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DARBA APROBACIJA
APPROBATION OF RESEARCH RESULTS

Promocijas darba rezultati prezentéti 3 starptautiskas un 4 nacionala Itmena
zinatniskajas konferences /

Results of research included in the doctoral thesis have been presented at 3
international and 4 national level scientific conferences:

1.

Latvijas Universitates 67. konference. 2009. gada 4. februarl
V. Skipars, A.Jansons, |.Baumanis, D.Rungis ,Parastas priedes
Pinus sylvestris L. rezistences genétiskie aspekti”,

5. starptautiska konference “Research and conservation of biological
diversity in Baltic region”, Daugavpils, 22-24 April, 2009. V. Skipars,
A. Jansons, |. Baumanis, D. Rungis “Detection of pine root rot fungus
Heterobasidion annosum in forest stands by a polymerase chain
reaction assay”’,

Latvijas Universitates 68. konference 2010.g. 4. februari. V. Skipars,
D. Rungis “Parastas priedes ar rezistenci pret saknu trupes izraisitaju
(Heterobasidion annosum) saistito kandidatgénu p&tijumi”,

LLU Meza fakultates zinatniski praktiska konference ,,Zinatne un
prakse nozares attistibai” 2010. g 23. marta. V. Skipars
“Antimikrobialo proteinu un tos kod&oSo génu izpete - praktiski
pieméri un nakotnes iesp&jas pret saknu trupi rezistentu priezu
selekcioné$ana Latvija”,

Starptautiskd konference “Research for Rural Development” 2010.
gada 19. — 21. Maijs, Jelgava, Latvija. V. Skipars “Research on
Genetic Aspects of Scots Pine Resistance to Root Rot”,

Latvijas Universitates 69. konference 2011. g. 2. februari. V. Skipars,
B. Krivmane, D. Rungis “Parastas priedes Pinus sylvestris molekulari
genétiskas atbildes reakcijas saknu trupes infekcijai”,

Konference “Advances in plant biotechnology in Baltic sea region”,
Kauna, Lietuva, 2011. gada 30. — 31. marts. V. Skipars, M. Kjos,
B. Krivmane, N. Nagy, |. Gaile, D. Rungis, C. G. Fossdal ,,Expression
analysis of taumatin-like protein gene and pinosylvin synthase gene in
Scots pine”; A. Korica, V. Belevi¢a, V. Skipars, D. Rungis ,,PCR-
mediated detection and identification of forest tree pathogens”.

Promocijas darba rezultati public&ti 2 zinatniskos rakstos /
Results of the doctoral thesis have been published in _ scientific publications:

1. Skipars V., Baumanis I, Rungis D. Research on genetic aspects of
Scots pine resistance to root rot. (2010) Research for Rural
Development 2010. Annual 16th International Scientific
Conference Proceedings, Jelgava, LLU, p 222-226.
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2. Vilnis Skipars, Dainis Rungis “Detection of Heterobasidion
annosum in Scots pine trees using a polymerase chain reaction
based method”, Baltic Forestry, 17(1): 2-7.

Sagatavotas un iesniegtas publikacijas, kas pienemtas publicéSanai /
Prepared and submitted scientific publications accepted for publishing:

1. Vilnis Skipars, Dainis Rungis ,,Thaumatin-like protein gene copy
number variation in Scots pine”, Experimental and Environmental
Biology,

2. Vilnis Skipars, Talis Gaitnieks, Dainis Rungis ,,Metodikas aprobacija
Heterobasidion annosum (Fr.) Bref. izraisitas pigmentacijas
novertéSanai parastas priedes koksng”, Mezzinatne.



DARBA VISPAREJS RAKSTUROJUMS

Darba aktualitate

Latvija parasta priede ir ekonomiski nozimiga meza koku suga. Parasta
priede sastada 47 % no AS ,,Latvijas Valsts Mezi” apsaimniekoSana esoSajiem
meziem, pie tam 74 % no priezu meziem ir tiraudzes, kas veicina sugai
specifisku slimibu atru izplatibu. Latvijas priezu audzgs izplatita ir saknu trupe.
ST slimiba samazina koksnes pieaugumu, veicina v&gazes un izraisa koku
nokalSanu. Priezu saknu trupi ir griiti konstatét, vadoties péc koka virszemes
dalas stavokla, jo saknu trupe var neizraisit redzamas izmainas pat tad, ja ta ir
skarusi pusi no koka saknu sist€émas, bez tam, lidzigus simptomus var izraistt
vairaki patogeni. Atbrivoties no saknu trupes izraisitaja inficéta mezaudzg ir
praktiski neiesp&jami, jo $ada mérka sasniegSanai nepiecieSams aizvakt no
augsnes visas inficetas saknes un pat pec tam augsné paliktu saknu fragmenti.
Latvija Heterobasidion parviporum izraisita saknu trupe inficétas eglu audzes
nodara 800 — 4790 eiro lielus zaud&jumus, rékinot uz hektaru (Gaitnieks et al.,
2007). Verojama art tendence, palielinoties mezaudzes vecumam, palielinaties
inficcéto koku skaitam (Gaitnicks et al., 2007). Vadoties no
Heterobasidion annosum un H. parviporum Iidzibas, var piepemt, ka
H. annosum izraisitie ekonomiskie zaud&jumi inficétas priezu audzes ari ir
bitiski. Minéta informacija aktualizé pétijumus par parastas priedes rezistences
pret saknu trupi genctiskajiem aspektiem ar uzsvaru uz daba sastopamu
genétisku polimorfismu, kas var€tu pozitivi ietekmét rezistenci, mekl&$anu,
genétisku metozu izstradi rezistentaku koku identific€Sanai vai koku atlasei
selekcijas programmam.

Darba zinatniskais meérkis ir izpétit ar Pinus sylvestris rezistenci pret
Heterobasidion annosum saistito génu kopiju skaita genoma atskiribas,
ekspresijas izmainas p&c inokuléSanas ar H.annosum un kopiju skaita
P. sylvestris genoma saistibu ar génu ekspresiju. Darba praktiska nozime ir
izstradat parastas priedes selekcijas materidla molekulari genétisku atlases
kritériju rezistentako pret H. annosum klonu atlasei.

Promocijas darba pétnieciskie uzdevumi ir:

1. noteikt ar rezistenci saistito parastas priedes génu kopiju skaita
polimorfismu,

2. veikt génu ekspresijas analizes pirms un péc priedes koku
inokulésanas ar H. annosum, lai ieglitu informaciju par So gé€nu
ekspresijas izmainam un konstatetu to korelaciju ar génu kopiju skaitu,

3. parbaudit lazera mikrosec€Sanas mikroskopijas izmantoSanas iespgjas
geénu ekspresijas petfjumiem dazados audu tipos,

4. izverteét vizuali novert§jamos inokulacijas ar H. annosum izraisitos
bojajumus, parbaudit to garuma korelaciju ar génu kopiju skaitu,



5. izstradat metodi augosSu priezu koku inficétibas ar H. annosum Iimena
raksturoSanai.

Pétijuma izmantotie materiali

Eksperimenta izmantoti 300 koki no eksperimentala stadijuma pie
Kalsnavas (eksperimenta numurs ilglaicigo zinatnisko pétijumu objektu
registra: 235, MeZa pétisanas Stacijas ,,Kalsnava” 224. kvartals) un, mazaka
apjoma, 9 koki no eksperimentala stadijuma pie Zvirgzdes (eksperimenta nr.
27, Vecumnieku mezniecibas 193. kvartals).

Petijuma lietotas metodes

Saja darba priedes rezistences pret saknu trupi gengtiskie aspekti pétiti,
izmantojot génu kopiju skaita analizes un génu ekspresijas analizes. Individualu
koku fitosanitara stavokla noveért€Sanai, attieciba uz to inficétibu ar
H. annosum, aprobéta uz PKR (polimerazes kedes reakciju) balstita
molekularas genétikas metode.

Promocijas darba hipoteze
ZinaSanas par parastas priedes rezistences pret saknu trupi genétiskajiem
aspektiem ir potenciali izmantojamas priezu selekcijas programmas.

Petijuma novitate un zinatniskais nozimigums

Darba novitati apliecina tas, ka doktora darba izmantotas metodes
individualu koku fitosanitara stavokla novért€Sanai un génu kopiju skaita
analiz€$anai, attieciba uz pétijumiem par skuju kokiem, ir jaunievedums. Lai
gan metode individualu koku fitosanitara stavokla novert€Sanai ir attistita no
Hantula un Vainio izstradatas metodes, kas domata H. annosum detektésanai
koksng, ta tomer ir pirma, kas izmantojama individuala koka fitosanitara
stavokla precizakai raksturo$anai. Lidz §im par pieaugusam P. sylvestris sugas
priedem nav publicéti darbi par rezistences mehanismiem molekularas
gendtikas Iimeni. Sis ir pirmais darbs, kura pétitas un detektétas dazadu génu
kopiju skaita variacijas priezu genomos. Saja darba pirmo reizi tiek aprakstita
palielinata génu kopiju skaita korelacija ar §1 géna ekspresijas pieaugumu
reakcija uz H. annosum inokulaciju. Génu ekspresijas analizes dazadiem audu
tipiem viengadigos priedes s&jenos, kombingjot lazera mikrosecgSanas
mikroskopiju ar génu ekspresijas analizém, arT ir aprakstitas pirmo reizi.

Promocijas darba struktiira
Promocijas darba struktira veidota atbilstoSi p&tniecisko uzdevumu
atspogulosanas vajadzibam. Darbs sastav no 5 nodalam.
1. Literatiras apskats. Sadala detalizeti aprakstita saknu trupes
izraisitaja Heterobasidion annosum biologija, parastas priedes
atsevisSki un augu kopuma rezistences mehanismi ar uzsvaru uz
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5.

iesaistitajiem protelniem un g€niem, sniegta virspusgja
informacija par doktora darba izmantotajam metodém.
Materiali un metodes. Sadala detalizeti aprakstitas doktora
darba izmantotas metodes un ieglito datu interpret€Sana
izmantotas matematiskas darbibas.

Rezultati. Sadala logiska kartiba detalizéti aprakstiti katra
petnieciska uzdevuma veikSanai vekto eksperimentu rezultati,
sniegts rezultatu grafisks un tabulars atainojums.

Diskusija. Sadala aprakstiti eksperimentos iegitie rezultati un
So rezultatu potenciala nozime dazados jautajumos, Tpasi
parastas priedes rezistences pret saknu trupi mehanismos.
Secinajumi. Sadala apkopoti septini darba pé&tnieciskajiem
uzdevumiem atbilstos$i secinajumi.

Kopuma darbs noforméts uz 107 Ipp., tas satur 35 att€lus un 15 tabulas.
Izmantoti 192 informacijas avoti. Promocijas darba nobeiguma formul&ti 7

secinajumi.



SAISINAJUMI / ABBREVIATIONS

4CCAL
ACS1

ACS2
C3HL
CAD
CCOMT
COAR
COMT
CYP
d.p.i.
Defl
Def2
GAPDH
LCM
MYB2
MYB4
Pall
PKR/PCR
PsBBs
PsR
SCR1
TC4H

TLP
WRKY

— 4-kumarat-CoA ligazes / 4-coumarate CoA ligase

— Pinus sylvestris 1-aminociklopropan-1-carboksilat sintaze 1
/  Pinus sylvestris  1-aminocyclopropane-1-carboxylate
synthase 1

— Pinus sylvestris 1-aminociklopropan-1-carboksilat sintaze 2
[/ Pinus sylvestris  1-aminocyclopropane-1-carboxylate
synthase 2

— kumarat 3-hidroksilazes / coumarate 3 hydroxylase

— cinamil alkohola dehidrogenaze / cinnamyl-alcohol
dehydrogenase

—  kafeil-CoA  o-metiltransferaze /  caffeoyl-CoA
o-methyltransferase

— cinamil-CoA reduktaze / cinnamoyl-CoA reductase

— kafeata o-metiltransferazes / caffeate O-methyltransferase

— ciklofilins / cyclophilin

— dienas p&c inokuléSanas / days post inoculation

— defenzins 1 / defensin 1

— defenzins 2 / defensin 2

— gliceraldehida 3-fosfata dehidrogenaze / glyceraldehide
3-phosphate dehydrogenase

— lazera mikrosecéSanas mikroskopija / laser capture
microdissection

— MYB doménu satuross transkripcijas faktors / transcription
factor containing MYB domain

— R2R3-MYB transkripcijas faktors / R2R3-MYB
transcription factor

— fenilalanina deaminaze / phenylalanine deaminase

— polimerazes k&des reakcija / polymerase chain reaction

— pinosilvina sintaze / pinosylvin synthase

— Pinus sylvestris rezistences géns / Pinus sylvestris
resistance gene

— SCARECROW transkripcijas faktors / SCARECROW
transcription factor

—  trans-cinamat  4-hidroksilaze /  trans-cinnamate
4-hydroxylase

— taumatinam lidzigais proteins / thaumatin-like protein

— WRKY doméns / WRKY domain



1. LITERATURAS APSKATS
Promocijas darba sai nodalai veltitas 24 lappuses un 2 atteéli.

H. annosum izraisita saknu trupe ir viena no postosakajam skujkoku
slimibam ziemelu puslode. Ikgadgjie ar H. annosum infekciju saistitie
zaudéjumi Eiropa ir 800 miljoni eiro (Asiegbu et al., 2005a). Heterobasidion
annosum ir Basidiomycota nodalijuma Basidiomycetes klases Russulales rindas
Bondarzewiaceae dzimtas Heterobasidion gints séne. P&c trofiskuma $i suga ir
iedalama pie nekrotrofiem patogéniem. Pirms 1978. gada H.annosum un
H. parviporum tika uzskatitas par vienas sugas - H.annosum dazadam
intersterilitates grupam (Korhonen, 1978). Tagad §is intersterilitates grupas tiek
uzskatitas par atseviskdm sugam — H. annosum (inersterilitates grupa P) un
H. parviporum (intersterilitates grupa S) (Niemeld & Korhonen, 1998). Lidz ar
to rodas situacija, ka dazas disertacija min&tajas atsauc€s eso$a informacija
nevar tikt droSi attiecinata uz H. annosum, jo, iesp&jams, ka konkretaja darba
aprakstita H. parviporum. Tomér jauzsver, ka abu sugu ipaSibas ir loti lidzigas,
iznemot to saimniekauga izveéli (Korhonen, 1978). Attieciba uz H. annosum
biezi tiek attiecinatas piebildes s. stricto un s. lato, tada veida aprakstot kadu
jautajumu tie$i par H. annosum vai par H. annosum un H. parviporum kopuma.

Latvija sastopamas abas iepriek§ minétas sugas. Bez §im sugam Eiropa
sastopama ari Heterobasidion abietinum. H. abietinum galvenokart inficé
baltegles (Abies alba) (Niemalid & Korhonen, 1998). Sis Eiropa sastopamas
sugas kopa ar Amerika sastopamajam Heterobasidion irregulare un
Heterobasidion occidentale dévé par Heterobasidion annosum kompleksu. Par
divu Australija un Jaunz€landé sastopamu saprotrofu sugu - Heterobasidion
auraceae un Heterobasidion insulare piederibu H. annosum kompleksam
zinatnieku viedoklis ir dalits.

Pétniekus jau sen interesé skujkoku rezistences pret Heterobasidion
gints patog€najam séném genétiskie aspekti. Ari latvieSu zinatnieki aktivi
pétijusi ar parastas priedes rezistenci pret H.annosum saistitus jautajumus,
méginot noteikt sveku satura koksné un citu faktoru ietekmi uz rezistenci
(Lauska, 1970). Veikti vairaki p&tijumi, kuri raksturo, cik liela loma rezistencg
pret saknu trupi eglé ir genétiskajiem faktoriem kopuma, neiedzilinoties
konkrétu auga aizsardzibas mehanismos iesaistitu génu izpéteé (Wallendorf &
Thomsen, 2008; Swedjemark & Karlsson, 2004a; Swedjemark & Karlsson,
2004b; Bodles et. al., 2007). Viens no $o publikaciju secindgjumiem ir tads, ka
Heterobasidion parviporum, kas ir egles inficgjosa Heterobasidion gints suga,
augSanas atrums koksné starp dazadiem individiem nozimigi vari€, un S§1
Tpasiba tiek parmantota nakamajas paaudz€s (parmantojamibas indeksa vertiba
(H?) tika noteikta ka 0,18), tapat tika konstatéta biitiska pozitiva korelacija starp
koka izm@riem un s€nes augSanas atrumu koka, bet biitiska no egles genotipa
atkariga korelacija starp sénes augSanas atrumu un bojajumu garumu zem

10



mizas netika konstatéta (Swedjemark and Karlsson, 2004b). Konstatets, ka
pastav atskiribas rezistence pret saknu trupi ar starp dazadiem Pinus sylvestris
individiem (Korshikov & Demkovich, 2008).

Lidz Sim tiek uzskatits, ka nav atrasts parastas priedes vai citu skujkoku
individs, kur§ biitu absoliiti rezistents pret saknu trupi, lai gan publikacijas
sastopamas tadas frazes ka ,rezistentais klons, rezistentie koki” u.c. Turklat
skujkoku rezistenci pret saknu trupi ir griiti pieradit eksperimentalos stadijumos
vai dabiskas mezaudzges, jo, pat gadijuma, ja puse no saknu sist€émas jau ir
inficéta, augs var neuzradit arjas slimibas pazimes. Inficgjot koku maksligi
(parasti pieaugusiem kokiem inokulatu ievieto aiz mizas), infekcijas process
nenotiek dabigi, jo parasti koki tiek inficgti caur saknu kontaktu ar slimu koku.
Iespgjams, ka risinajumu sniedz s€jenu infic€$ana, bet $ada pieeja nav plasi
pielietojama, lai raksturotu mezaudzé augo$u koku, jo sgjenis nav kada
picaugusa koka klons, bet gan dzimumvairo$anas procesa rezultats, kas nav
genétiski identisks nevienam no vecakiem. Turklat auga aizsargmehanismi
dazada vecuma augiem darbojas atskirigi. Skujkoku rezistence pret saknu trupi
ir kompleksa, rezistences mehanisms ietver vairakus génus un to kod@tos
proteinus, no kuriem dala v€l nav noskaidroti. Katrs géns individuali un
dazadas génu kombinacijas iespaido individa rezistenci pret saknu trupi dazada
meéra. Izmantojot molekularas genétikas metodes, ir iesp&jams precizak izpétit
sareZzgTtos rezistences mehanismus ar mérki atklat un identificét génus, kas
iesaistiti rezistences pret saknu trupi procesos, un izpétit So génu darbibas
efektus.

2. MATERIALI UN METODES

Promocijas darba So nodalu veidojosas informdcijas apkoposanai veltitas 24
lappuses, 1 attels un 2 tabulas.

Molekularas genétikas metode H. annosum klatbiitnes noteik$anai
parauga

Tika aprobéta metodika, kas lauj noteikt, vai koksnes parauga ir
atrodams H. annosum DNS. Metodes pamata ir Hantula un Vainio 2003. gada
publikacija aprakstita metode. ST metode ir balstita uz PKR reakciju, kura
izmanto H. annosum specifiskus praimerus. Analiz€s izmantojamais DNS tiek
izdalits no interes€josas vietas koka vai cita parauga, un, ja §is materials satur
H. annosum, tas satur arT §1s sénes DNS, kuras klatbiitni parauga var noteikt ar
mingto PKR.

Eksperimenta izmantots eksperimentalais stadijums pie Kalsnavas
(eksperimenta numurs ilglaicigo zinatnisko pétijjumu objektu registra: 235,
Meza petisanas Stacijas ,,Kalsnava” 224. kvartals). Koku inficétibas ar
H. annosum parbaudei paraugi tika ievakti ar 2 cm diametra aplveida kaltu ne
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augstak ka 3 cm no zemes, paraugu néméju ievadot 2-3 cm dziluma virziena uz
koka serdi. Laboratorija no iegtita koksnes fragmenta tika izdalita DNS.

Molekularas genétikas metode individualu koku inficétibas pakapes
noteikSanai

Paraugu ievakSana un analize bija tada pati ka aprakstita sadala par
molekularas genétikas metodes H. annosum klatbatnes noteik$anai parauga
izstradi, iznpemot to, ka no katra koka tika ievakti pieci paraugi. Péc
elektroforézes datu analizes paraugi tika sadaliti klas€s péc inficEtibas pakapes.
Kopuma paraugkoki tika sadaliti se$as klases: 0/5, 1/5, 2/5, 3/5, 4/5 un 5/5, kur
skaitlis pirms slipsvitras norada, cik no pieciem paraugiem, kas tika nemti no
koka, uzrada H. annosum klatbatni, bet skaitlis p&c slipsvitras — no koka nemto
paraugu skaitu.

Inokulé$anas metodes izstrade

Eksperimentala materiala maksligas infic€Sanas jeb inokulacijas
eksperimenti ir vajadzigi, lai izstradatu atkartojamu inokulacijas metodi.
Parauga inokuléSana ir nepiecieSama génu eckspresijas analizu veikSanai.
Picaugusi koki tika inokuléti, ievietojot H. annosum saturo$u barotni aiz koka
mizas. PieauguSu koku inokulé$anai tika izmantota H.annosum kultara
I1Sm1592 no LVMI ,Silava” fitopatologijas laboratorijas kolekcijas, un
piloteksperimenta ari agresivakais H. annosum izolats 358. Eksperimentos
izmantoti koki no eksperimentala stadijuma pie Kalsnavas (eksperimenta nr.
235) un koki no eksperimentala stadijuma pie Zvirgzdes (eksperimenta nr. 27,
Vecumnieku mezniecibas 193. kvartals).

Kandidatgenu kopiju skaita variaciju analizes

Paraugi génu kopiju skaita variaciju analizé€m tika ievakti no 29 kokiem
eksperimentala stadfjuma pie Kalsnavas (eksperimenta nr. 235). DNS
izdaliSanai tika ievaktas skujas. levakto paraugu vidi no dazam gimeném
(viena mates koka p€&cnacgji) bija ar vairaki paraugi.

DNS tika izdalita no skujam, péc DNS izdalisanas tika veikts papildus
attiriSanas solis ar mérki samazinat PKR inhib&oSu vielu koncentraciju.
Izdalitas DNS koncentracija tika noteikta, izmantojot spektrofluorimetrijas
metodi.

Geénu kopiju skaita analizém tika izmantota reala laika PKR relativas
kvantitésanas metode. Geénu kopiju skaita variacijas analiz€ tiek salidzinats
kada géna daudzums dazadu paraugu genomos, izmantojot kadu paraugu ka
atskaites paraugu. Lai aprékinatu absoliito génu kopiju skaitu, iesp&ju robezas
tika sekots protokolam, kuru publicgjusi Barbara D’haene ar lidzautoriem
(D’haene et al., 2010). Parrekinato rezultatu ticamibas noverteéSanai tiek
aprekinata Z vertiba. Ja Z vertibas modulis ir lielaks par 2, iegiitais rezultats
konkr&tajam paraugam nav ticams.
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Ar priedes rezistenci pret H. annosum saistito génu ekspresijas
analizes

Geénu ckspresijas analiz€m nepiecieSamie paraugi no inokul&tajiem
kokiem tika ievakti pirms inokulacijas un ar dazadu laika intervalu péc
inokulacijas. Eksperimentos izmantoti koki no eksperimentala stadijuma pie
Kalsnavas (eksperimenta nr. 235). Eksperimentos, kuros tika noteikta TLP géna
ekspresija, paraugi tika ievakti vienu, septinas un 30 dienas péc infic€$anas, bet
pargjo génu ekspresijas analizém tika ievakts kontroles paraugs un paraugi
septinas un 40 dienas p&c inokul&sanas.

No ievaktajiem paraugiem tika izdalita RNS un, izmantojot
spektrofluorimetrijas metodi, noteikta RNS koncentracija.

Geénu ekspresijas atSkiribu starp dazadiem paraugiem raksturoSanai tika
izmantota relativa kvantitéSana. ST metode Ssavstarp&ji salidzina paraugus,
izmantojot lietotaja izvélétu paraugu ka atskaites paraugu.

Genu ekspresijas analizes priedes séjenu parenhima un sveku ailu
audos

Génu ekspresijas analizes sadalas nosaukuma mingtajiem audiem tika
veiktas, paraugus §Tm analizém iegiistot ar lazera mikrosecéSanas mikroskopijas
(LCM, no anglu Laser Capture Microdissection) metodi.

Génu ekspresijas datu analizg, vadoties péc ieglitajam standartlikném,
tika noteikta kandidatgéna ekspresijas un endogénas kontroles ekspresijas
absolatas vertibas. Kandidatgénu relativa ekspresija konkrétam paraugam tika
iegita, dalot kandidatgéna ekspresijas vertibu ar endogénas kontroles
ekspresijas vertibu.

Datu iegtisanas obligats nosacijums ir endogénas kontroles reala laika
PKR datu esamiba, pretéja gadijuma dati par kandidatg€na ekspresiju nav
interpret€jami vai salidzinami ar citu paraugu analizu rezultatiem.

3. REZULTATI
Doktora disertdcija Sai sadalai veltitas 33 lappuses, 31 attéls un 13 tabulas.

Heterobasidion annosum klatbatnes noteik§ana augo$os kokos

H. annosum klatbitnes noteikSanai tika izvéleta PKR metode.
Amplificgjot no koksnes izdalitto DNS ar H. annosum specifiskiem PKR
praimeriem, tika iegiliti DNS fragmenti ar gaidito garumu (aptuveni 100 bp).
Negativaja kontrol€ netika konstateti PKR amplifikacijas fragmenti (3.1. attels).
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3.1. att. H. annosum specifiskas PKR reakcijas produktu elektroforézes
analize.

Attela 3.1. B un U celinos ir DNS garuma standarti. Standarta 1saka
fragmenta, kas atrodas viszemak, garums ir 100 bp. Celinos D — T ir
analiz€jamie paraugi, no kuriem paraugi celinos D, F, G, H, I, K, M, N, O, P un
R ir pozitivi (uzrada gaidito DNS fragmenta garumu), bet paraugi celinos E, J,
L, S un T ir negativi, tie uzrada praimeru dimérus, kas ir Tsaka garuma, neka
H. annosum specifiskais fragments. Paraugs celina C ir negativa kontrole, bet
celin$ A ir tukss.

Mezaudzes fitosanitarais stavoklis tika raksturots, nosakot H. annosum
klatbtlitni meZzaudzé kopuma, parbaudot 300 kokus, analiz€jot DNS no viena
parauga katram kokam. No 300 analiz&tajiem paraugiem 119 uzradija pozitivu
rezultatu. Japiebilst, ka vizuali noteikt to, vai koks ir inficets ar saknu trupi, var
vienigi atrodot uz stumbra pamatnes H.annosum auglkermeni. Sadus
auglkermenus izdevas atrast Cetriem no parbauditajiem kokiem, tacu analizé
divi no §iem Getriem kokiem deva negativu rezultatu. Sads rezultats vargja tikt
izskaidrots ar H. annosum nevienmérigu izplatibu analiz&tajos kokos. Lai to
parbauditu, tika izrakti un analizéti divi celmi. Viens celms bija no nokaltusa
koka, bet otrs no vizuali vesela koka ar H. annosum auglkermeni. H. annosum
izplatibas celmos novértésanas rezultati apkopoti tabula 3.1.
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3.1. tabula.
H. annosum izplatibas celmos noveértéSanas rezultati

Parauga numurs  Parauga atraSanas vieta B.Nsannosum
(+/-)
1 Stumbrs, arpuse (1 cm no mizas) +
» 2 Stumbrs, 5 cm no centra -
"’:83 3 Stumbrs, 2 cm no centra +
% 4 1. sansakne, piegulosi stumbram, arpuse +
I—:: 5 1. sansakne, piegulosi stumbram, centrs +
% 6 2. sansakne, 10 cm no stumbra -
> 7 Mietsakne, piegulosi stumbram -
8 Mietsakne, 20 cm no stumbra +
9 Stumbrs, arpuse (1 cm no mizas) -
g 10 Stumbrs, 1 cm no centra -
Tg 11 1. sansakne, piegulo$i stumbram, arpuse +
jo 12 1. sansakne, piegulo$i stumbram, centrs +
!§ 13 2. sansakne, 5 cm no stumbra, arpuse -
E 14 2. sansakne, 5 cm no stumbra, centrs +
ZO 15 3. Sansaknes gals, 30 cm no stumbra +
16 Mietsakne, 5 cm no stumbra -

Iegtitie dati par H. annosum nevienmérigo izplatibu rosindja veikt
eksperimentu, kura no katra koka tika nemti pieci paraugi.

Inficétibas pakapes noteikSanai no ieprieks parbauditajiem 300 kokiem
tika atlasiti 20 koki, kas péc iepriek$g€jam analiz€ém uzradija negativu rezultatu
un pieci koki, kas uzradija pozitivu rezultatu. Lai parbauditu $o datu
atkartojamibu, eksperiments péc gada tika atkartots. Abu eksperimentu rezultati
apkopoti 3.2. attcla.
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3.2. att. Individualu koku inficétibas ar H. annosum pakapes noteik$anas
rezultati.

Rezultati par atkartoto eksperimentu atspoguloti ka teorétiska minimala
vertiba un teorétiska maksimala vértiba, jo daziem no analiz&tajiem paraugiem
nebija iesp&jams iegiit datus par visiem pieciem nemtajiem paraugiem.
Lielakoties inficétibas limenis atkartotaja eksperimenta pieaug vai paliek
nemainigs, tomer ir dazi iznpeémumi. [zp€mumu esamibu varetu izskaidrot ar
H. annosum nevienmerigo izplatibu, kas var€tu novest pie ta, ka atkartotaja
eksperimenta analiz€m panemti paraugi, kas objektivi nesatur H.annosum.
Atkartota inficétibas Itmepa noteikSanas rezultati norada, ka zemakas
inficetibas grupu (0/5 un 1/5) Ipatsvars samazinas un augstakas inficétibas
grupu (2/5, 3/5, 4/5, 5/5) - palielinas. Tas liecina, ka péc gada $o pasu koku
inficétibas Itmenis ir lielaks, neka pirmaja inficétibas noteikSanas reiz€ un
H. annosum séne ir izplatijusies priedes individos.

Parastas priedes inokulacija ar H. annosum

Eksperimentalam vajadzibam tika inokul&tas 30 gadu vecas priedes. Péc
parauga zemmizas inokuléSanas luksné veidojas gareniska pigmentacija, kas
veérsta uz augSu un uz leju no inokul€Sanas vietas. Uz saniem pigmentacija
izplatijas minimali. ST pigmentacija tiek izmantota, lai raksturotu koku
rezistenci pret H. parviporum, piepemot, ka koki, kuros pigmentacijas
izplatiSanas atrums, kas norada uz sénes augSanas atrumu, ir mazaks, ir
salidzino$i rezistentaki (Bodles et al., 2007). Ar1 doktora darba ietvaros
inokulétajos kokos tika konstatétas pigmentacijas garuma atSkiribas, salidzinot
dazadus kokus.
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Tas, ka pigmentaciju izraisijusi H. annosum, tika apstiprinats,
izmantojot iepriek$ aprakstito PKR metodi H. annosum noteikSanai. Analizei
tika nemta koksne no pigmentacijas apgabala galgja punkta.

Ar rezistenci saistito génu kopiju skaita analiZu rezultati

Kandidatgénu kopiju skaita analizes tika veiktas divos solos. Pirmaja
soli, izmantojot reala laika PKR ar SybrGreen fluorescento krasu, tika veikts
kandidatgénu skrinings — tika noteikti kandidatgéni ar lielaku iesp&ju, ka tiem
noverojamas kopiju skaita variacijas. Otraja soli atlasitie kandidatgéni tika
analiz&ti, izmantojot reala laika PKR ar TagMan zondeém, kas ir dargaka, bet
precizaka un robustaka tehnologija.

Pirmaja soli tika analiz&ti sekojosi kandidatgéni: TLP, Def2, PsBBs,
PsR, MYB2, COAR, CAD, COMT, C3HL, 4CCAL, MYB4, TC4H, WRKY, Pall,
CCOMT, SCR1, CYP, ACS1, ACS2, Defl. Relativais kopiju skaits tika noteikts
8 paraugiem 4CCAL, MYB4 un TC4H géniem, septiniem paraugiem C3HL,
CCOMT, COMT, MYB2, Pall, SCR1 un WRKY génam, un pieciem paraugiem
ACS1, ACS2, CYP, Defl, Def2, PsR, PsBBs un TLP géniem. Katram g€nam
tika noteikta maksimala amplitida starp diviem dazadiem paraugiem,
savstarpgji dalot parauga ar lielako kopiju skaitu veértibu ar parauga ar mazako
kopiju skaitu vertibu.

Otraja soli analiz&ti Cetri kandidatgéni — TLP, Def2, PsBBs un PsR. Ir
vairak génu, kuru kopiju skaita variacija pirmaja CNV analizu soli tika
interpretéta ka iesp&jama, tacu Sie kandidatgéni, iznemot CYP, ir no lignina
biosintézé iesaistito kandidatgénu un transkripcijas faktorus kodgjoso
kandidatgénu grupam, kuru izp&te nebija primarais darba mérkis. PSR un Def2
geéni, kuru kopiju skaita variacija tika noverteta ka mazak iespgjama, tika
izveleti apzinati salidzinaSanas noliikiem. CYP géns netika izvElets, jo ir loti
maz informacijas par §1 proteina darbibas mehanismiem. Diviem
kandidatgéniem — TLP un Def2, kopiju skaita variacijas tika konstatétas. Loti
uzskatami Sos rezultatus ataino att€ls 3.3.
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3.3. att. Noteikta absoliita kopiju skaita frekvences analizétajiem géniem.

TLP géna kopiju skaita analiZzu rezultati

TLP gena analizes rezultati att€loti 3.4. attela. AnalizEti 29 paraugi.
Iegiitie dati liecina, ka divu paraugu genomos TLP géns ir 1 kopija, 16 paraugu
genomos — divas kopijas, devinu paraugu genomos — 3 kopijas, viena parauga —
Cetras un viena parauga piecas kopijas.

Absolutais kopiju skaits

3.4. att. TLP géna kopiju skaita analizes rezultati.
Stabini norada analiz&to paraugu TLP géna absoliito kopiju skaitu. Horizontalas Iinijas
sadala paraugus grupas, vadoties p&c to TLP géna kopiju skaita. Sakot no apaksgjas, tas
nodala paraugus ar vienu TLP géna kopiju no paraugiem ar divam $1 géna kopijam, katra
nakama linija atdala paraugu grupu ar lielaku TLP géna kopiju skaitu.
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CNV analizu rezultatu ticamibas kritérijs — Z vertiba visiem paraugiem
gan TLP géna CNV analizes, gan citu génu CNV analiz€s ir normas robezas,
t. i., mazaka par 2.

Visos otra CNV analizu sola rezultatu grafikos ir horizontalas linijas,
kas apzimé interpretacijas robezas, kas nosaka paraugu grupu sadalijumu pa
kopiju skaita absoliitajam vértibam. Sis robeZas ir geometriskas vidgjas vértibas
starplun2,2un3, 3un4, ut.t.

Lai iegitu lielaku ticamibu iegiitajiem datiem, tika veikts eksperiments,
kura 3.4. attéla redzamo rezultatu iegliSanai veiktajos eksperimentos izmantota
endogéna kontrole — GAPDH géns tika aizstats ar PSR génu. PSR géna kopiju
skaita analizes netika atklata kopiju skaita variacija (3.3. attéls, 3.8. att€ls). Lidz
ar to PsR gens klaist par piemérotu kandidatu endogénas kontroles funkcijai.
legttie rezultati, izmantojot PSR génu ka endogeéno kontroli, bija loti Iidzigi
rezultatiem, kuri tika ieglti ar iepriek§ izmantoto endogg€no kontroli
(3.5. attels). legiitie rezultati apliecina to, ka noteiktais kopiju skaita
polimorfisms nav rezultatu interpretacijas kliida, ko biitu izraisijis kopiju skaita
polimorfisms endogénas kontroles génam.
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3.5. att. TLP géna Kkopiju skaita analiZu ar divam dazadam endogénajam
kontrolem rezultatu salidzinajums.

Zilais stabins norada analiz&ta parauga TLP g€na absoliito kopiju skaitu analizg, kura ka
endogéna kontrole izmantots GAPDH ggns, bet sarkanais stabins — TLP géna absoliito
kopiju skaitu, ja ka endogéno kontroli izmanto PSR génu. Horizontalas linijas sadala
paraugus grupas, vadoties péc to TLP géna kopiju skaita. Sakot no apaksgjas, tas nodala
paraugus ar vienu TLP géna kopiju no paraugiem ar divam §1 géna kopijam, katra
nakama linija atdala paraugu grupu ar lielaku TLP géna kopiju skaitu.
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Lai arT daziem paraugiem, salidzinot analizes, kas veiktas ar dazadam
endogénajam kontrolém, mainas rezultatu interpretacija, to tendence ir lidziga,
un, visticamak, tas ir paraugu sagatavoSanas reala laika PKR analizém
neprecizitaSu rezultats. Z vertibu salidzinajums norada uz to, ka nevienam
paraugam Z vértiba nav lielaka par 2, neatkarigi no izmantotas endogénas
kontroles. Nav ve€rojama tendence, ka Z vertibas, izmantojot kadu no
endogénajam kontrolém bitu zemakas vai augstakas, salidzinot ar otru. Sadai
génu kopiju skaita analizu datu interpretacijai, kas tika izmantota pétfjuma,
nepieciesams liels skaits kontroles paraugu, kuriem analizéta géna kopiju skaits
biitu zinams jau ieprieks, bet $adu paraugu nav, jo lidzigas analizes parastajai
priedei nav veiktas. Datu interpretacijai par kontroles paraugiem tika atlasiti
paraugi no analiz€to paraugu kopas. lesp&jams, ka kads no kontroles paraugiem
tika izvelets nepareizi, tomer tas varétu izskaidrot tikai visas paraugu grupas
nobides uz augSu vai uz leju analizu rezultatos, nevis dazadu interpretaciju
rezultatos, kas iegiti, izmantojot dazadas endoggnas kontroles. Ta ka iegttie
dati sakrit loti labi, un dazado kandidatgénu analizém izmantotie paraugi ir
vieni un tie paSi, tika nolemts citu kandidatgénu analiz€m par endogéno
kontroli izmantot tikai GAPDH génu.

TLP génam tika noteikta génu kopiju skaita variacijas esamiba un tika
konstat&ts, ka kopiju skaita izmainas sakrit ar analizéto koku gimenes struktaru.
TLP géna gadijuma visiem Ja3 gimenes kokiem, iznemot paraugu GE 20, kas ir
loti tuvu robezai, TLP géna kopiju skaits ir lielaks par divi.

Def2 géna kopiju skaita analiZu rezultati

Defenzina 2 géna kopiju skaita analizu rezultati redzami 3.6. attéla.
Analizeti 29 paraugi. legitie dati liecina, ka viena parauga genoma $is géns ir
viena kopija, septinu paraugu genomos Def2 géns ir divas kopijas, 13 paraugu
genomos — tris kopijas, septinos paraugos — Cetras, un viena parauga piecas
kopijas.
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3.6. att. Defenzina 2 géna kopiju skaita analiZu rezultati.
Stabini norada analiz&to paraugu Def2 géna absoliito kopiju skaitu. Horizontalas Iinijas
sadala paraugus grupas, vadoties péc to Def2 géna kopiju skaita. Sakot no apaksgjas, tas
nodala paraugus ar vienu Def2 géna kopiju no paraugiem ar divam §1 géna kopijam,
katra nakama linija atdala paraugu grupu ar lielaku Def2 géna kopiju skaitu.

Def2 rezultatu Z veértibu apkopojuma nav paraugu, kuri tuvotos vertibai
2", kas ir maksimala pielaujama vertiba.

Arl Def2 g€na analizé iegiitajie rezultati sakrit ar gimenes strukttru -
visiem gimenes Jal5 parstavjiem ir vismaz tris §1 géna kopijas. Paraugiem
GE16, GE3, GE7, GE27, un, iesp&jams, paraugam GE20 ir lielaks skaits gan
Def2, gan TLP géna kopiju. Nav zinams, cik tuvu $ie géni atrodas genoma, un
vai tika dublicéts genoma fragments, kura atrodas abi Sie géni. Ir zinams, ka
cilvéku genoma dublicéto fragmentu garums var parsniegt 200 kb (Samonte &
Eichler, 2002), tomér §is process nav bijis pétits priedé. Sis pétijums ir pirmais,
kas ir uzradijis génu kopija skaitu variaciju parastaja priedg.

PsBBs gena kopiju skaita analiZu rezultati

Pinosilvina sintazes géna kopiju skaita analizu rezultati redzami
3.7. attela. Analizgti 27 paraugi. legiti dati, ka, 22 paraugu genomos PsBBs
géns ir divas kopijas, bet piecu paraugu genomos — tr1s kopijas.
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3.7. att. PsBBs géna kopiju skaita analiZu rezultati.
Stabini norada analiz€to paraugu PSBBs géna absoluito kopiju skaitu. Horizontalas linijas
sadala paraugus grupas, vadoties pec to PSBBs géna kopiju skaita. Sakot no apaksgjas,
tas nodala paraugus ar vienu PSBBs géna kopiju no paraugiem ar divam $T géna kopijam,
nakama linija atdala paraugu grupu ar lielaku PSBBs géna kopiju skaitu.

PsR géna kopiju skaita analiZu rezultati

PsR geéna kopiju skaita analizei tika nemti 29 paraugi (3.8. attels). legiti
dati, ka viena parauga genoma Sis géns ir viena kopija, bet 28 paraugu genomos
— divas kopijas. Lai gan pirmaja kopiju skaita analizu soli tika konstatéta liela
kopiju skaita variacijas iesp&ja, PSR géna analize otraja soli ieguva vél
viendabigakus rezultatus, neka PSBBS géna kopiju skaita analize.
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Absoliitais kopiju skaits

3.8. att. PsR géna kopiju skaita analiZu rezultati.
Stabini norada analiz&to paraugu PSR g€na absoliito kopiju skaitu. Horizontalas Iiijas
sadala paraugus grupas, vadoties péc to PSR géna kopiju skaita. Sakot no apaksgjas, tas
nodala paraugus ar vienu PSR géna kopiju no paraugiem ar divam $1 gé€na kopijam,
nakama linija atdala paraugu grupu ar lielaku PSR géna kopiju skaitu.

Gan PsBBs géna, gan PSR g€na analizé visi paraugi ar loti retiem
iznedmumiem ieklaujas grupa ar divam géna kopijam. Paraugiem, kas ir citas
kopiju skaita grupas, starpiba lidz divu kopiju grupai ir neliela, un varétu tikt
izskaidrota ar paraugu sagatavosanas CNV analizém neprecizitatem.

Palielinata TLP géna kopiju skaita sakritiba ar zemaku noteikto
infekcijas pakapi, kas aprakstits sadala ,,Heterobasidion annosum klatbitnes
noteik3ana augo$os kokos”, netika konstatéta. Sada sakritiba netika konstatgta
arT Def2 génam. Tom@r §ie dati nav pilnigi pieméroti $adiem salidzinajumiem,
jo koki nav kontrol&ti inficéti.

Ar rezistenci saistito génu ekspresijas analiZzu rezultati
TLP géna ekspresijas analize

Génu ekspresijas analizes veiktas deviniem paraugu pariem - kontrolei
un paraugam, kas ievakts septinas dienas péc inokuléSanas.

Sesiem no deviniem paraugu pariem novérots TLP géna ekspresijas
pieaugums paraugos péc inokulacijas. Diviem paraugu pariem ekspresija
butiski nemainijas, bet viens paraugu paris uzradija sakotngji lielaku ekspresijas
Iimeni ar sekojoSu ekspresijas pavajinasanos. Ekspresijas izmainas bija robezas
no 0,12 reiz€m (ekspresijas pazeminasanas) Iidz 48,57 reizém, salidzinot ar
atskaites paraugu. Aprékinos izmantoti dati no 3.2. tabulas. Atskaites paraugs,
pret kuru salidzinata citu paraugu ekspresija bija paraugs 8k.
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3.2. tabula.

TLP geéna ekspresijas analiZzu dati

Paraugs Relativa ekspresija | Attieciba starp kontroles un inokuléto paraugu
4k 0.78

4i 4.90 6.30
22k 0.27

22i 4.52 16.49
7k 0.30

7i 5.89 19.30
20k 0.64

20i 31.28 4857
8k 1.00

8i 0.82 0.82
29k 1.03

29i 16.27 15.85
1k 2.09

1i 2.20 1.06
13k 5.48

13i 0.67 0.12
9k 0.16

9i 0.74 4.60

Cetri paraugu pari bija no kokiem ar palielinatu TLP géna kopiju skaitu,

un pieci paraugu pari — no kokiem ar normalu §1 géna kopiju skaitu. Iegitie
génu ckspresijas analizu rezultati liecina, ka neinficéta stavokli kokos ar
palielinatu TLP g€na kopiju skaitu genoma ekspresija nav pastiprinata,
salidzinot ar paraugiem, kuru genomos §1 géna kopiju skaits ir normals. Tomer
pec infekcijas paraugos ar palielinatu TLP geéna kopiju skaitu S§T géna
ekspresijas picaugums ir lielaks neka pargjos paraugos (3.9. attels).
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3.9. att. TLP géna ekspresijas analiZu rezultati.
Zala krasa atziméti paraugi, kuru TLP géna kopiju skaits ir palielinats (visi no Ja3
gimenes). Zila krasa paraugi ar normalu TLP géna kopiju skaitu, oranza krasa paraugi ar
atskirigiem ekspresijas rezultatiem (kontroles paraugam ekspresija lielaka, neka
inficétam, pretéji paréjiem paraugiem). Kontroles paraugiem aiz parauga numura ir
indekss ,.k”, inokulétajiem paraugiem — indekss ,,i”.

Tas, ka ir novérojama $ada sakritiba starp génu kopiju skaita analiz€m
un génu ekspresijas analiz€m, velreiz pastiprina génu kopiju skaita analizes
rezultatu ticamibu.

Def2 gena ekspresijas analize

Def2 géna ekspresija tika noteikta 33 paraugiem no 15 dazadiem
kokiem. Paraugi genu ekspresijas eksperimentiem tika ievakti pirms
inokuléSanas, 7 dienas péc inokuléSanas (d. p. i.) un 40 dienas péc
inokul€Sanas. legttie dati liecina, ka Def2 géna ekspresija péc koka inficéSanas
nevis pieaug, ka gadijuma ar TLP génu, bet ieveérojami samazinas. Atskaites
paraugs ir Gel2, 7 d. p. i. Ir tris §1 parauga atkartojumi, grafikos izmantota
vidgja vertiba, kas $aja tabula uzradita ka ,,2kGE12,y vid.”

Paraugos, kuru genomos ir divas Def2 géna kopijas, T géna ekspresija
turpina samazinaties ar1 laika gaita, bet trijos no Cetriem paraugu komplektiem
vairs ne tik strauji (3.10. attels).
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3.10. att. Def2 géna ekspresijas analiZu rezultati.
Paraugu Sifréjums: Pirmie divi simboli apzimé Def2 géna kopiju skaitu §1 parauga
genoma, nakamie 3 — 4 simboli pirms komata ir parauga numurs, un simbols p&c komata
nosaka parauga ievaksanas laiku: k — kontrole (neinficéts), y — ievakts 7 dienas péc
infic€Sanas, z — ievakts 40 dienas pec inficESanas.

Ekspresijas limenis, salidzinot ar kontroles paraugu, septinas dienas péc
inokulacijas pazeminas 3,12 1idz 33,73 reizes. Ekspresijas kritums, salidzinot
paraugus, kas ievakti 7 d. p. i. ar paraugiem, kas ievakti 40 d. p. i. ir robezas no
2,82 lidz 16,17 reiz€m, iznemot paraugu Ge2, kur ekspresija samazinas par
73,96 reizém. Salidzinot kontroles paraugus ar 40 d. p. i. ievaktajiem
paraugiem, ekspresijas Itmenis 40 d. p. i. ir 33,72 Iidz 545,43 reizes zemaks
neka kontroles paraugos.

Paraugos, kuros Def2 géna kopiju skaits ir lielaks par divi, dalai no tiem
Def2 ekspresija paraugos, kas ievakti 40 dienas péc inokulacijas, atkal

palielingjas (3.11. attgls).
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3.11. att. Def2 gena ekspresijas analiZu rezultati paraugiem, kuros Def2
kopiju skaits > 2.
Paraugu Sifréjums: Pirmie divi simboli apzimé Def2 géna kopiju skaitu §1 parauga
genoma, nakamie 3 — 4 simboli pirms komata ir parauga numurs, un simbols p&c komata
nosaka parauga ievakSanas laiku: k — kontrole (neinficéts), y — ievakts 7 dienas péc
infic€Sanas, z — ievakts 40 dienas pec inficESanas.

Def2 géna ekspresijas noteik$anas analizés bija tadi paraugi, par kuriem
dati par kadu no trim analizes punktiem (kontroli, paraugu septinas, un paraugu
40 dienas péc inokulésanas) nebija iegiistami. Sie paraugi grafikos nav icklauti,
lai tie netrauc€tu datu vizualas atspoguloSanas saprotamibai. Viens no Siem
paraugiem bija kontroles paraugs no individa ar Def2 kopiju skaitu 3, kura
relativa ekspresijas vertiba ir 190, kas ir salidzinos$i augsts ekspresijas ITmenis
un norada uz iesp&amu gena kopiju skaita saistibu ar ekspresiju Def2 génam,
tomeér tas ir tikai viens izpémums, un kopuma kontroles paraugos
neatspogulojas parauga génu kopiju skaita ietekme uz ekspresiju. Def2 géna
ekspresijas pieaugums paraugos, kas ievakti 40 dienas p&c infekcijas varétu biit
saistits ar Def2 kopiju skaita at$kiribam, tomér, lai par to parliecinatos, butu
jaatkarto $1 analize ar lielaku paraugu skaitu, jo, ka redzams 3.11. attéla, $ada
paradiba nav novérojama visos paraugos ar palielinatu Def2 kopiju skaitu.

Pinosilvina sintazes géna ekspresijas analizes

Pinosilvina sintazes géna ekspresijas analizes tika veiktas 33 paraugiem
no 15 dazadiem kokiem. Paraugi génu ekspresijas eksperimentiem tika ievakti
pirms inokulésanas, 7 dienas un 40 dienas p&c inokulésanas. ST géna ekspresijas
analizu rezultati norada, ka §1 g€na ekspresija péc koka inokulacijas pieaug
(3.12. attels). Maksimala relativa génu ekspresija ir aptuveni 20 reizes lielaka,
neka references paraugam. Viennozimiga ekspresijas Itmena atkariba no kops
inokulésanas pagajusa laika rezultatos nav konstat&jama.
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Paraugs

3.12. att. PsBBs géna ekspresijas analizes.
Paraugu $ifréjums: Pirmie divi simboli apzZimé PsSBBs géna kopiju skaitu §i parauga
genoma (ND — nav datu), nakamie 3 — 4 simboli pirms komata ir parauga numurs, un
simbols p&c komata nosaka parauga ievakSanas laiku: k — kontrole (neinficéts), y —
ievakts 7 dienas p&c infic€Sanas, z — ievakts 40 dienas p&c infic€Sanas.

Eksperimenta iegiitie dati norada uz to, ka pirms inokulacijas §1 géna
darbiba paklauta stingrai darbibu apturosai kontrolei, jo ekspresija nav
noveérojama vai ir salidzino$i neliela visos kontroles paraugos (3.12. attéls).
Daziem paraugiem nav aprékinats minimalais un maksimalais relativas
ekspresijas Iimenis, jo kads no tehniskajiem atkartojumiem reala laika PKR
reakcija deva kvalitates krit€rijiem neatbilstoSus rezultatus.

Vienigais paraugs, kura $1 géna kopiju skaits, iesp&jams, ir palielinats
(GE13), neuzrada bitiskas atskiribas no pargjiem paraugiem.

Génu ekspresijas analizes dazados priedes séjenu audu tipos

Paral@li darbam par génu ekspresiju pieaugusos parastas priedes kokos
tika veikti eksperimenti par So paSu génu ekspresiju vienu gadu vecu s€jenu
parenhimas un sveku ailu audos. Eksperimenti tika veikti Norvégijas meza un
ainavu institita un Norvégijas dabaszinatnu universitates mikroskopijas centra.
Eksperiments tika veikts ar mérki noskaidrot, vai pastav atSkiribas So génu
ekspresija dazados audos. Eksperimentam pieejamais laiks un materialie
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lidzekli bija ierobeZoti, lidz ar to paraugu apjoms ir neliels. Sis ir arT pirmais
§ada veida petijums par génu ekspresiju dazados audos parastaja priede.

TLP géna ekspresijas noteikSanai tika izanalizéts 21 paraugs. No tiem 5
kontroles paraugi, 8 paraugi no traumétiem s€jeniem un 8 paraugi no infic€tiem
s€jeniem (3.13. attels). Kontroles paraugi nemti no divu s€jenu parenhimas un
sveku ailu audiem. ArT trauméto s€jenu un inokul&to s€jenu paraugi nemti no
divu sgjenu parenhimas un sveku ailu audiem, pie tam katra augu tipa paraugi
nemti gan no traumétas / inokulEtas vietas s€jena stumbra, gan no neskartas
vietas stumbra otra pusé. TLP géna ekspresijas analizé konstatéts, ka géna
ekspresija pastiprinds péc s€jenu trauméSanas vai inokuléSanas. Lielaka
relativas ekspresijas vertiba noverota trauméta s€jepa parenhimas audos
(aptuveni 146), bet otra liclaka ekspresijas vertiba novérota infic€ta s¢jena
parenhimas audiem no neskartas puses (aptuveni 59).
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3.13. att. TLP géna ekspresija dazados audos atSkirigos apstaklos.
Paraugu atSifréjums: C — paraugs no kontroles s€jena, W — paraugs no trauméta s€jena,
Ha — paraugs no inokulta sgjena; sekojoSais skaitlis norada kontroles / trauméta /
inokuléta s€jena numuru; daziem paraugiem seko kods ,us”, kas norada, ka paraugs
nemts no manipulacijai pret€jas stumbra puses; pedgjie simboli: RD — sveku ailes, P —
parenhima.

Tika konstatéta variacija starp paraugiem no traumétiem s€jeniem
(3.14. attgls).
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3.14. att. Variacija starp paraugiem no traumétiem séjeniem TLP géna
ekspresijas analize.
Paraugu atSifréjums ka 3.13. att. Uz X ass izvietoti paraugi. Y ass — relativa ekspresija. 1
— pirma trauméta s§jena audu paraugu TLP géna ekspresijas analizes rezultati. 2 — otra
traumgta s€jena audu paraugu analizes rezultati.

Paraugu no traumétiem s€jeniem analize iegltie dati norada, ka, iznemot
paraugu W1P, ekspresijas rezultati ir l1dzigi. Lielaka variacija novérojama starp
no pirma sgjena iegitajiem paraugiem, un to izraisa W1P paraugs. Pirma sgjena
paraugu analiz8s paraugi no sveku ailu audiem uzrada loti lidzigu rezultatu,
TLP ekspresija Sajos paraugos ir zema, bet parenhimas audu analize norada uz
lielaku TLP géna ekspresiju traumétaja pusé. TLP géna ekspresija konstatéta art
parauga, kas nemts no traum&sanai pret€jas stumbra puses. Otra s€jena paraugu
analizes rezultati norada uz augstaku ekspresijas ltmeni sveku ailu audos no
traumeéSanas skartas stumbra puses un lidzvertigu ekspresiju abos parenhimas
paraugos.

Konstateta ar1 variacija starp paraugiem, kas nemti no inokultiem
s€jeniem (3.15. attels).

30



30 70
25 60
20 50
40
15 30
N [] 0
0 ‘ : 0 ‘ e
> 2 N Q9 . 2
& &

3.15. att. Variacija starp paraugiem no inokulétiem séjeniem TLP géna
ekspresijas analize.
Paraugu atSifréjums ka 3.13. att. Uz X ass izvietoti paraugi. Y ass — relativa ekspresija. 1
— pirma inokuléta s€jena audu paraugu TLP géna ekspresijas analizes rezultati. 2 — otra
inokuléta s€jena audu paraugu analizes rezultati.

Analizgjot TLP ekspresiju pirma sgjena paraugos, gan parenhimas, gan
sveku ailu paraugos no inokulacijas puses TLP g€na ekspresijas vertibas ir
lielakas, neka So paSu audu paraugos no pretéjas stumbra puses. Vertibu
starpiba starp abu audu tipu paraugiem, kas nemti no dazadam stumbra pusém,
ir [idziga. Paraugi no otra s€jena analiz€s dod rezultatus, kas norada, ka
parenhimas audos atbildes reakcija ir izteiktaka inokulacijas vietai pretgja
stumbra pus€, un atSkiriba starp parenhimas audu paraugiem no dazadam
stumbra pusém ir lieclaka, neka noverots paraugiem no pirma s€jena. Sveku ailu
audu paraugos no otra inokuléta s€jena ekspresija ir zema abos gadijumos.

Iegtitie dati liecina, ka TLP géna ekspresija vairak tiek pastiprinata
parenhimas audos, tomer analiz&to paraugu skaits ir neliels. Aprekinot vidgjo
relativas ekspresijas vertibu traumetiem un inokul€tiem s€jeniem no paraugiem,
kas nemti no abam stumbra pusém, ieglstam, ka vidgja ekspresijas vertiba
parenhima ir 32,7, bet vidgja ekspresijas vértiba sveku ailu audos ir 6,28. Ja
lidzigi tiek analiz&ti paraugi tikai no trauméto un inokul&to sgjenu stumbru
dalas, iegiistam, ka vid&ja ekspresijas vertiba parenhima ir 43,73, bet sveku ailu
audos ta ir 10,15.

PsBBs géna ekspresijas noteikSanai tika izanaliz&ts 21 paraugs. No tiem
5 kontroles paraugi, 8 paraugi no traumétiem s€jeniem, un 8 paraugi no
inficEtiem s€jeniem (3.16. att€ls). Paraugu ievakSanas un sagatavoSanas
procediira ir tada pati ka aprakstits par TLP géna ekspresijas rezultatiem. PSBBs
geéna ekspresijas analizé konstatets, ka géna ekspresija pastiprinas péc sgjenu
trauméSanas vai inokuléSanas. Lielakais relativas ekspresijas ITmenis novérots
inokuléta s€jena sveku ailu audos (relativas ekspresijas vértiba aptuveni 6146),
bet otra augstaka relativas ekspresijas vertiba, 6040, konstatéta inficeta s§jena
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parenhimas audos. Augstaka relativas eckspresijas vertiba trauméto s€jenu
paraugu starpa ir konstatéta parenhima (aptuveni 2567). Gena ekspresija netika
konstatéta Cetros no pieciem kontroles paraugiem. Vienigais iznémums bija
parenhimas audu paraugs no pirma kontroles s€jena, tacu konstateta ekspresija
ir nieciga, salidzinot ar lielakajam vertibam.
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3.16. att. PsBBs géna ekspresija dazados audos atSkirigos apstaklos.
Paraugu atsifréjums: C — paraugs no kontroles séjena, W — paraugs no trauméta s€jena,
Ha — paraugs no inokuléta s€jena; sekojoSais skaitlis norada kontroles / trauméeta /
inokuléta s€jena numuru; daziem paraugiem seko kods ,,us”, kas norada, ka paraugs
nemts no manipulacijai pret€jas stumbra puses; pedgjie simboli: RD — sveku ailes, P —
parenhima.

Tika konstatéta variacija starp paraugiem no traumétiem s&jeniem
(3.17. attels).
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3.17. att. Variacija starp paraugiem no traumétiem séjeniem PsBBs géna
ekspresijas analize.
Paraugu atSifréjums ka 3.16. att. Uz X ass izvietoti paraugi. Y ass — relativa ekspresija. 1
— pirma trauméeta s&jena audu paraugu PSBBs géna ekspresijas analizes rezultati. 2 — otra
traumgta s€jena audu paraugu analizes rezultati.

Paraugos, kas iegiiti no abiem traumétajiem s€jeniem, génu ekspresija
paraugos no manipulacijas skartas puses ir lielaka neka g€nu ekspresija Sajos
pasos audos, kas iegiiti no manipulacijai pretéjas stumbra puses. Paraugos no
abiem s€jeniem relativas ekspresijas vértibu starpiba starp paraugiem no
manipulacijas skartas un pretéjas puses ir vismaz 379. Lielaka starpiba ir starp
parenhimas paraugiem no pirma trauméta sGjepa (~1752). Si starpiba
ievérojami parsniedz maksimalo vértibu paraugos no otra traumeta sgjena.

Konstatéta ar1 variacija starp paraugiem, kas iegiiti no inokultiem
s€jeniem (3.18. attels).
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3.18. att. Variacija starp paraugiem no inokulétiem séjeniem PSBBs géna
ekspresijas analize.
Paraugu atSifréjums ka 3.16. att. Uz X ass izvietoti paraugi. Y ass — relativa ekspresija. 1
— pirma inokul&ta s€jena audu paraugu PSBBs gena ekspresijas analizes rezultati. 2 —
otra inokuléta s§jena audu paraugu analizes rezultati.

Inokuletajos paraugos lielaka noverota starpiba starp paraugu no
manipulacijas skartas puses un stumbra pretgjas puses ir ~ 6146, kas parsniedz
maksimalo no otra inokuléta s€jena iegiita parauga vértibu vairak neka 6,5
reizes. Trijos no Cetriem paraugiem ekspresija ir stipraka manipulacijas skartaja
puse.

Aprekinot vidgjo relativas ekspresijas vértibu traumétiem un
inokulétiem s€jeniem no paraugiem, kas iegliti no abam stumbra pusém,
ieglistam, ka vidgja ekspresijas vértiba parenhima ir 1409,62, bet vidgja
ekspresijas vertiba sveku ailu audos ir 930,35. Ja lidzigi tiek analiz&ti paraugi
tikai no trauméto un inokuléto s€jenu stumbru manipulacijas skartas dalas,
vidgja ekspresijas vertiba parenhima ir 2369,76, bet sveku ailu audos ta ir
1847,92. Sie dati liecina, ka traumé&tos vai inokulétos séjenos vienu dienu p&c
manipulacijas lielaka PsSBBs gena ekspresija ir parenhimas $tnas. Ja izrékina
vidgjo ekspresijas Iimeni, tikai traumétos vai tikai inokul&tos paraugos, vidgjais
ekspresijas ltmenis traumé&tu s€jenu sveku ailu audos manipulacijas pus€ ir
436,73, bet parenhimai Siem paSiem paraugiem vid&jais ekspresijas ITmenis ir
1569,75. Inokul&tos s€jenos ekspresijas vid&ja vertiba sveku ailu audu paraugos
no manipulacijas puses ir 3259,09, bet parenhimas paraugos ta ir 3169,75.
Vienigi inokulétu s€jenu sveku ailu audos PSBBs géns ir ekspreséts specigak
neka parenhima, tomér starpiba ir neliela. So datu apstiprinasanai biitu javeic
papildus eksperimenti, jo analiz&to paraugu skaits ir parak neliels, lai izdaritu
droSus secinajumus. No ieprieks&jiem salidzinajumiem izriet arT tas, ka PSBBs
géna ekspresija inokul&tos paraugos ir lielaka neka trauméetos paraugos.
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4. DISKUSIJA
Nodaljai doktora disertacija veltitas 15 lappuses un 1 attéls.

Eksperimentu planojums

Lidz §im zinatniskaja literatiira visbiezak sastopama pieeja molekulari
genétiskos pétijumos par ar rezistenci saistitam izmainam ir pétjjumi par génu
ekspresijas izmainam. Doktora darba mérku sasniegSanai tika izvElta cita
pieeja - vispirms analiz&t kandidatgénu kopiju skaitu. Izvéles pirmais iemesls
bija pieejamibas piemérotam materialam génu ekspresijas analiz€ém trikums,
jo, izmantojot mezaudz€ augoSus kokus, griiti nodroSinat kontrolStus
eksperimentalus apstaklus. Pieméram, pirms inokul&Sanas koki var bt dabiski
infic€ti ar patogenu, pret kuru versta priedes rezistence tiek pétita vai ar citiem
patogéniem. Sada blakusinfekcija var novest pie izmainitas génu ekspresijas. Ir
pieradits, ka egl€s eksisté ierosinata rezistence (Krokene et al., 1999) — ja koks
tiek inficets ar patogénu, un p&c laika infic€Sanu atkarto, otraja reizé patogénam
izplatities saimniekorganisma ir gratak. Nav precizi zinams, ka §is process
atspogulojas gé€nu ekspresija, un kuriem géniem ir galvena loma, bet génu
ekspresija noteikti ir iesaistita. Otrs iemesls bija tas, ka vairaku kandidatgeénu,
pieméram, defenzina 2 un taumatinam lidziga proteina géna ekspresiju ictekmée
ne tikai patog€nu séniSu invazija pried€, bet arT abiotiski stresa faktori ka
sausums un karstums, un eksperimenta izmantotds mezaudzes ietvaros
mikroklimats var biit atSkirigs. Lidz ar to ir komplicéti izmantot mezaudzes
kokus uz génu ekspresijas datiem balstitiem pé&tfjjumiem par koku rezistences
atSkirtbam, jo nav zinams to fitosanitarais stavoklis un $1 stavokla ietekme uz
inokulaciju. TreSais So izveli nosakosais faktors doktora darba bija tas, ka génu
ekspresijas analizu veikSanai, no nieciga koksnes daudzuma (aptuveni 0,1 g)
nepiecieSams iegiit kvalitativu un koncentrétu RNS paraugu, kas priedes
koksnes 1pasibu dé] ir apgritinosi. CNV analiz€m nepiecieSama DNS, kuru
vajadziga kvalitateé un daudzuma izdalit ir krietni vieglak. Tadgjadi kopiju
skaita analizes izmantoSanai meza koku izp&t€ ir prieksrociba, jo $is analizes
izvéle par primaro dod iespé&ju atrak iegit sakotngjos datus, no kuriem vadoties,
planot génu ekspresijas eksperimentus. Génu kopiju skaita un génu ekspresijas
analizu kombingéta lietosana dod lielaku ieskatu priedes rezistences mehanismu
genétiskajos aspektos un, abu analiZu rezultatiem vienam otru papildinot, lauj
izdartt drosakus secinajumus.

H. annosum klatbiitnes noteikSanas analizes

Pastav vairakas PKR metodes H. annosum DNS detekt€Sanai, un Saja
darba izmantota metode, kura ir bijusi parbaudita H. annosum noteikSana
koksnes paraugos (Hantula & Vainio, 2003). Tomér PKR metodes izmantotas
tikai H. annosum detektésanai koksnes parauga, bet ne infekcijas limena
noteikSana individualiem kokiem. Ka aprakstits sadala 3.1., ir iegiti rezultati,
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ka H. annosum izplatiSanas priedg ir izteikti nevienmériga, 1idz ar to analizes,
kuras no parbaudama mezaudzes koka tiek nemts viens koksnes paraugs, ir
izmantojamas tikai vispargjas informacijas giSanai par kopg&jo mezaudzes
fitosanitaro stavokli, bet ne par individualu koku inficétibu.

Pirms eksperimentu uzsaksSanas H. annosum klatbatne eksperimentalaja
plantacija tika konstat€ta, atrodot H. annosum auglkermenus uz vairakiem
kokiem. Sakotngja parbaude (parbauditi 300 koki, viens paraugs no katra)
apstipringja, ka infekcijas Itmenis plantacija ir augsts, gandriz 40 % no
parbaudito koku deva pozitivu rezultatu H. annosum DNS detektéSanas analize.
Parsteidzoss rezultats bija tas, ka no Cetriem kokiem, uz kuriem tika atrasti
H. annosum auglkermeni, tikai divi deva pozitivu rezultatu PKR analize.
Analizgjot divu izraktu celmu dalju saknu sist€ému, tika iegtti rezultati, kas
liecina, ka H. annosum izplatiba tajos ir loti nevienmériga. PKR rezultati no
paraugiem, kas nemti loti tuvu viens no otra, pieméram, paraugi no sansaknes
centra un argjas dalas un paraugi, kas nemti ar 3 cm atstatumu no celma
virspuses, uzradija dazadus rezultatus. Nemot véra to, ka celmu izraks$ana ir Joti
darbietilpigs process, un prasa koka nozagesanu, tika nolemts analizét paraugus
no augoSu koku stumbru pamatnes, nemot vairakus paraugus no katra koka.
Detalizétakas analiz€s, izmantojot piecus paraugus no koka, noteikta inficéto
koku proporcija bija ievérojami augstaka (86%) neka pirmaja analizg, noradot,
ka koku parbaude, izmantojot vienu paraugu no koka dod daudz nepatiesi
negativus rezultatus. Pirmaja inficétibas limena noteik$anas eksperimenta 16
paraugi uzradija infekcijas [imeni no 0/5 Iidz 2/5, un devinu paraugu inficétibas
limenis bija no 3/5 lidz 5/5. Sie dati varétu nozimét, ka paraugi ar zemaku
infekcijas pakapi ir inficgjusies velak neka devini paraugi ar augstaku
infic€tibas Iimeni. Telpiska paraugkoku atrasanas vietas korelacija ar infekcijas
Iimeni netika konstatéta. H. annosum infekcijas virzibu plantacija nebija
iespgjams noteikt. Cita iesp&ja, kas izskaidro paraugu ar zemu infic€tibas
Iimeni lielo proporciju, ir tas, ka Sie individi var€tu izmantot rezistences
faktorus, kas inhib& H. annosum izplatibu koka.

Atkartotais inficétibas ITmena noteikSanas eksperiments tika veikts
gandriz gadu p&c pirma inficétibas Iimena noteik$anas eksperimenta, 1idz ar to
H. annosum dabiga izplatiSanas saimniekkoka ir ietekm&jusi atkartota
eksperimenta rezultatus. Ir aprakstits, ka H. annosum izplatiSanas atrums
saknés var sasniegt divus metrus gada (Rishbeth, 1962). Salidzinot abu
eksperimentu datus, noverots, ka augstakas inficétibas klases Ipatsvars ir
palielingjies atkartotaja eksperimentd. To vartu izskaidrot ar H.annosum
izplatiSanos koka vienpadsmit méneSu laika pec sakotngja eksperimenta.
Salidzinot datus par viena individa infic€tibas Iimeni abos eksperimentos,
lielakaja dala gadijumu ekspresijas Itmenis palielindjas vai saglabajas
nemainigs, tomér divos paraugos inficétibas Itmenis atkartotaja eksperimenta
samazinajas, kas, iespgjams, ir paraugu nemsanas izraisits artefakts, kuru
izraistjusi H. annosum nevienmériga izplatiba stumbra pamatng.
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Nemot véra H.annosum nevienmérigo izplatibu parastaja priede, lai
izvairitos no nepatiesi negativiem rezultatiem, nepiecieSams infekcijas
konstatgSanai un inficétibas ITmena noteikSanai analiz&t vairakus paraugus no
katra koka. Doktora darba iegitic rezultati norada, ka piecu paraugu
izmantoSana no katra koka sniedz individualu koku infic€tibas Iimena
novert§jumu, tomér noteiktais inficétibas Ilimenis nav absoliits patog€na
nevienmérigas izplatibas priedeés de]. Fakts, ka atkartotaja eksperimenta
lielakajai dalai paraugu inficétibas Itmenis palielingjas vai palika nemainigs,
norada, ka piecu paraugu izmanto$ana no katra koka norada aktualo inficétibas
Itmeni paraugos, un noteiktais inficetibas Iimenis norada infekcijas attistibu
laika gaita. Nozimigs faktors, kas ierobezo no parauga analizém ievacamo
paraugu skaitu, ir koka stumbra diametrs. Analizgtaja plantacija paraugu skaita
palielinasanai var€tu biit negativs efekts. Parbaudot kokus ar lielaku diametru
biitu iesp&jams analiz€m ievakt lielaku paraugu skaitu, novedot pie precizakiem
rezultatiem. Iesp&jams izmantot ari alternativas paraugu ievakSanas stratégijas,
pieméram, vertikala virziena pa koka stumbru. Alternativu parauga ievakSanas
stratégiju izmantoSanas iesp&ju noskaidroSanai nepiecieSsams veikt papildus
petijumus par H. annosum izplatibas raksturu priedes stumbra pamatné.

Saja darba ir izstradata metode meZaudzes individudlu koku inficétibas
limena noteikSanai. Ar $o metodi iegiitiec dati ir lavusi konstatét inficEtibas
limena atSkiribas starp vairakiem paraugiem. Darba iegiita informacija, kas
norada uz izteikti nevienmérigu H. annosum izplatibu parastas priedes stumbra
pamatné un saknu sistéma. Metodes pielietoSana mezaudz€s vai plantacijas laus
noteikt audzes vispar€jo fitosanitaro stavokli un identificét potencialas
atskiribas rezistencé pret H. annosum starp paraugiem vai gimeném. Sadi dati
varés tikt izmantoti turpmakos rezistences pétijumos vai selekcijas
programmas.

TLP un Def2 génu kopiju skaita analizes

Sakritiba starp TLP génu kopiju skaita analiz€m un génu ekspresijas
analizém vélreiz pastiprina génu kopiju skaita analizes rezultatu ticamibu.
Palielinats noteikta géna kopiju skaits var novest pie fenotipiskam izmainam.
Cilvéka genoma pétijumos ir novérota sakritiba starp palielinatu kopiju skaitu
un pastiprinatu géna ekspresiju (Chen et al., 2006). Sie rezultati liecina arT par
to, ka, ja $1 géna kodgtais proteins ir pietickami efektivs pret H. annosum,
individiem ar palielinatu §1 géna kopiju skaitu varétu biit palielinata rezistence
pret H.annosum. Ir nepiecieSams veikt pétfjumus par TLP iedarbibu pret
H. annosum. Informaciju par génu kopiju skaitu atskiribam antimikrobialos
proteinus kod&josos génos un to iespaidu uz auga rezistences spg&jam varetu
ieklaut priezu selekcijas programmas atlases kritérijos. Tomér proteinu
ekspresija ne vienmér sakrit ar génu ekspresiju, jo proteinu ekspresija ar1 tiek
paklauta papildus regulacijai. Gadijuma, ja géns, kura kopiju skaits ir
palielinats, tiktu ekspres€ts augd nepartraukti, un pastavetu sakritiba starp
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palielinatu kopiju skaitu un pastiprinatu géna ekspresiju, §1 géna kodg&tais
antimikrobialais proteins auga $tnas tiktu uzkrats lielaka koncentracija neka
koka ar normalu konkréta géna kopiju skaitu. Ja konkrétais antimikrobialais
proteins biitu efektivs pret H. annosum, mingtajam patogé€nam So koku inficet
bitu griitak, ja infekcija tomér notiktu, patogéna augsana bitu 1€naka. Slimibas
simptomi kokam izpaustos v&lak vai, iespgjams, lidz cirS§anas vecumam
neizpaustos nemaz. Gadijuma, ja palielinats kopiju skaits ir antimikrobialam
génam, kura darbiba pastiprinas reakcija uz patogéna invaziju, tas novedis pie
antimikrobiala proteina straujaka koncentracijas pieauguma un liclakas gala
koncentracijas p&c infekcijas, padarot slimibas progresu 1&naku.

Pirma varianta gadijuma teoré&tiski ir iesp&jams, ka kada antimikrobiala
proteTna Iimenis priedes Stinas pirms infekcijas ir tik liels, ka ta nevar tikt
inficta, tomé&r noderiga ir arT relativi lielaka rezistence pret patogénu, nevis
tikai absoliita rezistence. Palielinatam antimikrobiala géna skaitam vargtu bt
ar1 blakusefekti, pieméram, koka 1e€naka augSana. Pie lenakas augSanas varétu
novest lielaka antimikrobiala proteina koncentracijas izraisitas problémas
mikorizas veidoSanas procesa. Cita iesp&jamiba ir auga Slinu resursu novirze
antimikrobiala proteina sintézei, samazinot pieejamos resursus Sinas
struktiirelementu sintézei, novedot pie lénakas augSanas vai koksnes blivuma
izmainam. Antimikrobialos proteinus kod&joso génu palielinata kopiju skaita
ietekme uz $adiem priedes biologijas aspektiem vél nav pétita. Katra pretsénisu
proteina efektivitate pret H. annosum var bt atSkiriga, tadgjadi individs ar
lielaku kada geéna kopiju skaitu var neuzradit pastiprinatu rezistenci pret
H. annosum, salidzinot ar pargjiem individiem. Bitu japiever§ uzmaniba
individu, kuru genomos lielaka kopiju skaita ir vairaki ar rezistenci saistiti géni,
atlasei. Jauzsver, ka patogéns, $aja gadijuma H. annosum, nemitigi attistas, un
var ar laiku pielagoties ,,labaku” genotipu infic€Sanai

Sis ir pirmais darbs, kura ir pétitas génu kopiju skaita variacijas priedz.
Atseviski petijumi biitu nepiecieSami, lai novertetu atklato un potencialo kopiju
skaitu variaciju ietekmi uz fenotipu. Génu ekspresijas petijumi ir tikai dala no
nepiecieSamajiem eksperimentiem, nepiecieSama plasaka fenotipisko pazimju
klasta izpéte.

PsBBs un PsR genu kopiju skaita analizes

Lai gan PsBBs un PsR génu kopiju skaita analizu dati norada, ka $iem
géniem kopiju skaita variacijas ir maz ticamas, Sie rezultati toméer ir lietderigi,
jo tie uzskatami parada — parastaja priede ir géni, kuriem kopiju skaita
variacijas ir sastopamas, un ir géni, kuriem $adas variacijas sastopamas nav.
Tas dod lielaku ticamibu rezultatiem, pretgja gadijuma, ja visiem géniem tiktu
konstatetas génu kopiju skaita variacijas, analizu rezultati varétu skist Saubigi,
jo kopiju skaita variacijas, vismaz cilvéku genoma, nepiemit visiem ge€niem.
Par PsR génu ir zinams tas, ka pried€ ir vairaki $im génam lidzigi, kopa septini
géni (Li & Asiegbu, 2004b), bet NCBI datu bazeé pieejama tikai viena no $o

38



geénu sekvenceém. Gadijuma, ja visas septinas vai dala no kopijam ir tik lidzigas,
ka $1 géna analizé€m konstruétie praimeri amplificé nevis viena, bet vairaku §Ts
génu grupas parstavju fragmentus, génu kopiju skaita izmainu noteiksana tiktu
apgritinata. Pried@s ir lidzigu pinosilvina sintazu génu gimene (Preisig-Miiller
et al., 1999), bet domajams, ka §ie géni ir atskirigi DNS sekvences Itment, jo So
génu kod@to geénu sintez&to proteinu savstarpgja aminoskabju sekvences lidziba
ir aptuveni 95 %. Tapat ka PSR géna gadijuma, ir noteikts, ka priedes genoma
atrodas pinosilvina sintazes génu gimene, kura sastava ir vairaki géni, bet
kopiju skaita variacijas nav pétitas (Preisig-Miiller et al., 1999).

TLP geéna ekspresijas analizes

Apkopojot datus par veiktajiem génu ekspresijas eksperimentiem, var
secinat, ka praktiskai izmantoSanai interesantakie ir dati par TLP géna
ekspresiju, jo tie uzskatami norada uz korelaciju starp génu kopiju skaitu un
ekspresijas pieauguma Iimeni péc koka inokule$anas. Analizu rezultati liecina,
ka paraugos, kuriem ieprieks tika konstatéts TLP gena kopiju skaits, kas lielaks
par divi, §1 g€na ekspresijas picaugums pec inokul€Sanas ir lielaks, neka
paraugos ar TLP kopiju skaitu divi. Potencialie §1 novérojuma efekti un
blakusparadibas aprakstiti diskusijas nodala ,,TLP un Def2 génu kopiju skaita
analizes”. Saja darba pirmo reizi tiek aprakstita priedes géna kopiju skaita
izmainu sakritiba ar §1 géna ekspresijas limeni. TLP gena ekspresija péc
inokulacijas nepieaug tik stipri ka PsBBs géna ekspresija. Sadu secinajumu var
izteikt balstoties uz to, ka PsBBs géna ekspresijas analizés kontroles paraugu
ekspresija gandriz visiem paraugiem ir minimala vai nav detekt€jama. Ta ka
génu ekspresijas analizés tika izmantota relativas kvantit€Sanas metode,
individos, kuru kontroles paraugos ekspresija nav detekt€jama, nevar noteikt
ekspresijas pieaugumu. TLP gadijuma ekspresija tiek detekteta visos kontroles
paraugos, kas var liecinat, ka §1 géna produkts tiek sintez&ts nepartraukti, kaut
nelielos apjomos, un ir viens no auga aizsargsist€mas pirmajiem ierociem pret
patogéna invaziju. Ekspresija kontroles paraugos var nozimét arf to, ka So genu
regulgjosie mehanismi ir jutigaki pret dazadiem argjas vides stresa faktoriem
neka PsBBs géna darbibu regul§joSie mehanismi. TLP géna ekspresijas
pieaugums saskan arT ar literatliras datiem, kur aprakstits, ka cits §Is g€nu
grupas parstavis tiek pastiprinati ekspreséts péc parastas priedes inokulésanas ar
H. annosum (Asiegbu et al., 2005b).

Def2 géna ekspresijas analizes

Dati par Def2 géna ekspresiju norada, ka $1 antimikrobiala proteina, kas
ir aktivs pret H.annosum, géna ekspresija péc koka inokuléSanas ar So
patogénu samazinas. Turpreti Asiegbu darba par parastas priedes génu
ekspresijas izmainam digstos péc inokulacijas ar H. annosum noradits uz $is
génu grupas ekspresijas pieaugumu (Asiegbu et al., 2005b). Seit japrecizé, ka
Asiegbu darba Sis konkrétais defenzina gé€ns nav mingts, bet ir min&ti vairaki
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citi defenzinu klases géni. Sadu situaciju varétu izskaidrot arT ar to, ka Def2
geéns citadi darbojas digstu vecuma. Ir zinams, ka génu darbiba ir atkariga no
organisma vecuma, tapéc abi skaidrojumi varétu bt iesp&jami.

Def2 géna ekspresijas izmainu raksturs varétu liecinat par §1 proteina
dalibu primaraja aizsargreakcija. To var pamatot ar iegiitajiem datiem, kas
norada, ka, lai arT p&c inokuléSanas $1 g€na ekspresija kritas, sakotngji Def2
ekspresija ir saméra augsta Itmeni (lielakais ekspresijas limena kritums ir 33,73
reizes). Pretgji TLP génam, kur§ varétu bt iesaistits arl primaraja, ne tikai
ierosinataja aizsargreakcija, jo kontroles paraugi uzrada $1 géna ekspresiju,
defenzins 2, vadoties no iegiitajiem datiem, vismaz pieaugusos kokos,
galvenokart darbojas primaraja aizsargreakcija. legitie dati vargtu liecinat, ka
augs defenzina 2 proteina sint€zei miera apstaklos, t. i. pirms inokul€Sanas,
salidzinot ar TLP, velta salidzinosi lielus resursus, un p&c inokuleSanas
parslédzas uz inducétas aizsargsist®émas izmantoSanu, kurd svarigaku lomu
spele taumatinam lidzigais proteins un pinosilvina sintaze, kurus kodgjoso génu
ekspresija pec inokul€sanas pastiprinas.

PsBBs géna ekspresijas analizes

PsBBs géna ekspresija péc inokulé$anas pastiprinas. Ekspresijas kapums
péc inokulSanas ir liels, bet nav skaitliski izsakams, jo lielakaja dala kontroles
paraugu $is géns paklauts tik lielai ta darbibu nomacosSai kontrolei, ka ta
ekspresija nav detektgjama. lesp&jams, ka PSBBs géna ekspresijas limena
kapums ir samérojams ar §1 géna ekspresijas kapumu vienu gadu vecos s€jenos,
kurus analiz€jot ar nedaudz atSkirigu metodi, tika iegliti dati, ka §T g€na
ekspresija pieaug pat vairak par 6040 reiz€m. Ar tradicionalo génu ekspresijas
analizes metodi iegiitajiem datiem nov€rojamas lielas standartkliidas, un citus
secinajumus ka vien to, ka ekspresija pec inokulacijas palielinas, nav iesp&jams
izdarit. ST géna ekspresijas kapums dod pamatu hipotézei, ka pinosilvinam, kas
ir pinosilvina sintazes kataliz&tas reakcijas produkts, ir nozimiga loma auga
inducgtaja aizsargreakcija. Pinosilvinam piemit plasa spektra antimikrobialas
ipasibas, lidz ar to varétu gaidit, ka PSBBs géna ekspresija netiek ierosinata
specifiski tikai ar H. annosum infekciju.

Ekspresijas picaugumu vargja prognozét no ieprieksgjiem pétijumiem
par pinosilvina sintazu aktivitati priedé (Preisig-Miiller et al., 1999). Tomér
doktora darba giitie rezultati par §T un citu génu ekspresiju ir unikali, jo [1dz $im
lielaka dala informacijas par génu ekspresiju ir iegiiti no digstu vecuma augiem,
inficgjot tos ar H. annosum kontrolétos apstak]os, bet doktora darba iegitie
rezultati dod informaciju par So génu ekspresiju pieaugusos kokos. Dati ir
unikali ari tada zina, ka lielaka dala ieglito datu par Pinus sylvestris génu
darbibu ir ieguti, izmantojot DNS mikro¢ipu tehnologijas, kas lauj analizet
daudzu génu darbibu vienlaicigi, tom@r §1 analize netiek uzskatita par tik
precizu ka Saja darba izmantota reala laika PKR metode kvantitativa zipa.
Turklat nav pieejams DNS Cips, kur§ biitu veidots no parastas priedes
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ekspreséto sekvenCu bazes, ta vieta tiek izmantoti mikro€ipi, kuri satur
radniecigu organismu DNS. Rezultata tiek iegtti dati, kas balstas uz salidzinosi
lielu lidzibu nevis uz precizu sakritibu ar analiz€tajiem géniem. ArT jebkura cita
augstas produktivitates ekspresijas petiSanas sist€ma analiz&tos datus salidzina
ar pieejamo informaciju datu bazes, kur informacijas par P. sylvestris
sekvencém ir salidzino$i maz, lidz ar to iegiitie rezultati tiek salidzinati ar pec
iespgjas radniecigakam sugam.

Génu ekspresijas analizes 1azera mikrosecé$Sanas mikroskopijas paraugiem

Izmantotajos vienu gadu vecajos s€jenos jau $aja vecuma sveku ailes ir
diezgan morfologiski diferencétas no parenhimas. Par to var spriest péc
fluorescentas mikrokopijas (4.1. attéls).

200 pm

4.1. att. Vienu gadu veca parastas priedes séjena stumbra Skérsgriezums
200x palielinajuma. Fluorescentas mikroskopijas attels.

4.1. attela zilas krasas fluorescenci emité lignins, bet sarkanas krasas
fluorescenci emité suberins un hlorofils. Aplveida struktiira att€la vidi ir sveku
aile. Ka redzams, Stinas, kas veido sveku aili (viena $iinu karta ap pasu kanalu),
izskatas zilganas. Tas lauj spriest, ka So §tinu struktiira un sastavs ir atskirigs no
apkart esoSo parenhimas audu struktiras, tatad, $is $iinas ir diferencétas.

Gan TLP géna, gan PsBBs géna ekspresija péc trauméSanas un
inokuléSanas palielinas. PSBBs geéna ekspresijas pieaugums reakcija uz
trauméSanu un inokuléSanu ir lielaks, neka TLP géna ekspresijas picaugums,
turklat inokuléSana izraisa lielaku PsBBs géna ekspresijas picaugumu neka
sgjenu trauméSana. PSBBs géna ekspresija kontroles paraugos praktiski nav
detektejama. Sie rezultati ir Iidzigi ar génu ekspresijas eksperimentos ar
pieaugusiem kokiem iegiitajiem datiem. Sie rezultati lick domat, ka pinosilvina
sintazes géns miera apstaklos ir paklauts stingrai ta darbibu blokg&josai
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regulacijai gan s€jenos, gan pieaugusos kokos. ArT TLP géna ekspresijas dati
par kontroles paraugiem norada uz §1 géna loti zemu ekspresiju, ja augs netiek
paklauts trauméSanai vai inokul@Sanai, bet pieaugusu koku kontroles paraugos
ekspresija tomér, kaut neliela Itmeni, ir detekt€jama visiem analiz€tajiem
kontroles paraugiem. To varétu izskaidrot vai nu ar atSkirigu géna darbibu
dazados vecumos, vai ar to, ka s&jeni, kas tika inkub@ti kontroletos apstaklos,
tika paklauti mazakam stresam, neka pieaugusie koki mezaudze.

Mehaniski traumétajiem un inokultajiem paraugiem gan TLP, gan
PsBBs génu ekspresijas analiz€s noverotas ieverojamas atskiribas starp
paraugiem no dazadiem sgjepiem. Tomér var secinat, ka abu génu ekspresija
reagé uz traumésanu. Ka traumétos, ta ari inokulétos s€jenos génu ekspresijas
izmainas ir konstatgjamas ari audu paraugos, kas nemti no manipulacijai
pretgjas stumbra puses. Tas liecina, ka traum&Sana / inokulacija s€jenu
stumbros TLP un PsBBs génu ekspresiju iespaido vismaz tada attaluma, kas
vienads ar stumbra diametru. Tas liecina par signalu parneses sist€mas darbibu
un efektu uz $T gé€na ekspresiju attalos audos. Tomér PsSBBs géna analizg,
iznemot vienu paraugu, izteiktaka genu ekspresijas limepa reakcija ir
manipulacijas skartaja stumbra pus€, g€nu ekspresijas izmainas parsvara
lokalizétas trauméSanas / inokulacijas vieta. Salidzinot parenhimas un sveku
ailu audus, rezultati norada uz to, ka TLP géna ekspresija péc traumésanas /
inokuléSanas vairak piecaug parenhimas audos, bet PSBBs géna ckspresija
paraugos no inokulétu s€jenu manipulacijas skartas stumbra puses vairak
picaug sveku ail€s, kaut atSkiriba nav liela. Salidzinot par&jos paraugus no
inokulétiem un traumétiem s€jeniem, ari PSBBS ekspresija vairak pastiprinas
parenhima. Sveku ailes priedés pilda svekus veidojoSo metabolitu, tostarp
pinosilvina, koncentré$anas un transporta funkciju. Veikto eksperimentu par
vienu gadu veciem sgjeniem rezultati uzrada, ka PSBBs géna ekspresija sveku
ailu audos nav palielinata, noradot, ka pinosilvina biosint€zé€ Siem audiem
varétu nebit pasa loma.

SECINAJUMI

e Noteikts taumatinam lidziga proteina (TLP) un defenzina 2 (Def2)
génu kopiju skaita polimorfisms Pinus sylvestris genoma. Lidz $im
génu kopiju skaita analizes skuju kokiem nav veiktas.

e Noteiktas taumatinam Iidziga proteina (TLP), Pinus sylvestris
pinosilvina sintazes (PSBBs) un defenzina 2 (Def2) génu ekspresijas
izmainas p&c P. sylvestris inokuléSanas ar H. annosum. Noskaidrots,
ka So ge€nu ekspresijas izmainas ir atSkirigas, kas norada uz So génu
dalibu dazados rezistences mehanismos.

e Konstateta korelacija starp taumatinam lidziga proteina (TLP) géna
kopiju skaitu un ekspresijas pieaugumu.
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Lazera mikrosecéSanas mikroskopija (LCM) kombinacija ar génu
ekspresijas analizi sekmigi izmantojama g&nu ekspresijas petijumiem
dazados Pinus sylvestris s¢jenu audu tipos.

Pinus sylvestris parenhimas un sveku ailu audos konstatéta ne tikai
lokala, bet ar1 sistemiska TLP un PsBBs génu ekspresijas reakcija uz
trauméSanu un inokul&sanu ar H. annosum.

Taumatinam lidziga proteina (TLP) un defenzina 2 (Def2) génu kopiju
skaits nav saistits ar H. annosum izraisitas priedes koksnes
pigmentacijas izmériem.

Izstradata PKR metode individualu P. sylvestris koku inficétibas
limena ar H. annosum noteik$anai. Konstatéts, ka H. annosum priedes
stumbra pamatné izplatas nevienmérigi. Piecu stumbra pamatnes
paraugu analize no katra augosa priedes koka ir pietickosa inficetibas
pakapes un tas dinamikas raksturosanai.
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GENERAL DESCRIPTION OF WORK

Topicality of the theme

In Latvia Scots pine is an economically important forest tree species.
Scots pine comprises 47 % of forests managed by the joint stock Company
“Latvijas Valsts Mezi” and 74 % of pine forests are pure stands which
promotes spread of species-specific diseases. Root rot is common in Latvian
pine stands. This disease influences tree growth negatively, increases the
possibility for trees to be wind-thrown and, ultimately, leads to withering of
trees. In pine, root rot is hard to detect by visual inspection of trees, because
symptoms may not be evident, even if half of the root system is damaged by
this disease, and, in addition, similar symptoms can be caused by several
pathogens. It is virtually impossible to decontaminate forest areas infected with
the causative agent, fungus Heterobasidion annosum. It would be necessary to
remove all infected roots from forest soil in order to decontaminate the forest
area but even then fragments of infected roots could remain in the soil. In
Latvia, root and butt rot caused by Heterobasidion parviporum in spruce stands
causes losses of 800 — 4790 EUR per hectare (Gaitnieks et al., 2007). There is
also a trend towards an increased number of diseased trees with increasing
plantation age (Gaitnieks et al., 2007). Based on the similarities of H. annosum
and H. parviporum economic loses inflicted by H. annosum in pine stands can
be considered as substantial. The above mentioned factors ensure that research
on the genetic aspects of Scots pine resistance against H. annosum root rot is of
high importance.

The scientific aim of this doctoral thesis is to investigate variation in
gene copy number, changes in gene expression after inoculation with
H. annosum and correlation of gene copy number with gene expression for
P. sylvestris genes involved with resistance against H. annosum. The practical
implication of this doctoral research is to elaborate molecular genetic selection
criteria for clones with increased resistance against H. annosum for Scots pine
breeding programs. The scientific tasks of the doctoral research are:

e to determine copy number variation of resistance-linked genes of
Scots pine,

e to perform gene expression analyses before and after inoculation of
pine trees with H. annosum in order to gain information about changes
in expression of these genes and to identify correlations with gene
copy number,

e to investigate the use of laser capture microdissection for gene
expression studies in various tissue types of Scots pine,

e to evaluate lesion length caused by tree inoculation with H. annosum
and to determine correlation of lesion length with gene copy number,
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e to elaborate a method for H. annosum infection level determination in
mature pine trees.

Material used in the research

Experiments performed during this doctoral research utilised 300 trees
from the experimental plantation near Kalsnava (experiment number in long-
term scientific object register: 235, block 224 of Forest Research Station
“Kalsnava”) and nine, trees from the experimental plantation near Zvirgzde
(experiment number 27, block 193 of Vecumnieku forest district).

Methods utilised in the research

In this research the genetic aspects of Scots pine resistance against
H. annosum root rot were studied using gene copy number variation analyses
and gene expression analyses. For evaluation of the phytosanitary condition of
individual Scots pine trees regarding H. annosum infection a PCR (polymerase
chain reaction) based molecular genetics method was utilised.

Hypothesis of the doctoral thesis

Knowledge about the genetic aspects of Scots pine resistance against
H. annosum root rot are potentially applicable in breeding programs of Scots
pine.

Novelty and scientific relevance of the research

The novelty of this research is attested by the use of innovative methods
regarding research of conifers in gene copy number variation and determination
of the phytosanitary condition of individual trees. Although the molecular
genetics method for determination of phytosanitary condition of individual
trees is developed from the method for detection of H.annosum in wood
samples reported by Hantula and Vainio, this method was adapted for a more
exact characterisation of the phytosanitary condition of individual trees. To
date, no research data have been published about resistance mechanisms at the
molecular genetic level in mature P. sylvestris trees. This is the first study
where gene copy number variations have been studied and detected in Scots
pine genomes. For the first time, correlation of increased gene copy number
with increase of expression of this gene in response to inoculation with
H. annosum is described. Gene expression analyses in different tissue types of
one year old Scots pine seedlings combining laser capture microdissection with
gene expression analysis are also described for the first time.

Structure of the doctoral thesis corresponds to the above mentioned tasks

and consists of 5 chapters:
1. Literature overview. In this chapter biology of the causative agent of
Scots pine root rot, the fungus Heterobasidion annosum and resistance
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mechanisms of Scots pine in particular and plants in general, and the
proteins and genes involved are described in detail. General
information about methods used in this doctoral research is provided.

2. Material and methods. In this chapter methods and mathematical
operations used in the doctoral research are described in detail.

3. Results. This chapter provides a description about results of the
doctoral research in logical order. Results are also illustrated using
graphs and tables.

4. Discussion. Results of the experiments and potential implications of
those results are discussed with emphasis on questions related to Scots
pine resistance mechanisms against root rot.

5. Conclusions. Seven conclusions are summarised. Summarised
conclusions comply with scientific tasks of this research.

The volume of the thesis of research is 107 pages, including 35 figures,
15 tables and 192 references. The final section contains 7 conclusions.
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1. LITERATURE OVERVIEW
The chapter consists of 24 pages and 2 figures in the doctoral dissertation.

Root rot caused by H. annosum is one of most devastating conifer
diseases in the Northern hemisphere. Annual economic loses inflicted by
H. annosum s. lato. infection reach 800 million EUR in Europe (Asiegbu et al.,
2005a).

H. annosum is a necrotrophic organism, which means that in order to
access nutrients it kills the cells of the host organism. Before 1978, H. annosum
and H. parviporum were considered to be one species. In 1978, two
intersterility groups of H. annosum were reported (Korhonen, 1978). Recently,
these intersterility groups have been reclassified as two separate species —
H. annosum (former intersterility group P) and H. parviporum (former
intersterility group S) (Niemeld & Korhonen, 1998). This leads to a situation
that in some cited publications, H.annosum refers to the wider species
complex. However, the biology of both species is very similar except for their
primary host (Korhonen, 1978). The designations s. stricto and s. lato are often
used to indicate H. annosum separately or together with H. parviporum.

Both species mentioned above are found in Latvia. Besides those
species, Heterobasidion abietinum can also be found in Europe. It primarily
infects European silver fir Abies alba (Niemald & Korhonen, 1998). These
European species together with the American species Heterobasidion
irregulare and Heterobasidion occidentale are termed the Heterobasidion
annosum complex. There is on-going scientific debate about the inclusion of
two Australian and New Zealand species, Heterobasidion auraceae and
Heterobasidion insulare, into the H. annosum complex.

The genetic aspects of resistance against pathogenic fungi of
Heterobasidion genus have been studied for a long time. Latvian scientists
were also active in this field by trying to find correlations between resin
contents in pulp and resistance as well as studying the influence of other factors
on resistance (Lauska, 1970).

Several studies focusing on the influence of genetic factors in general on
resistance against root rot in spruce have been performed, without in-depth
studies of genes involved in resistance mechanisms (Wallendorf & Thomsen,
2008; Swedjemark & Karlsson, 2004a; Swedjemark & Karlsson, 2004b; Bodles
et. al., 2007). One of conclusions of those studies is that a significant difference
in H. parviporum growth rate exists between individual trees. The heritability
coefficient (H?) value of this resistance was determined to be 0.18. A
significant positive correlation between tree size and pathogen growth rate was
also detected but a genotype-dependent fungal growth rate by measuring lesion
length after inoculation was not found (Swedjemark & Karlsson, 2004b).
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Differences in resistance against root rot have also been identified between
P. sylvestris individuals (Korshikov & Demkovich, 2008).

Until now, the general scientific opinion is that Scots pine or other
conifer species individuals absolutely resistant against root rot have not been
identified, however descriptions such as ,resistant tree” and ,resistant clone”
are present in the scientific literature. Conifer resistance against root rot is
difficult to prove in experimental plantations. The infection can be established
for a long period without showing any symptoms. Artificial inoculation of the
stem does not fully imitate natural infection because usually the pathogen
spreads from one tree to another through root contacts. It is possible to
inoculate seedlings, but results obtained using this approach may not be
applicable to mature trees, as seedlings have been subject to genetic
recombination processes. In addition, it is possible that defence mechanisms act
differently at different ages.

Conifer resistance against root rot is complex. Resistance mechanisms
involve several genes and their proteins, some of which are still unknown. Each
gene individually and in different combinations of genes has a different effect
on resistance of the individual. It is possible to use molecular genetics methods
to study the complicated mechanisms of resistance more accurately in order to
discover and characterise genes involved in resistance against root rot and to
study effects of the action of these genes.

2. MATERIALS AND METHODS

The chapter consists of 24 pages, 1 figure and 2 tables in the doctoral
dissertation.

Molecular genetics method for determination of presence of H. annosum

In order to successfully perform studies about the influence of genetic
factors on resistance capabilities of pine against root rot caused by H. annosum,
a method for determination of H.annosum DNA in a wood sample was
adapted.

This method is described in a publication of Hantula and Vainio, 2003.
It is based on PCR reaction making use of primers specific to H. annosum. The
total DNA used for these analyses is extracted from wood or other tissues and
the presence of H. annosum DNA within the total DNA sample is determined.

Trees form the experimental plantation near Kalshava (experiment
number in long-term scientific object register: 235, block 224 of Forest
Research Station “Kalsnava”) were used in this experiment. Samples were
collected using a 2 cm diameter round chisel. Samples were taken at the very
base of the stem, sampling depth was 2 — 3 cm towards the pith. Wood
fragments from the end closest to the pith were cut in the laboratory and used
for DNA extraction.
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Molecular genetic method for determination of infection level of
individual trees

Sampling and analysis were performed as described previously, except
that five samples were collected from every tree. After electrophoretic analysis,
samples were grouped into six classes: 0/5, 1/5, 2/5, 3/5, 4/5 and 5/5 where the
first number indicates the number of samples containing H. annosum DNA, and
the second number indicates the number of analysed samples from one tree.

Inoculation of mature P. sylvestris trees with H. annosum

Sample inoculation is necessary for gene expression analyses if the
experimental design includes studies of changes in gene expression in response
of the pathogen. Mature trees were inoculated by placing agar-based LB
medium containing actively growing H. annosum under the bark of the tree.
For inoculation of mature trees H. annosum isolate 1 Sm 15 92 was used, and in
a pilot-experiment a more aggressive isolate 358 was used. In this experiment
trees from the experimental plantation near Kalsnava (experiment number: 235,
block 224 of Forest Research Station “Kalsnava”) and the experimental
plantation near Zvirgzde (experiment nr. 27, block 193, Vecumnieku forestry)
were used. Inoculation was performed at breast height.

Candidate-gene copy number variation analyses

Samples for gene copy number variation analyses were collected from
29 trees from the experimental plantation near Kalsnava (experiment nr. 235).
Needles were collected for isolation of DNA. Some of trees used in this
experiment belonged to half-sib (open-pollinated) families.

DNA isolation was performed following the protocol described in the
section ,,Molecular genetic method for determination of presence of
H. annosum”, with the exceptions that DNA was extracted from needles not
from wood, and after DNA isolation an additional purification step to diminish
concentration of PCR inhibitors was performed.

Exact information about DNA concentration is essential for copy
number variation (CNV) analyses. Concentration of DNA samples was
determined by spectrofluorimetry.

A relative quantification approach of the real-time PCR method was
used for CNV analyses. In order to calculate the absolute copy number of genes
analysed the protocol published by D’haene et al. was followed (D’haene et al.,
2010). Z scores were calculated to estimate credibility of results gained after
rescaling. If the absolute value of Z scores exceeds 2, the result is not credible.

Expression analyses of candidate genes involved in resistance
against H. annosum

Samples were collected from inoculated trees at different time points
after inoculation. Trees from experimental plantation near Kalsnava
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(experiment number: 235) were used in gene expression experiments. In
thaumatin-like protein (TLP) gene expression experiments, samples were
collected at 1, 7 and 30 days post inoculation (d. p. i.) but in other gene
expression experiments, the time points were 7 and 40 d. p. i. A control sample
immediately before inoculation was also collected. RNA was extracted from
collected samples and the concentration of RNA was measured using
spectrofluorimetric method.

Real-time PCR relative quantification was used to characterise
differences in gene expression between samples. This method compares
samples to an arbitrarily chosen reference sample.

Gene expression analyses of pine sapling parenchyma and resin
duct tissue samples

Gene expression analyses of pine sapling parenchyma and resin duct
tissues were performed after laser capture microdissection (LCM) was used to
dissect tissue samples.

In gene expression analyses utilising standard curves, the expression of
the gene of interest and the endogenous control gene was determined in
absolute values. The absolute value of relative expression for individual
samples was determined by dividing the absolute value of candidate-gene
expression with the absolute value of the endogenous control expression.

An absolute precondition in this method is existence of endogenous
control real-time PCR data. In case endogenous control data are not available,
the results about candidate gene expression cannot be characterised.

3. RESULTS

The chapter consists of 33 pages, 31 figure and 13 tables in the doctoral
dissertation.

Determination of Heterobasidion annosum presence in living trees

A PCR method which allows the analysis of a large number of samples
in a short period was chosen. After PCR amplification of DNA extracted from
wood samples with H. annosum specific primers, DNA fragments of the
expected size (approximately 100 bp) were produced. No products were
detected in negative controls (figure 3.1.).
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Figure 3.1. Electrophoresis analysis of PCR products of H. annosum
specific PCR reaction.

In figure 3.1. lanes B and U contain DNA size standards. The size of
shortest size standard fragment located closest to the bottom of picture is
100 bp. Lanes D — T contain samples, samples in lanes D, F, G, H, I, K, M, N,
O, P and R are positive (DNA fragments of expected size have been amplified)
but samples in lanes E, J, L, S and T are negative, they show only the presence
of primer-dimers which are shorter in size than the H. annosum specific PCR
fragment. Sample in lane C is the negative control, but lane A is empty.

To control for the quality of DNA used, positive PCR controls using
primers specific to chloroplast DNA of Scots pine were performed.

The phytosanitary condition of a forest plantation in regard to
H. annosum was characterised by analysing 300 trees. One sample per tree was
analysed. Of the 300 trees analysed, 119 tested positive for H. annosum DNA.
The only way of determining Scots pine infection with H. annosum by visual
means is to find the fruiting body of this fungus on the base of the stem. Such
fruiting bodies were found on four trees analysed, but two of these gave a
negative result for the presence of H. annosum DNA. Such a result could be
explained by the uneven distribution of H. annosum in infected trees. To clarify
this, two trunks were excavated and analysed. One trunk was from a withered
tree but the second — from a healthy tree (by visual inspection), upon which a
H. annosum fruiting body had been detected. The results of the distribution of
H. annosum in excavated trunks are presented in table 3.1.
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Table 3.1.
Results of determination of spread of H. annosum in trunks

Sample number  Location of sampling point g'N:?E?_;um
1 Trunk, outside (1cm from bark) +
2 Trunk, 5¢cm from centre -
® 3 Trunk, 2cm from centre +
*; 4 Lateral root #1, adjacent to trunk, outside ~ +
%‘ 5 Lateral root #1, adjacent to trunk, centre +
;GC_J 6 Lateral root #2, 10 cm from trunk -
g 7 Taproot, adjacent to trunk -
= 8 Taproot, 20 cm from trunk +
9 Trunk, outside (1cm from bark) -
10 Trunk, 1cm from centre -
& 11 Lateral root #1, adjacent to trunk, outside ~ +
% 12 Lateral root #1, adjacent to trunk, centre +
E 13 Lateral root #2, 5 cm from trunk, outside -
E 14 Lateral root #2, 5 cm from trunk, centre +
% 15 Tip of lateral root #3, 30 cm from trunk +
= 16 Taproot, 5 cm from trunk -

Given the uneven distribution of H.annosum within pine trees, an
experiment where five samples from each tree were analysed was performed.
From the initial 300 trees analysed, 20 trees showing a negative result and 5
showing a positive result in detection of H. annosum DNA were chosen. In
order to determine the repeatability of the analysis, the experiment was
repeated after one year. Results of both experiments are summarised in figure
3.2.
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Figure 3.2. Results of determination of H. annosum infection levels in
individual trees.

Results of the repeated experiment are depicted as theoretical minimal
and theoretical maximal value because for some analysed sample trees it was
not possible to acquire data about all five samples. A negative result for
H. annosum detection was obtained for these samples, but the positive control
reactions were also negative indicating insufficient DNA quality. Repeated
collection of those samples was not performed because the small diameter of
the trees (10 samples were already taken); and collection of additional samples
could lead to withering of the trees. Infection levels were mostly the same or
increased in the repeated experiment, however there were some exceptions. The
exceptions could be explained with the uneven distribution of H. annosum. The
results of the repeated experiment indicate that the proportion of samples in
groups with low infection level (0/5 and 1/5) decreases and the proportion of
samples included in sample groups 2/5, 3/5, 4/5 and 5/5 increases. Results
suggest that the infection level increases during one year and that H. annosum
has spread within the individuals.

Inoculation of Scots pine with H. annosum

Inoculation of mature trees was successful. After under bark inoculation,
pigmentation formed in the phloem, spreading vertically up and down from the
inoculation point. Horizontal spread of the pigmentation was minimal. This
pigmentation has been used to characterise resistance against H. parviporum in
spruce, assuming that trees in which the pigmentation (lesion) length is smaller
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are comparatively more resistant (Bodles et al., 2007). In the doctoral research
differences in pigmentation length when comparing different Scots pine trees
inoculated with H. annosum were discovered.

It was confirmed that H. annosum was causing the pigmentation by
using the PCR assay for detection of H. annosum DNA described above. For
PCR analysis wood fragments from the ends of the pigmented area, the furthest
distance from the inoculation point were used.

Results of copy number variation analyses of candidate resistance genes

Candidate-gene copy number variation analyses were performed in two
steps. In the first step candidate-gene screening was performed by use of real-
time PCR with SybrGreen fluorescent dye, and candidate-genes with an
increased possibility of copy number variation were identified. In the second
step, selected candidate-genes were analysed by real-time PCR using TagMan
probes which is a more expensive but also more exact and robust technology.

In the first step following candidate-genes were analysed: TLP, Def2,
PsBBs, PsR, MYB2, COAR, CAD, COMT, C3HL, 4CCAL, MYB4, TC4H,
WRKY, Pall, CCOMT, SCR1, CYP, ACS1, ACS2, Defl. For genes 4CCAL,
MYB4 and TC4H relative gene copy number was determined in 8 samples. For
genes C3HL, CCOMT, COMT, MYB2, Pall, SCR1 and WRKY relative gene
copy number was determined in 7 samples. For ACS1, ACS2, CYP, Defl, Def2,
PsR, PsBBs and TLP relative gene copy number was determined in 5 samples.
For each gene the maximal amplitude comparing two different samples was
determined.

In the second step four candidate-genes - TLP, Def2, PsBBs and PsR.
There were additional genes where copy number variation was possibly
detected in the first step but these candidate-genes, with the exception of CYP,
were from lignin biosynthesis and transcription factor gene groups. The CYP
gene was not chosen for further analysis as there is very little information about
mode of action of this protein. For two candidate-genes — TLP and Def2, copy
number variations were detected (Figure 3.3).
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Figure 3.3. Absolute copy number frequencies for analysed genes.

Results of gene copy number analyses of TLP gene

Results of gene copy number analyses of TLP gene are depicted in
figure 3.4. 29 samples were analysed. Results indicate that in genomes of two
samples TLP gene is present in one copy, in genomes of 16 samples — in two
copies, in genomes of nine samples — in three copies, in one sample — in four
copies and in the genome of one sample this gene is presented in five copies.

Absolute copy number

Figure 3.4. Results of gene copy number analyses of TLP gene.
The bars indicate values of absolute copy number of TLP gene. Samples are divided in
groups according to copy number of TLP gene by horizontal lines.
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Credibility criteria of CNV analyses — the Z score for all samples in
CNV analyses of TLP and all other genes was in an acceptable range, e. g. the
absolute value of Z score is less than two.

In figures depicting results of CNV analyses there are horizontal lines
which divide samples into groups with different values of gene copy number.
These boundaries are delineated by the geometrical mean values between
adjacent whole numbers.

In order to increase the credibility of data an additional experiment was
performed in which endogenous control GAPDH, used to obtain data depicted
in figure 3.7., was replaced by the PsR gene. No gene copy number variation
was detected in CNV analyses of PsR gene (Figures 3.3. and 3.10.). This makes
the PsR gene appropriate for use as an endogenous control. Results obtained in
CNV analysis of TLP gene using PsR as the endogenous control instead of
GAPDH were very similar with results obtained with GAPDH as the
endogenous control (figure 3.5.). These results confirm that the determined
gene copy number polymorphism is not an error of interpretation of results
caused by copy number polymorphism of the endogenous control gene.
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Figure 3.5. Comparison of results of copy nhumber variation analyses of
TLP gene obtained with two different endogenous controls.
Blue bars indicate absolute copy number of TLP gene in analysis where GAPDH is the
endogenous control but red bars indicate absolute copy number of TLP gene in analysis
where PsR is the endogenous control.

Although for some samples the interpretation of the absolute copy
number is dependent on the endogenous control chosen, the trends are similar.
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Values of Z scores stay in the acceptable range independent of the endogenous
control used. There is no trend that Z scores are higher or lower, depending on
the endogenous control used. For interpretation of absolute gene copy numbers
in the manner described, reference samples with known copy number of the
analysed gene are necessary. Such samples are not available because these
types of analyses have not been performed in Scots pine. As the data acquired
in CNV analyses using different endogenous controls are similar, GAPDH was
used as the only endogenous control in further analyses.

For the TLP gene copy number variation was detected. It was clarified
that there is a correlation between results of CNV analyses and the family
structure of analysed trees. In case of the TLP gene, all members of Ja3 family
except sample GE20 (which nevertheless is very close to the boundary value),
have more than two copies of this gene in their genomes (figure 3.6.).
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Figure 3.6. Copy number of the TLP gene.
Rescaled gene copy number values for the TLP gene. Ja3 family members are depicted
with red bars, rest of samples — blue bars.

Results of gene copy number analyses of the Def2 gene

Results of gene copy number analyses of the Def2 gene are depicted in
figure 3.7. In total 29 samples were analysed. Results obtained suggest that in
one sample Def2 is present in one copy, in genomes of seven samples the Def2
gene is present in two copies, in genomes of 13 samples — in three copies, in
seven samples the copy number is four and in one sample the copy number of
Def2 is estimated to be five.
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3.7. Results of gene copy number analyses of the Def2 gene.
The bars indicate values of absolute copy number of the Def2 gene. Samples are divided
into groups according to copy number of Def2 gene by horizontal lines.

Similar to the results for the TLP gene, the Def2 gene CNV showed
correlation with family structure. All members of Jal5 family have at least
three copies of this gene (figure 3.8.).
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Figure 3.8. Copy number of Def2 gene.

Rescaled gene copy number values for the Def2 gene. Jal5 family members are depicted
with green bars, rest of samples — blue bars.
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In samples GE16, GE3, GE7, GE27 and, possibly, sample GE20 the
copy number of both genes, TLP and Def2 is increased. There is no information
about how close these genes are located to each other in the pine genome and if
both of those genes are on the same duplicated fragment of DNA. It is known
that the size of duplicated DNA fragments can exceed 200 kbp (Samonte &
Eichler, 2002), however this process has not been studied in Scots pine. This is
the first research demonstrating gene copy number variation in pine.

Results of gene copy number analyses of the PsBBs gene

Results of gene copy number analyses of the PsBBs gene are depicted in
figure 3.9. In total 27 samples were analysed. Results indicate presence of the
PsBBs gene in two copies in the genomes of 22 samples, in five samples the
gene copy number was three. Although in the first step CNV analyses the
probability of copy number variation for the PsBBs gene was rated as high,
results of second step CNV analyses show that some CNV polymorphism is
possible but the credibility of these results have to be verified.
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Figure 3.9. Results of gene copy humber analyses of the PsBBs gene.

Results of gene copy number analyses of the PsR gene

In total 29 samples were analysed (figure 3.10.). Obtained data suggest
that in the genome of one sample, the PSR gene is present in one copy but in the
remaining 28 samples, there are two copies of this gene. Although in the first
step CNV analyses the probability of copy number variation for PSR gene was
rated as high, results of second step CNV analyses showed that CNV results of
the PsR gene are even more uniform than those of the PsBBs gene.
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CNV analyses of the PsR and PsBBs genes show that almost all samples
belong to the sample group with two copies of these genes in their genomes.
Samples with a different absolute copy number interpretation have values that
are close to the boundary values for two copies. These results would need to be
verified in additional experiments, utilising alternative endogenous controls.

Correlation of increased TLP or Def2 gene copy number with lower
infection level described in the section “Determination of Heterobasidion
annosum in growing trees” was not found. However, the analysed trees were
not inoculated in controlled conditions, and therefore further experiments are
required to investigate this.

Results of expression analyses of candidate resistance genes
Expression analysis of the TLP gene

Gene expression analyses were performed for nine sample pairs — a
control sample and an inoculated sample which was collected seven days post
inoculation (d. p. i.). For six out of nine sample pairs, an increase in TLP gene
expression after inoculation was detected. No significant change in expression
was detected for two sample pairs but for one sample pair gene expression
decreased after inoculation. Relative expression levels of the 7 d. p. i samples
compared to controls is in range from 0.12 (decrease of expression) to 48.57.
Data summarised in table 3.2. were used for calculations. Reference sample for
comparison of all samples is sample 8k.
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Expression analysis data for TLP gene

Table 3.2.

Sample Relative Ratio between control sample and inoculated
expression sample

4k 0.78

4i 4.90 6.30

22k 0.27

22i 4.52 16.49

7k 0.30

7i 5.89 19.30

20k 0.64

20i 31.28 4857

8k 1.00

8i 0.82 0.82

29k 1.03

29i 16.27 15.85

1k 2.09

1i 2.20 1.06

13k 5.48

13i 0.67 0.12

9k 0.16

9i 0.74 4.60

Four sample pairs from individuals with increased copy number of the

TLP gene and five sample pairs from individuals with normal copy number
were included in analysis. Results suggest that before inoculation the
expression of TLP gene in individuals with higher copy number of this gene is
not increased compared to individuals with normal copy number. However, in
inoculated samples increase in gene expression is larger in individuals with
increased gene copy number of TLP gene (figure 3.11.)
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Figure 3.11. Results of expression analyses of the TLP gene.
Samples with increased copy number of the TLP gene are depicted in green (all are
members of Ja3 family). Samples with normal copy number of the TLP gene are
depicted in blue, samples with differing expression patterns are depicted in orange (gene
expression in control sample exceeds expression in inoculated sample). Control samples
are marked a subscript ,.k”” after the sample number, inoculated samples are marked with
the subscript ,,i”.

The observed correlation of gene copy number and gene expression
results corroborates and supports the obtained CNV results.

Expression analysis of the Def2 gene
Expression of the Def2 gene was analysed in 33 samples isolated from 15
individuals. Samples were collected before inoculation, 7 d. p. i and 40 d. p. i.
Obtained data show that the expression of the Def2 gene, in contrast to the TLP
gene, decreases in response to inoculation

In samples with two copies of the Def2 gene in their genomes, the
expression decreases with time, but for samples with three copies of the Def2
gene, the decrease is not as rapid (figure 3.12.).
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Figure 3.12. Results of expression analyses of the Def2 gene.
In the sample names, the first two symbols indicate the copy number of the Def2 gene in
the genome of the sample (2k = 2 copies, 3k = 3 copies), next 3 — 4 symbols before
comma is the sample name, symbol after the comma indicates sample type (k = control,
y=7d.p.i.,z=40d.p.i). There are three repeats of this sample; the mean value
is used in graphs, in this table the mean value of Gel2 is indicated as sample

,2kGE12,y vid.”

The expression level seven days after inoculation decreases 3.12 to
33.73 times compared to control samples. The decrease of expression,
comparing samples collected at 7 d. p. i and 40 d. p. i. is from 2.82 to 16.17
times the value of 7 d. p. i. sample except for the sample Ge2; for this sample
the decrease is 73.96 times the values of the corresponding 7 d. p. i. sample.
The total decrease of expression when control samples and 40 d. p. i samples
are compared is 33.72 to 545.43 times the value of control sample. In some
samples with increased copy number of the Def2 gene the expression in
40 d. p. i. samples was increasing (figure 3.13.).
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Figure 3.13. Results of expression analyses of the Def2 gene for samples
with Def2 copy number > 2.
In the sample names, the first two symbols indicate the copy number of Def2 gene in the
genome of the sample (2k = 2 copies, 3k = 3 copies, 4k = 4 copies), next 3 — 4 symbols
before comma is the sample name, symbol after the comma indicates sample type (k =
control, y=7d.p.i.,z=40d. p.i).

There were some sample sets lacking results from some of the samples
(either control, 7 d. p. i. or 40 d. p. i.). These sample sets have been excluded
from figures. One of these samples was a control sample from an individual
with increased Def2 copy number with relative expression value of 190 i.e. a
comparatively high expression level, suggesting correlation between gene copy
number and expression for Def2, however, this is only one exception and in
general, no correlation between Def2 copy number and expression level of Def2
in control samples was detected. Increase of Def2 expression in samples
collected 40 d. p. i. could be linked to differences in Def2 copy number,
however additional samples should be analysed because, as depicted in figure
3.13., all samples with increased copy number of Def2 gene do not exhibit
increased Def2 expression levels at 40 d. p. i.

Expression analysis of the PsBBs gene

Expression of the PsBBs gene was analysed in 33 samples isolated from
15 individuals. Samples were collected before inoculation, 7 d. p. i and
40 d. p. i. Obtained data show that expression of the PSBBs gene increases after
inoculation (figure 3.14.). Maximum relative gene expression is approximately
20 times the value of control samples. A consistent decrease or increase in gene
expression comparing 7 d. p. i. and 40 d. p. i. samples could not be detected.
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Figure 3.14. Results of expression analyses of the PsBBs gene.
Sample names: first two symbols indicate the copy number of PsBBs gene in the
genome of the sample (2k = 2 copies, 3k = 3 copies and so on), next 3 — 4 symbols
before comma is the sample name, symbol after the comma indicates sample type (k =
control,y=7d.p.i.,,z=40d. p. i).

The obtained data suggest that this gene is subject to strong suppressing
control before inoculation because is not detectable or insignificant in all
control samples (figure 3.14.). For some samples no data about minimum and
maximum relative expression values are available because of the unsatisfactory
quality of some of technical repeats in real-time PCR.

The only sample with a possibly increased copy number of this gene
(Gel3) does not show significant gene expression differences from the rest of
the samples.

Gene expression analyses in different tissue types of pine saplings

In parallel to gene expression experiments in mature pines, expression
experiments analysing the same genes in parenchyma and resin duct tissues of
one year old Scots pine saplings were conducted. Experiments were performed
at the Norwegian institute of Forest and Landscape. The aim of this experiment
was to clarify if differences in expression of these genes exist between different
tissues types. Time and funding available for this experiment were limited,
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therefore the sample number is small. This is the first study of this kind
investigating gene expression in different Scots pine tissues.

In total, 21 samples were analysed to characterise expression of the TLP
gene. Of these, 5 were control samples, 8 were from wounded saplings and 8 —
from inoculated saplings (figure 3.15.). Control samples were parenchyma and
resin duct tissue from two untreated saplings. Samples from wounded and
inoculated saplings were also taken from two plants, in addition, samples of
each type were collected from the wounded / inoculated part in stems of
saplings and from the untreated side of the stems.

Results of expression analysis of the TLP gene show that expression of
this gene increases in response to wounding or inoculation. The highest value
of relative expression was observed in the parenchyma tissue of a wounded
sapling (approximately 146) but the second highest value was observed in
parenchyma tissue from the untreated part of the stem of an inoculated sapling
(approximately 59).
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Figure 3.15. Expression of the TLP gene in resin duct and parenchyma
tissues.
Sample names - first symbol: C — sample from control sapling, W — sample from
wounded sapling, Ha — sample from inoculated sapling; the number which follows
indicates number of control / wounded / inoculated sapling; for some samples the index
“us” follows which indicates samples collected from untreated side of the stem; last
symbols: RD — resin duct, P — parenchyma.

Variations in expression levels of the TLP gene were found between
samples from wounded saplings (figure 3.16.).
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Figure 3.16. Variation in results of expression analyses of the TLP gene
between samples from wounded saplings.
Sample names as in figure 3.15. Samples are distributed on X axis. Y axis — relative
expression. 1 — results of analysis of samples from first wounded sapling. 2 — results of
analysis of samples from second wounded sapling.

(= A I =]

Analysis of samples from wounded saplings show that in general, the
results are similar, the only exception is sample W1P, which shows elevated
TLP gene expression levels. Results from samples collected from the first
wounded seedling show similar results for resin duct tissue samples, expression
of TLP is low in these samples but analysis of parenchyma tissue show higher
expression of TLP in the wounded side of the stem. Expression of the TLP gene
was detected in the sample from the untreated side of the stem also. Results of
analysis of samples from second wounded sapling show higher expression in
the resin duct sample from wounded side of stem and similar expression levels
for both parenchyma tissue samples.

Variation between samples from inoculated saplings was also found
(figure 3.17.). Sample nomenclature is as described in Figure 3.15.
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Figure 3.17. Variation in results of expression analyses of the TLP gene
between samples from inoculated saplings.
Sample names as in figure 3.18. Samples are distributed on X axis. Y axis — relative
expression. 1 — results of analysis of samples from first inoculated sapling. 2 — results of
analysis of samples from second inoculated sapling.

Analysis of samples collected from first inoculated sapling show that in
this case TLP gene expression is higher in samples taken from the inoculated
side of the stem for both sample types. The difference between samples taken
from untreated sides of the stem is similar for both tissue types. Analysis of
samples collected from the second inoculated sapling show a stronger reaction
to inoculation in samples from the untreated side of the stem. In this case the
difference between expression levels in parenchyma tissue samples from
opposite sides of the stem is larger than in samples from the first inoculated
sapling. Expression of the TLP gene is low in both resin duct samples from
second inoculated sapling.

The obtained data suggest that expression of the TLP gene is more
strongly induced in parenchyma tissue in response to treatment, however, the
number of analysed samples is small. The mean value of relative expression for
samples from wounded and inoculated saplings (from both sides of the stems),
are 32.7 for parenchyma and 6.28 for resin ducts. If only samples from the
treated side of the stems (wounded and inoculated plants) are analysed the
mean values are 43.73 for parenchyma and 10.15 for resin ducts.

In total 21 samples were analysed to characterise expression of the
PsBBs gene. Of these, 5 were control samples, 8 were from wounded saplings
and 8 — from inoculated saplings (figure 3.18.). Collection and preparation of
samples were performed in the same manner as for analysis of the TLP gene.
Results of expression analysis of the PsBBs gene show that expression of this
gene increases after wounding or inoculation of saplings. The highest value of
relative expression was observed in the resin duct tissue of an inoculated
sapling (approximately 6146) but the second highest value (approximately
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6040) was observed in the parenchyma tissue of an inoculated sapling. The
highest value of relative expression in wounded saplings was observed in
parenchyma (approximately 2567). No gene expression was detected in four
out of five control samples. The only exception was the parenchyma tissue
sample from first control sapling but the detected expression for this sample is
insignificant compared to the highest values.
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Figure 3.18. Expression of the PsBBs gene in different tissues with
different treatments.
Sample names - first symbols: C — sample from control sapling, W — sample from
wounded sapling, Ha — sample from inoculated sapling; the number which follows
indicates number of control / wounded / inoculated sapling; for some samples the index
“us” follows which indicates samples collected from untreated side of the stem; last
symbols: RD — resin duct, P — parenchyma.

Variation between samples from wounded saplings was found
(figure 3.19.).
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Figure 3.19. Variation in results of expression analyses of the PsBBs gene
between samples from wounded saplings.
Sample names as in figure 3.18. Samples are distributed on X axis. Y axis — relative
expression. 1 — results of analysis of samples from first wounded sapling. 2 — results of
analysis of samples from second wounded sapling.

In samples obtained from both wounded seedlings, gene expression of the
PsBBs gene is increased more in the wounded side of the stem. In samples from
both saplings the difference between samples from the treated side of the stem
and untreated side of the stem is at least 379. The largest difference is between
parenchyma samples from the first wounded sapling (~1752). This difference
exceeds the maximal value of samples from the second wounded sapling
considerably.

Variations in expression levels of the PsBBs gene were found between
samples from inoculated seedlings (figure 3.20.).

70



7000 1000

6000 — 500

5000 L

4000 -~ 600

3000 — 400

2000 L

1000 | 200 —
0 : 0 . . . .

\}35) e-\& &"g ~2*’“§ 039 @5&9 r;‘v‘é *2‘93

«z?\ X R Q@» ¥ N

Figure 3.20. Variation in results of expression analyses of the PsBBs gene
between samples from inoculated saplings.
Samples are distributed on X axis. Y axis — relative expression. 1 — results of analysis of
samples from first inoculated sapling. 2 — results of analysis of samples from second
inoculated sapling. Sample nomenclature as in figure 3.18.

The largest observed difference between samples from treated /
untreated sides of the stem in samples from inoculated saplings was ~ 6146
which exceeds the maximal value of samples from the second inoculated
sapling by more than 6.5 times. In three out of four samples the expression
level is higher in the inoculated side of the stem.

The mean values of relative expression for samples from wounded and
inoculated saplings, from both sides of the stems, are 1409.62 for parenchyma
and 930.35 for resin ducts. If only samples from the treated side of the stems
(wounded and inoculated plants) are analysed, the mean expression values are
2369.76 for parenchyma and 1847.92 for resin ducts. These data suggest that in
wounded or inoculated plants expression of the PsBBs gene is higher in
parenchyma cells one day after inoculation / wounding. If the average
expression level in wounded or inoculated samples is calculated separately, the
average expression level in resin duct tissues from the wounded side of stems is
435.73, for parenchyma samples from the wounded side of stems, the average
expression level is 1569.75. In inoculated samples the average expression level
in resin duct tissues from treated side of stems is 3259.09, for parenchyma
tissue of the from the inoculated side of stems, the average expression level is
3169.75. Only in the resin ducts of inoculated saplings, expression of the PsBBs
gene is stronger than in parenchyma, but the difference is small. Additional
experiments should be performed to increase credibility of these data because
the amount of samples analysed is too small to make well-grounded
conclusions. The comparison of different data above suggests that expression of
PsBBs gene is higher in inoculated samples than in wounded samples.
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4. DISCUSSION
The chapter consists of 15 pages and 1 figure in the doctoral dissertation.

Experimental design

A common molecular genetics approach in research on plant resistance
is to study gene expression changes and to compare gene expression between
samples. A different approach, initially analysing copy number variation of
candidate-genes, was chosen in order to achieve the aims of this doctoral
research. The first reason for this choice was lack of plant material suitable for
resistance analysis by gene expression only. It is difficult to perform gene
expression experiments in controlled conditions using mature trees. For
example, trees may be infected with the pathogen used for inoculation or with
another plant pathogen before the inoculation for gene expression experiment.
Such co-infection can influence the results. It has been proved that in spruce
induced resistance exists (Krokene et al., 1999) — if the tree is inoculated with a
pathogen and the inoculation is repeated after some time, the response reaction
to the second inoculation is more effective. It is not clarified in detail how this
process is characterised at the gene expression level and which genes are most
important, however, gene expression is definitely involved. The second reason
was the fact that expression of several of the chosen candidate-genes is also
influenced by abiotic factors such as drought or heat. The micro-climate of the
experimental plantation used in experiments may be not uniform. Based on this,
the use of trees from forest stands in studies about resistance based primarily on
gene expression is complicated. The third reason for the choice to initially
research copy number variation is that for gene expression analyses RNA must
be extracted of high quality and concentration from a very small amount of
recalcitrant material — sapwood of Scots pine. For gene copy number variation
analyses DNA is required, and isolation of DNA is less demanding. These
factors indicate the advantages of use of CNV analyses in studies about
resistance mechanisms of forest tree species, especially when mature trees are
used. The choice to base the research on CNV data provides the chance to
obtain results upon which further experiments could be planned. By
complementing each other, the combined use of gene expression and CNV
analyses provide a better insight into genetic aspects of Scots pine resistance
mechanisms.

Molecular genetic analyses for detection of H. annosum

Several PCR methods for detection of H. annosum DNA exist. In this
research a method previously tested for determination of presence of
H. annosum in wood samples (Hantula & Vainio, 2003) was used. However,
PCR methods have only been used to determine presence of H. annosum in
wood but not for determination of infection level in individual trees. As
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described in the section “Determination of Heterobasidion annosum in growing
trees”, the results showed a heterogeneous distribution of H. annosum in pine,
thus analyses using only one sample from a tree can only be used to obtain
information about general condition of the tree stand in regard to incidence of
H. annosum. Such analyses produce a high rate of false-negative results.
Results about infection levels of individual trees obtained in this research
cannot provide direct information about the condition of the root system of the
tree.

Before the initiation of this experiment, the presence of H. annosum was
determined in the plantation by detection of fruiting bodies of this fungus on
several trees. Initial screening (300 trees, one sample per tree) confirmed a high
infection level in the plantation, with almost 40 % of tested trees positive for
H. annosum DNA. Surprising was the negative result for two of four samples
on which fruiting bodies of H. annosum were found. These data suggested
uneven distribution of H. annosum within infected trees. This was confirmed in
detailed analysis of two excavated trunks with partial root systems. In some
cases, PCR analyses from samples located adjacent to each other gave different
results. Considering that excavation of roots is a labour-intensive activity and
that distribution of H. annosum in roots can also be very uneven, it was decided
to study the infection level of individual trees by analysing five samples from
the very base of the stem. These detailed analyses showed that in fact the
proportion of infected trees was considerably higher (approximately 86 %)
compared to 40 % using one sample per tree for analysis. In the first infection
level determination experiment, 16 samples had an infection level 0/5 to 2/5
and nine samples had an infection level of 3/5 to 5/5. One interpretation of
these data could be that the samples with a lower infection level (0/5 — 2/5) may
have become infected at a later time than the nine samples with higher infection
levels. Spatial correlation with infection level was not found, and it was not
possible to determine the direction of movement of H.annosum infection
within the plantation. Another explanation of the distribution of infection levels
may be that individuals with a low infection level make use of resistance
factors slowing down the spread of H. annosum within the tree.

The experiment of infection level determination was repeated one year
after the original experiment, and thus the natural spread of H. annosum may
have had an effect on the results of repeated experiment. Growth rate of
H. annosum s.l. in roots can reach two meters per year (Rishbeth, 1962).
Comparison of results from both experiments shows that in the repeated
experiment the proportion of individuals with higher infection levels increases.
This could be explained by the natural spread of H. annosum during the 11
months between experiments. Comparison of results produced in analyses of
the same individual in both experiments shows an increase or no change of the
determined infection level in the repeated experiment for most samples. Only in
two samples the determined infection level decreased in the repeated
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experiment. This is probably a sampling artefact based on the uneven
distribution of H. annosum in the base of the stem.

Considering the uneven distribution of H. annosum, in order to avoid
false-negative data it is necessary to use multiple samples from a sample tree to
detect infection and to characterise the infection level. Results obtained in this
research show that use of five samples per tree provides an estimation of
infection level; still this estimation cannot be absolutely exact as the
distribution of the pathogen is uneven. The fact that in the repeated experiment
determined infection level increases or stays stable suggests that use of five
samples per tree indicates actual infection level of trees and that the determined
infection level depicts the progress of disease over time. An important factor
restricting the sample number for use in analysis from each sample tree is tree
diameter. In the analysed plantation, increasing sample numbers per tree could
be detrimental, due to the small circumference of the stems. In analysis of
larger trees, the use of more than five samples per tree would be possible
leading to increased precision of the results. Alternative sampling strategies are
also possible, for example, vertical sampling or sampling in lateral roots only,
but additional experiments are necessary to investigate the possibilities of the
use of such sampling strategies for use in characterisation of infection level.

In this doctoral research a method for the evaluation of infection level of
individual trees was developed. Use of this method allowed results to be
obtained about differences in infection level between samples. Experimental
results show that the distribution of H. annosum in the base of pine stem is
heterogeneous. Use of this method in forest stands or plantations will allow the
estimation of the phytosanitary condition of forest stands and to identify
potential differences in resistance against H. annosum when comparing families
or individuals. Such data can be used in further research about resistance or in
selection programs.

Copy number variation analysis of the TLP and Def2 genes

The correlation between copy number variation analysis and gene
expression analysis data of the TLP gene supports the copy number variation
analysis data. Increased copy number of a specific gene can lead to changes in
phenotype. Correlation between increased copy number and increased gene
expression has been reported in the human genome (Chen et al., 2006). The
results of CNV detection experiments indicate that in case the protein encoded
by the analysed candidate-gene is effective against H. annosum, individuals
with increased copy number of this gene could possess increased resistance
against H. annosum. It is necessary to conduct an experiment about the effects
of TLP on H. annosum. Information about differences in gene copy number of
genes encoding antimicrobial proteins and the effect of these variations on
resistance capabilities of Scots pine could be included in selection criteria for
pine breeding programs. However, protein expression does not always correlate
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with gene expression because protein expression is subject to additional
regulation. In cases where the gene with increased copy number is expressed in
plant continuously and correlation between gene expression and increased gene
copy number exists, the antimicrobial protein of this gene could be
accumulated in plant cells in a higher concentration than in trees with a normal
copy number of this gene. If the protein would be effective against H. annosum,
this may make it more difficult for the pathogen to colonise this individual and,
even if colonisation was successful, the growth of pathogen could be influenced
negatively. Symptoms of the disease may be delayed, possibly until after felling
age. In cases where the gene with an increased copy number is expressed at
higher levels in response to pathogen invasion it could lead to faster
accumulation of the antimicrobial protein and to a higher final concentration,
slowing down the progress of the disease.

It is theoretically possible that the concentration of antimicrobial protein
in plant cells before infection is so high that the plant cannot be infected,;
however, a relatively higher resistance is also useful. Increased copy number of
an antimicrobial protein gene could have side-effects also, for example, slower
growth of the tree. The reason for reduced growth could be the negative effect
of increased antimicrobial gene copy number on mycorrhizal formation.
Another reason for reduced growth could be a shift of plant cell resources
towards production of the antimicrobial protein instead of synthesis of cell wall
structural elements. This could influence wood structure and density too. The
effect of increased copy number of genes encoding antimicrobial proteins on
these aspects of the biology of pines has not been studied. The efficiency of
each antifungal protein against H. annosum may be different, thus individuals
with increased copy number of a particular antifungal gene may not show
increased resistance against H.annosum compared to other individuals.
Attention should be paid to selection of individuals which have several
resistance-related genes in higher copy number in their genomes. Still, it must
be remembered that the pathogen, H.annosum in this case, is constantly
evolving and could adapt for infection of “improved” genotypes over time.

This is the first research where gene copy number variation in Scots pine
has been described. Additional studies are necessary to evaluate the effect of
gene copy number variations on phenotype. Gene expression studies are only
one aspect of the research required, studies of a broader range of phenotype
features are also needed.

Copy number analysis of the PsBBs and PsR genes

Although data from gene copy number variation analyses of the PsBBs
and PsR genes suggest that copy number variation is unlikely, these results are
still useful because they show that not all genes have copy number variation.
This adds to credibility of the results. The PsR gene is part of a gene family in
pine, of which seven have been reported (Li & Asiegbu, 2004b) but only one
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PsR gene sequence is available in the NCBI database. In the case that the
primers used to analyse the PsR gene were not specific, and amplified other
members of this gene family, the determination of copy number variation
would be made more complicated. A family of pinosylvin synthase genes also
has been described in Scots pine (Preisig-Miiller et al., 1999) but, presumably,
these genes are different at DNA sequence level because the amino acid
sequence similarity of these genes is approximately 95 %. As in the case with
the PsR gene, the existence of pinosylvin synthase genes with high DNA
sequence similarity of is known, but no copy number variation analyses have
been performed (Preisig-Miiller et al., 1999).

Expression analyses of the TLP gene

Some of the more interesting gene expression data for practical use are
the data about expression of the TLP gene as these data clearly show correlation
between gene expression and increase of expression after inoculation of the
trees. Results suggest that in trees with more than two copies of the TLP gene,
the increase in expression of this gene after inoculation is larger than in trees
with two copies of the TLP gene in their genomes. Potential effects and side-
effects of this phenomenon are discussed in the section “Copy number analysis
of TLP and Def2 genes”. This is the first study showing correlation between
gene copy number and gene expression in Scots pine. Expression of TLP gene
after inoculation does not increase as strongly as expression of the PSBBs gene.
This conclusion can be made based upon PsBBs gene expression analyses
which show that in almost all control samples the expression of PsBBs gene is
minimal or not detectable. Relative quantitation was used for gene expression
analysis. This means that for individuals with undetectable expression in
control samples the increase in gene expression in the inoculated samples
cannot be determined. In the case of the TLP gene, expression is detected in all
control samples which indicates that this gene is expressed continuously at a
low level and may be one of the primary weapons against pathogen invasion.
Expression of this gene in control samples may also indicate that expression
regulation mechanisms of this gene are more sensitive to abiotic stress factors
than those of the PsBBs gene. Increase of expression of the TLP gene
corresponds to previously published research about gene expression in Scots
pine seedlings after inoculation with H. annosum (Asiegbu et al., 2005b).

Expression analyses of the Def2 gene

Data about expression of the Def2 gene indicate that the expression of
this antimicrobial protein, which has been demonstrated to be active against
H. annosum (Kovalyova & Gout, 2008), gene decreases after inoculation. In
contrast to this, it has been reported that in seedlings of Scots pine expression
of genes belonging to the defensin gene group increases (Asiegbu et al.,
2005b). However, in the published report, other defensin group genes were
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studied, not the one analysed in this doctoral research. It is also possible that
the Def2 gene is expressed differently in seedlings compared to mature trees.
The pattern of Def2 gene expression may indicate the role of this gene in
the primary defence reaction. The expression data obtained showed that the
expression decreases after inoculation, and initially the expression of the Def2
gene is comparatively high (maximal decrease is 33.73 times the value of
control sample). In contrast to the TLP gene which may be involved in primary
defence reaction as well as in an induced response, Def2, on the basis of the
findings of this research, is mainly active in the primary defence reaction, at
least in mature trees. Data obtained in the experiments performed could
indicate that high levels of defensin 2 are present in the tree before inoculation,
compared to TLP, and after inoculation, once induced defence mechanisms are
activated, the role of TLP and pinosylvin synthase are more important.

Expression analyses of the PsBBs gene

Expression of the PsBBs gene increases after inoculation of mature
trees. This increase after inoculation is significant but cannot be quantified
because in several control samples the expression of this gene was
undetectable. It is possible that the increase in PsBBs gene expression after
inoculation of mature trees is comparable to increase in one year old seedlings
where an increase of 6040 times the control sample value was observed. Large
standard deviations were observed for analysed samples and conclusions other
than that the expression of the PsBBs gene increases after inoculation cannot be
made from these results. Increase of the expression level of this gene after
inoculation suggests that pinosylvin, which is the product of a biochemical
reaction catalysed by pinosylvin synthase, has an important role in the induced
resistance response. Pinosylvin possesses broad spectrum antimicrobial
properties; and it could be expected that the induction of PsBBs gene
expression is not specific to one particular pathogen.

Increase of expression could be expected based on information from
publications on the actions of pinosylvin synthases in pine (Preisig-Miiller et
al., 1999). However, the results obtained about expression of this and other
genes within the doctoral research are unique because they provide information
about gene expression in mature trees, while the majority of published data
about gene expression is based on seedlings infected with H. annosum under
controlled conditions. The data in the doctoral research are unique also because
the majority of data about the expression of P. sylvestris genes have been
acquired by use of DNA microarray technologies which is a high throughput
method but not considered to be as exact as the real-time PCR method used
here. Furthermore, no DNA microarrays are available for Scot’s pine; instead
microarrays based on sequences from related species have been used. As a
result, data obtained with these microarray methods are based on DNA

77



sequences with a comparatively high similarity, but not an exact match with the
analysed genes.

Gene expression analyses of LCM samples

In the one year old saplings utilised in this experiment, the resin ducts
are already morphologically well differentiated from parenchyma as can be
judged by fluorescent microscopy data (figure 4.1.).

200 pm

Figure 4.1. Cross-section of one year old Scots pine sapling stem,
magnification 200 x. Fluorescent microscopy image.

In figure 4.1., blue fluorescence is emitted by lignin but red fluorescence
is emitted by suberin and chlorophyll. The round structure in the centre of
image is a resin duct. The cells forming the resin duct (one layer of cells
surrounding the duct) appear bluish. This allows to presume that structure and
composition of these cells is different from structure of parenchyma tissue
surrounding them, i.e. these cells are differentiated.

Expression of the TLP and PsBBs genes increases after wounding and
inoculation. Increase in PsBBs gene expression is larger than the increase of
expression of the TLP gene. Inoculation induces a larger increase in expression
of the PsBBs gene than wounding. Expression of the PsBBs gene is mostly
undetectable in control samples. These results are similar to those obtained in
analysis of gene expression in mature trees. Results suggest that the PsBBs
gene is subject to strong suppressing control prior to both wounding and
infection, in saplings and in mature trees. Data about gene expression of the
TLP gene also indicates low expression of this gene in control samples, but in
mature trees the expression of this gene, while at a low level, was detected in
all control samples. This could be explained either by differing expression
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patterns of this gene at different ages of pine or by the fact that the saplings
were grown in a controlled environment, thus they were exposed to less stress
factors than mature trees in a forest stand.

In expression analyses of the TLP and PsBBs genes, significant
differences between samples from different saplings were observed. However,
the conclusion that expression of both genes does change as a reaction to
wounding can be made. In wounded and inoculated samples, changes in gene
expression can also be detected in samples collected from the side of the stem
opposite to the wounding or inoculation site. This means that wounding or
inoculation of sapling stems affects expression of the TLP and PsBBs genes at
least at a distance equal to the diameter of the stem. This shows the effect of the
plant signal transfer system on expression of these genes in distant tissues.
Nevertheless, expression analyses of the PsBBs gene did show, except in one
sample, a stronger reaction of the expression of this gene in the manipulated
side of the stem, and that, predominantly, changes in gene expression are
localised in the wounding / inoculation area. Comparison of gene expression in
parenchyma and resin duct tissue indicates that expression of the TLP gene
increases more in parenchyma after wounding / inoculation but expression of
the PsBBs gene in samples from inoculated saplings increases more in the resin
ducts although the difference is not large. When comparing other samples from
wounded and inoculated saplings, expression of PsBBs is increased more in
parenchyma, similar to the expression pattern of TLP. The function of resin
ducts is to concentrate and transport resin and the metabolites it contains,
including pinosylvin. Experiments with one year old saplings indicate that the
expression of the PsBBs gene is not elevated within these resin ducts, indicating
that the biosynthesis of pinosylvin may occur in another location.

CONCLUSIONS

o  Copy number polymorphism of the thaumatin-like protein (TLP) gene
and defensin 2 (Def2) gene was detected in the genome of Pinus
sylvestris. This is the first report of gene copy number variation
analyses in conifers.

e Changes of gene expression of the thaumatin-like protein (TLP), Pinus
sylvestris pinosylvin synthase (PsBBs) and defensin 2 (Def2) genes
after inoculation of P. sylvestris with Heterobasidion annosum were
determined. It was clarified that changes in expression patterns of
these genes are different indicating differing roles of these genes in
pine resistance mechanisms.

e Correlation between copy number of thaumatin-like protein (TLP)
gene and increase of expression of this gene after inoculation was
detected.
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Laser capture microdissection (LCM) in combination with gene
expression analysis was used to study changes in gene expression in
resin duct and parenchyma tissues of saplings, which is the first report
of the use of this technique in Pinus sylvestris.

In parenchyma and resin duct tissue of Pinus sylvestris systemic, not
only local, reaction of gene expression of the TLP and PsBBs genes
after wounding and inoculation with H. annosum was detected.

No correlation between copy number of the thaumatin-like protein
(TLP) and the defensin 2 (Def2) genes with length of pine wood
pigmentation caused by H. annosum was detected.

A PCR based method for determination of infection level of individual
P. sylvestris trees with H. annosum was developed. It was found that
H. annosum is distributed heterogeneously in the base of stems of
Scots pine. Analysis of five samples from the stem base of growing
Scots pine trees is sufficient for characterisation of infection level and
its dynamics.
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