lokusiem
neparsniedza 0,3. STs analizes rezultati saskan ar detalizétu savvalas miezu BARE-1 RE
izplatibas pétijumu, kur sausuma apstaklos dienvidu kanjona augoSai populacijai
piecauga pilna izméra elementu skaits, bet retrotranspozonu markieru datu analize ar
PCA testu ar1 nodalija miezu populacijas (Kalendar et al. 2000). IRAP amplifikacijas
joslu skaita izmainas lidz ar geografisko izcelsmi ir aprakstitas ari citos pétijumos,
pieméram, Aegilops tauschii pétijuma noteica augstu daudzveidibas pakapi visam
pétitajam sugam, bet amplifikacijas fragmentu skaits bija palielinats ziemelrietumu
izcelsmes sugam (Saeidi et al. 2008). Precizai RE kopiju skaita noteikSanai izmanto
citas metodes, tomér, Sie rezultati sniedz ieskatu RE nosacita variacijas pakapé un
daudzveidiba dabiga priedes populacija.

4.6. Kailseklu filogenetiska analize

Kailseéklu dzimtu filogené&tiskas saistibas molekularaja Itmeni ir labi izpétitas
izmantojot rbcL (Chase ef al. 1993; Hasebe et al. 1992), 18S rRNS (Chaw et al. 1997),
28S rRNS sekvencu (Stefanovic et al. 1998), kodola un plastidu mazo subvienibu rRNS
(Troitsky et al. 1991), mitohondriju génu sekvencu salidzinasanu (Bowe et al. 2000;
Ran et al. 2010). Skujkoki ir arT augsti monofiletiski (Raubeson, Jansen 1992; Bowe et
al. 2000; Kan et al. 2007). Tomér, dzimtas ickSieng filogenétiskas attiecibas Iidz galam
nav noskaidrotas, pieméram, nav zinams kura gints ir senaka (Raubeson, Jansen 1992;
Bowe et al. 2000; Donoghue, Doyle 2000). Zinams, ka priedes, egles, Cathaya,
duglazijas un lapegles gintis nodalas no balteglu, hemlokeglu, Keteleeria, Nothotsuga,
Pseudolarix gintim, bet ciedru gints veido atsevisku atzarojumu (Wang et al. 2000). ITS
struktiiras, SSR pétijums nodalija lapeglu un duglaziju klasteri no priezu, eglu un
Cathaya (Kan et al. 2007). Saja pétijuma daZas no lapeglém klasterizgjas sava starpa un
ar balteglém, taCu neveidojas saistibas ar duglazijam, kuras bija parstavétas tikai ar
vienu sugu.

Uz 18 kodola génu sekvencém balstits pétijums 10 priezu sugam (Palmé et al.
2009), sikak nodalija Pinus un Strobus priezu apak$gintis. Saskapa ar Palmé et al.
(2009), filogenetisko analizZu dendrogramas priezu Pinus apakSginti, Conkortae
nodalijuma P.contorta un P.banksiana klasteriz€jas kopa, tapat P.sylvestris un P.nigra
veido klasteri. Miisu pétijuma Strobus apaksgints Cembrae nodalijums ir parstavéts ar
P.cembra, P.pumila, P.koraiensis, P.sibirica, kas klasteriz€jas kopa gan specifisko RE-
l1dzigo markieru datu dendrograma, gan nespecifisko IRAP praimeru dendrograma, kur
klasterim pievienojas ari Strobus nodalijuma P.strobus un P.peuce. Specifiskie TE-
lidzigo markieru dati izSkira tikai priedes ginti, kas skaidrojams ar priedes markieru
specifiskumu un datu nelielo apjomu. IRAP nespecifiskie markieri atseviskos klasteros
nodalija ar1 egles un baltegles, lai gan klasteru varbiitibas vertibas nebija augstas. Tas
liela méra ir noteikts ar markieru nespecifiskumu un nelielu daudzumu. Tapat, IRAP
markieru konstrué$ana izmantoti hipotetiskiem LTR komplementari praimeri, kas var
neatbilst realo un izplatitako priezu RE LTR sekvencém. Tacu rezultati rada, ka uz RE
sekvenu pamata veidotiem markieriem Kkailséklu filogené&tiskajos pétijumos ir
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potencials, jo metode atspogulo nekod€josas genoma dalas polimorfismu un var sniegt
papildus informaciju par taksonu filogen&tiskajam saistibam.

SECINAJUMI

1. Ar nespecifisko iPBS metodi ir iesp€jams identific€t retrotranspozonu
transkriptus, ka ari tos saturoSus himeériskus transkriptus, bez iepriekSejas
informacijas par sugai specifiskam retrotranspozonu sekvencém.

2. Retrotranspozoniem-lidzigas sekvences tiek diferenciali ekspresétas Pinus
sylvestris genoma karstuma, priezu hermesa invazijas un hormonu apstrades
ietekme.

3. Starp segsekliem un kailsekliem augsti konservativi retrotranspozoniem-
lidzigie transkripti nenorada uz homologa retrotranspozona transkripciju
P.sylvestris genoma. Uz skujkoku  transkripcionali aktiviem
retrotranspozoniem norada transkripti, kas ir vaji lidzigi segs€klu
retrotranspozoniem.

4. Ir identificéti hloroplastam homologi transkripti (SA07, ABAO03, ABAO2,
B153, SAO1) ar izcelsmi no kodola genoma hloroplasta sekvencu insercijam.
Hloroplastam homologam sekvencém ir noteikts augsts ekspresijas Iimena
pieaugums priezu hermesa invazijas rezultata, ka art karstuma stresa ietekmé.
Ir identificets himerisks transkripts B153 saturo$s gan hloroplasta, gan
retrotranspozona sekvences.

3. Ir identific€ts pilna izméra elements psTE283, kurs tiek transkrib&ts karstuma
stresa ietekme, pec kukainu invazijas un peéc apstrades ar ABA un SA.
psTE283 pieder LTR Gypsy retrotranspozoniem un ir homologs P.taeda
PtAppalachian I elementam. psTE283 pilna izm@ra elementa transkripti nak
no dazadam vietam P.sylvestris genoma, bet ta hipotetiskais ORF satur
mutacijas, kas norada uz ierobeZotam transpozicijas iesp&jam Stm elementam.
Uz psTE283 elementa senu evolucionaru izcelsmi norada ta izplatiba attaliem
kails€klu taksoniem, tadiem ka Cycadales un Gingkoales klasu parstavjiem.

6. Identificéti ptTEIO1 un ptTE121 homologi pilna izmeéra transkripti ar1 tiek
ekspreseti P.sylvestris karstumam paklautiem stadiem un péc struktiiras pieder
Copia LTR retrotranspozoniem. PtTE121 tiek ekspresets ar1 priezu hermesa
invazijas un SA apstrades ietekmé. Sie elementi ir Tpasi izplatiti priezu gints
parstavjiem, kas norada uz to neseno izcelsmi.

7. Tika konstruéti devini IRAP markieri, kas P.sylvestris genoma atklaj augstu
genétisko daudzveidibu vienas populacijas iekSieng un sp€j nodalit individus
augoSus atSkirigos mitruma rezima apstaklos. AtSkiribas amplifikacija starp
dazadam grupam ir butiskas $aja pé€tijuma izstradatajiem markieriem IR 2,
IR 5,IR 6, IR 7.

8. Viena klona dazadu individu IRAP analize norada uz nesenu transpozicijas
gadijumu un aktivo elementu esamibu P.sylvestris genoma. Polimorfo
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fragmentu sekvenéSana identificéja Copia-17-Pab-I LTR retrotranspozona

dalas.

9. Izmantojot P.sylvestris specifiskus retrotranspozonu markierus un IRAP
markierus ir iesp&jams atklat jaunas filogenétiskas saistibas starp kailseéklu
taksoniem.
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SUMMARY

The research contained in this doctoral thesis was carried out in the Latvian
State Forest Research Institute "Silava".The study aimed to identify active
retrotransposons (RE) in the Scots pine (Pinus sylvestris L.) genome and to
characterize transcription of RE like sequences in response to various controlled
stress conditions. In the study non-specific primers complementary to conservative
RE tRNA binding sites were used, that enable investigation of REs without
previous sequence knowledge. In a novel utilisation, these markers were applied to
the analysis of expressed sequences in ramets of one Scots pine clone, which
minimised genotypic variation between different individuals. Pine ramets were
subjected to naturally occurring heat stress, insect infestation (pine woolly aphid
(Pineus pini L.)) as well as to plant hormone treatment (abscisic acid and salicylic
acid). Differentially expressed fragments were sequenced, analysed and compared
to various sequence databases. The results are consistent with other published
studies on mobile genetic elements and related transcribed sequences as well as
with gymnosperm structural genomic studies.

The majority of the identified differentially expressed fragments were Class I
transposable elements, or LTR RE sequences (LTR Gypsy and Copia), as well as
chimeric transcripts, which indicates that RE sequences are common in the Scots
pine genome and RE-like transcripts are expressed in response to stress. Homology
of detected sequences with previously described transposable elements from other
plant species was established. Representatives of various transposable element
families were identified after differing stress conditions, but only a few common
fragments were identified between the experiments. Fragments differed from each
other in structure (TE pol, LTR, LTR-LTR, TE pol-chloroplast) and in domain
representation (AP, RT, GAQG). Identified RE-like fragment expression levels were
determined by real-time PCR. A significant increase in expression was observed
for chimeric fragments containing chloroplast-like sequences, which can be
explained by the homology of parts of the sequence to the chloroplast genome
or/and representation of highly similar regions of homology in multiple copies in
the P.sylvestris genome. Four differentially expressed transcript groups containing
both TE homologous sequences and chloroplast-like sequences were identified.
For one of these transcripts (B153TE), expression of the Cereba RE-like part
increased 45-73 fold after insect infestation and 5.62 fold after heat stress when
compared to normal conditions. Expression of the chloroplast-like part of the B153
fragment increased by 6888-9373 fold after insect attack and 255 fold after heat
stress. Many sequence polymorphisms were observed in several identified
transcripts of this chimeric fragment, and in particular in the RE-like sequences,
suggesting that besides the chloroplast genome, the chloroplast-like locus is
present in multiple copies in the nuclear genome of Scots pine. These types of
transcripts could take part in regulatory processes involving RNA interference
mechanisms.

A full-length 5796 bp element with structural elements characteristic of Gypsy
LTR REs was sequenced and characterized from cDNA (psTE283). Utilising
hypothetical RE sequences identified after similarity searches between P.taeda

41



BAC sequences and sequenced RE-like sequences, internal domains of these
hypothetical RE were sequenced from cDNA isolated from stressed P.sylvestris
clones, indicating that putatively functional RE were expressed in addition to
chimeric or disrupted RE-like sequences. Subsequent research is necessary to
establish whether sequences identified in this study are localized in gene regions
(introns or UTR), or if they are autonomous transcribed elements.

Using the identified RE sequences, specific P. sylvestris RE markers were
developed and utilised in several differing analyses. Using the IRAP technique
individuals from a naturally regenerated population were genotyped. This
population could be differentiated into sub-populations based on long-term
differential growth conditions. High genetic diversity was identified among
individuals, which is comparable to data obtained from neutral SSR markers.
Principal coordinate analysis of the IRAP data differentially clustered individuals
from subpopulations growing in different topographic conditions. Pine trees
growing on the hill have a statistically significant increase in mean amplified
fragment number when compared to the trees growing in the swamp. In a second
experiment utilising the IRAP technique, 26-year-old ramets of four pine clones,
growing in two separate plantations in the east and west of Latvia, were analysed.
One of the nine analysed IRAP markers identified somaclonal polymorphism
among ramets of one clone, which indicates that the P. sylvestris genome could
contain transpositionally active elements. Polymorphic PCR fragments were
sequenced and two separate sequence groups were homologous to a Copia-17-
PAb-I LTR previously not described in P. sylvestris. This suggests evidence of a
recent transposition event in these ramets, and further studies are necessary for
isolation and description of the full-length element. The distribution of identified
RE-like fragments in various conifer species (Pinales) was analysed, including 16
pine species, 14 spruce, 7 firs as well as representatives of other more distant
gymnosperm taxa. RE markers were used for phylogenetic analysis of these
gymnosperm species. Both specific RE amplification as well as non-specific RE
primer amplification using the IRAP technique were able to distinguish the pine
subgenus Pinus from Strobus. IRAP data was also able to distinguish clusters of
spruces, pines and firs, but bootstrap values were low.
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GENERAL DESCRIPTION OF THE WORK

Actuality of the themes and research

For many years after the discovery of TEs, they were regarded as either as non-
functional or parasitic sequences (Orgel, Crick 1980; Doolittle, Sapienza 1980;
Kidwell, Lisch 2001). However, with the sequencing of genomes, and more detailed
research, this view has changed. Now it is known that TE sequences are widely
distributed in all eukaryotic, bacterial and archeal genomes and in contrast to more
highly conserved genes, vary both in number and composition (Kazazian 2004,
2011). TEs are involved in gene regulation, chromosome structure and genome
evolution (Wessler 1996; Kumar, Bennetzen 1999; Kazazian 2004, Madlung, Comai
2004; Kazazian 2011; Rebollo 2012). Plant genomes contain a significantly higher
proportion of TEs, and in the case of some lily species, can comprise of up to 90% of
the genome (Feschotte ef al. 2002). REs are the most widespread TE group in plant
genomes, and a number of marker techniques have been developed based on RE
sequences. In plant genomes, REs are common, widely distributed over all
chromosomes, insertions are non-revertant, and they are highly polymorphic. The
study of REs is both of theoretical and practical significance.

In general, the transpositional activity of TEs is supressed via chromatic
modification, and functional members of both classes of mobile elements are
activated under stress conditions or at specific developmental stages or in specific
tissue types. Transposition of mobile elements is one of the most significant factors
in genome instability, initiating genomic restructuring and the formation of novel
genotypes, enabling the adaptation to fluctuating environmental conditions. TEs can
influence the function of genes either directly by insertional mutagenesis, or by
changing their regulation. In addition, TEs can influence regulatory processes via
RNA interference mechanisms by producing various RNA molecules. Currently it is
not fully understood to what extent TE-induced mutagenesis influences plants during
stress conditions and developmental stages. All members of TE families have been
identified in the pine genome, however active TEs have not been investigated. In
comparison to the majority of eukaryotes, conifer genomes are large and contain a
large proportion of repetitive sequences. Therefore the sequence of the first conifer
genome was only published in 2013 (Nystedt et al. 2013). Conifer genomes are
characterised by large gene families and pseudogenes, and contain large inter-gene
regions and introns. Therefore, investigation of transcription of REs in P. sylvestris
could offer insights into reorganisation of complex genomes under stress conditions
as well as RE-associated regulation mechanisms.

Aims and objectives
The aim of this doctoral work was to characterise active retrotransposons in the

Scots pine (Pinus sylvestris L.) genome and to quantify the expression of RE-like

sequences under various stress conditions. The objectives were:

1. Identification and characterisation of RE-like transcripts induced by heat stress,
pine woolly aphid (Pineus pini L.) infestation and after application of ABA and
SA.

2. Comparison of induced fragments after various stresses, and determination of
their expression levels
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. Identification of expressed fragments as chimeric fragments or full-length REs,

and sequencing of full-length REs to determine potential transcription and
transposition events.

. Development of RE-based markers and utilisation of these to analyse natural pine

populations as well as to investigate possible somaclonal variation between
ramets of pine clones.

. Characterisation of RE distribution and RE —derived diversity in gymnosperm

genomes.

Hypotheses

. The P. sylvestris genome contains transcriptionally and transpositionally active

retrotransposons

. Transcriptionally active retrotransposons and related sequences are differentially

expressed after biotic and abiotic stresses

. Transposition events occur as a result of environmental stress conditions as well

as possible expansion of elements

. Retrotransposons identified in the P.sylvestris genome are unevenly distributed in

gymnosperm genomes

Overview of methods
SSR markers were utilised to confirm clonal identity of pine ramets. The

iPBS technique, utilising primers complementary to conservative RE tRNA
binding sites (Kalendar ef al. 2010), was used to identify differentially expressed
RE-like fragments. Differentially expressed fragments were ligated into plasmids,
transformed into E.coli cells (Inoue et al. 1990), and Sanger sequenced. The
obtained sequences were compared to nucleotide databases as well as specific TE
databases following the scheme described in Wicker et al. (2007). Primer-BLAST
was used for primer construction (Ye et al. 2012). IRAP markers developed as
described in Kalendar ef al. (1999) were used for analysis of natural pine
populations and pine clone ramets. Genotypic data were analysed using GenAlEx
v. 6 (Peakall, Smouse 2012) and FAMD v.1.30 (Schliiter, Harris 2006). RE-
derived and IRAP markers, developed during this study, were utilised for
phylogenetic analysis of gymnosperm species.

l.

Results presented at international scientific conferences:

19.-22.10.2012. Voronova A, Jansons A, Rungis D. Identification of
retrotransposon-like sequences in Pinus sylvestris L. activated in response
to stress conditions. Sth Baltic Congress of Genetics, Kaunas, Lithuania.

2. 16.-18.10.2012. Voronova A, Jansons A, Rungis D. Activation of

retrotransposon-like sequences in Pinus sylvestris in response to stress
conditions. NovelTree Conference, Helsinki, Vantaa, Finland.
3.-5.10.2012. Voronova A, Jansons A, Rungis D. Retrotransposon-like
sequences expressed under various stressors in pine genome shows
different similarity level to known mobile genetic elements. AdaptCar
conference: Genetic aspects of adaptation and Mitigation: forest health,
wood quality and biomass production, p.24, Riga, Latvia.

4. 08.02.2012-11.02.2012. Voronova A, Jansons A, Rungis D. Expression of

retrotransposon-like sequences in Scots pine (Pinus sylvestris L) clones
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under stress conditions. Molecular Mapping & Marker Assisted Selection,
Vine, Austrija. VIPCA Conference Abstract Book app.1

5. 04.-07.02.2012. Voronova A, Jansons A, Rungis D. Expression of
retrotransposon-like sequences in Scots pine (Pinus sylvestris. L) clones
under stress conditions. Molecular Ecology, Vine, Austrija. VIPCA
Conference Abstract Book p.41.

6. 22.-24.04.2009. Zuka A, Rupgis D, Schulman AH, Kalendar R.
Retrotransposon variability in Scots Pine (Pinus sylvestris L.) genome. 5th
International Conference Research and Conservation of Biological
Diversity in Baltic Region, Daugavpils, Latvia. Book of Abstracts,
Daugavpils University Academic Press Saule, p.156.

7. 19.-21.03.2009. Zhuk A, Rungis D, Kalendar R, Schulman AH.
Retrotransposon variability in Scots pine (Pinus sylvestris L.) genome.
FEBS Workshop, Adaption Potential in Plants, Vine, Austrija.

Local conferences:

1. 13.02.2013. Voronova A, Belévica V, Jansons A, Rungis D. Stresa
apstaklu induc€jamu retrotranspozoniem lidzigo sekvencu transkripcionala
aktiveSanas priedes genoma. Latvijas Universitates 71. Konference.
Molekularas biologijas sekcija, Riga, Latvija.

2. 01.02.2012. Voronova A, Jansons A, Rungis D. Mobiliem genétiskiem
elementiem lidzigo sekvencu izplatiba parastas priedes (Pinus sylvestris L.)
genoma. Latvijas Universitates 70. Konference. Augu biologijas sekcija,
Riga, Latvija.

3. 24.-27.10.2011. Rungis D, gl,(ipars V, Voronova A, Krivmane B, Galile I,
Belévica V, Korica A, Kanberga-Silina K, Veinberga 1. Apvienotajais
Pasaules LatvieSu Zinatnieku 3. Kongress. Molekularas genétikas metodes
Latvijas meZzinatng. Jelgava, Latvija.

4. 04.02.2010. Voronova A, Rungis D. Mobiliem genétiskiem elementiem
lidzigo sekvenCu ekspresija stresoru ietekmé parastas priedes (Pinus
sylvestris 1L.) genoma. Latvijas Universitates 68. Konference. Augu
biologijas sekcija, Riga, Latvija.

5. 30.11.2011.-1.11.2011. Voronova A, Jansons A, Rungis D. Genome
plasticity of Scots pine (Pinus sylvestris L.) under different stress
conditions. Genetic variation of adaptive traits, Salaspils, Latvija.

6. 4.02.2009. Zuka A. Retrotranspozonu variacija parastas priedes (Pinus
sylvestris 1..) genoma. Latvijas Universitates 67. Konference. Augu
biologijas sekcija, Riga, Latvija.

Publications:

1. Voronova A, Belevich V, Jansons A, Rungis D (2013) Stress induced
transcriptional activation of retrotransposon-like sequences in the Scots pine
(Pinus sylvestris L.) genome. (29.05.2013- submitted to journal “Tree
Genetics&Genomes”; 12.11.2013- accepted with revisions).

2. Voronova A. Rungis D. (2013) Development and characterisation of IRAP
markers from expressed retrotransposon-like sequences in Pinus sylvestris L.
(Accepted for publishing in Proceedings of the Latvian Academy of Sciences.
Section B.).
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3. A.Voronova, A.Jansons, D.Rungis (2011) Expression of retrotransposon-like
sequences in Scots pine (Pinus sylvestris) in response to heat stress.
Enviromental and Experimental Biology 9: 121-127. (Published).

4. Sequences of three retrotransposons were submitted to “Repbase” largest
repeat database: PsAppalachian-1, Silava-Pta-I, Copia-17-Pta-1. (Published).

5. 126 sequences were submitted to NCBI EST database with gene bank numbers:
J7389987-12390112. (Published).

Years 2009-2012 this study was supported by the ESF project “Importance of

Genetic Factors in Formation of Forest Stands with High Adaptability and

Qualitative Wood Properties” (Nr. 2009/0200/1DP/1.1.1.2.0/09/APIA/VIAA/146).

Length and structure of thesis:

This thesis consists of 202 pages, containing 20 tables, 56 figures, 2
appendices. The thesis consists of an introduction and 7 sections (literature review,
materials and methods, results, discussion, conclusions, hypotheses and
acknowledgements). The thesis has 9 conclusions, and 446 references.

1. THEORETICAL BASIS

1.1. Definition and classification of mobile genetic elements

Transposable elements (TEs) or mobile genetic elements are sequences that
have the ability to change their location in a genome (transpose) within a single
cell. Most TEs have lost the ability to transpose, and only a few species-specific
elements are active. These elements can be activated in stress conditions or in
specific tissue types or developmental stages (McClintock 1984; Wessler 1996;
Grandbastien 1997; Kumar, Bennetzen, 1999; Capy et al. 2000).

TEs are classified into two classes according to the mode of transposition
(RNA or DNA mediated): class I or retrotransposons and class Il or DNA
transposons (Finnegan 1989; Curcio, Derbyshire 2003; Capy 2005; Wicker et al.
2007). Retrotransposons (REs) are similar to retroviruses in structure and function;
however RE do not have the ability to infect other cells. REs transpose via an RNA
intermediate, which is then reverse transcribed to DNA prior to integration at a
new genomic location. Therefore, RE transposition entails an increase in copy
number of the RE. REs are divided into orders, super-families and families
(Wicker et al. 2007). REs containing long terminal repeats are classified as LTR
REs, elements without these repeats are classified as autonomous LINEs or non-
autonomous SINEs. REs are also classified as Pseudoviridae (Ty1, Copia type) and
Metaviridae (Ty3, Gypsy type) virus families, separately from other viruses (Boeke
et al. 2006).

1.2 Struture of LTR REs

Long Terminal Repeats (LTRs) are non-coding direct repeats that contain
sequences regulating transcription. The length of LTRs can range from 85bp in
length (FRetrol29 from rice (Gao et al. 2012)) up to Skb (Ogre from pea
(Neumann et al. 2003)). The LTR sequences are specific to each RE family but
contain the following conserved sequences: approximately 7bp long inverted
repeats (IRs) with highly conserved 5 TG and 3’ CA nucleotides (int binding
sites) and a TATATA motif, which functions as a polymerase Il promoter in plants
(Vicient et al. 2005; Benachenhou et al. 2013). Often, LTRs also contain
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polyadenylation signals. The U3 region is variable between RE families and
contains specific regulatory sequences that ensure expression in particular tissues,
conditions or developmental stages. Transcription of RE is initiated in the 5° LTR,
and concludes in the 3 LTR (Kumar, Bennetzen, 1999). As the 5’ and 3’ LTRs are
identical in sequences and orientation, a 3’ LTR can initiate transcription of
adjacent sequences. This was shown for proviruses, where the promoter activity of
3> LTRs is usually supressed, but can be activated if the 5° LTR regulatory
functions are disrupted (Boerkoel, Kung 1992; Gama Sosa et al. 1994; Klaver,
Berkhout 1994). Autonomous REs usually contain two genes: the gag gene
encodes a capsid-like protein, and the pol gene encodes a polyprotein, which is
subsequently cleaved by a self-encoded protease (pr) to form a reverse
transcriptase (RT) with Rnase H activity, and an integrase (int). Env-like domains
are less-commonly found in REs (Eickbush, Malik 2002). REs can also contain
additional ORFs with unknown function, e.g. the rice RE RIRE2 (Kumekawa et al.
1999), or they can contain gene fragments, e.g. the maize RE Bs/ contains a
fragment of an ATPase gene (Jin, Bennetzen 1994). In the cytoplasm, mRNA
transcripts are both translated to proteins and reverse transcribed to form double
stranded cDNA. Reverse transcription is primed by various tRNA molecules,
which bind to the PBS region (Mak, Kleiman 1997), which is highly conserved
among RE families (Kalendar ef al. 2010).

1.3 Distribution of TEs in plant genomes

Both classes of TEs are found in plant genomes, with the LTR REs the most
common (Kumar, Bennetzen 1999). RE sequences and distribution vary between
species, and they can comprise from 15% (Arabidopsis thaliana) up to 90%
(Liliacea) of the entire genome size (Sabot, Schulman 2006; Morgante et al. 2007).
The genomes of higher plants are characterised by gene islands in a sea of
repetitive sequences (SanMiguel et al. 1996; Panstruga et al. 1998; Shirasu et al.
2000; Rostoks et al. 2002; Kejnovsky et al. 2012). Comparative genome
sequencing of cereals reveals high levels of polymorphism in intergenic and coding
regions, and the genomic sequence of one individual does not reflect the range of
polymorphism found in populations. The regions of polymorphism include TEs,
pseudo-genes and coding genes. Recent studies have shown that all higher plants
have a similar genome organisation (Brunner et al. 2005; Piegu et al. 2006;
Hawkins et al. 2006; Neumann et al. 2006), and that REs can form polymorphic
regions between blocks of more highly conserved genes (Brunner et al. 2005;
Morgante et al. 2007).

1.4 Clustering and polymorphism of REs

Often, LTR REs are found in alternate conformations in plant genomes. In the
well-studied barley RE BARE-1, the frequency of single LTRs is 7-42 times higher
than full-length elements, and the haploid genome can contain 13.7 x10° LTR
copies (Vicient et al.1999). Two internal domains flanked by a single recombinant
LTR was found in 4.6x10° copies in the haploid genome (Vicient et al. 2005).
Template switching by reverse transcriptases (RTs) can form new recombinant
elements (Sabot, Schulman 2007), and the fidelity of RTs is lower than of other
polymerases (Preston 1996; Gabriel, Mules 1999). Larger mutations and
rearrangements can be caused by unequal recombination, which is facilitated by
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the high copy number of REs (Vicient ef al. 2005; Hawkins ef al. 2009). LTR-LTR
non-homologous recombination can result in single LTRs, multiple sequential
LTRs as well as repeats of internal domains (Mieczkowski et al. 2006). In
addition, often REs preferentially insert into regions already containing REs,
forming clusters of disrupted and inactive REs (Kumar, Bennetzen 1999).

1.5 Genome size and TE expansion

The accumulation of TEs in plant genomes may reflect selection for larger
genome sizes (Murray 1998, 2005). Large plant genomes contain many LTR RE
families, which can contain over 10000 copies in haploid genomes. While all main
TE groups are found in plant genomes, the proportion and representation of TEs
can vary (Kejnovsky et al. 2012). Copy number of the BARE-I element is
correlated with genome size in barley (Vicient et al. 1999), and proliferation of
BARE-1 can be initiated by water deficit (Kalendar et al. 2000). Genome size
variations within species are also correlated with geographic distribution (Kalendar
et al. 2000). Possibly, in prolonged stress conditions, the deletion of TEs is
reduced leading to increase of genome size (Nevo 2001). The high copy number of
the BARE-1 element possibly reflects adaptive selection for larger genomes with
increased RE activity (Kalendar ef al. 2000; Nevo 2001; Wessler 2001). RE
tranposition can cause new fuctional variations, and thus increase fitness in stress
conditions (Madlung, Comai 2004).

1.6 Activation of REs in stress conditions

Activation of REs in stress conditions may result in increased genotypic
variation (Wessler 1996; Murray 1998; Murray 2005). Experiments have shown
that novel stress response networks can be activated due to RE transposition (Ito et
al. 2011). After heat stress in yeast, the 7F/ element is activated, which enhances
the expression of stress response genes (Feng et al. 2013). Variation of the 3> UTR
sequence of the tobacco 7Tnt/ RE determines differential expression in response to
stress-associated signal molecules (Beguiristain et al. 2001). The Arabidopsis RE
Onsen is expressed in the offspring of heat stressed plants (Ito et al. 2011). In
contrast, the expression of REs Tam3 in the Antirrhinum majus genome (Hashida
et al. 2003) and Tcs! in the orange genome (Butelli e al. 2012) increase at lower
temperatures. Expression of the 7yl Copia TLCI family in tomato increases in
response to injury, protoplast formation and high salt concentration, and regulatory
motifs in the U3 region of the 7LCI.I RE are ethylene sensitive (Tapia et al.
2005). The Copia RE Remel in melon is activated in UV irradiated leaves
(Ramallo ef al. 2008). The non-LTR TE Karma is expressed in regenerated plant
tissues and cultivated cells (Komatsu et al. 2003). Biotic stress also activates a
range of REs: Oare-1 — virus infection in potatoes; 7fol — tobacco mosaic virus
(Hirochika 1993); Tntl — tobacco fungal infection (Melayah et al. 2001). In oak
(Quercus suber) Corky is expressed in various developmental stages, as well as
after injury (Rocheta ef al. 2012). The Psr family in pea is activated in response to
protoplast formation and fungal elicitors (Kato et al. 1999). Cell wall hydrolase
activates tobacco Tntl (Pouteau et al. 1991). Expression of RE often is tissues
specific, for example, Tnt/ (Grandbastien ef al. 1994) and TLCI (Tapia et al. 2005)
expression is observed in roots; BARE-1 is expressed in leaves (Suoniemi et al
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1996) and the wheat RE PREM-2 is expressed in microspores (Turcich et al
1996).

1.7 Regulatory significance of REs

Insertion of REs can influence gene expression in various ways (Rebollo et al.
2012). RE LTRs can contain promoters, transcription initiation sites, termination
sites, insulators and splicing regulators.Transposition of REs can induce mutations.
After virus infection in maize, a Bs/ RE insertion was found in the Adhl gene
(Johns et al. 1985). Similarly, 7nt/ was found in the tobacco nitrate reductase gene
(Grandbastien et al. 1989) and Tos17 inserts in the rice PHYA gene (Takano et al.
2001). A B5-like RE insertion in the lignin biosynthesis COMT gene in maize
results in a shorter, chimeric mRNA (Vignols et al. 1995). In the maize waxy gene,
RE insertions in introns lead to formation of alternative splicing variants
(Varagona et al. 1992). Many gene promoters and alternative promoters are
derived from REs (Rebollo et al. 2012). Even single LTRs can influence adjacent
gene expression, as in the case of Copia LTR RE Tscl and Tsc2 insertions in
before the Myb transcription factor in the orange genome (Butteli ef al. 2012). RE
insertion can also down-regulate gene expression e.g. the Gypsy RE Gretl in the
grape (Vitis vinifera) genome (Kobayashi et al. 2004). The pea genes PSPAL2 and
PSCHSI are activated in response to pathogens, and both these genes contain 5’
Copia RE PsrC insertions (Kato et al. 1999). Differentially expressed chimeric
transcripts in amphiploid wheat contain the Wis 2-14 LTR RE, usually located in
the 3° UTR. In genes with increased expression, the Wis 2-14 LTR was in the same
orientation as the adjacent gene. The expression of approximately 208 genes in the
wheat genome may be influenced by the Wis RE (Kashkush et al. 2002).

REs may be indirectly involved in regulatory processes via long non-coding
RNA molecules of unknown function, or microRNAs which are involved in RNA
interference. The human genome contains 55 miRNA genes derived from REs
(Piriyapongsa et al. 2007). Large proportions of genomes have been shown to be
transcribed, forming non-coding RNA molecules with unknown function (Mattick,
Makunin 2006; Zhang et al. 2012; Ponting et al. 2009). Expression levels are not
as high as for protein-coding genes; however these transcripts may influence
quantitative trait variation, developmental processes and complex diseases. Due to
their high copy number and repetitive nature, usually RE sequences are excluded
from transcriptome analysis (Mourier, Willerslev 2009).

LTR clusters are involved in heterochromatin formation, which is a dynamic
and important process during various stages of plant development (Finnegan et al.
1998). Many plant centromeres consist of satellite repeats and specific 7y3 Gypsy
RE, termed centromeric RE (CR). These satellite and CR sequences are transcribed
at a low level (Topp et al. 2004; Neumann et al. 2007). Possibly, these CR
sequences act as promoters for transcription of satellite sequences, which are
required for centromeric recognition and chromosome segregation (May et al.
2005).

The only source of reverse transcriptase in genomes are REs and telomeres,
and this enzyme can generate pseudogenes or transcribed retrogenes, which are
widespread in plant genomes (Zhang et al. 2005, Wang et al. 2006). These
retrogenes are usually chimeric, containing coding sequence in combination with
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different regulatory elements (Betran et al. 2002; Wang et al. 2002), or they can
consist of shuffled exons (Sayah et al. 2004; Zhang et al. 2004). These
mechanisms are significant in evolution and adaptation, as functional genes have
been identified that are a result of pseudogene differentiation (Betran et al. 2002;
Emerson ef al. 2004).

1.8 TEs in conifer genomes

The Ty-Copia TPEI RE has been identified in P.elliottii (Kamm et al. 1996),
but it probably cannot transpose autonomously due to mutations in protein coding
sequences (Brandes et al. 1997). The Gypsy IFG RE was isolated from P. radiata,
which contains a stop codon between the gag and AP domains (Kossack, Kinlaw
1999). Spcl from P.glauca contains only one stop codon before the int domain,
indicating a recent origin (L’Homme et al. 2000). A low-copy Gypsy RE PpRTI
has been identified in P. pinaster, which is homologous to /FFG (Rocheta et al.
2007). PpRTI transcripts are also found in EST databases, indicating that it is
expressed (Miguel et al. 2008).

Sequencing of P. taeda BACs has revealed a high proportion of TE sequences
and pine-specific TE families (Morse et al. 2009). The Gymny RE from P. taeda is
also found in other pine species, but not in Picea, Abies, Tsuga and Ginkgo,
indicating the expansion of this RE after differentiation of these taxa (Morse et al.
2009). Both Class I and II TEs have been identified in the P. taeda genome, but
many can be classified to novel families (Kovach et al. 2010). Comparisons
between angiosperm and gymnosperm TEs has revealed between 37.7% - 99.4%
nucleotide similarity. Hybridisation experiments with TEs do not reveal large
differences in genome organisation between distantly related gymnosperm species
(e.g. P. abies and P. omorika) and strong reciprocal hybridisation signals are found
even between P. abies and Ginko biloba (Friesen et al. 2001). Sequencing of the P.
abies genome revealed 1773 different repeat sequences, of which approximately
half were similar to known TEs. LTR REs are the most common class, and Gypsy
REs are the most commonly represented REs (Nystedt et al. 2013). Evidence of
recent transposition burst was not detected in the P. abies genome, and the ratio of
single LTRs to full-length REs is 1:9, indicating a low frequency of RE deletion in
comparison to angiosperm genomes.

2. MATERIALS AND METHODS

2.1 General experimental structure
The experimental work was divided into several stages. To identify stress-
induced expressed RE sequences, non-specific iPBS markers were utilised, as the
transcriptionally active REs could be distinct from previously described RE in
gymnosperms and REs from angiosperms. To minimise the effect of genetic
background, ramets of one clone were used in each experiment. Distribution and
expression of TEs was investigated using specific PCR primers, designed from the
identified sequences. The influence of heat stress, pine woolly aphid infestation,
ABA and SA treatments were investigated using the following scheme:
» Pine ramets were subjected to stress conditions.
» Four needles were collected from each individual, placed into 2mL tubes,
and frozen in liquid nitrogen for later RNA extraction.
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» After the end of each experiment, a further 2 needles were collected for
DNA extraction and confirmation of clonal identity using SSR markers.
» RNA was extracted and possible DNA contamination assessed by PCR
amplification. RNA was purified several times.
» cDNA was synthesised and analysed with stress-responsive control PCR
primers.
» Genotyping of cDNA with iPBS markers, identification and excision of
differentially expressed fragments.
» Cloning and transformation of competent E.coli cells, isolation of plasmids
and sequencing of inserts.
» Sequence analysis and database comparison
Analysis of the differentially expressed TE-like sequences did not reveal the
expression of full-length TEs, therefore in the second experimental stage full-
length REs were isolated, analysed and at least partially sequenced from cDNA.
The third experimental stage utilised specific markers and primers developed
from the identified sequences to analyse the distribution and polymorphism of TEs
in a natural Scots pine population. Using the IRAP marker technique (Kalendar et
al. 1999), natural pine stands were compared, and polymorphism was assessed
between ramets of pine clones. Phylogenetic analysis and distribution of TEs was
undertaken using a range of gymnosperm species.

2.2 Induction of stress conditions

Two year old Scots pine ramets were provided by “Latvia’s State Forests”
“Seeds and Plants” department in Jaunkalsnava, Latvia. Prior to the experiments,
ramets were stored in the greenhouse. For each experiment, ramets of a different
clone were used, within experiments all ramets were of one clone. DNA was
isolated from pine needles using a CTAB-based method (Porebski et al. 1997).
Genotyping with pine SSR (Simple Sequence Repeat) markers PTTX3107,
PTTX4001 and PTTX4011 (Soranzo et al. 1998) was performed in order to
confirm the clonal identity of the ramets.

Heat stress was induced by continuous +40 C treatment for 24 h, and was
performed as described previously (Voronova et al. 2011) using the clone JAO3.
Samples from two stressed ramets (T1, T2) and three controls (Tc3-5) were stored
in liquid nitrogen until extraction. For the aphid infestation experiment, it was
noted that some ramets of the clone FU28 showed symptoms of infestation upon
delivery from the greenhouse, while most ramets seemed visually healthy. After
two weeks Pine Woolly Aphid (Pineus pini) infestation was identified by several
properties (gummosis, white waxy flux, yellowed needles and abnormal needle
cast), external feeding was confirmed microscopically. RNA from 4 pine ramets
(B1-B4) was collected immediately and from 14 ramets after two weeks of injury
(B1-B16 (excluding B5 and B7, which died after two weeks). One sample showing
no amplification with any of the stress inducible marker genes was used as a
control (B4).

For treatment with abscisic acid (ABA), a 10 uM solution was prepared each
day from 10 mM stock. Water solution with an equal quantity of ethanol was used
to spray control pine ramets. The clone POP12 was used in the ABA experiment.
Two pine ramets were foliar-sprayed and soil drenched each day with ABA and
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one ramet was treated similarly with the control solution. The clone POP21 was
used in the salicylic acid (SA) experiment. For spraying and watering with SA, 5
mM water solution was used; control ramets were treated similarly with water.
Samples were collected before treatment (control-SA, control-ABA, water-SA,
water-ABA), 24 h after treatment (SA-24, ABA-24, water-24-SA, water-24-ABA),
64 h (SA-64, ABA-64, water-SA-64, water-ABA-64) and one week after treatment
(SA-W-1-2, ABA-W-1-2, water-W-ABA, water-W-SA). Two needles from treated
and control ramets were collected at each time point and stored in liquid nitrogen
until RNA extraction.

2.3. Identification of differentially expressed fragments

RNA from pine needles was isolated using a CTAB-based method (Chang et
al. 1993) followed by several purifications with the Turbo DNA-free kit (Ambion)
and followed extraction with phenol:chlorophorm:isoalcohol (24:24:1) to ensure
complete removal of DNA. Purification was continued until amplification of the
extracted RNA using a standard PCR protocol with genomic primers showed no
PCR products on ethidium bromide stained agarose gels. Stress initiation was
confirmed by detection of amplification of genes whose expression has been
shown to respond to a wide range of stress conditions: P5CS2 (delta 1-pyrroline-5-
carboxylate synthase-2), dhn3 (dehydrin III), AbaH (abscisic acid and water-stress
inducible protein) LEA (late embryogenesis abundant protein), and one
housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Reverse transcription of the extracted RNA was performed with random hexamer
primers using 1 pug of RNA with the TagMan reverse transcription Kit (Applied
Biosystems). A typical reaction was performed in a 20 puL reaction mixture
containing cDNA, 1x Taq buffer (Fermentas), 1.5-2 mM MgCl,, 0.2 mM dNTP
mix, 0.1 uM of each primer, 0.7 U Taq polymerase (Fermentas). Cycling
conditions comprised of a denaturation step at 94 C for 3 min, followed by 38
cycles at 94°C for 30 s, 55-62°C for 30 s, 72°C for 40 s; and final elongation step at
72°C for 10 min. Amplification products were visualized after electrophoresis at 94
V for 2 hours in IXTAE buffer in a 1.5% agarose gel stained with ethidium
bromide. Inter PBS (iPBS) PCR amplification and separation was performed as
described previously (Kalendar et al. 2010), excluding the separation step
performed in low melting point agarose gels (Fermentas) for subsequent fragment
purification. Differentially expressed fragments amplified from stressed tree
samples, but not from control tree samples were excised and purified using the Gel
Extraction Kit (Qiagene) following the manufacturer's protocol. Fragments were
re-amplified with a touch-down PCR program from 55 to 47 C with a final
elongation step of 30 minutes. The PCR reaction mixture contained 30 ng purified
PCR product, 1x Dream Taq buffer (Fermentas), 2 mM MgCl,, 0.2 mM dNTP
mix, 1 uM PBS primer, 0.8 U DreamTaq polymerase (Fermentas). Re-amplified
fragments were examined by electrophoresis, purified with Sephadex-G50 (Sigma)
and ligated into the plasmid pTZ57R/T using the InsTAclone PCR Cloning Kit
(Fermentas), following the manufacturers protocol. Competent E. coli cells were
prepared using the method of Inoue et al. (1990) and transformed with the
plasmids using the heat shock procedure described by the same authors. Plasmids
were isolated using the alkaline lysis method. Insert sizes were confirmed with

53



double digestion with EcoRI and Sall (Fermentas). Sanger sequencing of an
average of five plasmids from each isolated fragment with the expected insert size
was performed with M13 primers and BigDye ® Terminator v3.1 Cycle
sequencing Kit (Applied Biosystems) and analysed using an ABI Prism 3130x-
Avant Genetic Analyzer (Applied Biosystems).

Sequences were processed with the SequencingAnalysis v.5 software
(Applied Biosystems). Multiple Sequence Alignment and similarity dendrograms
were generated using CLUSTALW v.1.83 (http://www.genome.jp/tools/clustalw/).
Sequence analyses and mobile element identification was performed as proposed
by Wicker et al. (2007). Searches were done in the NCBI data base using blastn
against nucleotide sequences, Expressed Sequence Tags (ESTs), reference RNA

and genomic sequences (Refseq, Ref genomic)
(http://www.ncbi.nlm.nih.gov/BLAST/). Several mobile element databases were
used: GrainGenes Triticeae Repeat Sequence Database

(http://wheat.pw.usda.gov/), Gypsy Database 2.0 (http://gydb.org/) (Llorens et al.
2011) and Repbase (http://www.girinst.org/) (Kohany et al. 2006). Count of
matches among expressed sequences was performed using search in NCBI
nucleotide EST database against Viridiplantae (green plants) database with
specified algorithm parameters: 20 000 maximum number of aligned sequences
and expect threshold equal or less than 0.01. Dendrograms were visualised using
MEGA v.5 (Tamura et al. 2011). The obtained sequences were deposited in the
NCBI EST database (accession numbers JZ389987-J7390112).

2.4 Expression analysis of TE-like fragments

For evaluation and confirmation of shared transcribed RE-like sequences
between studies, specific primer sets of 27 praimer pairs for identified sequences
were developed using Primer-BLAST (Ye et al. 2012). For quantitative PCR, the
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) was used.
Reaction was performed on StepOnePlus™ Real-Time PCR System (Applied
Biosystems) and analyzed using StepOne Software v.2.2.2 (Applied Biosystems).
Relative quantification and comparative 2" method was used using
normalization against the endogenous control GAPDH (Schmittgen and Livak,
2008). PCR efficiencies for the target assay and endogenous control GAPDH assay
were compared using standard curve analysis.

2.5 Isolation of full-length REs and marker development

To 1identify full-length REs several methods were applied: isolation of
homologous RE; long-distance PCR using primers complementary to the identified
sequences; and analysis of identified fragments similarity to related pine species
BAC sequences, for identification of P. sylvestris homologs. Approximately 60
primers pairs were designed using Primer-BLAST (Ye et al. 2012).

Scots pine specific IRAP primers (Kalendar et al. 1999) were developed,
based on the identified RE-like sequences. DreamTaq reagents (Fermentas) were
used for IRAP genotyping of genomic DNA. PCR reactions contained up to 100ng
DNA; 1x PCR buffer; 0.5 mM MgCl,; 1 uM primer; 0.2 mM dNTP mix; 0.7 U
DreamTaq polymerase (Fermentas), 0.2 U Pfu polymerase (Fermentas); 3%
DMSO. PCR cycling conditions: denaturation 94 "C 3 min; 38 x (94 C - 40 sec; 50
"C - 40 sec; 68 'C - 1 min); 72 'C - 10 min.
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2.6. Pine clonal and natural stand polymorphism analysis

150 pine individuals from a natural Scots pine stand were genotyped with 9
IRAP markers. The population could be divided into sub-populations according to
long-term differential growth conditions. SSR and IRAP data were analysed with
GenalEx v. 6 (Peakall, Smouse 2006), FAMD v.1.30 (Schliiter, Harris 2006).
Genotypic data were compared using AMOVA, PCoA tests; differences in height
and diameter measurements were analysed using mean values, standard deviations
were determined, significance of determined differences were tested using
probability coefficient and F-criteria.

For assessment of somaclonal polymorphism, 14 individuals representing 4
pine clones were genotyped with 9 IRAP markers. The pine ramets were collected
from two pine plantations — “Saviena” and “Dravas”.

For phylogenetic and RE distribution analysis, individuals from 60
gymnosperm species were collected from the Botanical Garden of the University
of Latvia, and the National Botanic Garden. The distribution of differentially
expressed RE-like fragments and pine-specific REs was analysed. The
gymnosperm species were also genotyped as described previously with 6 IRAP
markers.

3. MAIN RESULTS

3.1 Analysis of differentially expressed PBS fragments

From all stress treatment experiments a total of 112 differentially expressed
1iPBS fragments were excised and cloned, and 335 plasmids were sequenced,
yielding 126 unique fragments. BLAST analysis of the 126 unique sequences
revealed that 28 of these sequences were highly similar to known REs either at the
nucleotide or the protein level. The remaining 98 sequences were not found in the
RE databases or the similarity level was low. Some of the unidentified sequences
were similar to un-annotated plant EST or BAC sequences from various pine
species; some were similar to hypothetical proteins, or partially similar to unknown
proteins. 40 sequences showed no similarity to any sequences in any of the
databases queried. 46 of the 98 un-annotated transcripts were moderately
represented in the green plants EST database (1-31 hits), but 12 transcripts were
similar to a large number of ESTs (108-8734 hits). Of the sequences highly
represented in EST databases, four were similar to chloroplast and mitochondrial
sequences, but eight transcripts were similar to un-annotated nuclear DNA
sequences. The number of unique fragments identified in heat stress and ABA and
SA treatment were comparable, but the number of TE-like sequences identified
differs. A larger number of differentially expressed fragments were identified in
the aphid infestation experiment. After treatment with SA, only five TE-like
fragments were identified. After ABA treatment, only two TE-like fragments were
found, both of which were also highly similar to fragments found in other stress
conditions. Multiple sequence alignments of all unique fragments revealed that
there was minimal overlap of identified sequences between experiments. No highly
similar fragments were identified between the heat stress and plant hormone
treatment experiments. Pine woolly aphid damage induced transcription of Copia-2
TA-I like sequences, which were also identified in the heat stress experiment (B104
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and T30). One TE-like sequence (similar to a mammalian Endogenous Retrovirus-
like, MSTA family LTR) and two unknown sequences were highly similar in both
the aphid infestation experiment and treatment with SA (B103 and SA24). The
ERV transcript identified after aphid infestation was shorter, but both transcripts
were 97% 1identical. However, although the transcript is homologous to a
mammalian element, one similar sequence was identified in Hordeum vulgare
ESTs after infection with fungal pathogens. Two similar unidentified transcripts
were found in the aphid infestation experiment and ABA treatment. One identified
Ogre-like transcript was also highly similar in both these experiments (ABA18 and
B125). One TE Copia 18 BD-like transcript group and three unidentified
transcripts were expressed after both SA and ABA treatment. In total, four Gypsy
superfamily homologs were found (Gypsy-6, Ogre, Appalachian, PIGY-1) and two
Copia superfamily homologs (Copia-2-TA I, HORPIA). In addition, several
transcripts of protease domain of DNA transposon belonging to CACTA family
EnSPM was identified after heat shock.

3.2 Analysis of TE-like fragments

In general, both ends of transcripts were completely complementary to the
PBS primer sequences. Occasionally, the fragments contained one or more SNPs
when compared to the PBS primer sequences. The iPBS fragments amplified from
genomic DNA should contain LTR repeats from both sides in opposite directions
and with genomic sequence between elements (Kalendar et al. 2010). The 28
differentially expressed fragments obtained in this study which were similar to
previously reported REs could be divided into several classes: sequences having
similarity to one LTR sequence (close to 100% fragment coverage); sequences
having similarity to one LTR sequence plus a non-TE or unknown sequence at one
end; composite sequences with similarity to two different LTRs in opposite
directions; sequences with homology to RE ORFs, polyproteins or UTRs either
along their entire length, or partially with a non-TE or unknown sequence at one
end. Of the 28 identified RE fragments, 17 contained RE protein domains, eight
contained LTRs, and three contained RE non-coding sequences. The majority of
identified sequences were highly similar to various polyprotein domains of REs.
This is probably due to the low levels of LTR-LTR transcripts, higher levels of
sequence conservation within protein coding sequences, and the fact that there are
relatively few pine-specific LTR sequences in the queried databases.

3.3 Analysis of chimeric transcripts

Two transcripts were identified that combined TE-like and chloroplast-like
sequences. One transcript (T51) has similarity to a non-LTR LINE Karin TA
polyprotein at one end (49% of fragment coverage) and the other part of the
sequence is similar to two separate regions of various Pinus species chloroplast
genomes (16% and 24% coverage). A second chimeric transcript (B153) was
similar to the Gypsy Cereba RE polyprotein coding sequence at one end, and the
other half of the fragment was also similar to chloroplast genome sequences from
various Pinus species. This part of the fragment with homology to chloroplast
sequences was also similar to a large number of plant ESTs (2465 hits), while the
RE-like part of the transcript was poorly represented in EST databases. Another
interesting fragment (SA07) is similar to an internal 3’ non-coding sequence of a
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Copia-18 BD I RE from Brachypodium, with query coverage of 33%. Four highly
similar transcripts were identified after treatment with ABA and one was identified
after SA treatment. Within the sequenced fragments there was observed 83-94%
nucleotide identity and a size variation of 788 - 836 bp. Identified transcripts were
also highly similar to Pinus sp.chloroplast sequences, with a maximum query
coverage of 98%. This suggests that there is some homology between the Copia-
18 BD I TE from Brachypodium and chloroplast sequences. BLAST searches of
genome sequences with the Copia-18 BD I TE sequence indicated that there is an
approximately 250 bp region in the non-coding 3’region of the TE which has
homology with a chloroplast genome sequence from various species, including
Arabidopsis lyrata (ORF64c). The highest nucleotide similarity was observed in
the sequences homologous to the Copia-18 BD I element and in the middle of the
non-RE sequences, but flanking sequences were more dissimilar, indicating
expression of this element from various loci in the pine genome. Entire fragments
were found to match 1930 sequences in EST databases, while the Copia-18 BD 1 -
like sequence alone matches 2500 ESTs.
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Figure 1. Copia-18-BD mRNA secondary structure. Regions with a
probability of forming stem-loop structures approaching 1 are depicted in red.
Minimal free energy -99.20 kcal/mol.

The 315 bp conserved chloroplast-like sequence found in Copia-18BD was
analysed for potential regulatory motifs by searching the REGSITE database of
regulatory motifs using NSITE NSITE-PL (Solovyev 2002), TSSP (Solovyev,
Shahmuradov 2003), RegRNA (Mignone et al. 2005). Seven potential regulatory
motifs were identified with homology >80%. One of these (TTTAAAG, BPBF
from H.vulgare) was palindromic, and did not contains SNPs in either orientations
(e-values=0.0094 and 0.0061). Two similarly conserved unknown nuclear factors
were identified: 5’-CCCGGATC-3" from wheat (e-value=0.00395) and 5°-
AAACCTCC-3’ from spinach. Analysis of this sequence with the microRNA
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detection software FindMiRNA (Softberry Inc.) identified six potential pre-
miRNAs in direct orientation and 5 pre-miRNAs in reverse orientation, with a free
energy value of less than -17 kcal/mol. Figure 1 depicts one of the proposed
secondary RNS structures predicted by RNAfold (Lorenz et al. 2011), with at least
one high probability stem-loop structure.

3.4. Amplification of specific TE fragments

In order to compare and verify expression of the identified RE-like fragments
between various stress treatments, 27 fragment-specific PCR primers were
designed. Amplification of the control markers was also repeated (Figure 2A). For
one of the chimeric fragments (B153), two primer pairs were developed, one pair
amplifying the TE-like region (BI53TE), and the other pair amplifying the
chloroplast-like region (B153C). Differing patterns of amplification were observed
for each primer pair: the B153TE primer pairs amplified PCR products only from
cDNA of stressed trees, while the B153C primers amplified PCR products from all
samples (Figure 2B).
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Figure 2. Comparative amplification of cDNA from heat stressed samples
(T1, T2), pine woolly aphid affected samples (B12, B15), control ramets (Tc, Bc),
negative control (NC) and genomic DNA (G). A- P5CS2-like gene fragments (190
bp and 250bp) and endogenous control GAPDH (70 bp). B- BI53TE (110 bp) and
BI153C (120 bp).

3.5. Real-time PCR
In addition to the standard PCR, the fragment-specific primers were also
utilised for quantitative real-time PCR in order to obtain a more precise indication
of differential expression of these fragments. A significant increase in transcription
was detected for the SAQ7 fragment (similar to Copia 18-BD) after heat stress and
also aphid damage (Figure 3). No significant increase of this transcript was
observed after SA and ABA treatment. Expression levels were quantified with the
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two separate primer pairs designed for the B153 fragment (B153TE and B153C).
Expression of the B153TE (Cereba-like) fragments was elevated to a maximum
73-fold increase in insect damaged trees (Fig.5) and a 10-fold increase was
observed after 24 hours of SA treatment, but after 64 hours expression drops to a
2-fold increase. After heat stress, a 5.62-fold increase was observed. Expression
levels of the chloroplast-like sequence (B153C) were increased 9373-fold in aphid
infested samples and 255-fold after heat stress. Transcription patterns of the
B153C fragment and the SAO7 fragment were similar. Both these sequences
showed high similarity to chloroplast sequences. However, expression of the SA07
fragment was on average two-fold higher than the B153C fragment (biol5 = 2.6,
bio-12 = 2.2, bio-1 = 1.7, heat stress = 1.96).
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Figure 3. Relative expression levels of the Copia-18-BD-like transcript SA07,
chloroplast-like transcript B153C and Cereba-like transcript BI153TE.

3.6 Isolation of full-length REs

Analysis of some of the differentially expressed fragments revealed that some
of them were highly similar to conifer BAC sequences; even if no homology was
found with TE databases (e.g. fragment T50 is similar to the P.faeda BAC
sequence PT 7Ba4363K13 (AC241358.1). Further analysis of this BAC sequence
identified LTRs and other internal TE domains, and a putative full-length TE was
identified. PCR primers designed from the P. taeda BAC sequence amplified a
similarly sized fragment from P. sylvestris genomic DNA. Using the same primers,
it was also possible to amplify and sequence a fragment of the expected length
from cDNA.

An LTR TE-like construct (ptTE101) with similarity to differentially
expressed fragment TS50 was identified from the P.taeda BAC sequence
PT 7Ba4363K13 (gb|AC241358.1). In the P. taeda genome, ptTE101 is 7697 bp
long, containing 949 bp LTRs with 87% nucleotide identity and 5°-TG/ 3’CA
nucleotides at the end of the LTRs. A 7bp TSD was identified (5’-CATCATTT-
3’). A full-length homolog was not found in TE databases; however EST
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transcripts with homology to the internal domains were identified from P.taeda,
P.contorta and Picea glauca. Ten LTR sequences were isolated from P.sylvestris
genomic DNA and cDNA with 74-81% similarity to ptTE101. Analysis of this
sequence in Repbase identified a weak similarity with Gypsy-18 SMo-I from
Selaginella moellendorffii, a basal vascular plant species. BLASTX search of the
TREP database revealed similarity to the BAGY-2 polyprotein (PTREP241) - 36%
identical amino acids, 58% synonymous amino acids (score 183, e-value= 2e-47).
Nucleotides 4699-5481 are homologous to the BAGY-2 and Calypso-5 int domains
at the protein level, indicating that this TE belongs to the Copia superfamily.

An LTR TE-like construct (ptTE121) with similarity to differentially
expressed fragment T73 was identified from the P.faeda BAC sequence
PT 7Ba3500G20 (AC241315). In the P taeda genome, ptTE121 is 5631 bp long,
containing 1536 bp LTRs with 89% nucleotide identity and 5°-TG/ 3°’CA
nucleotides at the end of the LTRs. A Sbp TSD was identified (5°- AACCC -3°).
The LTRs contain an interesting 14 bp poly-G SSR motif in the 5° region. At the
time it was identified, no homology was found in TE databases, however
subsequently homology was found with PtCumberland I (Wegrzyn, Repbase)
(published 22/04/2013). The putative TE ptTE121 contains all motifs required for
activity, including uORF (upstream ORF), IRES (Internal Ribosome Entry Site),
TATA, polyadenylation motif. The complementary strand of ptTEI21 contains
four ORFs, which are similar to various TE polyproteins. The LTR and partial 3’
internal sequence was obtained from P. sylvestris cDNA.
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Figure 4. P. sylvestris sequence coverage of the putative RE TE283.

RE-like domains were identified in other differentially expressed fragments —
e.g. initially no homology with fragment psTE283 was found in TE databases, but
it had 77% nucleotide similarity to a P. glauca BAC sequence, which also
contained a putative LTR RE. Identification of coding domains was only possible
using similarity to EST databases and ORF detection tools, indicating that this RE
is conifer-specific. The coding domains were able to be PCR amplified from P.
sylvestris ¢cDNA, which were homologous to the P. glauca structure. On the
18/03/2013 a homologous sequence from P. taeda was published -
PtAppalachian 1 (Wegrzyn, Repbase). A full-length homolog (psTE283) was
sequenced from P. sylvestris cDNA isolated from heat-stressed individuals (Figure
4). The putative RE psTE283 is 5796 bp long, containing 615 bp LTRs with 80%
nucleotide identity and 5°-TG/ 3’CA nucleotides at the end of the LTRs. The 5’
LTR contains a uORF, IRES, TATA-motif (5’-AATAATAAATA-3’), as well as a
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P.sylvestris regulatory sequence PtMYB4 5’-ACCACCC-3’ (e-value=0.007) and
four unknown nuclear factors. The 3° LTR contains a polyadenylation motif at
position 391.

The 3° end of the internal sequence of psTE283 contains a polypurine motif
(5°-AAGGGGGGAGGAA-3’). The TSSP software for predicting plant polymerase
II promoter sites only identified a potential promoter on the complementary
sequence at position 5574 in the 3> LTR. Two ORFs were found in the forward
sequence, whose translated amino acid sequences were similar to TE proteins. The
354 aa ORF1 (2644-3709) is similar to a RT/RH domain, and the 302 aa ORF2
(3669-4578) is similar to the int domain (pfam00665). The int domin is located at
the 3’ end, indicating that the psTE283 RE belongs to the Gypsy superfamily.
Interestingly, the psTE283 RT/RH domain resembles the Cereba polyprotein
(TREP99) with 43% identical amino acids and 58% synonymous amino acids. The
B153 chimeric fragment was also with the Cerebra polyprotein. This could
indicate that these transcripts represent one RE family. Also, TE283 is about 77%
similar to the B193 transcript isolated from pine woolly aphid damaged ramets.
The psTE283 sequence is similar to 85 conifer EST sequences in the NCBI
database. The P.taeda PtAppalachian I and P.sylvestris psTE283 internal domains
are 91% similar, and the LTRs are 81-88% similar. Analysis of the
PtAppalachian I sequence from NCBI BAC PT 7Ba2797E03 (AC241290.1),
indicates that the LTRs are 90% similar to each other, which is higher than the
similarity of the P.sylvestris psTE283 LTRs. A continuous 584 aa ORF that
resembles RE polyproteins was identified in the BAC sequence complementary to
PtAppalachian I, and another 375 aa ORF is similar to gag domains. Probably the
P.sylvestris RE psTE283 has lost the ability to autonomously transpose, as it does
not contain a full polyprotein ORF and the identified RE OREF is shorter than the
PtAppalachian. However, a number of copies may retain transcriptional function.

3.7 Genotyping of pine populations growing in differing conditions
A natural pine stand was identified, which could be divided into sub-
populations growing on a hill, on a slope, and in a swamp. Due to its topographic
location, the hill population had been subjected to long-term water deficit in
comparison to the other populations.
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Figure 5. AMOVA utilising SSR marker data (4) and RE marker data (B)
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150 individuals were genotyped using the IRAP technique (Kalendar ef al. 1999),
using 9 markers developed from the previously described experiments (table 1), as
well as with three SSR markers.

Table 1. Primer sequences and genetic diversty parameters of the RE markers.

Accession | Average fragment No. of Number of
. number of | no. per individual polymorphic fixed
Primer

expressed fragments fragments

sequence
IR 1 | JZ389987.1 11.60 £ 1.90 12 4
IR 2 | JZ390004.1 13.72+9.12 28 0
IR 3 | JZ390006.1 8.4+2.56 13 0
IR 4 | JZ390008.1 11.26 + 3.68 19 1
IR 5 | JZ390015.1 13.18 +4.18 19 0
IR 6 | JZ390027.1 22.20+12.86 37 0
IR 7 | JZ390015.1 7.72 +1.99 14 0
IR 8 | JZ389987.1 9.83+1.13 13 3
IR 9 | JZ390027.1 13.07 £ 2.65 19 2

As a result, 184 loci were identified with the IRAP primers and 33 with the
SSR markers. Analysis of molecular variance (AMOVA) did not identify a large
differentiation between the populations (Figure 5), however Principal Coordinates
Analysis (PCoA) of the RE marker data differentiated the hill population from the
other populations (Figure 6), while the SSR data did not indicate such a division
(Figure 7). The first three coordinates explain 56.46% of the IRAP data variation,
and 61.15% of the SSR data variation.
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Figure 6. PCoA of IRAP data from the three sub-populations

The average number of fragments amplified from individuals from each
subpopulation was calculated. Only individuals with high quality genotypes were
utilised, therefore the number of individuals (n) analysed in each population
varied: hill population n=38, slope population n=44 and swamp population n=45.
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Figure 7. PCoA of SSR data from the three sub-populations

Table 2. Statistical analysis of fragment number amplified by RE markers (h — hill,
sl —slope, sw- swamp.

Average Standard | Standard | Differnce Standard | Cooefficient F-
fragmen deviation error in fr. no error of of criteria
t no. "7 | difference | probability
Pop F, P=
. d(Xvh- 0.05,
Xvid ) Sx Xvsl/sw) Sd (h-sl/sw) t>3 df(40)
>1.51
h 116,37 6,80 1,10 - - - -
sl 109,59 6,08 0,92 6,78 1,42 4,77 1,25
SW 107,89 5,40 0,80 8,48 1,34 6,33 1,58

The difference (d) between average values, standard error of difference (Sd)
and probability coefficient (t) were determined (7able 2). The difference in
average fragment number between the hill and slope populations is 6.78+1.42, and
the difference between hill and swamp populations is 8.48+1.34. These differences
were significant (p<0.01). According to the F-criteria, the difference in the average
fragment number amplified in the hill and swamp population is statistically
significant, but not the difference between hill and slope populations (Table 1).
While the variation within populations is high, it can be seen that a higher average
number of fragments is amplified by each marker in the hill population (Figure §).
The number of fragments amplified by some markers (IR 6, IR 4, IR 1) is also
higher in the swamp population. The differences in amplified fragment number
between the hill and swamp are significant for the markers IR 2, IR 7, IR 5 and
IR 6, while differences in amplified fragment number between the hill and slope
are significant only for the marker IR 6 (Figure 9).

63



31,00

26,00 I

21,00 I

16,00 l

11,00 - TT TT

1,00

amplification band number
o
8

%
\

-4,00

| mhill Oslope M swamp |

Figure 8. Average number of fragments amplified by each RE-derived marker

hill - slope
10.00
9,00
8,00
7,00
6,00
5,00
4,00
3,00
2,00 1
1,00 +
0,00 ~

N Vv ] b o} © A ]
\Q./ ,&/ &/ S./ &/ ,&/ \Q,/ %/ &/

B difference Xmean h-Xmean sl B3

hill - swamp

10,00

9,00

8,00
7,00

6,00
5,00

4,00
3,00

2,00
1,00

0,00 -
N v ] b o) © A\
S R O T R O

B § mdifference Xmean h-Xmean sw

Figure 9. Comparison of differences in average number of amplified
fragments per marker with standard deviation (o).
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3.8 Assessment of clonal variation

Nine of the developed IRAP markers

-__ : ‘v were used to assess 26 year old pine
: ramets representing 4 different clones,

growing in two different plantations —
“Dravas” and “Saviena”. The ramets of
one clone were identical according to
SSR marker genotyping. One of the
markers (IR 2) amplified fragments
polymorphic between the ramets of a
single pine clone (Figure 10). Seven
polymorphic fragments were excised, but
only five were successfully cloned, 17
plasmid inserts were sequenced. The
IR 2 primer sequence was identified at
the ends of each sequenced fragment.
Five unique sequences were identified,
three groups of similar sequences and two
individual sequences. One sequence
group and the two individual sequences

A B did not identify any homology in any of

the databases queried. A second sequence

Figure 10. IR _7h (T73, Gypsy-I) group (869 bp) was partially similar to
plymorphism among pine ramets abies  (GenBank  accession  Nb.
(4)- R-J 17, (B)- Ug 6; C-control MA 172979). This group contained 98%
Ja03, NC-negative control. identical sequences derived from two

similarly sized excised polymorphic
fragments from different clones (R-J17-I1 and Ug6). A homologous 5986 bp
retrotransposon sequence was identified in a P.taeda BAC sequence, and which
was designated as Copia-17-PTa-I (submitted to Repbase database). A third
sequence group (507bp) derived from one polymorphic fragment was similar to
Copia-17 PAb-I, spanning the 3’ region of the internal domain and the 5’ region of
the LTR. The internal sequence of Copia-17-PTa-I is 73% similar to Copia-
17 PAb-I, but the element from Picea abies contains a 404 bp deletion in the
reverse transcriptase domain. The LTRs are only partially similar between these
elements; only 231 bp and 79 bp of the LTRs are 70% similar. The LTRs in the
Copia-17-PTa-I element are 947 bp long and are 92% identical to each other. The
conserved plant RE promoter motif 3’-TATATA-5" (Vicient et al. 2005;
Benachenhou e al. 2013) was only identified in the U3 region of the P.sylvestris
LTR region, the polyadenylation motif (3’-AATAAA-5") was identified in the 5’
LTR of Copy-17-PTa-1. The full-length sequence of the Pinus sylvestris RE has
not been determined, and further sequencing is required to elucidate this.

3.9 Gymnosperm phylogenetic analysis with IRAP markers
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DNA from individuals representing 60 different gymnosperm species was
analysed with six IRAP markers. Four Scots pine individuals were also included in
the analysis. A total of 241 fragments were genotyped, on average 38.8 fragments
were amplified from each individual (variation 134.59 and standard deviation
11.6). Species were grouped by genus: Abies (7), Picea (14), Pinus (19) other
Pinales (20) and other gymnosperms (5).
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Figure 11. Number of individuals and polymorphic loci in each gymnosperm
species group.

Each gymnosperm genus was not equally represented, but the number of
polymorphic loci was lower in Thuja (37), compared to other groups of similar
size: Tsuga (58), Taxus (56) and Pseudotsuga (52) (Figure 11). The frequency of
polymorphic fragments in each group relative to the total number of amplified
fragments was calculated (Figure 12).
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Figure 12. Representation frequency of fragments in each gymnosperm group
In groups consisting of more than one species, the average number of
fragments was used. The highest frequency was found in P. sylvestris (19.71), the
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species from which the markers were developed. A similarly high frequency was
found in the related Picea. The lower frequency found in the other Pinus group can
be explained by the inclusion distantly related pine species (P.banksiana,
P.contorta, P.pumila, P.canariensis). The Thuja group also has a low frequency in
addition to a low total number of amplified fragments. Especially low frequencies
were found in the exotic gymnosperms which are not native to the northern
hemisphere (Wollemia nobilis, Zamia integrifolia, Araucaria).

Neighbour joining phylogenetic analysis of the IRAP data grouped Scots pine
samples separately with high bootstrap values (Figure 13). This result was
expected, as other species were represented only with one sample. According to
previous phylogenetic studies of gymnosperms, different genuses of conifers were
similar and were grouped with low bootstrap values. 4bies, Picea and Pinus were
separated from other samples.
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Figure 13. Gymnosperm phylogenetic analysis using pine RE specific
markers. Orange triangle - Strobus, green triangle - Pinus, red triangle — Picea,
blue triangle — Abies, grey triangle - Pinus sylvestris.
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The distribution of identified REs in gymnosperm genomes was analysed by
amplification of internal sequences. psTE283: PCR primers were designed to
amplify the gag-RT domain from the RE psTE283. These amplified the largest
number of fragments of the expected size range from P. sylvestris, as well as from
five other Pinus species, two Picea species, Tsuga, Cedrus and two more distant
taxa Ginkgo biloba and Ceratozamia mexicana. No amplification with these
primers was observed in Pseudotsuga menziesii.

psTE101: PCR primers were designed to amplify part of the 5 LTR and the
gag domain. Amplification was only observed in seven pine species (P.sylvestris,
P.nigra var. banatica, P.latifolia, P.mugo, P. ponderosa, P.canariensis, P.pinea).
A wider size range of fragments was also observed, from 500-1500bp (Figure 14).
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Figure 14. Amplification of the RE psTE10] LTR-gag domain. Expected
fragment length in P. sylvestris is 700bp.

TE121: PCR primers amplifying a 1608bp LTR fragment were designed.
Fragments varying in size from 1.2-2.5 kb were amplified from P.nigra, P.latifolia,
P.nigra var. banatica, P.mugo, P.ponderosa and P.sylvestris. A specific and
intense fragment of the expected size was amplified from Picea rubens, P.peuce,
P.sibirica, P.koraiensis, P.canariensis, P.pinea as wella sfrom the more distant
Gingko biloba and Araucaria heterophilla.

SA07: Two primer pairs amplifying the Copia-18BD-like region as well as
the chloroplast-like region were utilised. The primers targeting the chloroplast-like
region amplified a single, specific fragment from all gymnosperm species. The
primers targeting the Copia-18BD-like region amplified the expected 120bp
product from 15 Pinus species, 10 Picea species, 2 Abies species, one Larix
species and Gingko biloba. A number of polymorphic fragments were only
amplified from Stangeria eriopus.

The putative P. sylvestris TEs ptTE101, ptTE121 and psTE283 were also
present in the genomes of P.nigra, P.latifolia, P.mugo and P.ponderosa. In
contrast, the RE psTE283, identified after heat stress, was found in the genomes of
a much wider range of species, including Cedrus deodara, Ginkgo biloba and
Ceratozamia mexicana. This suggests that it is an older RE that has been
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maintained in Pinus, but lost in Picea. Specific amplification of the psTE283
domain was also not observed in Abies and Larix. The two species with the least
amplification of P. sylvestris REs were Pseudotsuga menziesii var. glauca and
Wollemia nobilis.  Interestingly, according to the utilised markers, the pine
species most distinct from P. sylvestris was P. contorta.

4. DISCUSSION

4.1. Identification of TE-like transcripts

The use of non-specific iPBS markers allows investigation of plant genomes
with a low level of information about RE sequences (Kalendar et al. 2010). This
study investigated stress-responsive transcripts that are associated with REs or are
parts of actively transcribed mobile elements. The iPBS approach utilized in this
study has identified a range of coding polyproteins belonging to known mobile
element families which are transcribed under stress conditions. Contrary to the
type of fragments expected to be amplified from genomic DNA with PBS primers
(Kalendar et al. 2010), only a few differentially expressed transcripts contained
LTR sequences in opposite orientations at both ends. Existence of transcripts
containing LTRs from different RE elements confirms that continuous
transcription can occur within clusters of REs, and that the expected types of
fragments are also amplified. Amplification of genomic DNA with iPBS markers
results in approximately 50-70% of TE-like fragments (Kalendar et al. 2010). The
lower proportion of identified TE-like fragments in this study is due to the lower
representation of these sequences in the transcriptome, as well as the low number
of annotated pine and conifer TE sequences in databases, which are divergent from
angiosperm TEs (Kovach et al. 2010; Nystedt et al. 2013). Some of the
differentially expressed sequences were homologous to RE polyproteins or ORFs
along their entire length, indicating that the PBS primers amplify these domains by
annealing to sequences other than the primer binding sites. Sequence analysis of
the fragment with homology to the DNA transposon EnSpm indicated that the PBS
primer sequences are present in the sequence of the EnSpm ORF, excluding only
the first three 5° base pairs at the end of the primer. The highest proportion of
identified fragments was homologous to TE coding domains, because these regions
are the most conserved TE regions (Wicker et al. 2007). The low number of LTRs
identified in this study is probably due to the fact that LTRs are the most divergent
sequences between RE element families, and therefore many of them will not be
identified by cross-species sequence homology. A recent computational analysis of
RE elements in the poplar genome reveals that homologous RE sequences from
other species could be found in data bases for only 42% of TE elements (Cossu et
al. 2012). In the P. abies genome, only approximately half of the repeat sequences
are homologous to previously described TEs (Nystedt et al. 2013). More
transcripts of the ancient Gypsy superfamily polyproteins were identified in
comparison to Copia type representatives. In silico analysis of the distribution of
plant TE in maize ESTs has revealed that Gypsy superfamily elements are the most
abundant among transcripts, but LTR Copia and CACTA family DNA transposon
transcripts had lower transcription levels (Vincent 2010). Similarly, an abundance
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of Gypsy superfamily transcripts was observed in potato (Yadav and Singh 2013),
triticeae (Echenique et al. 2002) and spruce (Nystedt et al. 2013).

4.2. Stress dependent expression of TE-like sequences

Recently it was reported that RE activation during heat stress increases the
transcriptional response of stress inducible genes by incorporation of additional
RE-derived signals (Ito et al. 2011, Feng et al. 2012), suggesting that mobilization
of active REs could generate novel gene-response networks, and leading to
advantageous phenotypes. It was shown that naturally occurring stress conditions
such as heat stress and insect damage initiate a significant increase of transcription
of iPBS fragments in Scots pine, including expression of TE-like sequences. In
comparison, ABA and SA plant hormone treatment resulted in a lower level of
iPBS fragment expression as well as a lower proportion of identified TE-like
fargments. This could be due to the activation of a wider range of stress responses
by heat and insect attack incontrast to ABA ans SA, which activate specific
response pathways. Abscisic acid (ABA) is one of the main plant hormones
involved in response to water deficit, and it is synthesized in roots and leaves.
ABA receptors are located in the plasma membranes of stomatal guard cells in the
epidermis (Wilkinson and Davies 2002). ABA can be stored in the symplasts, and
not stimulate a reaction from the plant until a water deficit induced change in the
pH of leaves and roots (Wilkinson, Davies 2002). The relatively smaller effect of
ABA on transcription of TE-like sequences could be due to the fact that the pine
ramets were not subjected to water deficit. It has been previously reported that the
strawberry 7y-1 copia RE FaRel transcription is induced by ABA (He et al. 2010).
Additionally, the BARE-1 RE from barley contains ABA response elements, and
water stress may induce an increase in copy number of BARE-1 (Kalendar et al.
2000). In this study, the highest diversity of TE-like transcripts was identified after
heat stress, including sequences with similarity to members of various TE
superfamilies (DNA transposon, non-LTR LINE element, Gypsy and Copia LTR
REs). In the heat stress experiment, we identified several CACTA family DNA
transposon EnSpm-like RNA transcripts. EnSpm-like DNA transposons have been
shown to be active in a broad range of distantly related species including maize
(Peterson 1953; McClintock 1954), wheat (Wicker et al. 2003), sorghum (Chopra
et al. 1999), rice (Jurka 2005) and Poaceae species (Altinkut et al. 2006). The
unexpected identification of EnSpm-like RNA transcripts indicates the possibility
that this DNA transposon is activated in P. sylvestris in response to heat stress.
However, 1solation of a full-length transcript will be required to determine whether
it is functional. No similar transcripts were found between heat stress and response
to plant hormones.This could be a result of activation of different stress-responsive
regions or genes within the pine genome via cis-acting elements and promoters
localized in RE LTRs (Kumar and Bennetzen 1999; Takeda ef al. 1999; Havecker
et al. 2004). In addition, solo LTRs can also regulate gene expression (Butteli et al.
2012). These regulatory sequences are dependent upon various signal molecules,
and therefore can be differentially regulated in differing stress or environmental
conditions (Hirochika 1993; Beguiristain ef al. 2001; Tapia et al. 2005; Ito et al.
2011). In aphid damaged trees, a large abundance of transcripts with similarity to
various domains of the Gypsy Ogre family were identified. Ogre is a large and
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transcriptionally active Gypsy LTR RE described in the genome of Pisum sativum
and found also in other dicots such as Medicago truncatula (Neumann et al. 2003).
However, several transcripts were shared between response to insect damage and
salicylic acid, which is consistent with the known functions of SA. SA is a well
characterized signaling molecule that induces plant defense reactions during
pathogen attack (Malamy et al. 1990; Malamy and Klessig 1992; Klessig et al.
2000; Durrant and Dong 2004). In addition, the elements 7LCI.I (Tapia et al.
2005), Tntl (Grandbastien et al. 1997), OARE-1 from oat (Kimura et al. 2001) are
expressed after SA treatment.

A differential expression pattern of TE-like and other transcripts was
identified for each stress condition. However, comparison of short sequences can
lead to misleading results. TEs have multiple copies in the pine genome, and
conserved regions of different TEs can have high homology to other sequences,
e.g. the chloroplast-like genomic insertions. Additionally, different members of
one TE family can be transcribed in different stress conditions due to
polymorphisms in LTR regulatory sequences (Kumar, Bennetzen 1999; Takeda et
al. 1999; Havecker et al. 2004; Beguiristain ef al. 2001). Homology with database
sequences of coding domains from one TE family may represent various TE
families in pine. For example, transcripts were frequently identified with high
nucleotide homology to various Gypsy Ogre domains, but no specific PCR
amplification of genomic DNA between these domains was observed. Possibly,
these transcripts were derived from different elements and these primers amplified
anonymous genomic regions between the elements. It is also possible that this
element is inactive and it is no longer transcribed in full length. In this case, the
scattered conservative TE regions generate chimeric transcripts, which were
partially identified in this study. However, amplification products with one of the
Ogre-like transcript primers are highly polymorphic; indicating that probably each
of these families is represented in multiple copies in the pine genome.

4.3. Analysis of chimeric transcripts

The largest transcript group identified in P. sylvestris after ABA treatment
was homologous to the Copia-18 BD element from Brachypodium. However, the
Copia-18 BD TE from Brachypodium contains an insertion of a chloroplast
sequence, and the pine transcripts were homologous to this chloroplast region, and
no differentially expressed fragments were homologous to other regions of the
Copia-18 BD TE. The chloroplast sequences are conservative among all plants,
and therefore there is possible that the pine genome does not contain a Copia-
18 BD-like RE and that in addition to retrotransposition, expansion of this
sequence 1s possible by other mechanisms such as insertion of chloroplast
sequences into the nuclear genome. Chloroplast and mitochondrial DNA insertions
into the nuclear genome are common in plants (Lin et al. 1999; Stupar et al. 2001;
Guo et al. 2008; Ueda et al. 2005), and insertion of transposable elements into
chloroplast or mitochondrial genomic insertions may contribute to rearrangement
of these regions (Ueda et al. 2005; Guo et al. 2008). Identification of transcripts
highly similar to chloroplast sequences with variable flanking sequences suggests
that such insertions are also present in the P. sylvestris genome. The identified
chloroplast sequences are either overlapping or are adjacent to each other in the
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chloroplast genome. In addition, this chloroplast-like sequence is highly conserved
within the plant kingdom and in addition to Arabidopsis lyrata (ORF64c), it is also
present in most plastid genomes of green, red and brown algae. Insertion of this
sequence into the nuclear genome can be found in the genomes of legumes
(Glycine max and Medicago truncatula), Populus trichocarpa and Solanaceae
(potato and tomato). In monocots, the rice genome contains at least eight insertions
of this sequence into the nuclear genome, whereas five nuclear genome insertions
are present in Brachypodium distachyon, and in Sorghum bicolor two insertions.
The Cereba-like B153 and SAO07 Copia-18 BD-like transcripts from Pinus
sylvestris could be a result of such insertions. Increased expression of the
chloroplast-like region of the transcript was determined in the aphid and heat stress
conditions but expression was also detected in control samples, whereas the
Cereba RE-like region was also expressed in stressed samples but at significantly
lower levels in comparison to the chloroplast-like region. This result indicates that
in addition to the chloroplast genome locus, there could be several insertions of
this chloroplast region sequence into nuclear DNA, which are associated with
retroelements which can activate transcription of this fragment. The situation with
the SA07 fragment is different, where the RE 3’ non-coding internal sequence was
also homologous to chloroplast sequences. Non-coding DNA between pol and the
3’LTR in some RE elements contains a conservative region with unknown function
(Havecker et al. 2004). The SA07 and B153 fragment chloroplast sequences were
similar to over 1000 plant ESTs, indicating that this chloroplast insertion is found
in a large range of species, and it is transcribed (probably due to RE element
insertions) in stress conditions. EST database searches using the RE-like part of the
B153 sequence results in only one highly similar EST from Pinus banksiana,
demonstrating that this RE family could be transcribed specifically in pine species.
The expression of both transcripts (B153 and SAQ7) increases in aphid damaged
trees and after heat stress, with the SA07 transcript having on average a two-fold
higher expression level.

4.4. Distribution of identified TE-like fragments among gymnosperms

LTR REs are abundant and extremely diverse in eukaryotic genomes (Kumar
and Bennetzen 1999). Evolutionary studies of RE distribution and phylogeny
among different plant species suggest that REs are evolutionally ancient, as
homologous coding domains of RE pairs exists in distinct plant species (Flavell et
al. 1992; Voytas et al. 1992; Xiong and Eickbush 1990). In genomes of
gymnosperms, REs of common origin have also been described (Friesen et al.
2001; Stuart-Rogers and Flavell 2001). Therefore, identification of TE homologues
from grasses and legumes in Scots pine transcripts was not unexpected.
Evolutionary analysis of the Copia superfamily TE in Triticeae, rice and
Arabidopsis genomes reveals that six ancient lineages existed before the
divergence of monocots and dicots (Wicker and Keller 2007). A similar study of
soybean, rice and maize REs revealed seven Copia and five Gypsy evolutionary
lineages (Du et al. 2010). Different lineages share some common features,
furthermore, some RE sequences retain an unexpected degree of conservation at
the DNA level in distinct species and horizontal gene transfer has been suggested
(Wicker and Keller 2007). In this study, transcripts were identified with homology
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to conservative polyprotein sequences belonging to the Copia superfamily
Maximus lineage (Copia-2-TA like fragments B104 and T30), as well as to both the
Angela and Ivana lineages (fragment T12). In addition, transcripts with homology
to the Gypsy superfamily Tat lineage (Ogre-like transcripts), CRM lineage
(Appalachian, fragment B193) and Athila lineage (PIGY-1, fragment B301). The
Maximus, Athila and Tat lineages TEs contain endogeneous retroviral elements
that suggest their ancient origin. Representatives of these lineages are not only
present in the Scots pine genome, but might be also transcriptionally active in
stress conditions.

Three full-length LTR TE-like constructs were identified in P. taeda BAC
sequences (ptTE101, ptTEI121) and P.glauca (psTE283), with homology to
differentially expressed transcripts. Two of these constructs were subsequently
confirmed to be recently described conifer TEs. psTE121 is homologous to P.taeda
PtCumberliand I (Wegrzyn, Repbase), and psTE283 is homologous to
PtAppalachian I (Wegrzyn, Repbase). Structurally, ptTE101 and ptTE121 belong
to the Copia LTR RE superfamily, and psTE283 belongs to the Gypsy superfamily.
PCR amplification of domains from these elements from P. sylvestris genomic
DNA results in a smear of fragments of various sizes, indicating that they are
present in high copy number. A similar range of fragments is amplified from other
pine species, indicating that these elements are also highly represented in the
genomes of other pine species. Amplification of domains from the psTE283
PtAppalachian I-like TE 1is observed even in such distant species such as
Ceratozamia mexicana and Ginkgo biloba as well as the conifers Cedrus deodara
and Tsuga canadensis, but it is not as highly represented in Picea, Abies and Larix.
In contrast, the ptTE101 element is highly repesented in 10 pine species, but no
amplification is observed in two pine species (P.contorta un P.siberica). This
element was also found in Picea rubens and Larix kaemferi. The element ptTE121
is wide-speread in only seven pine species, with only weak amplification from the
other pines. The distribution of these elements in gymnosperm species indicates
that ptTE101 and ptTE121 have undergone a more recent expansion than psTE283.
The uneven distribution of TEs between related species has been reported
previously (Capy et al. 1994; Langdon et al. 2000; Friesen et al. 2001; Du et al.
2010; Kejnovsky et al. 2012).

4.5. Transcriptional and transpositional activity of identified retrotransposons
in P.sylvestris
Relatively short differentially expressed transcripts were analyzed (less than
10 kB), therefore no conclusions regarding the activation of full-length RE
elements in the Scots pine genome can be made. Potentially, degenerate or
truncated transcripts could be expressed, in addition to the chimeric sequences
(Vignols et al. 1995; Betran et al. 2002; Wang et al. 2002; Rebollo et al. 2012).
Analysis of such short fragments can indicate that they are similar to TE regions,
but the origin of them cannot be determined. Conifer genomes are highly syntenic,
and sequencing of the spruce genome has shown that spruce genes can contain
very large introns (Nystedt et al. 2013). Considering that a non-autonomous TE
can be only a few hundred bp long (Kumar, Bennetzen 1999), even the isolation of
a full-length TE from cDNA may not be indicative of specific activation of a TE.
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One full-length LTR element sequence (psTE283) and the functional domains of
two REs (ptTE101 and ptTE121) were sequenced from cDNA obtained from
stressed pine ramets, indicating that these are expressed as full-length REs. REs
can significantly influence gene expression and splicing, even if they are found in
introns (Vignols et al. 1995; Marillonnet, Wessler 1997). Two ORFs were
identified within psTE283, encoding a reverse transcriptase and an integrase
domain. Active REs are characterised by one continuous polyprotein ORF, and
recently transposed REs have identical LTRs (Kumar, Bennetzen 1999). Multiple
copies of REs complicate the isolation of a single locus, therefore the LTRs of a
single element were not able to be compared as multiple copies of the RE are PCR
amplified and these may contain polymorphisms between copies. However, due to
the presence of two ORFs in consensus sequence (rather than one polyprotein
ORF) as well as other features of the transcriptional regulatory motifs, the
psTE283 element has probably lost transpositional activity, while maintaining
expressional activity. The transcripts of the three full-length TEs were identified
after heat stress, but some were found in other stress conditions as well. psTE283
transcripts were also identified after insect infestation and 64 hours after ABA and
SA treatments. ptTE101 transcripts were only found after heat stress. ptTE121
transcripts were found in all stressed and hormone treated samples. Transcription
of TEs is the initial step in transposition, and transpositionally active TEs are not
required to encode functional proteins. There are many examples of transposition
of nonautonomous TEs utilising proteins encoded by other TEs (Berg, Howe 1989;
Flavell et al. 1994; Feschotte et al. 2002; Dewannieux et al. 2003; Kazazian,
2004).

Previous reports on pine REs have not described transcribed and active
elements. Computational analyses of pine BACs have identified some elements
with conserved LTRs that imply recent possible activity of these elements (Kovach
et al. 2010). Analysis of polymorphism between ramets of a single clone identified
RE that potentially could have induced the polymorphism by transposition. The
IRAP marker technique has been used to identify somaclonal variation (Asif,
Othman 2005; Lightbourn et al. 2007; Bairu et al. 2011; Campbell et al. 2011;
Everensel et al. 2011; Bayram et al. 2012). IRAP primers amplify the genomic
region between two sufficiently close elements, and transposition of a RE can
induce amplification of additional fragments (Kalendar ef al. 1999). Sequencing of
the polymorphic fragments identified two groups of sequences with the same
putative LTR Copia element, at one end, which may indicate that the same element
inserted into different loci in different ramets. Further isolation and
characterisation of this element is required to fully elucidate its activity.

Analysis of natural pine populations with non-specific IRAP revealed the
same high degree of diversity as SSR markers. Natural pine stands growing in
long-term differential stress conditions are difficult to identify and accurately
characterise. The selected pine population was of natural origin and grew in
differing topographic conditions that indicate long-standing differences in moisture
conditions. Analysis of the number of amplified IRAP fragments showed a
statistically significant increase in the average fragment number in the population
that grew on the hill compared to the swamp population. Principal coordinates
analysis (PcoA) drew differentiated the hill and swamp populations, while the
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slope population was intermediate between the two. Alleles were equally
represented in all populations, and the difference between the allele frequencies at
each locus did not exceed 0.3. These results are consistent with the detailed wild
barley BARE-1 RE study, where the copy number of this element increased in
populations growing in drought conditions (Kalendar et al. 2000). Changes of the
number of amplification products in relation to geographical origin is also
described in other studies, such as the increased number of amplification in north-
western Aegilops tauschii populations (Saeid et al. 2008). Exact determination of
copy number requires alternative methods; however these results provide an
insight into the relative degree of variation and diversity of natural pine population
determined by TE distribution.

4.6. Phylogenetic analysis of gymosperms using the developed retrotransposon
markers

Phylogenetic relationships of gymnosperms have been studied at the
moleculer level using rbcL (Chase et al. 1993; Hasebe et al. 1992), 18S rRNA
(Chaw et al. 1997), 28S rRNAsequences (Stefanovic et al. 1998), nuclear and
plastid small sub-unit rRNA (Troitsky et al. 1991) and mitochondrial sequences
(Bowe et al. 2000; Ran et al. 2010). Conifers are also highly monophyletic
(Raubeson, Jansen 1992; Bowe et al. 2000; Kan et al. 2007). However, some
phylogenetic relationships have not been elucidated, e.g. the relative ages of some
of the clades (Raubeson, Jansen 1992; Bowe et al. 2000; Donohue, Doyle 2000). It
1s known that Pinus, Picea, Cathaya, Pseudotsuga and Larix are monophyletic, but
Abies, Tsuga, Keteleeria, Nothotsuga and Pseudolarix, but Cedrus forms another
branch (Wang et al. 2000). A study utilising ITS and SSR markers separated Larix
and Pseudotsuga from Pinus, Picea and Cathaya (Kan et al. 2007). In this study,
some of the Larix species clustered with Abies, but not with Pseudotsuga, which
was represented by only one species.

In a more detailed study of 10 Pinus species using 18 nuclear gene sequences,
the genus was sub-divided into Pinus and Strobus. In the sub-genus Pinus,
P.contorta and P.banksiana clustered together in the Contortae division, and
P.sylvestris and P.nigra also formed one cluster (Palmé et al. 2009). In this study,
the Strobus sub-family Cembrae was represented by P.cembra, P.pumila,
P.koraiensis and P.sibirica, which were clustered together using both the specific
TE-like markers. The IRAP marker data also clustered these species, together with
the Strobus species P.strobus and P.peuce.

The specific TE-like marker data only differentiated Pinus, as the markers
were developed from P. sylvestris sequences and the other species were not well
represented. The non-specific IRAP marker data differentiated Picea and Abies,
although the bootstrap values were low. This is largely determined by the non-
specificity and small number of utilised markers. Also, the IRAP markers were
designed using hypothetical LTR sequences that may not reflect the most
widespread pine RE LTR sequences. However, the results show that the use of TE-
derived markers have potential for gymnosperm phylogenetic studies as these
markers analyse the polymorphism of the non-coding part of the genome and may
provide additional information about phylogenetic relationships.
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CONCLUSIONS

1. Using the non-specific iPBS method it is possible to identify retrotransposon
transcripts as well as chimeric transcripts containing parts of retrotransposons
without previous sequence knowledge of species specific transposable
elements.

2. Retrotransposon-like sequences are differentially expressed in Pinus sylvestris
after heat stress, insect damage and treatment with plant hormones.

3. Transcriptionally active retrotransposons in P.sylvestris are weakly similar to
angiosperm retrotransposons. Identification of highly conserved angiosperm
retrotransposon-like sequences does not indicate presence of homologous
retrotransposon elements in the Pinus sylvestris genome.

4. Transcripts homologous to chloroplast sequences were identified (SA07,
ABAO03, ABAO02, B153, SAO1) that are derived from expression of nuclear
insertions of chloroplast sequences. Chloroplast-like sequences are intensively
expressed after pine wooly aphid damage and heat shock. One identified
chimeric transcript B153 contans both chloroplast and retrotransposon-like
sequences.

5. A full length retrotransposon Ps_Appalachian-I (psTE283) was sequenced and
transcripts of this element were identified after heat stress, pine wooly aphid
damage and after treatment with plant hormones (ABA and SA).
Ps_Appalachian-I belong to the LTR Gypsy class of retrotransposons and is
homologous to PtAppalachian I from P.taeda. Ps_Appalachian-I transcripts
are derived from different copies in the complex genome of P.sylvestris. The
hyphothetical polyprotein ORF of this element contains stop codons, which
indicates a limited capacity for transposition. However, the ancient origin of
the Ps Appalachian-I element is confirmed by thedistribution of its internal
domain in distinct species of gymnosperms from Cycadales and Gingkoales.

6. Retrotransposons homologous to LTR Copia ptTE101 and ptTEI121 are
expressed as full-length transcripts in P.sylvestris after heat shock. PtTE121
transcripts were also identified after pine wooly aphid damage and after
salicylic acid treatment. These retrotransposons are of more recent origin as
their distribution in gymnosperms is uneven and they are particularly
widespread in the Pinus genus.

7. Nine P.sylvestris specific IRAP markers were developed, which identified
high genetic diversity in individuals from a natural pine population. These
markers were able to differentiate sub-populations growing in differing
topographic conditions. Differences in the number of amplification fragments
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between sub-populations is significant for the markers IR 2, IR 5, IR 6 and
IR 7.

8. IRAP analysis of somaclonal variation indicates possible recent
transpositional activity a P.sylvestris retrotransposon homologous to the
Copia-17-Pta-I LTR element.

9. The developed IRAP markers, as well as P.sylvestris specific retrotransposon
markers are useful for identifiation of novel phylogenetic relationships in
gymnosperms.

ACKNOWLEDGMENTS

I am grateful to my research supervisor Dr. biol. Dainis Rungis for assistance
in the understanding of the experimental results and valuable advice during the
development and analysis of the work. I express my gratitude to the LSFRI
“Silava” staff and especially to Dr.chem. Ilze Veinberga for support and
encouragement to develop this study, Dr. biol. Agnese Gailite, Mg.math. Anita
Gaile, Dr. silv. Vilnis Skipars and Mg. biol. Viktorija Belévi¢a for their advice and
practical assistance for the experimental work and thesis writing. I am thankful to
the Forest breeding group and especially to Dr. silv. Imants Baumanis for
providing pine clonal material. I am thankful to Dr. silv. Aris Jansons for
discussions about experimental requirements and help in the identification of the
naturalpine stand. Many thanks to Mg. biol. Martin§ Zeps for assistance in
measurement of pine trees. I thank Dr. biol. Nils Rostoks and his team for the fast
and efficient help with cloning and transformation methods, as well as the advice
given during the course of work.

[ thank Dr. Alan Schulman, professor of the University of Helsinki and
Institute of Biotechnology MTT/BI Plant Genomics Lab group leader, and his team
for the encouragement of the development of this work and for consultations about
plant retrotransposons and their analysis. I thank assistant professor Ruslan
Kalendar for permission to use his developed PBS primers prior to publication.

I express my gratitude to Linda Strode, manager of the Department of
dendroflora in the National Botanical Garden and assistant Inese Graudina for help
in identifying and collecting specimens of the conifer species. I thank the staff of
the Botanical Garden of the University of Latvia for assistance in identification and
collection of exotic gymnosperm species.

Years 2009-2012 the research was supported by funding from the European
Social Fund Project “Importance of Genetic Factors in Formation of Forest Stands
with  High  Adaptability and Qualitative = Wood  Properties”  (Nr.
2009/0200/1DP/1.1.1.2.0/09/APIA/VIAA/146).

Es ESF -

77



IZMANTOTAS LITERATURAS SARAKSTS/ REFERENCES

Altinkut A, Raskina O, Nevo E, Belyayev A (2006) En/Spm-like transposons in
Poaceae species: transposase sequence variability and chromosomal distribution. Cell
Mol Biol Lett 11(2):214-30

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local
alignment search tool. J] Mol Biol 215:403—-410

Asif JM, Othman FY (2005) Characterization of fusarium wilt-resistant and
fusarium wilt-susceptible somaclones of banana cultivar rastali (Musa AAB) by random
amplified polymorphic DNA and retrotransposon markers. Plant Molecular Biology
Reporter 23(3): 241-249

Bairu MW, Aremu AO, Staden JV (2011) Somaclonal variation in plants: causes
and detection methods. Plant Growth Regul 63: 147-173

Bayram E, Yilmaz S, Hamat-Mecbur H, Kartal-Alacam G, Gozukirmizi N (2012)
Nikita retrotransposon movements in callus cultures of barley (Hordeum vulgare L.)
POJ 5(3): 211-215

Beguiristain T, Grandbastien MA, Puigdoménech P, Casacuberta JM (2001) Three
Tntl Subfamilies Show Different Stress-Associated Patterns of Expression in Tobacco.
Consequences for Retrotransposon Control and Evolution in Plants. Plant Physiol 127:
212-221

Benachenhou F, Sperber GO, Bongcam-Rudloff E, Andersson G, Boeke JD,
Blomberg J (2013) Conserved structure and inferred evolutionary history of long
terminal repeats (LTRs). Mobile DNA. doi: 10.1186/1759-8753-4-5

Berg DE, Howe MH (1989) Mobile DNA (American Society for Microbiology
Press, Washington, DC).

Betran E, Thornton K, Long M. (2002) Retroposed new genes out of the X in
Drosophila. Genome Res 12: 1854-1859.

Birnboim HC, Doly J (1979) A rapid alkaline extraction procedure for screening
recombinant plasmid DNA. Nucleic Acids Res 7(6): 1513-1523

Boeke JD, Eickbush T, Sandmeyer SB, and Voytas DF (2006) Index of Viruses —
Pseudoviridae. ICTVdB - The Universal Virus Database, version 4. Biichen-Osmond, C
(Ed), Columbia University, New York, USA.

Boerkoel CF, Kung HJ (1992) Transcriptional interaction between retroviral long
terminal repeats (LTRs): mechanism of 5' LTR suppression and 3' LTR promoter
activation of c-myc in avian B-cell lymphomas. J Virol 66(8): 4814-23

Bowe LM, Coat G, dePamphilis CW (2000) Phylogeny of seed plants based on all
three genomic compartments: extant gymnosperms are monophyletic and Gnetales'
closest relatives are conifers. Proc Natl Acad Sci USA 97(8): 4092-4097

Brandes A, Heslop-Harrison JS, Kamm A, Kubis S, Doudrick RL, Schmidt T
(1997) Comparative analysis of the chromosomal and genomic organization of 7yI-
copia-like retrotransposons in pteridophytes, gymnosperms and angiosperms. Plant Mol
Biol 33(1): 11-21

Brunner S, Fengler K, Morgante M, Tingey S, Rafalski A (2005) Evolution of
DNA sequence nonhomologies among maize inbreds. Plant Cell 17: 343-360

78



Butelli E, Licciardello C, Zhang Y, Liu J, Mackay S, Bailey P, Reforgiato-
Recupero G, Martin C (2012) Retrotransposons Control Fruit-Specific, Cold-Dependent
Accumulation of Anthocyanins in Blood Oranges. Plant Cell 24:1242—-1255

Campbell BC, LeMare S, Piperidis G, Godwin ID (2011) IRAP, a retrotransposon-
based marker system for the detection of somaclonal variation in barley. Mol Breeding
27:193-206

Capy P (2005) Classification and nomenclature of retrotransposable elements.
Cytogenet Genome Res 110(1-4):457-461

Capy P, Anxolabéhére D, Langin T (1994) The strange phylogenies of
transposable elements: are horizontal transfers the only explantation? Trends Genet 10:
7-12

Chase MW, Soltis DE, Olmstead RG et al. (1993) DNA sequence phylogenetics of
seed plants: an analysis of nucleotide sequences from the plastid gene rbcL. Ann MO
Bot Gard 80: 528-580

Chaw SM, Zharkikh A, Sung HM, Lau TC, Li WH (1997) Molecular phylogeny of
extant gymnosperms and seed plant evolution: analysis of nuclear 18S rRNA sequences.
Mol Biol Evol 14(1): 56-68

Chopra S, Brendel V, Zhang J, Axtell JD, Peterson T (1999) Molecular
characterization of a mutable pigmentation phenotype and isolation of the first active
transposable element from Sorghum bicolor. Proc Natl Acad Sci USA 96:15330-15335

Cossu RM, Buti M, Giordani T, Natali L, Cavallini A (2012) A computational
study of the dynamics of LTR Retrotransposons in the Populus trichocarpa genome.
Tree Genet Genomes 8(1):61-75

Curcio M., Derbyshire, K. (2003). The outs and ins of transposition: from mu to
kangaroo. Nature Rev. Mol. Cell Biol. 4: 865-877

Dewannieux M, Esnault C, Heidmann T (2003) LINE-mediated retrotransposition
of marked Alu sequences. Nat Genet 35(1):41-8

Donoghue MJ, Doyle JA (2000) Seed Plant Phylogeny: Demise of the Anthophyte
Hypothesis. Curr Biol 10(3): R106-R109

Doolittle WF, Sapienza C (1980) Selfish genes, the phenotype paradigm and
genome evolution. Nature 284: 601-603

Du J, Tian Z, Hans CS, Laten HM, Cannon SB, Jackson SA, Shoemaker RC, Ma J
(2010) Evolutionary conservation, diversity and specificity of LTR-retrotransposons in
flowering plants: insights from genome-wide analysis and multi-specific comparison.
Plant J. 63(4): 584-598

Durrant WE, Dong X (2004) Systemic Acquired Resistance. Annu Rev
Phytopathol 42:185-209

Echenique V, Stamova B, Wolters P, Lazo G, Carollo VL, Dubcovsky J (2002)
Frequencies of Tyl-copia and Ty3-gypsy retroelements within the Triticeae EST
databases. Theor Appl Genet 104:840—-844

Emerson JJ, Kaessmann H, Betran E, Long M (2004) Extensive gene traffic on the
mammalian X chromosome. Science 303: 537-540

Feng G, Leem Y, Levin HL (2012) Transposon integration enhances expression of
stress response genes. Nucleic Acids Res. doi: 10.1093/nar/gks1185

Feschotte C, Jiang N, Wessler SR (2002) Plant transposable elements: where
genetics meets genomics.Nature Reviews Genetics 3: 329-341

79


http://www.ncbi.nlm.nih.gov/pubmed?term=Capy%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16093698
http://www.ncbi.nlm.nih.gov/pubmed?term=%28Capy%5BAuthor%20-%20First%5D%29%20AND%20%28%222005%22%5BDate%20-%20Publication%5D%20%3A%20%222005%22%5BDate%20-%20Publication%5D%29

Finnegan DJ (1989) Eukaryotic transposable elements and genome evolution.
Trends Genet 5: 103—107

Finnegan EJ, Genger RK, Peacock WIJ, Dennis ES (1998) DNA Methylation in
plants. Annu Rev Plant Physiol Plant Mol Biol 49:223-247

Flavell AJ, Dunbar E, Anderson R, Pearce SR, Hartley R, Kumar A (1992) TyI-
copia group Retrotransposons are ubiquitous and heterogeneous in higher plants.
Nucleic Acids Res 20:3639-3644

Flavell AJ, Pearce SR, Kumar A (1994) Plant transposable elements and the
genome. Curr Opin Genet Dev 4: 838—844

Friesen N, Brandes A, Heslop-Harrison JS (2001) Diversity, Origin and
Distribution of Retrotransposons (gypsy and copia) in Conifers. Mol Biol Evol 18(7):
1176-1188

Gabriel A, Mules EH (1999) Fidelity of Retrotransposon Replication. Ann N Y
Acad Sci 18: 108-118

Gama Sosa MA, Rosas DH, DeGasperi R, Morita E, Hutchison MR, Ruprecht RM
(1994) Negative regulation of the 5' long terminal repeat (LTR) by the 3' LTR in the
murine proviral genome. J Virol 68(4): 2662-2670

Gao D, Chen J, Chen M, Meyers BC, Jackson S (2012) A Highly Conserved,
Small LTR Retrotransposon that Preferentially Targets Genes in Grass Genomes. PloS
one doi:10.1371/journal.pone.0032010

Grandbastien MA, Audeon C, Casacuberta JM, Grappin P, Lucas H, Moreau C,
Pouteau S (1994) Functional analysis of the tobacco Tntl retrotransposon. Genetica
93(1-3): 181-189

Grandbastien M-A, Lucas H, Morel JB, Corinne MC, Vernhettes S, Casacuberta
JIM (1997) The expression of the tobacco 7ntl Retrotransposon is linked to plant
defense responses. Genetica 100:241-252

Grandbastien MA, Spielmann A, Caboche M (1989) Tntl, a mobile retroviral-like
transposable element of tobacco isolated by plant cell genetics. Nature 337: 376 — 380

Guo X, Ruan S, Hu W, Cai D, Fan L (2008) Chloroplast DNA insertions into the
nuclear genome of rice: the genes, sites and ages of insertion involved. Funct Integr
Genomics. doi:10.1007/s10142-007-0067-2

Hasebe M., Kofuji R, Ito M, Kato M, Iwatsuki K, Ueda K (1992) Phylogeny of
gymnosperms inferred from rbcLL gene sequences. Bot Mag Tokyo 105: 673-679

Hashida S, Kitamura K, Mikami T, Kishima Y (2003) Temperature shift
coordinately changes the activity and the methylation state of transposon 7am3 in
Antirrthinum majus. Plant Physiol 132(3):1207-1216

Havecker ER, Gao X, Voytas DF (2004) The diversity of LTR retrotransposons.
Genome Biology. doi:10.1186/gb-2004-5-6-225

Hawkins JS, Kim H, Nason JD, Wing RA, Wendel JF (2006) Differential lineage-
specific amplification of transposable elements is responsible for genome size variation
in Gossypium. Genome Res16: 1252-1261

Hawkins JS, Proulx SR, Rapp RA, Wendel JF (2009) Rapid DNA loss as a
counterbalance to genome expansion through retrotransposon proliferation in plants.
Proc Natl Acad Sci USA 106(42): 17811-17816

He P, Ma Y, Zhao G, Dai H, Li H, Chang L, Zhang Z (2010) FaREIl: a
transcriptionally active Tyl-copia Retrotransposon in strawberry. J Plant Res
123(5):707-714

80



Hirochika H (1993) Activation of tobacco Retrotransposons during tissue culture.
EMBO J 12(6):2521-2528

Inoue H, Nojima H, Okayama H (1990) High efficiency transformation of
Escherichia coli with plasmids. Gene 96:23-28

Ito H, Gaubert H, Bucher E, Mirouze M, Vaillant I, Paszkowski J (2011) An
siRNA pathway prevents transgenerational retrotransposition in plants subjected to
stress. Nature 472:115-118

Jin YK, Bennetzen JL (1994) Integration and nonrandom mutation of a plasma
membrane proton ATPase gene fragment within the Bs/ retroelement of maize. Plant
Cell. 6(8): 1177-1186

Johns MA, Mottinger J, Freeling MA (1985) A low copy number, copia-like
transposon in maize. EMBO J. 4, 1093 — 1102

Jurka J (2005) OSHOOTER: EnSpm-type DNA transposon from rice. Repbase
Reports 5(8):205-205

Kalendar R, Antonius K, Smykal P, Schulman AH (2010) iPBS: a universal
method for DNA fingerprinting and Retrotransposon isolation. Theor Appl Genet.
do1:10.1007/s00122-010-1398-2

Kalendar R, Grob T, Regina M, Suoniemi A, Schulman A (1999) IRAP and
REMAP: two new retrotransposon-based DNA fingerprinting techniques. Theor Appl
Genet 98: 704711

Kalendar R, Tanskanen J, Immonen S, Nevo E, Schulman AH (2000) Genome
evolution of wild barley (Hordeum spontaneum) by BARE-1 Retrotransposon dynamics
in response to sharp microclimatic divergence. Proc Natl Acad Sci USA 97(12):6603-
6607

Kalendar R, Tanskanen JA, Chang W, Antonius K, Sela H, Peleg P, Schulman AH
(2008) Cassandra Retrotransposons carry independently transcribed 5S RNA. Proc Natl
Acad Sci USA 105:5833-5838

Kamm A, Doudric RL, Heslop-Harrison JS, Schmidt T (1996) The genomic and
physical organization of 7y/-copia-like sequences as a component of large genomes in
Pinus elliottii var. elliottii and other gymnosperms. Proc Natl Acad Sci USA 93: 2708-
2713

Kan XZ, Wang SS, Ding X, Wang XQ (2007) Structural evolution of ntDNA ITS
in Pinaceae and its phylogenetic implications. Mol Phylogen Evol 44(2): 765-777

Kashkush K, Feldman M, Levy AA (2003) Transcriptional activation of
retrotransposons alters the expression of adjacent genes in wheat. Nat Genet 33(1): 102-
106.

Kato H, Sriprasertsak P, Seki H, Ichinose Y, Shiraishi T, Yamada T (1999)
Functional Analysis of Retrotransposons in Pea. Plant Cell Physiol 40(9): 933-41

Kazazian Jr HH (2004) Mobile elements: Drivers of genome evolution. Science
303: 1626—-1632

Kazazian Jr HH (2011) Mobile DNA finding treasure in junk. Pearson Education
Inc. ISBN-10: 0-13-707062-4

Kejnovsky E, Hawkins JS, Feschotte C (2012) Plant Transposons and Genome
Dynamics in Evolution. Ed. Fedoroff NV, Wiley-Blackwell, US

Kidwell MG, Lisch DR (2001) Perspective: transposable elements, parasitic DNA,
and genome evolution. Evolution 55(1): 1-24

81



Kimura Y, Tosa Y, Shimada S, Sogo R, Kusaba M, Sunaga T, Betsuyaku S, Eto Y,
Nakayashiki H, Mayama S (2001) OARE-1, a Tyl-copia Retrotransposon in Oat
Activated by Abiotic and Biotic Stresses. Plant Cell Physiol 42 (12):1345-1354

Klaver B, Berkhout B (1994) Comparison of 5' and 3' long terminal repeat
promoter function in human immunodeficiency virus. J Virol 68(6): 3830-3840

Klessig DF, Durner J, Noad R, Navarre DA, Wendehenne D, Kumar D, Zhou JM,
Shah J, Zhang S, Kachroo P, Trifa Y, Pontier D, Lam E, Silva H (2000) Nitric oxide
and salicylic acid signaling in plant defense. Proc Natl Acad Sci U S A 97(16): 8849-
8855

Kobayashi S, Goto-Yamamoto N, Hirochika H (2004) Retrotransposon-Induced
Mutations in Grape Skin Color. Science 304:982

Kohany O, Gentles AJ, Hankus L, Jurka J (2006) Annotation, submission and
screening of repetitive elements in Repbase: RepbaseSubmitter and Censor. BMC
Bioinformatics. doi:10.1186/1471-2105-7-474

Komatsu M, Shimamoto K, Kyozuka J (2003) Two-Step Regulation and
Continuous Retrotransposition of the Rice LINE-Type Retrotransposon Karma. Plant
Cell 15:1934-1944

Kossack DS, Kinlaw CS (1999) IFG, a gypsy-like retrotransposon in Pinus
(Pinaceae), has an extensive history in pines. Plant Mol Biol 39: 417-426

Kovach A, Wegrzyn JL, Parra G, Holt C, Bruening GE, Loopstra CA, Hartigan J,
Yandell M, Langley CH, Korf I, Neale DB (2010) The Pinus taeda genome is
characterized by diverse and highly diverged repetitive sequences. BMC Genomics. doi:
10.1186/1471-2164-11-420

Kumar A, Bennetzen JL (1999) Plant Retrotransposons. Annu Rev Genet 33: 479-
532

Kumekawa N, Ohtsubo H, Horiuchi T, Ohtsubo E (1999) Identification and
characterization of novel retrotransposons of the gypsy type in rice. Mol Gen Genet 260:
593-602

L’Homme Y, Seguin A, Tremblay FM (2000) Different classes of retrotransposons
in coniferous spruce species.Genome 43: 1084-1089

Langdon T, Seago C, Mende M, Leggett M, Thomas H, Forster JW, Jones RN,
Jenkins G (2000) Retrotransposon evolution in diverse plant genomes. Genetics 156(1):
313-325

Lightbourn GJ, Jelesko JG, Veilleux RE (2007) Retrotransposon-based markers
from potato monoploids used in somatic hybridization. Genome 50(5): 492-501

Lin X, Kaul S, Rounsley S, Shea TP, Benito MI, Town CD, Fujii CY, Mason T,
Bowman CL, Barnstead M, Feldblyum TV, Buell CR, Ketchum KA, Lee J, Ronning
CM, Koo HL, Moffat KS, Cronin LA, Shen M, Pai G, Van Aken S, Umayam L, Tallon
LJ, Gill JE, Adams MD, Carrera AJ, Creasy TH, Goodman HM, Somerville CR,
Copenhaver GP, Preuss D, Nierman WC, White O, Eisen JA, Salzberg SL, Fraser CM,
Venter JC. (1999) Sequence and analysis of chromosome 2 of the plant Arabidopsis
thaliana. Nature 402(6763):761-768

Llorens C, Futami R, Covelli L, Dominguez-Escriba L, Viu JM, Tamarit D,
Aguilar-Rodriguez J, Vicente-Ripolles M, Fuster G, Bernet GP, Maumus F, Munoz-
Pomer A, Sempere JM, LaTorre A, Moya A (2011) The Gypsy Database (GyDB) of
mobile genetic elements: release 2.0 Nucleic Acids Res. doi:10.1093/nar/gkq1061

82



Lorenz R, Bernhart SH, Siederdissen HC, Tafer H, Flamm C, Stadler PF, Hofacker
IL (2011) ViennaRNA Package 2.0. Algorithms Mol Biol. doi: 10.1186/1748-7188-6-
26

Madlung A, Comai L (2004) The Effect of Stress on Genome Regulation and
Structure. Annals of Botany 94: 481-495

Mak J, Kleiman L (1997) Primer tRNAs for reverse transcription. J Virol 71(11):
8087-8095

Malamy J, Carr JP, Klessig DF, Raskin I (1990) Salicylic acid: A likely
endogenous signal in the resistance response of tobacco to viral infection. Science
250:1002—-1004

Malamy J, Klessig DF (1992) Salicylic acid and plant disease resistance. Plant J
2(5):643-654

Marillonnet S, Wessler SR (1997) Retrotransposon insertion into the maize waxy
gene results in tissue-specific RNA processing. Plant Cell 9: 967 — 978

Mattick JS, Makunin IV (2006) Non-coding RNA. Hum Mol Genet 15:17-29

May BP, Lippman ZB, Fang Y, Spector DL, Martienssen RA (2005) Differential
regulation of strand-specific transcripts from Arabidopsis centromeric satellite repeats.
PLoS Genet. doi: 10.1371/journal.pgen.0010079

McClintock B (1954) Mutations in maize and chromosomal aberrations in
Neurospora. Carnegie [ Wash 53:254-261

McClintock B (1984) The significance of responses of the genome to challenge.
Science 226:792-801

Melayah D, Bonnivard E, Chalhoub B, Audeon C, Grandbastien M (2001) The
mobility of the tobacco T7ntl/ Retrotransposon correlates with its transcriptional
activation by fungal factors. Plant J 28(2):159-168

Mieczkowski PA, Lemoine FJ, Petes TD (2006) Recombination between
retrotransposons as a source of chromosome rearrangements in the yeast Saccharomyces
cerevisiae. DNA repair 5: 1010-1020

Miguel C, Simoes M, Oliveira MM, Rocheta M (2008) Envelope-like
retrotransposons in the plant kingdom: evidence of their presence in Gymmnosperms
(Pinus pinaster). J Mol Evol 67: 517-525

Morgante M, De Paoli E, Radovic S (2007) Transposable elements and the plant
pan-genomes. Curr Opin Plant Biol 10:149-155

Morse AM, Peterson DG, Islam-Faridi MN, Smith KE, Magbanua Z, Garcia SA,
Kubisiak TL, Amerson HV, Carlson JE, Nelson CD, Davis JM (2009) Evolution of
Genome Size and Complexity in Pinus. PLOSone. doi:10.1371/journal.pone.0004332

Mourier T, and Willerslev E (2009) Retrotransposons and non-protein coding
RNAs. Brief Funct Genomic Proteomic 8(6):493-501

Murray BG (1998) Nuclear DNA Amounts in Gymnosperms. Ann Bot 82:3-15

Murray BG (2005) When does Intraspecific C-value Variation become
Taxonomically Significant? Ann Bot 95: 119-125

Neumann P, Koblizkova A, Navratilova A, Macas J (2006) Significant expansion
of Vicia pannonica genome size mediated by amplification of a single type of giant
retroelement. Genetics 173:1047-1056

Neumann P, Pozarkova D, Macas J (2003) Highly abundant pea LTR
Retrotransposon Ogre is constitutively transcribed and partially spliced. Plant Mol Biol
53(3):399-410

83



Neumann P, Yan H, Jiang J (2007) The centromeric retrotransposons of rice are
transcribed and differentially processed by RNA interference. Genetics 176: 749-761

Nevo E (2001) Evolution of genome—phenome diversity under environmental
stress. Proc Natl Acad Sci USA 98(11): 6233-6240

Nystedt B, Street NR, Wetterbom A, Zuccolo A, Lin YC, Scofield DG, Vezzi F,
Delhomme N, Giacomello S, Alexeyenko A, Vicedomini R, Sahlin K, Sherwood E,
Elfstrand M, Gramzow L, Holmberg K, Hallman J, Keech O, Klasson L, Koriabine M,
Kucukoglu M, Killer M, Luthman J, Lysholm F, Niittyld T, Olson A, Rilakovic N,
Ritland C, Rossello JA, Sena J, Svensson T, Talavera-Lopez C, Theilen G, Tuominen
H, Vanneste K, Wu ZQ, Zhang B, Zerbe P, Arvestad L, Bhalerao R, Bohlmann J,
Bousquet J, Garcia Gil R, Hvidsten TR, de Jong P, MacKay J, Morgante M, Ritland K,
Sundberg B, Thompson SL, Van de Peer Y, Andersson B, Nilsson O, Ingvarsson PK,
Lundeberg J, Jansson S (2013) The Norway spruce genome sequence and conifer
genome evolution. Nature. doi:10.1038/nature12211

Orgel LE, Crick FHC (1980) Selfish DNA—the ultimate parasite. Nature 284:
604—-607

Palmé AE, Pyhéjarvi T, Wachowiak W, Savolainen O (2009) Selection on nuclear
genes in a Pinus phylogeny. Mol Biol Evol 26(4): 893-905

Panstruga R, Biischges R, Piffanelli P, Schulze-Lefert P (1998) A contiguous 60
kb genomic stretch from barley reveals molecular evidence for gene islands in a
monocot genome. Nucleic Acids Res 26(4): 1056-1062

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. Population
genetic software for teaching and research. Molecular Ecology Notes 6: 288-295

Peterson PA (1953) A mutable pale green locus in maize. Genetics 38:682-683

Piegu B, Guyot R, Picault N, Roulin A, Sanyal A, Kim H, Collura K, Brar DS,
Jackson S, Wing RA, Panaud O. (2006) Doubling genome size without
polyploidization: dynamics of retrotranspositiondriven genomic expansions in Oryza
australiensis, a wild relative of rice. Genome Res 16: 1262-1269

Piriyapongsa J, Marino-Ramirez L, Jordan IK (2007) Origin and Evolution of
Human microRNAs From Transposable Elements. Genetics 176:1323—1337

Ponting CP, Oliver PL, Reik W (2009) Evolution and Functions of Long
Noncoding RNAs. Cell 136:629-641

Pouteau S, Huttner E, Grandbastien MA, Caboche M (1991) Specific expression of
the tobacco Tntl retrotransposon in protoplasts. EMBO J 10(7): 1911-1918

Preston BD (1996). Error-prone retrotransposition: rime of the ancient mutators.
Proc Natl Acad Sci USA 93: 7427-7431

Ramallo E, Kalendar R, Schulman AH, Martinez-Izquierdo JA (2008) Remel, a
Copia retrotransposon in melon, is transcriptionally induced by UV light. Plant Mol
Biol 66(1-2): 137-150

Ran JH, Gao H, Wang XQ (2010) Fast evolution of the retroprocessed
mitochondrial 7ps3 gene in Conifer Il and further evidence for the phylogeny of
gymnosperms. Mol Phylogenet Evol 54(1): 136-149

Raubeson LA, Jansen RK (1992) A rare chloroplast DNA structural mutation is
shared by all conifers. Biochem Sys. Evol 20: 17-24

Rebollo R, Romanish MT, Mager DL (2012) Transposable Elements: An
Abundant and Natural Source of Regulatory Sequences for Host Genes. Annu Rev
Genet 46:21-42

84



Rocheta M, Carvalho L, Viegas W, Morais-Cecilio L (2012) Corky, a gypsy-like
Retrotransposon is differentially transcribed in Quercus suber tissues. BMC Res Notes.
doi:10.1186/1756-0500-5-432

Rocheta M, Cordeiro J, Oliveira M, Miguel C (2007) PpRTI: the first complete
gypsy-like retrotransposon isolated in Pinus pinaster. Planta 225: 551-562.

Rostoks N, Park Y-J, Ramakrishna W, Ma J, Druka A, et al. (2002) Genomic
sequencing reveals gene content, genomic organization, and recombination relationships
in barley. Functional &Integrative Genomics 2: 51-59

Sabot F, Schulman AH (2006) Parasitism and the retrotransposon life cycle in
plants: a hitchhiker’s guide to the genome. Heredity 97: 381-388

Sabot F, Schulman AH (2007) Template switching can create complex LTR
retrotransposon insertions in Triticeae genomes. BMC Genomics. doi:10.1186/1471-
2164-8-247

Saeidi H, Rahiminejad MR, Heslop-Harrison JS (2008) Retroelement insertional
polymorphisms, diversity and phylogeography within diploid, D-genome Aegilops
tauschii (Triticeae, Poaceae) sub-taxa in Iran. Ann Bot 101(6): 855-861

SanMiguel P, Tikhonov A, Jin YK, Motchoulskaia N, Zakharov D, Melake-Berhan
A, Springer PS, Edwards KJ, Lee M, Avramova Z, Bennetzen JL (1996) Nested
retrotransposons in the intergenic regions of the maize genome. Science 274: 737-738

Sayah DM, Sokolskaja E, Berthoux L, Luban J (2004) Cyclophilin A
retrotransposition into TRIMS explains owl monkey resistance to HIV-1. Nature 430:
569-573

Schliiter PM, Harris SA (2006) Analysis of multilocus fingerprinting data sets
containing missing data. Mol Ecol Notes 6: 569-572

Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative C (T) method. Nat Protoc 3:1101-1108

Shirasu K, Schulman AH, Lahaye T, Schulze-Lefert P (2000) A contiguous 66-kb
barley DNA sequence provides evidence for reversible genome expansion. Genome Res
10(7):908-15

Stupar RM, Lilly JW, Town CD, Cheng Z, Kaul S, Buell CR, Jiang J (2001)
Complex mtDNA constitutes an approximate 620-kb insertion on Arabidopsis thaliana
chromosome 2: implication of potential sequencing errors caused by large-unit repeats.
Proc Natl Acad Sci USA 98:5099-5103

Suoniemi A, Narvanto A, Schulman AH (1996) The BARE-I retrotransposon is
transcribed in barley from an LTR promoter active in transient assays. Plant Mol Biol
31:295-306

Takano M, Kanegae H, Shinomura T, Miyao A, Hirochika H, Furuya M (2001)
Isolation and characterization of rice phytochrome A mutants. Plant Cell 13: 521 — 534.

Takeda S, Sugimoto K, Otsuki H, Hirochika H (1999) A 13-bp cis-regulatory
element in the LTR promoter of the tobacco Retrotransposon 7tol is involved in
responsiveness to tissue culture, wounding, methyl jasmonate and fungal elicitors. Plant
J 18(4):383-393

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGAS:
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary
Distance, and Maximum Parsimony Method. Molecular Biology and Evolution 28:
2731-2739

85



Tapia G, Verdugo I, Yaniez M, Ahumada I, Theoduloz C, Cordero C, Poblete F,
Gonzalez E, Ruiz-Lara S (2005) Involvement of Ethylene in Stress-Induced Expression
of the TLC1.1 Retrotransposon from Lycopersicon chilense Dun. Plant Physiol 138(4):
2075-2086

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res
22(22):4673-4680

Topp CN, Zhong CX, Dawe RK (2004) Centromere-encoded RNAs are integral
components of the maize kinetochore. Proc Natl Acad Sci USA 101: 15986—-15991

Troitsky AV, Melekhovets YuF, Rakhimova GM, Bobrova VK, Valiejo-Roman
KM, Antonov AS. (1991) Angiosperm origin and early stages of seed plant
evolutiondeduced from rRNA sequence comparison. J Mol Evol 32: 255-261

Turcich MP, Bokhari-Riza A, Hamilton DA, He C, Messier W, Stewart CB,
Mascarenhas JP (1996) PREM-2, a copia-type retroelement in maize is expressed
preferentially in early microspores. Sex Plant Reprod 9: 65-74

Ueda M, Tsutsumi N, Kadowaki K (2005) Translocation of a 190-kb mitochondrial
fragment into rice chromosome 12 followed by the integration of four Retrotransposons.
Int J Biol Sci 1(3): 110-113

Varagona MJ, Purugganan M, Wessler SR (1992) Alternative splicing induced by
insertion of retrotransposons into the maize waxy gene. Plant Cell 4: 811 — 820

Vernhettes S, Grandbastien M-A, Casacuberta JM (1998) The evolutionary
analysis of the 7Tntl Retrotransposon in Nicotiana species reveals the high variability of
its regulatory sequences. Mol Biol Evol 15:827-836

Vicient CM (2010) Transcriptional activity of transposable elements in maize.
BMC Genomics. doi:10.1186/1471-2164-11-601

Vicient CM, Kalendar R, Schulman AH (2005) Variability, recombination and
mosaic evolution of the barley BARE-1 retrotransposon. J Mol Evol 61: 275-291

Vicient CM, Suoniemi A, Anamthawat-Jonsson K, Tanskanen J, Beharav A, Nevo
E, Schulman AH (1999) Retrotransposon BARE-1 and Its Role in Genome Evolution in
the Genus Hordeum. Plant Cell 11(9): 1769-1784

Vignols F, Rigau J, Torres MA, Capellades M, Puigdomenech P (1995) The brown
midrib3 (bm3) mutation in maize occurs in the gene encoding caffeic acid O-
methyltransferase. Plant Cell 7: 407 — 416

Voronova A, Jansons A, Rungis D (2011) Expression of retrotransposon-like
sequences in Scots pine (Pinus sylvestris) in response to heat stress. Enviromental and
Experimental Biology 9: 121-127

Voytas D F, Cummings MP, Konieczny A, Ausubel FM, Rodermel SR (1992)
Copia-like Retrotransposons are ubiquitous among plants. Proc Natl Acad Sci USA
89:7124-7128

Wang W, Brunet FG, Nevo E, Long M (2002) Origin of sphinx, a young chimeric
RNA gene in Drosophila melanogaster. Proc Natl Acad Sci USA 99: 44484453

Wang W, Zheng H, Fan C, Li J, Shi J, Cai Z, Zhang G, Liu D, Zhang J, Vang S,
Lu Z, Wong GK, Long M, Wang J (2006) High rate of chimeric gene origination by
retroposition in plant genomes. Plant Cell 18(8): 1791-1802

Wang XQ, Tank DC, Sang T (2000) Phylogeny and divergence times in Pinaceae:
evidence from three genomes Mol Biol Evol 17: 773—-781

86



Wessler S (2001) Plant Transposable Elements. A Hard Act to Follow. Plant
Physiology 125: 149—-151

Wessler SR (1996) Plant Retrotransposons: Turned on by stress. Curr Biol 6 (8):
959-961

Wicker T, Guyot R, Yahiaoui N, Keller B (2003) CACTA Transposons in
Triticeae. A Diverse Family of High-Copy Repetitive Elements. Plant Physiol 132:52—
63

Wicker T, Keller B (2007) Genome-wide comparative analysis of copia
retrotransposons in Triticeae, rice, and Arabidopsis reveals conserved ancient
evolutionary lineages and distinct dynamics of individual copia families. Genome Res
17(7):1072—-1081

Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell A,
Leroy P, Morgante M, Panaud O, Paux E, SanMiguel P, Schulman AH (2007) A unified
classification system for eukaryotic transposable elements. Nat Rev Genet 8(12): 973-
982

Wilkinson S, Davies W (2002) ABA-based chemical signaling: the co-ordination
of responses to stress in plants. Plant Cell Environ 25:195-210

Xiong Y, Eickbush TH (1990) Origin and evolution of retroelements based upon
their reverse transcriptase sequences. EMBO J 9:3353-3362

Yadav CB, Singh HN (2013) In-Silico Identification of LTR type
Retrotransposons and Their Transcriptional Activities in Solanum Tuberosum. 1JSCE
3(1):160-164

Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden T (2012) Primer-
BLAST: A tool to design target-specific primers for polymerase chain reaction. BMC
Bioinformatics. doi:10.1186/1471-2105-13-134

Zhang J, Dean AM, Brunet F, Long M (2004) Evolving protein functional
diversity in new genes of Drosophila. Proc Natl Acad Sci USA 101:16246-16250

Zhang R, Zhang L, Yu W (2012) Genome-wide expression of non-coding RNA
and global chromatin modification. Acta Biochim Biophys Sin 44(1): 40-47

Zhang Y, Wu Y, Liu Y, Han B (2005) Computational identification of 69
retroposons in Arabidopsis. Plant Physiol. 138: 935-948

87



