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ABSTRACT

The dwarf mountain pine (Pinus mugo Turra) and the Pyrenean pine (P. uncinata Ramond ex
DC.) form a pair of sister coniferous taxa inhabiting stands scattered over subalpine
environments of European mountain ranges that have poorly resolved evolutionary history and
affinity. Together with another closely related, rather lowland reference species, the Scots pine
(Pinus sylvestris L.), they constitute an interesting system for comparative examination of the
adaptations developed by trees in high-altitude environments. European mountain plants are
challenged, among other demanding stimuli and factors, by increased solar radiation, decrease
in atmospheric pressure and ambient temperatures, vegetation time contractions and often
dynamic weather conditions. As long-lived phanerophytes, the two pines must have adapted
to balance needs of growth, reproduction, survival, and regeneration. However, knowledge of
the molecular basis of their adaptations to higher altitudes remain scarce. The dissertation
represents a trial attempting to identify such corresponding genomic regions of high
importance in evolution of the two European subalpine pines. The first aim of the study was to
unfold their phylogeography by analysis of mutual relationships between and within a probe
of 27 natural populations. Reconstructions based on a set of newly developed mitochondrial
DNA markers shed a light on their current population genetic structure and possible
transmission routes in the past. The next steps of the study focused on the nuclear genome and
its putative adaptive variation. First, 438 samples of three species were genotyped with
thousands of single nucleotide polymorphism (SNP) markers, and the genetic diversity and
differentiation of species and populations were tested, followed by outlier SNP detection and
ontology annotations of genes. Markers clearly differentiated the species and uncovered
patterns of their population structure. Comparisons with Scots pine, allowed identification of
35 candidates for altitude-dependent selection in mountain pines, including genes encoding
proteins responsible for photosynthesis, photorespiration, cell redox homeostasis, regulation
of transcription, and mMRNA processing. Slightly more, 75 outlier SNPs, differentiated the two
sister pines; they were found mainly among genes related to gene expression and metabolism.
The third part of the research focused on the relevance of the gene expression regulation in

process of adaptation to mountain conditions. De novo transcriptome was assembled for



corresponding representatives of the taxa, each from different natural population but grown
under uniform glasshouse conditions. The examined gene expression profiles appeared
generally similar, allowing identification of 121 significantly diverged markers in all of the
pairwise species comparisons. Functional annotation revealed major categories of distinctly
expressed transcripts, including: wood trait properties and response to abiotic factors such as
oxidative stress, salinity, drought, and temperature. Many of the genes constitute strong
candidates for adaptation of P. mugo and P. uncinata to their demanding habitats. For instance,
up-regulation of genes involved in lignin biosynthesis might be linked to strong winds and
thick snow cover experienced by these pines. Overall, the presented research provides new
knowledge about the drivers of background and adaptive genetic variation in the investigated
pine species and advance our understanding of demographic and evolutionary processes that
underlay they ecological divergence.
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STRESZCZENIE

Sosna gorska (Pinus mugo Turra) i sosna hakowata (P. uncinata Ramond ex DC.) stanowig
pare taksonOw siostrzanych o stabo rozpoznanej historii ewolucyjnej i relacjach
pokrewienstwa. Te dwa gatunki roslin iglastych zasiedlaja podobne stanowiska rozrzucone
w subalpejskim pasmie europejskich masywow gorskich. Sosny te, razem z innym blisko
spokrewnionym, przewaznie nizinnym gatunkiem referencyjnym — sosng zwyczajna (Pinus
sylvestris L.), stanowig dogodny uktad porownawczy w badaniach genetycznych podstaw
przystosowan drzew lesnych do warunkéw wysokogorskich. Dla roslinnosci gorskiej
wyzwaniami $rodowiskowymi jest m.in. wzmozone promieniowanie stoneczne, nizsze
ci$nienie atmosferyczne i obnizona temperatura otoczenia, a w warunkach europejskich takze
silne skrdcenie okresu wegetacji i czgsto dynamiczne zmiany warunkéw pogodowych. Jako
dhlugowieczne fanerofity, dwie omawiane sosny gorskie musiaty przystosowac si¢ W Sposob
umozliwiajgcy im zrownowazenie naktadow potrzebnych na wzrost, reprodukcje, regeneracje
i przetrwanie niekorzystnych warunkéw. Jednakze molekularne podstawy przystosowania
tych, i innych, roslin do warunkdw gorskich pozostajg wcigz stabo poznane. Niniejsza praca
doktorska stanowi probe identyfikacji regionow genomowych mogacych odpowiadac
za ewolucje i przystosowanie sosny gorskiej oraz sosny hakowatej do ich subalpejskich
siedlisk. Pierwszym etapem badan byty analizy filogeograficzne dotyczace wzajemnych relacji
genetycznych pomiedzy i w obrgbie 27 naturalnych populacji tych taksonéw. Rekonstrukcje
oparte na polimorfizmie nowo opracowanych markerow mitochondrialnego DNA rzucity
$wiatlo na obecng struktur¢ genetyczna populacji oraz na mozliwe historyczne drogi ich
migracji. Kolejne etapy pracy koncentrowaly si¢ na zmienno$ci genomu jadrowego
i potencjalnej zmienno$ci adaptacyjnej badanych gatunkéw. W badaniach wykorzystano dane
genotypowe dla 438 préb, pozyskane z uzyciem macierzy zawierajacej kilkadziesiat tysiecy
markeréow typu SNP (pojedynczych miejsc zmiennych) oraz przetestowano ich zmienno$¢
pomigdzy poszczegdlnymi gatunkami i populacjami. Przeszukano zestaw tych markerow pod
katem istotnych statystycznie odchylen czestosci alleli od czgsto$ci obserwowanych dla tla
genetycznego, i dokonano przypisania prawdopodobnych funkcji gendw, z ktorych pochodzity

te markery. Uzyskane dane pozwolity na jednoznaczne rozréznienie poszczegdlnych taksonow



oraz ujawnity istnienie struktury populacji u dwdch gatunkéw. Analizy poréwnawcze z sosng
zwyczajng, pozwolity na identyfikacje 35 gendw kandydackich, odrozniajacych P. mugo
I P. uncinata od taksonu referencyjnego i potencjalnie zwiazanych z ksztaltowaniem ich
przystosowan do warunkow gorskich. Wsrod nich znalazly sie¢ geny kodujacych biatka
odpowiedzialne za fotosyntezg, fotorespiracje, gospodarke reaktywnymi formami tlenu
(homeostaze redoks), a takze regulacje transkrypcji i edycje mRNA. Nieco wigcej, bo 75
markeréw SNP, roznicowato dwa taksony siostrzane. Te polimorfizmy obecne byty gtownie
wsrod gendw zwigzanych z ekspresja i metabolizmem. W ostatnim etapie badan weryfikacji
poddano wptyw regulacji transkrypcji na proces adaptacji tych gatunkow do warunkow
gorskich. Na podstawie analizy catkowitego RNA osobnikéw uzyskanych z nasion zebranych
w naturalnych populacjach i hodowanych w jednakowych warunkach szklarniowych,
dokonano sktadania de novo transkryptomu referencyjnego, a nastepnie analizy ekspresji
poszczegblnych gendw. Profile ekspresji okazaty si¢ zasadniczo podobne — zidentyfikowano
tacznie zaledwie 121 transkryptow o istotnym zrdznicowaniu pomiedzy ktorgkolwiek z par
taksondw. Przypisane na podstawie oryginalnych sekwencji funkcje tych genéw nalezaty
do takich kategorii jak: modyfikacja drewna oraz odpowiedz na stres wywotany przez rézne
czynniki biotyczne i abiotyczne, w tym stres oksydacyjny. Wiele z wykrytych genow jest
dobrymi kandydatami potencjalnie zwigzanymi z adaptacja badanych sosen gorskich
do wymagan ich siedliska. Przykladowo, regulacja ekspresji gendéw zaangazowanych
W biosynteze ligniny moze by¢ powigzana z silnymi wiatrami 1 grubg pokrywa $niezna, ktorej
doswiadczaja te sosny w swoim Srodowisku. Podsumowujac, przedstawione badania
dostarczaja nowej wiedzy na temat procesow ksztattujacych neutralng i adaptacyjna zmiennosé
genetyczng badanych gatunkoéw sosen oraz poglebiajg nasza wiedzg na temat procesow

demograficznych i ewolucyjnych, ktore leza u podstaw ich dywergencji ekologicznej.

SEOWA KLUCZOWE

adaptacje wysokogorskie, filogeografia, geny kandydackie, Pinus mugo, Pinus uncinata
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1. WSTEP

Tlo badawcze

Zmienno$¢ tla genetycznego populacji oraz zmienno$¢ adaptacyjna zwigzana
z dostosowaniem organizméw do okreslonych warunkéw $rodowiska jest wypadkowa
procesOw zwigzanych z historig populacji 1 ich ewolucja. Drzewa stanowia istotny element
ekosysteméw ladowych, oddziatlujagc na nie poprzez interakcje biotyczne oraz procesy
zwigzane z regulacja klimatu, obiegu wody czy struktury gleby. Jednakze, genetyczne
podstawy ksztaltowania si¢ zasiggow i charakterystyk populacji drzew lesnych w wyniku
selekcji do lokalnych warunkow $rodowiska oraz zwykle wysokiej 1 odziedziczalnej
zmienno$ci fenotypowej, to procesy wciaz stabo poznane. Powstawanie 1 utrzymywanie si¢
lokalnych adaptacji u tych organizmow jest szczeg6lnie ciekawe ze wzglgdu na ich specyficzne
cechy biologiczne, takie jak duza efektywna wielko$ci populacji, rozmnazanie krzyzowe, czy
znaczne mozliwosci dyspersyjne pytku i nasion (Petit i Hampe 2006). Wszystkie te cechy
przyczyniajag si¢ do szybkiej homogenizacji tta genetycznegd miedzy populacjami.
Jednoczesénie drzewa cechuje zwykle wysoka rozrodczos¢ i bardzo silna selekcja pomigdzy
rekrutowanymi osobnikami, co utatwia im dostosowywanie si¢ do miejscowych warunkow
srodowiska i utrzymywania zmiennoséci waznych cech adaptacyjnych pomimo mozliwego

intensywnego przeplywu gendéw w zasiegu ich wystepowania (Sork 2016).

Procesy ksztaltujace zmiany =zasiggow 1 relacji miedzy populacjami roslin
drzewiastych, a takze ich zwykle wysokiej, odziedziczalnej zmiennosci fenotypowej sa wcigz
stabo poznane. Z jednej strony, drzewa sg dalece niepodobne do tzw. organizmow
modelowych, ich czas trwania pokolenia jest bardzo wydtuzony, charakteryzuje je tez wolny
rozwoj osobniczy, co utrudnia ich badania w tradycyjnych eksperymentach hodowlanych.
Z drugiej strony, drzewa le$ne tworzg zazwyczaj duze, krzyzujace si¢ losowo populacje,
w ktorych zmienno$¢ genetyczna utrwalona przez pokolenia jest wypadkowg procesow
neutralnych, zwigzanych z historia populacji, i selekcyjnych w zasiegu ich wystepowania. Tym
samym tworza dogodny uklad eksperymentalny w analizach genetycznych podstaw ich

zmiennosci ekotypowej, w tym poszukiwania sygnatur dzialania doboru na poziomie



molekularnym. Los generowanego i segregujacego polimorfizmu DNA zalezy od procesow
neutralnych takich jak dryf genetyczny i migracje, oddziatujgcych na catos¢ genomu
jednakowo, oraz od procesow selekcyjnych, zazwyczaj dziatajacych na genom punktowo
— w odniesieniu do miejsc funkcjonalnych oraz ich najblizszego otoczenia. Co istotne,
ewolucja adaptacyjna nie jest wynikiem jedynie wystepowania i segregacji réznych form
allelicznych gendw, ale moze by¢ ksztaltowana takze m.in. przez réznice w poziomach
ekspresji czy odmienne sposoby sktadania (ang. alternative splicing) poszczegdlnych
transkryptow (Jones i in. 2012; Smith i in. 2018).

W przypadku drzew le$nych, interesujagcym polem badawczym do zglebiania réznego
typu procesow mikroewolucyjnych, np. genezy i trwato$ci adaptacji, ksztaltowania si¢
zasiggdw populacji i postepujacej przy tym specjacji badz homogenizacji ich pul genowych,
sg gatunki przystosowane do warunkow gorskich. Ze wzgledu na, zazwyczaj, wyspowy
charakter ich wystepowania, ktory utrudnia wymiane materialu genetycznego, u roslin tych
obserwuje si¢ ograniczong zmienno$¢ wewnatrz i duze zréznicowanie pomig¢dzy populacjami
(Ohsawa i in. 2008). Z drugiej strony, ze wzgledu na specyfike siedliska, populacje drzew
gorskich poddawane sg gwaltownym zmianom czynnikow $rodowiskowych w stosunkowo
niewielkim gradiencie wysoko$ciowym, co przyczynia si¢ do réznicowania osobnikow nawet
w zasiegu jednej populacji. Wzrost wysokosci bezwzglednej wiaze si¢ ze spadkiem ci$nienia
atmosferycznego (w tym cisnienia czgsteczkowego CO2) i $redniej temperatury otoczenia,
a takze ze wzrostem sity promieniowania slonecznego. Taki gradient wysoko$ciowy powoduje
wystepowanie w licznych pasmach gorskich wyraznych pigter klimatycznych. W warunkach
Europejskich, z zarysowanymi sezonami, okres wegetacji jest wyraznie skrocony w gorach,
co zwigzane jest z nizsza Srednig temperatur 1 dtuzej zalegajaca pokrywa $niezng. Tereny te
charakteryzuja si¢ takze czgstszymi 1 silniejszymi porywami wiatru, zwigkszajacymi presje
mechaniczna, ale takze wplywajacymi na rozmnazanie ros$lin, zwlaszcza gatunkow
wiatropylnych. Dodatkowo, na wzniesieniach wystepuja roznice siedliskowe pomiedzy
stokami poludniowymi i pétnocnymi, co w przypadku roslin §wiattolubnych istotnie ogranicza
dostepnos¢ miejsc wzrostu. Na wzrost i rozwoj populacji rosli wptywa rowniez rzezba terenu.
Kazdy z tego typu czynnikow srodowiskowych silnie oddziatuje na osobniki i populacje,

regulujgc ich $Smiertelno$¢ 1 rozrodczos¢, a zatem wplywajac na ich zdolnosci adaptacyjne.



Jak dotad jednak wcigz niewiele wiadomo na temat genetycznego podtoza przystosowan

ro$lin, w tym drzew lesnych, do tych specyficznych wymagan srodowiskowych.

Przedmiot badan

Prezentowana praca doktorska zostata poswigcona dwom siostrzanym taksonom
europejskich sosen. Pierwsza z nich — Pinus mugo Turra (1764), widnieje w polskigj
nomenklaturze pod oficjalng nazwa sosny gorskiej, a w literaturze takze pod synonimami
takimi jak kosodrzewina, kosodrzew, czy kosowka wlasciwa. W literaturze anglojezycznej
najczesciej spotykana jest pod nazwami: dwarf pine, dwarf mountain pine, mugo pine, czy
scrub mountain pine. Drugi takson — Pinus uncinata Ramond ex DC. (1805), w polskigj
nomenklaturze botanicznej funkcjonuje jako sosna hakowata, w anglojezycznej pod
synonimami: Pyrenean pine, mountain pine albo Swiss mountain pine. Mimo, ze gatunki te
roznig si¢ do$¢ wyraznie i pod wieloma wzgledami zostaly juz dobrze zbadane, ich pozycja
taksonomiczna jest nadal niejasna. Zwykle zaliczane sg wspdlnie do szerszego kompleksu
Pinus mugo i traktowane albo jako dwa gatunki — P. mugo (Turra) i P. uncinata (Ramond),
albo ujmowane w randze podgatunku wewnatrz gatunku Pinus mugo jako odpowiednio
P. mugo s.s. i P. mugo subsp. uncinata. To drugie, pdzniejsze ujecie odwotuje si¢ do
biologicznej koncepcji gatunku Ernsta Mayra (1942), uwzgledniajac mozliwo$¢ krzyzowania
si¢ tych taksonéw w populacjach naturalnych. Istniejg tez inne propozycje usystematyzowania
tych taksondw, przyktadowo: Pinus mugo sensu stricto i P. uncinata subsp. uncinata (sensu
Businsky i Kirschner 2010). Niemniej, zréznicowanie fenotypowe i ekologiczne oraz
zasadniczo allopatryczny zasigg wystepowania, przemawiaja za traktowaniem ich jako dwa
osobne gatunki. Nalezy w tym miejscu zaznaczy¢, ze inny europejski takson z rodzaju Pinus
—sosna limba (P. cembra L.), ktory rowniez zwigzany jest ze srodowiskiem wysokogorskim,

nie wchodzit zakres badan niniejszego doktoratu.

Sam kompleks Pinus mugo, do ktérego powszechnie zalicza si¢ dwie omawiane sosny,
to niewielka grupa taksonomiczna, w literaturze anglojezycznej znajdowana pod nazwami
‘Pinus mugo complex’ lub ‘Pinus mugo aggregate’. Uproszczona systematyka klasyfikuje ten
kompleks ws$rod roslin nagonasiennych, gdzie zaliczany jest do klasy iglastych (Pinopsida),

rzedu sosnowcoéw (Pinales), rodziny sosnowatych (Pinaceae) i rodzaju sosna (Pinus).
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W ramach rodzaju, ktory liczy blisko 109 gatunkow (Farjon 2001), do$¢ dobrze rozpoznanych
i uporzgdkowanych pod wzgledem filogenezy, kompleks sytuowany jest w podrodzaju Pinus
(Diploxylon, w lit. angielskiej takze jako ‘hard pines’), w sekcji Pinus i podsekcji Pinus
(Gernandt i in. 2005; Ryc.1l). Wedlug dotychczasowych badan biometrycznych,
biochemicznych i molekularnych (Gernandt i in. 2005; Grotkopp i in. 2004;) najblizej
spokrewniona z kosodrzewing i sosng hakowatg jest sosna zwyczajna (P. sylvestris L.), a dalej
sosna gestokwiatowa (P. densiflora Siebold & Zucc.). Poczatek rozchodzenia si¢ linii
ewolucyjnych sosny zwyczajnej i omawianych taksonow szacowany jest na ok. 5 min lat p.n.e.
(Monteleone i in. 2006; Wachowiak i in. 2011).
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Ryc. 1. Pokrewienstwo gatunkéw z sekcji Pinus podgatunku Pinus, ukazujace bliskie relacje miedzy omawianymi taksonami
gorskimi oraz sosng zwyczajng. Drzewo filogenetyczne zostato zrekonstruowane na podstawie drzewa konsensusowego
otrzymanego z loci rbcL i matK chloroplastowego DNA. Przedstawiona rycina jest fragmentem wiekszego dendrogramu i
pochodzi z publikacji Gernandt i in. (2005).

Do najbardziej aktualnych, wnikliwych i systematycznych przegladow kompleksu
P. mugo nalezy publikacja Hamernika i Musila z 2007 r., ktora jest podsumowaniem literatury
dotyczacej nomenklatury stosowanej do jej opisu w ostatnim stuleciu, oraz Businsky-iego
i Kirschnera (2010), ktéra podsumowuje wieloletnie obserwacje i badania prowadzone przez
nich na blisko 150 populacjach z tego kompleksu. Warto wspomnie¢, ze oprocz dos¢ dobrze

wyodrebnionych taksonow P. mugo i P. uncinata, do kompleksu zalicza si¢ rowniez szereg
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rzadszych i bardziej problematycznych grup, takich jak np. P. uliginosa, P. rotundata, czy
P. x pseudopumillo (Hamernik i Musil 2007; Businsky i Kirschner 2010), ktore zajmujg inne
siedliska. Nie stanowily one przedmiotu prezentowanych badan i nie zostaly tu blizej

przedstawione.

Oba badane gatunki reprezentuja europejska roslinnos¢ subalpejska, a w swoim zasiegu
wystepowania nie przekraczajg wysokosci ok. 2700 m n.p.m. (Businsky i Kirschner, 2010).
Na nizszych wysokosciach sosna hakowata tworzy mniej lub bardziej otwarte lasy,
w wyzszych potozeniach jej zasi¢g wyznacza goérng granice lasu (ang. timberline), a takze
gorng granice obecnosci drzew (ang. treeline). Na podobnych wysoko$ciach kosodrzewina
tworzy zwykle grube, krzewiaste dywany. Oba gatunki dobrze radzg sobie na trudnych, cze¢sto
inicjalnych podtozach. Zasiedlaja skaliste zbocza i rumowiska o bardzo zr6znicowanej genezie
i whasciwosciach — zardwno podtoza magmowe, metamorficzne, jak i osadowe (m.in. granity,
porfiry, gnejsy, wapienie, gipsy, kwarce, serpentyny, czy tupki; Businsky i Kirschner 2010;
Monteleone i in. 2006). Taksony te sg $wiatlozadne i preferujg wystawy potudniowe,
jednoczesnie maja ciemniejszg barwe igiel (np. w poréwnaniu z sosng zwyczajng), co
$wiadczy¢ moze 0 ich przystosowaniu do silniejszego oddziatywania promieniowania UV

w wyzszych polozeniach.

Znanych jest wiele cech roznicujacych sosne gorska i hakowats. Pierwotnie
podkreslano osobne wystepowanie taksonow, ze stosunkowo niewielkim obszarem naktadania
si¢ ich zasiggébw (Ryc. 2 na nastepnej stronie) oraz widoczne réznice fenotypowe. Z czasem
opisywano bardziej subtelne rdznice anatomiczne 1 morfologiczne, wreszcie takze
molekularne i fenologiczne. Businsky i Kirschner (2010) wymieniaja dwie zasadnicze cechy,
po ktorych nalezy je rozrozniaé — pokrdj rosliny i budowe szyszek, ktdre to cechy jednak nie
zawsze s3 w pelni skorelowane. U sosny gorskiej pokrdj jest kartowaty, przez to odmienny niz
u wiekszosci przedstawicieli rodzaju. Wyksztatca ona liczne ptozace pedy, wzniesione zwykle
nie wyzej niz na 2-3 m nad ziemi¢. Z tego wzgledu, zgodnie z systemem form Zzyciowych
rodlin, zaliczana powinna by¢ raczej do nano- lub mikrofanerofitow niz drzew, jednak
w literaturze takie jej traktowanie jest powszechne (Alexandrov i in. 2019; Ballian i in. 2016;
Willis i in. 2004).



Ryc. 2. Zasiggi wystgpowania omawianych sosen gorskich — linia ciaglta otoczone sa populacje Pinus mugo, linig przerywana,
dluzsza populacje P. uncinata, linig przerywana, krotsza populacje P. uliginosa; gwiazdkami oznaczono przypuszczalne
miejsca hybrydyzacji sosny gorskiej i sosny hakowatej. Rycina zostata zaczerpnigta z publikacji Businsky i Kirschner (2010).

Pinus uncinata Ram. Pinus rotundata Link Pinus x pseudopumillo (Willk.) Beck Pinus mugo Turras. s.

Ryc. 3. Formy wzrostu przedstawicieli kompleksu Pinus mugo; sosna hakowata skrajnie po lewej, sosna gorska skrajnie
po prawej. Rycina zapozyczona z artykutu Hamernika i Musila (2007), a oryginalnie z publikacji Kindel-a (1995).



Kartowatos$¢ jest znang formg adaptacji roslin do warunkdéw gorskich (Bomblies 2015), by¢
moze charakterystyczny pokrdj kosodrzewiny jest wiasnie jej przystosowaniem do
porywistych wiatrow, niskich temperatur, czy dtugo zalegajacej pokrywy $nieznej. Dzigki
zdolnoséci ukorzeniania pedow (Jenik 1994), porasta podloze tworzac zwarte kobierce
(Ryc. 3). Sosna hakowata ma pokrdj drzewiasty, ‘choinkowaty’, z jednym prostym p¢dem
glownym siegajacym od kilkunastu do nawet 25 m wysokosci i jajowato-stozkowa korong
(Businsky i Kirschner 2010). Tworzy do$¢ luzne lasy, szczegOlnie na wigkszych

wzniesieniach.

Szyszki zenskie obu sosen rosng na krotkich szyputkach i rozwijaja si¢ podobnie
— przez wickszo$¢ czasu sg wyprostowane i skierowane ku gorze, a wiosng drugiego roku
dojrzewania charakterystycznie odginaja si¢ i zaczynajg otwiera¢ (Businsky i Kirschner 2010).
Szyszki kosodrzewiny s3a jednak mniejsze i maja symetri¢ promienista, apofizy lusek
nasiennych s3 u niej ptaskie i stabiej wyksztalcone, natomiast u sosny hakowatej szyszki maja
jedng plaszczyzne symetrii — sg zakrzywione, poza tym kazda z apofiz jest znacznie bardziej
uwydatniona i haczykowato wygigta (Ryc. 4). Gatunki r6znig si¢ nieco sposobem luszczenia
ich ciemnej, szarawo-bragzowej do czarnej kory, ktora u sosny hakowatej odrywa si¢ troche

wigkszymi, zwijajacymi si¢ ptatami (Businsky i Kirschner 2010).

Pinus uncinata Ram. Pinus rotundata Link Pinus x pseudopumillo (Willk.) Beck Pinus mugo Turras. s.

Ryc. 4. Pokroje szyszek zenskich u przedstawicieli kompleksu Pinus mugo; sosna hakowata skrajnie po lewej, sosna gorska
skrajnie po prawej. Dolny panel przedstawia roznice w ksztalcie apofizy tuski nasiennej — widok odpowiednio od strony
grzbietowej (u gory) i z boku (u dotu). Rycina pochodzi z publikacji Hamernika i Musila (2007) i jest modyfikacja
oryginalnych rycin Christensena (1987) i Kindel-a (1995).



W mniejszym stopniu gatunki réznicuje rOwniez anatomia igiet, w tym liczba kanatow
zywicznych oraz budowa i rozmieszczenie komoérek sklerenchymatycznych (Boratynska
I Boratynski 2007; Boratynska i in. 2015; Businsky i Kirschner 2010). Hodowane
w jednakowych warunkach eksperymentu szklarniowego, mtodociane osobniki kosodrzewiny
i sosny hakowatej wykazywaty roznice w fenologii oraz tempie wzrostu (Wachowiak i in.
2018). Mimo mocno konserwatywnej organizacji zestawu chromosomow u sosen (2n=24),
Boguni¢ 1 in. (2011) obserwowali rozbieznosci we wzorach wybarwienia prazkow

heterochromatyny, $wiadczace o postepujacym réznicowaniu taksonéw réwniez na poziomie

M3 U3 l!l

kariotypu (Ryc. 5).

Ryc. 5. Zestawienie wzorcéw wybarwienia chromosomow metafazowych sosny gorskiej (po lewej, M) i sosny hakowatej
(po prawej, U), ukazujace zasadnicze podobienstwo Kkariotypow i niewielkie zrdéznicowanie miejsc wybarwienia
heterochromatyny (niebieskie prazki na schemacie). Wiecej szczegdtéw w artykule Boguni¢ i in. (2011), z ktorego pochodzi
rycina.

Natomiast dotychczasowe analizy biochemiczne 1 genetyczne wskazywaty przede wszystkim
na duze podobienstwo pomiedzy badanymi taksonami oraz wyrazny brak, w wigkszos$ci

zastosowanych markerow, istotnych réznic. Relacje analizowane z wykorzystaniem markerow
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izoenzymatycznych wykazaly ich wysokg zmienno$¢ wewnatrz populacji, ale niewielka
pomiedzy taksonami (Lewandowski i in. 2000). Na poziomie sekwencji DNA, zadne
z licznych badan prowadzonych zaré6wno z wykorzystaniem rejondéw jadrowych (Monteleone
I in. 2006; Wachowiak i in. 2015), jak i cytoplazmatycznych (Dzialuk i in. 2017; Heuertz i in.
2010; Sokotowska i in. 2021), nie pozwolito na wytonienie jednoznacznych, specyficznych
gatunkowo markerow. Wigkszos¢ z tych badan, mimo, ze ujawniata pewne zréznicowanie
genetyczne istniejagce pomiedzy taksonami, podkres§lala fakt, ze przewazajaca cze$¢

przebadanych alleli segreguje w ich populacjach z podobnymi czesto$ciami.

Duze podobienstwo genetyczne badanych taksonow moze by¢ efektem relatywnie
niedawnej dywergencji tych organizmow (ponizej 5 min lat; Wachowiak i in. 2011),
charakteryzujacych si¢ dodatkowo powolnym rozwojem i dojrzewaniem (ok. 10 lat u P. mugo
i 15-25 u P. sylvestris), a takze dtugim czasem trwania pokolenia (20-25 lat), ktore przektadaja
si¢ na niepelne rozdzielenie linii ewolucyjnych i wciaz segregujaca w nich zmienno$é¢
ancestralng (Ballian i in. 2016; Carlisle i Brown 1968; Matyas i in. 2003; Wachowiak i in.
2011). Podobienstwo to moze wynika¢ réwniez ze zmian zasiggéw tych gatunkow,
powodujacych wtorny kontakt i hybrydyzacje pomigdzy wezeséniej izolowanymi populacjami.
Takie fluktuacje zasiegow mogty wielokrotnie mie¢ miejsce na przestrzeni ostatnich kilku
milionéw lat, zwlaszcza w niestabilnym okresie Plejstocenskich glacjatow 1 interglacjatow
(Boratynska i in. 2014). Wspotczesnie sympatryczny zasigg wystepowania kosodrzewiny
i sosny hakowatej jest ograniczony przede wszystkim do obszaru Alp Zachodnich (Ryc. 2;
Businsky i Kirschner 2010; Jalas i Suominen 1973; Monteleone i in. 2006), przy czym nie jest
jasne, czy jest to miejsce ich wtdrnego kontaktu, czy moze obszar, z ktorego te dwie linie
wziety poczatek. Businsky 1 Kirschner (2010) scharakteryzowali wystepujace tam typowe
mieszance omawianych sosen gorskich nadajac im nazwe Pinus x ascendens Businsky.
Opisywali przy tym populacje mieszancowe, w ktorych obecne sg jednoczes$nie hybrydy
1 osobniki czystych gatunkéw, jak réwniez takie, w ktorych wystepuja jedynie mieszance.
Znane sg takze miejsca w Alpach, gdzie w niewielkich odlegto$ciach wspotwystepujg czyste
populacje jednego i drugiego gatunku, ale nie wida¢ w nich oznak introgresji (Monteleone
i in. 2006). Z kolei w rejonie Apenindw, w izolowanej populacji kosodrzewiny z Abruzji, wiele

osobnikdéw wykazuje cechy wilasciwe raczej sosnie hakowatej (Boratynska i in. 2005;
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Boratynska i in. 2015). Dane te wskazujg na potencjalnie duze znaczenie procesu hybrydyzacji

w ksztattowaniu zmiennosci genetycznej sosen gorskich z kompleksu P. mugo.

Dotychczas jednak niewiele wiadomo na temat genetycznych podstaw przystosowania
omawianych taksonéw do ich specyficznych warunkow siedliskowych. Nie prowadzono do
tej pory studiéw z zakresu genomiki populacyjnej dotyczacych tej problematyki, ani nawet
badan biometrycznych dotyczacych stricte przystosowan wysokogorskich w tej grupie roslin.
Jedyng wiedz¢ na ten temat czerpa¢ mozna ze wspomnianych wczesniej cech, takich jak:
pokrdj roslin, wilasciwosci ich igiet, dobrze rozwiniety i silnie rozgaleziony system
korzeniowy, oraz ich reakcji na wysokie stezenia ozonu (Ballian i1 in. 2016; Businsky
i Kirschner 2010; Diaz-de-Quijano i in. 2019).

Cel i zakres badan

W prezentowanej pracy wykorzystano zmienno$¢ szeregu rejonow genomowych celem
analizy relacji filogenetycznych istniejacych pomigdzy gatunkami sosny gorskiej (Pinus mugo
Turra) oraz sosny hakowatej (P. uncinata Ramond ex DC.), a takze oceny zmiennoS$ci
genetycznej ich populacji w kontekscie procesow demograficznych i selekcyjnych. Celem
badan byto poszukiwanie i przyblizenie odpowiedzi na szereg pytan, m.in.: Jaki jest poziom
zréznicowania genetycznego badanych taksonow? Jakie sa ich relacje genetyczne wzgledem
sosny zwyczajnej? Czy istniejg markery diagnostyczne przydatne w identyfikacji molekularnej
badanych gatunkow? Jak wyglada struktura genetyczna ich populacji i jakie sg wzajemne
relacje filogeograficzne pomigdzy stanowiskami gérskimi w szerokim zasiggu wystgpowania
gatunkow? Czy struktura genetyczna populacji obecna w mitochondrialnym DNA pokrywa si¢
ze wzorcem struktury genetycznej obserwowanym w genomie jadrowym? Czy w genomie

jadrowym istniejg rejony, 0 Wzorze zmiennosci odbiegajacym od modelu ewolucji neutralnej?
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W badaniach wytoniono i przetestowano nastepujgce hipotezy badawcze:

Hipoteza 1
Sosna gorska i sosna hakowata wykazujg istotne zrdéznicowanie genetyczne w wyniku
dhugotrwatej izolacji i adaptacji do odmiennych nisz ekologicznych, a zastosowane markery

genetyczne grupujg 0sobno populacje badanych gatunkow.

Alternatywa
Pule genowe obu gatunkow sg podobne, na podstawie uzytych markerow nie da si¢

wyrdzni¢ dwoch osobnych grup odpowiadajacych analizowanym taksonom.

Hipoteza 2
Rozktad zmiennosci genetycznej w obrebie gatunku jest niejednorodny, a utrwalone réznice
w pewnych rejonach genomowych odzwierciedlajg istnienie struktury i odmienne historie ich

subpopulacji, wynikajace ze zmian zasiggu gatunkow i izolacji stanowisk w gorach Europy.

Alternatywa

W genomach omawianych sosen brak jest roznic, ktdre moglby stanowi¢ markery
diagnostyczne w identyfikacji prob pochodzacych z okreslonych rejonéw geograficznych,
co moze by¢ wynikiem ich potencjalnie niedawnej izolacji i efektywnego przeptywu genow

pomiedzy populacjami.

Hipoteza 3
W genomie jadrowym badanych sosen mozna zidentyfikowac loci poddane presji selekcyjnej
w wyniku adaptacji do warunkéw wysokogorskich, ktorych polimorfizm odbiega od

neutralnego tla genetycznego populacji i gatunkow.

Alternatywa
Zmienno$¢ adaptacyjna jest wynikiem niewielkiego, addytywnego wptywu wielu genow
i zastosowane metody nie pozwalajg na identyfikacje form allelicznych o potencjalnie

silnym efekcie fenotypowym.
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Hipoteza 4
Presja selekcyjna na poziomie molekularnym dotyczy nie tylko polimorfizmu form

allelicznych genéw (zmian strukturalnych sekwencji), ale rowniez réznic w poziomie ekspresji

genow.
Alternatywa

Poziom ekspresji genéw badanych taksonéw odzwierciedla ich bliskie relacje genetyczne
1 brak roznic na poziomie transkryptomu, ktéore mozna by uzna¢ za diagnostyczne

i specyficzne gatunkowo.

Zarys metodologii

Do testowania przedstawionych hipotez wykorzystano szereg populacji naturalnych
obu gatunkow (a takze taksonu referencyjnego — sosny zwyczajnej) oraz ro6znorodne markery
genetyczne, ktére pozwolily na oszacowanie migdzy- i wewnatrzgatunkowej zmiennosci
neutralnej (co postuzyto do badania tta genetycznego i wzajemnych relacji) oraz adaptacyjnej
(stuzacej wnioskowaniu o potencjalnym wptywie doboru na ewolucje populacji i taksonéw).
U sosen markery takie pochodzi¢ moga z trzech genoméw — jadrowego (NDNA),
chloroplastowego (cpDNA) i mitochondrialnego (mtDNA), z ktorych kazdy posiada nieco
inny zestaw cech, warunkujacych ich r6zng uzytecznos¢ w badaniach genetycznych. Ich krétka
charakterystyke zamieszczono ponizej. W niniejszej pracy wykorzystano markery mtDNA

i NDNA oraz odniesiono si¢ do zmienno$ci markerow cpDNA, znanej z weze$niejszych badan.

Genomy cytoplazmatyczne, tj. chloroplastowy i mitochondrialny dziedziczone sa po
jednym z rodzicow, u sosen pierwszy w linii ojcowskiej, drugi w linii matecznej (Wang i in.
1996). Warto zaznaczy¢, ze sosny sa z reguly jednopienne (Giertych 1976). Obydwa genomy
sa haploidalne i z zasady nie podlegaja rekombinacji, za to maja nizsza (1/4) efektywna
wielko$¢ populacji w stosunku do diploidalnego genomu jadrowego i tym samym wykazuja
wiekszg podatno$¢é na perturbacje demograficzne i dziatanie dryfu. Chloroplastowy DNA,
przekazywany z pytkiem na znaczne odlegtosci (nawet do 100 km; Robledo-Arnuncio 2011),
dobrze odzwierciedla potencjat krzyzowania si¢ populacji tych wiatropylnych roslin, za to ma

ograniczong przydatnos¢ w badaniach struktury populacji i filogeografii. Znacznie bardziej
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uzyteczne w tym wzgledzie sg markery mtDNA, ktore rozprzestrzeniane sg wraz z nasionami.
Nasiona tej grupy rowniez roznoszone sg przez wiatr (Benkman 1995; Dzialuk i in. 2012),
jednak z racji ich znacznie wigkszych rozmiarow i ci¢zaru, migruja na dystanse znacznie
mniejsze niz pytek (TOth i in. 2017). Zmienno$¢ tego genomu odzwierciedla nie tylko
pokrewienstwo osobnikéw wewnatrz i mi¢dzy populacjami, ale tez pozwala na $ledzenie drdg
migracji nasion, konkretnych zmian zasiegéw populacji, jak réwniez ocene potencjatu
dyspersyjnego gatunku — to nasiona sg diasporami z ktorych rozwing si¢ kolejne pokolenia.
Niestety, mitogenom sosen jest bardzo stabo poznany a opisane wczesniej rejony cechuje
zazwyczaj stosunkowo niskie tempo mutacji i niski poziom polimorfizmu sekwencji (Donnelly
i in. 2017; Wolfe i in. 1987;), co utrudnia opracowanie odpowiednich markerow genetycznych.
W obu genomach cytoplazmatycznych obecne sa geny kodujace, niemniej przyjmuje sig,

ze ewolucja zasadniczej czeSci markeréw w nich zawartych zblizona jest do neutralne;.

Genom jadrowy tych sosen jest ogromnych rozmiaréw — na haploidalny zestaw 12
chromosomow, sktada si¢ okoto 21-27 mld pz (oszacowania dla sosny zwyczajnej; Donnelly
i in. 2017). Jest on réwniez bardzo ztozony — bogaty w obszary niekodujace i repetytywne,
w wiekszo$ci bedace pozostatoSciami po retrotranspozonach i procesach duplikacji genow
(Neal i in. 2014; Voronova i in. 2017). W masie nDNA znajduja si¢ rozproszone geny kodujace
biatka oraz r6zne rodzaje funkcjonalnego RNA. Liczba gendw odpowiedzialnych za produkcje
biatek u roslin jest uznawana za do$¢ konserwatywng i Szacowana jest na 26 do 28,5 tys.
(Cheng i in. 2016; Gonzales-Ibeas i in. 2016; Nystedt i in. 2013). Ze wzgledu na duze rozmiary
i ztozonos$¢, stosunkowo kompletne sekwencje referencyjne genoméw jadrowych zostaty
dotychczas opisane jedynie dla 10 przedstawicieli drzew iglastych (Neale i in. 2022). Jak dotad
nie opisano sekwencji referencyjnej dla sosny zwyczajnej, ani zadnego z taksonow kompleksu
P. mugo. Poniewaz w diploidalnych jadrach komoérkowych sporofitdéw sosen mieszajg si¢ geny
ojcowskie, migrujace z pytkiem, i mateczne, rozsiewane z nasionami, ktore poézniej podlegaja
szybkiej i efektywnej rekombinacji (Pyhajérvi i in. 2019), genom jadrowy jest uznawany za
mniej uzyteczny w zakresie odtwarzania historii populacji. Sekwencje NDNA sg natomiast
potencjalnie cennym zrédlem informacji na temat procesow selekcyjnych jakim podlegaja
populacje i gatunki, a wspolczesne wysokoprzepustowe technologie sekwencjonowania
I genotypowania DNA pozwalaja na pozyskiwanie duzej ilosci danych molekularnych

w krotkim czasie i relatywnie niewielkim kosztem.
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W dalszej czesci rozprawy przedstawiono najwazniejsze zatozenia i wyniki badan
stanowigcych efekt mojej pracy doktorskiej, ktore opublikowatam w kolejnych trzech

artykutach naukowych.

Publikacja pierwsza

Pierwszym krokiem w badaniach genetycznych podstaw zmienno$ci adaptacyjnej
I relacji filogenetycznych jest rozpoznanie wariancji tlta genetycznego i pokrewienstwa
istniejgcego pomiedzy osobnikami i populacjami gatunku w efekcie historycznych zmian ich
liczebnos$ci i zasiegow. Proby takie podejmowano wczesniej dla kosodrzewiny i sosny
hakowatej, wykorzystujac w nich gltéwnie markery biometryczne, ale takze molekularne,
m.in. rejony mikrosatelitarne DNA z genomu plastydowego i jadrowego (Dzialuk i in. 2009;
Dzialuk i in. 2017; Heuertz i in. 2010). Jednakze informacje uzyskane z tych badan byty
niespojne ze wzgledu na wysoce mobilny charakter i niklg warto$¢ dyskryminacyjng
zastosowanych markerow. Stad celem pierwszej czesci prowadzonych przeze mnie badan,
ktorej poswiecony jest artykul opublikowany w Journal of Systematics and Evolution
(Zaborowska i in. 2019 — Population history of European mountain pines Pinus mugo and
Pinus uncinata revealed by mitochondrial DNA markers), byto oszacowanie zmienno$ci
i zrbznicowania genetycznego omawianej pary taksonow gorskich w zakresie ich neutralnego
tta genetycznego. W pracy tej podjeto probe weryfikacji hipotez 1 i 2 dotyczacych
zroéznicowania obu taksonow oOraz obecnosci struktury genetycznej w zasiegu ich
wystepowania. Przebadano w tym celu kilkaset osobnikow pochodzacych z 27 populacji obu
gatunkow, reprezentatywnych dla calosci ich naturalnych zasiegow, i wykorzystano
zmiennos$¢ sekwencji mitochondrialnego DNA. Dotychczas w badaniach filogeograficznych
przedstawicieli rodzaju Pinus funkcjonowaty zasadniczo jedynie dwa markery mtDNA o niktej
rozdzielczosci — w rejonach nadl intron B/C oraz nad7 intron 1 (Jaramillo-Correa i in. 2004;
Soranzo i in. 2000). W prezentowanej pracy, bazujac na wynikach Donnelly i in. (2017),
opracowatam 15 nowych markerow mtDNA: 14 typu RFLP oraz 1 typu IN-DEL. Na ich
podstawie zidentyfikowatam tacznie 31 mitotypow, wykorzystanych m.in. do przepro-
wadzenia analiz filogenetycznych, wariancji molekularnej, analizy struktury populacji oraz

oceny izolacji genetycznej w zasiggu wystgpowania populacji.
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Przeprowadzone badania umozliwity wstepng weryfikacje postawionych hipotez.
Zmienno$¢ DNA mitochondrialnego pozwolita na rozroéznienie dwoch grup genetycznych
wsrod przebadanych osobnikdw i1 populacji, ktére blisko odpowiadaty wczesniejszej,
fenotypowej identyfikacji taksonomicznej i ich klasyfikacji do dwoch gatunkow. Wyjatek
stanowita pojedyncza populacja z Alp Kotyjskich (obszaru naktadania si¢ zasiegdw taksonow),
uznawana za populacje sosny hakowatej, w ktorej wykryto wytacznie mitotypy wiasciwe
kosodrzewinie. W zestawie znalazty si¢ dwa loci z niemalze utrwalonymi, odmiennymi
allelami u sosny gorskiej i sosny hakowatej (Pr13 oraz nadl intron B/C), ktére analizowane
wspoélnie mogg stuzy¢ za markery diagnostyczne dla linii mtDNA tych dwdch taksondw.
Ponadto, uzyskane wyniki wykazaly obecnos¢ w populacjach obu gatunkéw wyraznej
struktury genetycznej, co potwierdzity rowniez dalsze analizy z wykorzystaniem markeréw

jadrowych (Zaborowska i in. 2021).

Publikacja druga

Kolejna czes¢ pracy, zaprezentowana w publikacji w International Journal of
Molecular Sciences (Zaborowska i in. 2021 — Candidate genes for the high-altitude
adaptations of two mountain pine taxa), po§wiecona zostata analizom zmiennoS$ci genetycznej
w skali catlego genomu jadrowego omawianych sosen. Badanie mialo na celu ocen¢
przydatno$ci skanowania tysiecy pojedynczych miejsc zmiennych (SNPS) do rozrdézniania
badanych sosen gorskich na poziomie gatunkOw oraz rozpoznania istniejacej struktury
genetycznej w ich populacjach (weryfikacja hipotez 1 i 2). Celem analiz byta réwniez
identyfikacja genow i ich grup funkcyjnych, posiadajacych w swoich sekwencjach markery
SNP 0 wzorcach zmiennosci — czestosciach alleli — odbiegajacych od oczekiwanych na
podstawie zmiennos$ci tta genetycznego (weryfikacja hipotezy 3). Badania oparto o dane
z platformy Affymetrix — z zaprojektowanej w tym celu ptytki Axiom_PineGAP z 49,829
markerami SNP (Perry i in. 2020). Przeanalizowano w nich 524 osobniki potomne, pochodzace
z 4 populacji P. mugo, 5 populacji P. uncinata, jak rowniez z 5 populacji P. sylvestris (sosng
zwyczajng Wykorzystano jako takson referencyjny). Nasiona, z ktorych zostaty wyhodowane
drzewa pochodzily z populacji naturalnych badanych gatunkéw, natomiast same siewki

wzrastaly w kontrolowanych warunkach eksperymentalnych.
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Uzyskane, przefiltrowane pod katem jako$ci genotypowania dane zostaly
wykorzystane do przeprowadzenia podstawowych analiz zmienno$ci i zréznicowania
populacji, analizy wariancji, a takze ich grupowania oraz weryfikacji zaleznos$ci pomigdzy
odleglosciami fizycznymi 1 genetycznymi istniejagcymi migdzy populacjami. Ponadto,
przeprowadzona zostata identyfikacja loci wykazujacych odst¢pstwa czestosci alleli SNP od
usrednionych czestosci tla genetycznego, tj. identyfikacja tzw. outlierow. Poszukiwane byty
markery o skrajnych czgstoSciach, zarowno pomigdzy sosnami goérskimi, jak roéwniez
w poréwnaniu do taksonu referencyjnego (P. sylvestris). Dla kazdego odznaczajacego si¢
markera SNP odszukano sekwencj¢ DNA, z ktdrej pochodzil, a nast¢gpnie przyréwnano jg do
znanych sekwencji biatkowych obecnych w zasobach recenzowanych baz danych i okreslono

jej potencjalne funkcje.

Wyniki badania pokazaty, ze wigkszo$¢ zmiennosci genetycznej jadrowego DNA
segreguje u tych sosen wewnatrz populacji (73% wg. analizy wariancji), potwierdzajac
wczesniejsze obserwacje (Dzialuk i in. 2017; Heuertz i in. 2010). Niemniej, udato si¢ wykazac,
ze zréznicowanie markerdbw SNP mig¢dzy trzema taksonami jest wystarczajgce dla ich
jednoznacznego rozréznienia, a takze, ze w populacjach obu gatunkow gorskich, jak rowniez
sosny zwyczajnej, zmienno$¢ genetyczna nie jest rozlokowana losowo i pozwala na
odroznienie niektdrych ze stanowisk. Badania potwierdzity blizsze pokrewienstwo dwoch
gatunkéw gorskich wzgledem siebie w poréwnaniu do taksonu referencyjnego, a takze
ujawnity pewne wzorce pokrewienstwa poszczegdlnych populacji. Co ciekawe, nie wykryto
natomiast ani jednego locus, w ktorym bytby obecny allel prywatny i jednoczesnie utrwalony
wewnatrz ktoregokolwiek gatunku. Zidentyfikowanych zostatlo 35 genow kandydackich
(zawierajagcych polimorfizmy odbiegajace od modelu ewolucji neutralnej) pomigdzy dwoma
gatunkami gorskimi i sosng zwyczajng oraz 75 genow potencjalnie odpowiadajacych za
zroznicowanie sosny gorskiej i hakowatej. Mimo, ze Samo zréznicowanie czgstosci alleli nie
jest ostatecznym dowodem dziatania doboru na dany gen, to stanowi silng przestanke dla
weryfikacji takiej zalezno$ci, zwlaszcza, jesli funkcje kodowanego biatka/ biatek sg spdjne
z dziataniem czynnikéw Srodowiskowych znanych z wywierania wptywu na dany organizm.
Stad tez opisane geny kandydackie stanowig dogodny obiekt badan zmierzajacych do
okreslenia efektu fenotypowego wykrytych form allelicznych (Zaborowska i in. 2021).
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Publikacja trzecia

W trzeciej czesci pracy, ktorej poswigcony zostat artykut opublikowany w Journal of
Systematics and Evolution (Zaborowska i in. 2022 — Evolutionary targets of gene expression
divergence in a complex of closely related pine species), przeprowadzono ocene zmiennosSci
genetycznej istniejgcej pomiedzy badanymi taksonami 1 jej wplywu na dostosowanie do
warunkéw gorskich na poziomie ekspresji genow. Celem weryfikacji hipotezy 4
wykorzystano dane transkryptomowe pochodzace z sekwencjonowania nowej generacji
(RNA-Seq lllumina). Zrodtem RNA uzytego w badaniach byly dwuletnie osobniki
omawianych sosen gorskich oraz sosny zwyczajnej, pochodzace z nasion zebranych
w populacjach naturalnych i1 wzrastajace w jednakowych warunkach szklarniowych
(stanowigce podzbior prob uzytych w drugiej publikacji). Taki zabieg pozwolil na
ujednolicenie warunkow srodowiskowych i identyfikacje wzorow ekspresji gendw bedacych
wynikiem zroéznicowania genetycznego badanych taksondéw (i ewentualnych wplywow

czynnikow epigenetycznych).

Surowe odczyty sekwencji (ang. reads) zostaly oczyszczone, a na ich podstawie
ztozono (ang. assembling) wspolny transkryptom. Na tym etapie, dla zwigkszenia szans
odtworzenia poprawnych, pelnej dtugosci sekwencji, uzyto dodatkowej proby referencyjnej
sosny zwyczajnej, 0 znacznie wyzszym pokryciu (ang. coverage) transkryptomu. Oszacowano
poziomy ekspresji sekwencji i usunieto te najstabiej reprezentowane. Pozostate sekwencje
zostaly poréwnane pomig¢dzy trzema parami gatunkow, a takze pomigdzy sosnami goérskimi
wspolnie skontrastowanymi z sosna zwyczajnag. Modele genéw poddano analizie
funkcjonalnej poprzez odszukanie w nich otwartych ramek odczytu (ORFs od ang. open
reading frames), przyréwnanie (ang. alignment) fragmentow kodujacych do sekwencji biatek
znanych z uznanych baz danych, a nast¢gpnie wnioskowano o ich funkcji na podstawie biatek

pokrewnych oraz wykrytych domen strukturalnych.

Wykonane testy pozwolity na wytonienie 393 modeli genow, ktore wykazaly istotng
statystycznie roznic¢ we wzglednym poziomie ekspresji w ktorejkolwiek z czterech
porownywanych par taksondw, najwiecej pomiedzy sosng gorska i sosng zwyczajng. Sposrod
tej liczby, 121 modeli genéw zawierato ORF, a potencjalng rolg kodowanego biatka mozna

byto wywnioskowac¢ w 74 przypadkach (odpowiednio: 12 w poréwnaniu P. mugo i P. uncinata
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z P. sylvestris, 18 w porownaniu P. mugo z P. uncinata, 54 w porownaniu P. mugo
z P. sylvestris oraz 13 w poréwnaniu P. uncinata z P. sylvestris). Geny roznicujace gatunki
okazaty si¢ naleze¢ do wielu grup funkcyjnych, migdzy innymi odpowiadajacych za cechy
drewna, odpowiedz na niekorzystne czynniki abiotyczne takie jak stres oksydacyjny,
zasolenie, susza czy skrajna temperatura, a takze na negatywne czynniki biotyczne. Uzyskane
wyniki potwierdzajg duze podobienstwo pomigdzy badanymi gatunkami na poziomie ekspresji
gendw, dostarczajac zarazem informacji o genach kandydackich, ktdrych poziomy ekspresji
mogg odzwierciedla¢ utrwalone ewolucyjnie réznice miedzygatunkowe lezace u podstaw ich

dywergencji (Zaborowska i in. 2022).

Podsumowanie

Badania przeprowadzone w ramach prezentowanej pracy doktorskiej pozwolily na
rozpoznanie poziomu zrdéznicowania genetycznego pomig¢dzy sosng gorska i sosng hakowata,
dwoma blisko spokrewnionymi taksonami, poddanymi podobnej presji Srodowiskowe;j.
Uzyskane wyniki wskazujg na istotng rozlgcznos¢ tych linii ewolucyjnych — wigkszy udziat
wariancji genetycznej pomigdzy taksonami niz ich populacjami, zaznaczajacy si¢ zarowno
w markerach mitochondrialnych, jak i zmiennosci pojedynczych miejsc nukleotydowych
genomu jadrowego. Uzyskane wyniki dla réznych typow markerow podkreslaja generalnie
blizsze pokrewienstwo sosny zwyczajnej (uzytej w badaniach jako grupa referencyjna) z sosna
hakowata niz z sosng gorska. Taki wzorzec podobienstwa genetycznego wskazuje,
ze przodkowie sosny hakowatej wywodza si¢ od wspdlnego przodka z sosng zwyczajna,
a rozdzial dajacy poczatek linii ewolucyjnej P. mugo jest relatywnie mlodszy. Zastosowane
markery genetyczne potwierdzity rowniez obecnos¢ struktury genetycznej w populacjach obu
omawianych taksondéw. Markery mtDNA okazaty sie nieco lepiej rozrézniaé populacje
P. mugo, podczas gdy odr¢gbnos¢ populacji P. uncinata byta silniej zaznaczona w nDNA. Tylko
w mitogenomie udato si¢ zidentyfikowac¢ utrwalone warianty diagnostyczne dla badanych
taksonow, ktorych nie stwierdzono dla zadnego z ok. 6 tys. badanych polimorfizmow SNP
NDNA. Uzyskane dane wskazujg na odmienne trajektorie migracji gatunkow, niz dotychczas
przyjmowano, np. pochodzenie wspoélczesnych populacji P. mugo w Sudetach i Karpatach

z potwyspu Batkanskiego i Alp, oraz znacznie wigkszy historyczny zasieg P. mugo,
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szczegoblnie rozciagnicty na zachdd wzgledem wspotczesnego rozmieszczenia gatunku, co
znajduje potwierdzenie w wynikach badan pelobotanicznych (Farjon i in. 2019). Opracowany
zestaw markeréw mtDNA stanowi nowe, uzyteczne narzedzie w badaniach z zakresu genetyki
populacyjnej badanych sosen, w tym filogenezy kompleksu P. mugo. Dokonana rekonstrukcja
zmian demograficznych omawianych taksondw moze pomodc réwniez lepiej zrozumied
mozliwe zmiany ich zasiegow w obliczu postepujacych zmian $srodowiskowych. Dane
ukazujace niewielkg zmienno$¢ i przypuszczalnie niski potencjal adaptacyjny niektdrych
populacji P. uncinata, mogg stanowi¢ naukowe podstawy dla zarzadzania zasobami genowymi
i ochrony tych cennych przyrodniczo stanowisk. W tym przypadku populacje z Pirenejow,
tj. centrum zasiggu wystepowania gatunku, wykazaty niski poziom ré6znorodnosci mitotypow
(zaledwie 4 w 7 populacjach) w poréwnaniu do silnie izolowanej populacji z Masywu
Centralnego (7 mitotypow).

Zrealizowane prace badawcze pozwolity zidentyfikowa¢ w genomie jadrowym dwoch
sosen gorskich szereg sekwencji kodujacych, ktorych poziomy zmienno$ci mierzone
frekwencja poszczegdlnych alleli oraz wzorem ekspresji gendw odbiegaty istotnie od opisanej
dla tta genetycznego. Okreslenie ich funkcji biologicznych i aktywnosci molekularnych,
dostarcza nowych danych na temat mozliwych rejondw genomowych poddanych presji
selekcyjnej u roslin iglastych. Naleza do nich m.in. czynniki zwigzane z transkrypcjg genow,
odpowiadajace za metabolizm biatek, zwiazkow azotu i fosforu, transport 1 odpowiedz na
czynniki abiotyczne i biotyczne, ktore mogg byé zwigzane z odpowiedzig adaptacyjng
gatunkow do panujacych w ich populacjach warunkéw srodowiskowych. W aspekcie analiz
czynnikow genetycznych potencjalnie odpowiedzialnych za réznice fenotypowe pomigdzy
badanymi sosnami gérskimi, w tym szczeg6lnie kartowaty pokrdj kosodrzewiny, udato si¢
udokumentowa¢ obecnos$¢ istotnie zréznicowanych czestosci alleli SNP w dwoch czynnikach
transkrypcyjnych dziatajacych w odpowiedzi na gibereliny (znane z regulacji wzrostu roslin
I mutacji skutkujacych kartowatoscia; Ford i in. 2018; Schomburg i in. 2003), jak rowniez

wykaza¢ odmienng ekspresje transkryptow regulujgcych metabolizm tych hormonow.

W badaniach wykorzystano populacje sosny zwyczajnej jako proby referencyjnej
w analizach poréwnawczych zmiennosci genetycznej kosodrzewiny i sosny hakowatej, i ich

odpowiedzi adaptacyjnej na warunki wysokogorskie. Istotnie zrdéznicowane allele SNP
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wykryto w genach kodujacych biatka biorgce udzial w fotosyntezie, regulacji fotorespiracji,
utrzymaniu w komorkach rownowagi migdzy produkcja i redukcjg reaktywnych form tlenu
(homeostazy red-ox), a takze w regulacji transkrypcji genow i pdzniejszej edycji mMRNA.
Wigkszo$¢ z nich dobrze wpisuje sie w wyniki wczesniejszych badania dotyczace
przystosowan roslin do wzmozonego promieniowania stonecznego, czy obnizonego cisnienia
czasteczkowego dwutlenku wegla. Natomiast wsrod sekwencji charakteryzujacych sie
odmienng ekspresja u taksondéw gorskich wzgledem referencyjnego, znalazty sie przede
wszystkim geny odpowiadajace za rozw0j i wtasciwosci drewna, reakcje na stres oksydacyjny,
oraz biotyczne i abiotyczne stresogenne bodzce S$rodowiskowe (gt czynniki zwigzane
z warunkami temperaturowymi, hydrologicznymi i zasoleniem). Wyniki poréwnan sekwencji
transkryptomowych sugeruja istotng role regulacji ekspresji genéw i modyfikacji RNA
w historii rozchodzenia si¢ linii ewolucyjnych w tej grupie taksonomicznej. Niemniej,
zwigkszenie proby populacyjnej oraz szersze przebadanie zmiennosci strukturalnej sekwencji
wytonionych gendéw kandydackich, jest wskazane dla odr6znienia wptywu dziatania doboru
naturalnego od innych czynnikdw mogacych generowaé¢ podobne, obserwowane réznice
w poziomie ekspresji gendw i/ lub rozktadzie czestosci alleli, oraz dla okreslenia znaczenia

tych dwu w ewolucji analizowanych gatunkdw.

Cho¢ zaprezentowane badania tylko w niewielkim stopniu obejmowaly problematyke
obszaru sympatrycznego, tj. miejsc wspotwystepowania sosny gorskiej 1 hakowatej, uzyskane
wyniki moga stanowi¢ punkt odniesienia dla dalszych analiz w tym zakresie. Sugerowane
w przedstawionych badaniach zjawisko introgresji i przechwycenia (ang. genome capture)
genomu mitochondrialnego P. mugo przez populacje fenotypowo odpowiadajace P. uncinata,
jest zbiezne pod wzgledem kierunku przeptywu gendéw do zjawisk obserwowanych u innych
gatunkow iglastych (Petrova i in. 2018; Wang i Wang 2014). Introgresji nie wykryto natomiast
w analizie zmiennosci markerow SNP w populacji kosodrzewiny z Abruzji, co do ktdrej
istniato szereg przestanek, gtdwnie biometrycznych, o jej hybrydowym charakterze. Innym
interesujagcym watkiem dotyczacym wymiany gendw miedzy taksonami jest takze
powinowactwo sosen hakowatych z dwoch marginalnych  populacji  gatunku
— zlokalizowanych w Masywie Centralnym i pasmie Sierra de Gudar — do sosny zwyczajnej.
Te dwa stanowiska wydajg si¢ by¢ starsze ewolucyjnie od populacji z Pirenejow (dzielg wiele

markerow, ktérych brak w Pirenejach, sa takze bogatsze pod wzgledem réznorodnosci
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mtDNA). Niemniej odpowiedZ na pytanie, czy wzajemne podobienstwo genetyczne jest
zaszto$cig historyczna, czy raczej wynika ze wspotczesnej admiksji z P. sylvestris, wymaga

dodatkowych badan.

Konkludujgc, przedstawione powyzej badania poglebiajg wiedz¢ na temat historii
populacji i proceséw ewolucyjnych dwaoch europejskich taksonéw z rodzaju Pinus — P. mugo
I P. uncinata. Dostarczajg one nowych danych dotyczacych filogeografii taksonéw w pasmach
gorskich Europy, ich mozliwych drég migracji | zmian zasiegdw, wplywu zjawiska
hybrydyzacji na zmienno$¢ genetyczng populacji sympatrycznych, a takze genetycznych
podstaw ich adaptacji do specyficznych wymagan siedliska. Weryfikacja uzytecznosci
macierzy markeréw SNP u badanych gatunkdw stwarza mozliwos¢ pogtebionych analiz relacji
filogenetycznych taczacych takze inne jednostki taksonomiczne w tej grupie ros$lin. Z kolei
nowy zestaw ztozonych sekwencji transkryptomowych stanowi dogodny punkt odniesienia dla
dalszych analiz genetycznych prowadzonych wsrod tych i innych taksonéw z kompleksu
P. mugo. Zastosowane markery genetyczne i przedstawiona metodyka badan stanowig rowniez
punkt wyjscia w innych badaniach z zakresu genetyki populacyjnej i genomiki drzew lesnych,
zmierzajacych do efektywnego gospodarowania istniejagcymi zasobami genowymi tych

gatunkow w obliczu obserwowanych, i odwiecznych, zmian srodowiskowych.
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Abstract The dwarf mountain pine (Pinus mugo) and the Pyrenean pine (P. uncinata) constitute a pair of closely
related coniferous taxa of poorly resolved evolutionary history and affinity, which inhabit numerous stands
scattered over subalpine environments of European mountain ranges. The aim of the study was to investigate
their phylogeography and mutual relationships, shedding new light on their taxonomy and the past of the alpine
flora. Previous evolutionary reconstructions of the mountain pines relied mainly on bi-parentally or paternally
inherited markers that quickly homogenize between populations, showing rather shallow and recent
differentiation of gene pools. Therefore, to contrast these pictures, we analyzed diversity and differentiation
within a large set of new mitochondrial loci, inherited in maternal line and distributed by seeds at short
geographical distances. Samples of the taxa were taken from 27 natural populations representing their range-
wide distributions—17 populations of P. mugo and 10 of P. uncinata. All markers appeared polymorphic, providing
a total of 31 multilocus haplotypes. Two of the loci proved to be species-diagnostic and nearly fixed between
analyzed samples. Distribution of mitotypes indicate that allopatric populations of the taxa constitute separate
mitochondrial haplogroups, and the two mountain pines have independent evolutionary history. However,
introgression of P. mugo mitotypes by P. uncinata specimens revealed in the species contact zone in Western Alps

shows that their speciation is not fully completed.

Key words: introgression, mitochondrial DNA, phylogeography, Pinus mugo, Pinus uncinata, subalpine taxa.

1 Introduction

Trees influence ecosystems through multiple biotic and
abiotic interactions. However, the patterns and processes
shaping changes in their distribution ranges, and those that
influence their diversity and divergence at heritable pheno-
typic traits are still poorly understood. Establishment and
maintenance of local adaptations is particularly interesting in
mountain trees due to their features and habitat specificities.
Many tree species, including pines, are characterized by large
effective population sizes, outcrossing, and considerable
dispersion potential of pollen and seeds, which contribute to
the rapid homogenization of gene pools between popula-
tions (Petit & Hampe, 2006). At the same time, they maintain
high fertility and strong selection between recruited indivi-
duals, facilitating adaptation to local conditions. Moreover, in
mountain habitats, populations are subjected to rapid
changes in environmental factors in the elevation gradient,
and their ranges usually have an insular character. These
features affect gene exchange and promote diversity
between stands, but limit variation within them (Ohsawa &
Ide, 2008). In search for the signatures of selection at
molecular level, the first step is to learn about the variation
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of neutral genetic background that results from species
population history.

The European mountain chains constitute habitats for a
variety of plant taxa including coniferous dwarf mountain
pine (Pinus mugo Turra) and its close relative—mountain
or Pyrenean pine (P. uncinata Ramond). The two differ
considerably in phenotype, however, they are not always
considered as separate species and are often classified into a
broader group recognized as the P. mugo complex (Chris-
tensen, 1987; Hamernik & Musil, 2007; Businsky & Kirschner,
2010). The complex split from P. sylvestris at the end of
Tertiary and begun to diverge about 5 million years BP
(Wachowiak et al., 2011). Since then, insufficient lineage
sorting delayed by long life-span of pines and relatively small
number of generations that passed, together with possible
hybridization events between populations coming into
secondary contacts during Pleistocene glacial and interglacial
periods, had blurred their later quaternary history (Bora-
tynska et al., 2014).

In the present study, we focused on P. mugo and
P. uncinata as two well-recognized entities of the P. mugo
complex, both restricted to subalpine habitats and facing
similar environmental pressures. The dwarf mountain pine is
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a shrubby, polycormic conifer up to 3m high (Monteleone
et al., 2006; Hamernik & Musil, 2007). Species distribution
ranges from Western Alps, through Sudetes and Carpathians
in Central Europe, to the Balkans and Apennines on the
south. These shrubs inhabit harsh high-altitude stands above
upper forest limits (Alexandrov et al., 2019). The Pyrenean
pine is erect, 4 to 25 m tall, usually monocormic. It inhabits
Western parts of the P. mugo complex range, mainly
subalpine areas (1400-2700 m a.s.l.) in Pyrenees and Western
Alps, with smaller endemic populations within Iberian
Peninsula, Massif Central, Ligurian Apennines, Jura and
Vosges (Jalas & Suominen, 1973; Boratynska et al., 2015). It
grows on rocks and debris, where it forms more or less
dense forests and sets the upper tree line.

The debate regarding taxonomic position of P. mugo and P.
uncinata is vivid (Hamernik & Musil, 2007; Businsky &
Kirschner, 2010). The two pines share common ancestry
that manifests in similar karyotype structure of 2n=24
chromosomes (Grotkopp et al., 2004) and high genetic
similarity of molecular and biochemical markers (Lewan-
dowski et al., 2000; Monteleone et al.,, 2006; Wachowiak
et al., 2013). They show incomplete reproductive isolation,
can be artificially crossed and are able to hybridize in contact
zones (Monteleone et al., 2006; Wachowiak & Prus-Glowacki,
2008). However, they differ significantly in a number of
characteristics. Their geographic distributions are generally
disjunctive, they express other habits and show differentia-
tion at phenology and growth traits under standardized
conditions (Wachowiak et al., 2018). They differ by a set of
more discreet morphological (e.g., Sandoz, 1987 after
Boratynska & Bobowicz, 2001; Monteleone et al., 2006;
Marcysiak & Boratynski, 2007; Boratynska et al., 2015) and
karyotype (Bogunic et al., & Medjedovic, 2011) character-
istics, but also in allelic frequency variation at diverse types
of biochemical and molecular markers (Lewandowski et al.,
2000; Monteleone et al.,, 2006; Wachowiak et al., 2015;
Dzialuk et al., 2017).

The main goal of this study was to obtain insights into the
phylogeographic structure and history of the range-wide
sampled populations of the two species. Such reconstruction
of the present structure and the demographic past of
populations is needed to bring valuable information for
genetic studies on their mutual relationships and inner
variation, including information about neutral background of
these populations, which is essential for studies of molecular
basis of their local adaptations. Research on this particular
pine example can also help to better understand the impact
of past and future environmental changes on other species
currently restricted to higher mountain habits. For these
reasons, we looked at the variation in mitochondrial DNA
(mtDNA) that is characterized by lower effective population
sizes, making it more prone to differentiation by drift and
better suited to depict demographical changes as compared
to nuclear markers. Furthermore, mtDNA regions proved to
be effective in population structure investigations of pines as
their mitogenomes are inherited in maternal line and
transmitted by seeds on shorter distances compared to
pollen mediated markers (Liepelt et al., 2002; Robledo-
Arnuncio, 2011; Liu et al., 2014; Wang & Wang, 2014). So far,
the attempts for development of high-resolution markers in
mtDNA that would be suitable for investigations in this group
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of pines were limited by the lack of access to larger
fragments of the genome and its low base mutation rate
(Wolfe et al., 1987; Sinclair et al., 1998; Soranzo et al., 2000;
Semerikov et al., 2015).

Here we took advantage of a new set of mitochondrial
polymorphic regions described in these pines (Donnelly et al.,
2017), to scan neutral genetic variation of their scattered
populations. We were interested in answering question if the
taxa share gene pool of mtDNA markers. We wanted to
identify putative regions of restricted gene flow between
stands, and follow traces of horizontal and vertical shifts
during the climatic oscillations of Pleistocene and the later
warming in Holocene. Populations of mountain species can
often be isolated even within large massifs and the seed
dispersal capabilities are the crucial for new settlement
establishment or repopulation (Nathan & Muller-Landau,
2000). Therefore, in discussing results, we also paid attention
to a few more remote populations of P. mugo and P.
uncinata, isolated by at least 100 km from other species
stands, with practically no probability of current seed
transfer and little inflow of pollen (Robledo-Arnuncio, 2011;
Alexandrov et al., 2019). Although the region of sympatry
was not of first importance for us, we included one stand
from the Western Alps for each species to recognize the
identity of their matrilineal backgrounds.

2 Material and Methods

2.1 Sample collection and DNA extraction

Four hundred forty-nine samples from 17 natural populations
of Pinus mugo and 10 populations of P. uncinata (8-22 and
12-22 individuals per population, respectively) were exam-
ined, covering most of the species ranges (Table 1 and Fig. 1).
Sampled individuals were separated at a distance of at least
30 m. Genomic DNA was isolated from needles with DNeasy
Plant Mini Kit (Qiagen) and its quality was evaluated using
BioPhotometer (Eppendorf).

2.2 Genotyping methods

A set of 17 mtDNA markers was used including two insertion-
deletion (IN-DEL) loci nad1 intron B/C (Soranzo et al., 2000)
and nady intron 1 (Jaramillo-Correa et al., 2004; Naydenov
et al,, 2007), and 15 newly developed based on polymorphism
described by Donnelly et al. (2017): one IN-DEL locus (Pr34)
and 14 single nucleotide polymorphisms (SNPs; Tables S1 and
S2). New variants were genotyped by PCR-RFLP technique,
except region Pr34 sequenced with Sanger’s method.
Standardized 15 pL polymerase chain reaction (PCR) reaction
mix contained 1X PCR buffer, 1xX bovine serum albumin,
1.5 umol/L MgCl,, 40 pmol/L dNTP mix, 0.2 pymol/L of both
forward and reverse primers (Genomed, Poland), 0.15 U Taq
DNA polymerase (Novazym, Poland) and about 15 ng of DNA
template. Reaction conditions were unified with 3 minutes of
initial denaturation at 94°C, 35 cycles with 30-second
denaturation at 94°C, 30-second annealing at 57°C and
1minute 20-second elongation at 72°C, with the final
extension for 5minutes at 72 °C. Regions nadi and nady
were amplified according to methods described in Soranzo
et al. (2000) and Jaramillo-Correa et al. (2004), respectively.
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Fig. 1. Distribution of 27 sampled populations of Pinus mugo (blue dots) and P. uncinata (red stars) in Europe with
mitochondrial DNA haplotype frequencies. Acronyms as in Table 1, circle sizes are standardized and do not account for
population sampling, shading corresponds to the colour-code used on Fig. 2. Geographic ranges of the species after Jalas &

Suominen (1973, modified), map from Wikimedia Commons.

PCR-RFLP genotyped markers were digested in 10opL
reaction volume, containing 2x buffer, 25U of relevant
restriction enzyme (Table S2) and 3pL of PCR product.
Samples were incubated for at least 10hours, following
manufacturer conditions for respective enzymes (Thermo
Fisher Scientific) and electrophoretically separated on 1.5-2%
agarose gel, stained with GelRed in UV. For sequencing
demands, Pr34 amplification products were purified by
Exonuclease | (New England Biolabs) and TSAP Thermosensi-
tive Alkaline Phosphatase (Promega). About 20 ng of purified
template was used in 10 UL sequencing reaction with Big Dye
Terminator DNA Sequencing Kit (Applied Biosystems) con-
ducted by Genomed. The sequences were aligned and edited
using CodonCode Aligner (CodonCode Corporation).

2.3 Diversity and differentiation measures

Both types of polymorphisms, SNPs and IN-DELs, were coded
as single-mutation events, and distance estimates were
measured based on raw numbers of differences. For tests
based on haplotype information, we constructed individual
mitotypes by concatenation of alleles identified within each
marker. Connections among obtained haplotypes were
analyzed by median joining network constructed in POpART
1.7 (Bandelt et al., 1999; Leigh & Bryant, 2015).

For each population, species, and the whole probe, we
calculated the number of segregating sites (S), number of
private variants (S,), and mean within group distance (d) in
DnaSP 5 (Librado & Rozas, 2009) and MEGA 7 (Kumar et al.,
2016). Similarly, we counted the number of haplotypes (Ny,)
and private haplotypes (Np) present in populations and
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species. To better assess the scale of genetic variation
segregating in the taxa, haplotype frequencies and popula-
tion gene diversities (Hq) were estimated in DnaSP.

Based on the mean between population distances (d,,)
calculated in MEGA, three analyses were performed to find
best pattern of genetic relationships among samples. First,
the unweighted pair group method with arithmetic mean
(UPGMA) clustering of populations was conducted in MEGA,
to see if there is any tendency of populations to group by
species identities or by geographical locations. Second, the
principal coordinate analysis (PCoA) implemented in GenAlEx
6.503 software (Peakall & Smouse, 2006; Peakall & Smouse,
2012) was used separately for populations within the two
species and on the whole data set level, to see if the inter-
population affinity changes when they are analyzed in a
broader context. Finally, to verify the hypothesis of isolation
by distance, Mantel tests of the correlation between genetic
and geographic distances among populations were per-
formed (GenAlEx, with 999 permutations). These tests were
also examined on the whole data set and for each taxon.

To properly reconstruct genetic structure present in the
analyzed group of populations, we verified their mutual
differentiation and checked the distribution of genetic
variation among different levels of population hierarchy.
Estimates of Fs and G were calculated in DnaSP and the
differentiation of populations was investigated by the
hierarchical analysis of molecular variance (AMOVA) using
Arlequin 3.5.22 (Excoffier & Lischer, 2010). In the initial test
populations were grouped by morphological species identity,
but we also tested the spatial variant of the analysis in
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SAMOVA 2.0 (Dupanloup et al., 2002). It defines K maximally
genetically differentiated groups of populations, simulta-
neously maintaining the highest possible geographical and
genetic homogeneity of populations within each group. We
looked for the number of such clusters running analyses with
K values from two to 20. Additionally, to test how haplotype
diversity is distributed among populations, two estimates of
population differentiation: Gi.—based on haplotype frequen-
cies alone, and Ng—accounting also for their similarity, were
calculated and compared following the method of Pons &
Petit (1996) with 1000 permutations performed in Per-
mutCpSSR 2.0. Significantly higher value of N over G
indicates non-random occurrence of more genetically similar
variants within populations, suggesting existence of barriers
for migration or faster production of new variants than their
exchange between stands.

3 Results

3.1 Polymorphism and diversity levels

In the present study, we applied a set of newly developed
markers to investigate variation in mtDNA within the natural
ranges of two closely related mountain conifers—dwarf and
Pyrenean pines. From the total number of 449 samples
genotyped in all 17 markers, 212 biometrically assigned
specimens of Pinus mugo and 158 of P. uncinata were
genotyped successfully, with at least six individuals per
population. The samples with missing data in more than 10%
positions were excluded from the analysis, while remaining
singular missing data points were replaced by variants from
most similar haplotypes and/or those most frequent in the

@ H14
nad1, Pri3

H13

H8

Grll

same population, avoiding creation of de novo combinations.
All markers proved to be variable and parsimony informative
(Table S2), resulting in the total number of 31 multilocus
haplotypes (Table S3). In reference to previous studies, we
investigated variation in formerly used markers nadi and
nady. Both variants of intron B/C described by Soranzo et al.
(2000) in locus nad1 were found in our probe: short variant a
appeared to be fixed in P. mugo populations, while variant b
dominated in P. uncinata. At intron 1 of nad7, variants A and B
(according to Naydenov et al., 2007) were found in P. mugo,
while the second species possessed only the A allele. We
found only one nucleotide variant private for a single
population (Pr31 allele T in M6), but at the haplotype level,
nearly half of the alleles occurred just in one location. When
species were examined for private polymorphisms, most
appeared to segregate in P. mugo, while P. uncinata had only
two such variants. These (allele b in nad1 and allele A in Pr13)
were fixed in all P. uncinata populations except U2 in Massif
Central (with one individual possessing the alternative
alleles) and U1 from Western Alps. This particular population
U1, defined at biometry and in plastid markers as P. uncinata
(Boratynska et al., 2015; Dzialuk et al., 2017), but possessing
exclusively mtDNA variants specific to P. mugo, was excluded
from all analytical comparisons between species, however,
left for overall and regional genetic variation estimates. The
median joining network revealed existence of three arbitrary
defined mitotype groups (Fig. 2). Group Grl being central,
Grll separated from it by two mutations in nad1 and Pr13, and
Grlll being more distant with three discriminating alleles in
nady, Pr15, and Pr20, possessing also one other private SNP.

The number of segregating sites varied substantially
among populations (Table 1). Four populations (M4, M17,

Grl

H1

Pr20

H29  Gan W30  H31

Fig. 2. Median joining network of Pinus mugo and P. uncinata mitotypes. Circle sizes represent relative frequencies of
haplotypes in general population, lines between two circles represent singular mutation events, and black dots substitute
absent haplotypes. Three haplogroups (Grl-Grlll) and discriminating them markers are presented.
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Us, and U8) had just single haplotype, in contrast, 11
polymorphisms were identified in population M3. The level
of polymorphisms differed between species: P. mugo had 15
polymorphic sites, while in P. uncinata five SNPs and one IN-
DEL were variable (Tables 1 and Table S2). Mean number of
differences between two samples reached d =2.961 in the
total probe, 0.838 in the Pyrenean pine and 2.618 in the
second taxon, ranging between zero and 3.833 within
populations. The highest numbers of haplotypes were found
in locations M15 and U2 (six and seven mitotypes,
respectively; Table 1 and Fig. 1). Pinus mugo possessed, in
total, 23 mitotypes, almost three times as much as found in P.
uncinata. The most common haplotype H8 (94 individuals)
occurred in P. uncinata populations from Pyrenees and
Massive Central. The second one (H15 with 74 occurrences)
was much more widely distributed and present in the
majority of P. mugo stands. It should be noted, that this
result may be biased due to some inequality of sample sizes
taken from populations of the two species. Gene diversity
over all samples was high (Hq = 0.879 + 0.01SD), and P. mugo
showed a higher level of haplotype variation (Hq=0.863 +
0.018) as compared to P. uncinata (Hq = 0.549 + 0.041).

3.2 Population grouping and structure

Mean nucleotide differences between populations (dy,)
ranged from zero (Us vs. U8 possessing the same haplotype)
up to 8.817 among M1 and M3. It averaged at 1.996 changes
between any two populations and 3.876 between popula-
tions of the two taxa. The UPGMA tree construction and
PCoA indicated similar population grouping, with the
existence of two bigger clades and a few independent
populations (Figs. 3, 4). Dwarf pine populations, except
those from Sudetes and Western Carpathians, formed one
group, incorporating also stand U1. Within this cluster,
another subunit including majority of the populations from
Alpine region and stands in Abruzzi and Balkans was clearly
distinguishable on the UPGMA tree. Results of the two
analyses differed mainly in positioning of the most distinct
populations: M1, M2, and M3. Both methods clustered P.
uncinata populations together, except U1 placed among P.
mugo samples, and both showed that populations U2 and
U1o differ from other stands being relatively close together.
PCoA analysis performed on the whole data closely
resembled the UPGMA groupings, and this pattern did not
change considerably when taxa were tested separately
(compare Fig. 4 with Figs. S1 and S2).

A significant correlation between genetic and geographic
distances among populations was observed in the Mantel
test for the probe as a whole (r* = 0.2662, P < 0.001) and in P.
uncinata (r*=0.7071, P<0.001), but not in P. mugo
(r*=0.0136, P=0.195). In turn, comparison of population
differentiation estimates identified non-random distribution
of mitotypes (Ng>Gg, P=0.01), with similar variants
grouping together within populations. However, on the
species level such dependency was found only in P. mugo.

Pairwise differentiation (Fs;) between populations was
high and significant in the majority of comparisons, but not
within P. uncinata (Tables 2, S4A, S4B). AMOVA with no
hierarchy imposed revealed that most of the variation
segregate among populations rather than within them
(Fst = 0.70, P < 0.001). When populations were hierarchically
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grouped according to their species origin (with exclusion of
U1), among taxa differentiation appeared to be much higher
(51.67%, P <0.001) than within-species differentiation be-
tween populations (26.61%), providing evidence for genetic
distinction of mitochondrial gene pools of the two taxa.
SAMOVA analysis with and without constraint for the
geographic composition of the groups did not detect a
single unambiguous optimal K value, because the among
group variation and the F statistics gradually increased with
K (Figs. S3A and S3C). However, when K = 2 was tested, both
analysis variants separated the populations according to their
phenotype species identity, except U1 stand (F. =o0.52;
P <0.001). In case of K=6, distinguished by the lowest
value of AF,. and decreased level of variation among
populations within groups (Figs. S3B and S3D), most of the
variance was found among six groups: 62.61% (P < 0.001). The
remaining 12.32% and 25.07% of variation was placed among
populations within groups and inside them, respectively. For
K =6 samples of P. uncinata split into two entities: populations
from Pyrenees (U3 - U9) vs. stands from Massive Central and
Sierra de Gudar together (U2 and U10). Pinus mugo was
separated into two individual populations (M1 in Sudetes and
M3 in Tatra Mountains) and two bigger clusters: one in North
Western Alps (including M13, M14, M16, and U1), and the
second consisting of all the remaining populations: from
Apennines (M17), south-eastern Alps (M11, M12, and M15),
Dinaric Alps (Mg and M10) and Carpathians (M2, M4, M5, M6,
M7 and M8; Fig. S4).
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Fig. 3. Unweighted pair group method with arithmetic mean
(UPGMA) tree depicting mutual distances in mitochondrial
DNA markers between Pinus mugo (blue dots) and P. uncinata
(red stars) populations in Europe.
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Fig. 4. Principal component analysis (PCoA) of population relationships based on mitochondrial DNA variation, showing
dissonance between two European mountain pine species and grouping of Pinus uncinata Alpine accession U1 among P. mugo

populations.

Table 2 Population differentiation estimates within and
between Pinus mugo and P. uncinata pine species; number of
compared groups is specified in brackets

Fot Gt
P. mugo (17) 0.576 0.431
P. uncinata (9) 0.482 0.348
Between species (2)' 0.561 0.161

Fst, population differentiation based on sequence data;
Gst, population differentiation based on haplotype data.
1Population U1 was excluded from calculations.

4 Discussion

4.1 Distribution of mitochondrial DNA diversity among the
mountain pines populations

The performed analyses allowed us to broadly assess
variability and divergence of 27 studied populations of the
two European mountain pines. Overall, in contrast to plastid
microsatellite markers (Dzialuk et al., 2009; Heuertz et al.,
2010; Dzialuk et al, 2017), most of the diversity in
mitogenomes segregates between populations. Further-
more, we found that similar mtDNA variants co-occur in
close proximities as shown in the patterns of allocation of
molecular variance and its spatial distribution, together with
significant results of the Mantel test and comparisons of N
and G indices. The research suggests existence of phylogeo-
graphic structure in examined populations and confirms the
utility of mtDNA markers in population history studies as
compared to markers transmitted by mobile pollen grains or
biparentally. The data provide basis for phylogeographic
retracement of recolonization routes and identification of
potential refugia sites of these species. This should be noted,
however, that we lack reliable dating of the putative
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demographic changes due to the shortage of macrofossil
data and uncertainties in palynological assignments (Obido-
wicz, 1996; Latalowa et al., 2004; Willis & van Andel, 2004;
Benito Garzon et al., 2007; Fauvart et al., 2012). Our study also
significantly advance earlier search for diagnostic biometric and
genetic characters discriminating the species (e.g., Lewan-
dowski et al., 2000; Boratynska & Bobowicz, 2001; Monteleone
et al., 2006; Heuertz et al., 2010; Dzialuk et al., 2017). Divergence
can be slow in case of longlived organisms like pines,
characterized by long generation times, outcrossing reproduc-
tive mode, and large effective population sizes (Petit & Hampe,
2006). Nevertheless, despite relatively low number of genera-
tions since the species divergence (Wachowiak et al., 2011),
some fixation of genetic differences can be expected, especially
in non-recombinant organelle genomes.

4.2 Genetic differentiation in Pinus mugo
Dwarf mountain pine exhibited generally high level of
mtDNA diversity, although, its populations differed greatly
in this regard. We found the most common and widely
distributed mitotype H15 (Figs. 1, 2) to occupy the central
position within the haplotype network and to have the
highest number of direct connections. Therefore, we
propose that this particular combination of alleles could
represent ancestral state of dwarf pine, as the haplotypes
with such interior positions are regarded older than external
ones (Liu et al., 2014). Its distribution pattern and highest
frequencies reached in the mountain systems located around
the Adriatic Sea points these wide area as primary location
and potential source region for other species’ settlements.
Although weak isolation by distance between P. mugo
populations was found, the comparisons of differentiation
indices indicated that similar mitotypes tend to group
together. Existence of small spatial clusters within species
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range was revealed by SAMOVA, PCoA, and UPGMA analysis.
Grouping of the easternmost accessions and the recognition
of two major clusters present within the Alpine range, follow
in general, the patterns of differentiation described at
nuclear (Mosca et al,, 2012) and plastid genomes (Dzialuk
et al., 2017). The result suggests that the Alpine massif could
have been colonized from two sides, and itself could form a
barrier for more effective gene flow. We see one of the
possible source locations in a proximity of the population
M15 in Dolomites, where considerable contribution of private
haplotypes and the highest inner variation among all
sampled P. mugo stands were found. Interestingly, closely
located population (about 50 km south) was described as the
least diverged in cpSSR and nSSR loci and differentiated from
other P. mugo populations due to possible results of a
bottleneck effect after contraction (Zukowska & Wachowiak,
2017; Zukowska et al, 2017). The second source for
colonization of Alps was likely localized in Maritime Alps,
on west, where we observed considerable mitochondrial
diversity, and high number of private cpDNA haplotypes was
found formerly (Heuertz et al., 2010). The discovered pattern
differs from those revealed so far for other coniferous
species inhabiting these mountain range. Silver fir (Abies alba
Mill.) colonized Alps most probably form single refugium in
central part of the northern Apennines, and after crossing
this range spread to the west, to the north and eastwards
(Liepelt et al., 2009; Cheddadi et al., 2014), similarly Swiss
stone pine (P. cembra L.) migrated to the current stands in
Swiss Alps from one direction, likely located at the (south-)
eastern periphery of the Alps (Gugerli et al., 2009), while
European larch (Larix decidua Mill.) persisted in a few,
presumably 3-5, different refugia situated within the
southern Alpine foothills (Wagner et al.,, 2015; Dostalek
et al., 2018).

The close affinity of populations from both sides of Adriatic
Sea uncovered here contrasts with previous findings in
which close similarity of Abbruzian population to the dwarf
pines from Maritime Alps was described based on needle
characteristics and cpSSRs, along with marked distinction of
these two from other species populations (Boratynska et al.,
2015; Dzialuk et al., 2017; Zukowska et al., 2017). The authors
considered their results as potential signs of different origin
of dwarf pines in these two locations or the influence of
interspecific gene flow. However, as the remote stand in
Abruzzi appeared fixed for single mitotype H15, but retained
considerable amounts of phenotypic (Boratynska et al., 2005,
Boratynska et al., 2015) and genetic (Zukowska & Wacho-
wiak, 2017; Zukowska et al., 2017) variation, we argue, that
the revealed pattern might represent a case of the founder
effect and reflect long isolation from other seed sources.
Simultaneously, the population must had been supplied by
effective gene flow of pollen from P. mugo stands in Alps
(Dzialuk et al., 2017), or even from P. uncinata as they reveal
similarity in morphology of needles and cones and some
genomic markers (Boratynska et al., 2015, 2005; Zukowska
et al., 2017). The colonizers of this population in Apennines
may had appeared there during one of the more severe
glacial periods, when water level of Adriatic Sea was
significantly lowered and some accessible dry land on
shallow shelves was formed (Taberlet et al., 1998). This
remote settlement might also be a result of long distance
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seed dispersal mediated by animals. However, none of these
two seems a sufficiently comprehensive explanation for P.
mugo, as this high-mountain species could shifted to lower
altitudes (Benito Garzon et al., 2007), but unlikely as far
down, and animal dispersion of seeds is considered non-
significant in this group of pines (Benkman, 1995; Dzialuk
et al, 2012).

Our results also shed light on the colonization routes of P.
mugo in Central Europe. Most likely dwarf pines settled
Sudetes and Carpathians expanding eastward from Alps and
northward from the Balkans, and formed a broad secondary
contact zone. The first source is supported in our data by the
dominance in Sudetes and presence in Tatra Mts. of
mitotypes H5 and H6, both closely related to H4 common
in North Western Alps (Figs. 1, 2). It was previously suspected
(Zukowska & Wachowiak, 2017) that P. mugo ancestors in
Sudetes could had originally derived from the Alpine range,
and experienced episode of isolation afterward, for they are
clearly diverged at neutral nuclear markers. It is interesting in
comparison with Larix decidua recolonization history,
although a migration flow of unrecognized direction
between north-eastern Alpine and Carpathian ranges of
this species was described based on nDNA (Dostalek et al.,
2018), there is a clear distinction between the two mountain
massifs in the mitogenomes and other set of nuclear markers
(Wagner et al., 2015).

On the other hand, the inflow of migrants from Balkans
into the Carpathian region is indicated by shared SAMOVA
group for K =6 (Fig. S4) and the putative location of ancient
species population on the south, as indicated by distribution
of the central haplotype H15. The presented picture contrasts
with earlier suggestions (Boratynska et al., 2015; Dzialuk
et al., 2017; Mitic et al., 2018) that discussed the opposite
direction of the gene flow—from Carpathians and Alps to the
Balkan Mountains. However, this does not necessarily lead to
disagreement, for the variation in mitochondrial markers may
represent deeper evolutionary history compared to the
other markers, and additionally, this direction of migration
corroborates with findings regarding history of other
coniferous high-altitude European species—the silver fir
(Liepelt et al., 2009; Cheddadi et al., 2014).

Our findings support possible existence of a much wider
distribution of P. mugo in the past (Dzialuk et al., 2012;
Boratynska et al., 2015), followed by a period of separation,
when the populations in Sudetes, Western Carpathians,
Eastern Carpathians, and Balkans had undergone indepen-
dent differentiation from each other and from the Alpine
stands. Interestingly, high morphological dissimilarity of the
populations set in East and South Carpathians underlined in
recent studies (Boratynska et al., 2015, 2005), found no
support in the mitochondrial genome diversity. Nevertheless,
this region seems worth deeper investigation, especially in
the light of new shrubby pine species (P. microphylla Blada)
reported lately from the Pietrosul Rodnei Massif, different
from P. mugo in number of biometric traits (Blada, 2017).

The above findings could, however, only partly explain the
far and discrepant positions of northern dwarf pine
accessions, i.e., populations M1, M2, and M3, as shown on
the PCoA plots, UPGMA tree, and by their varying allocation
by SAMOVA. Distinct character of these populations comes
also from the presence of haplotypes from haplogroup Grlll,
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composed of polymorphism combinations somewhat resem-
bling five Finnish P. sylvestris haplotypes identified by
Donnelly et al. (2017). Therefore, it is possible that part of
this remarkable distinctness of northern P. mugo populations
results from genetic contribution from Scots pines, as these
species can still hybridize in zones of sympatry and this
particular direction of gene flow—pollination of Scots pine
cones by dwarf pine pollen—is more often noted (Wacho-
wiak & Prus-Glowacki, 2008; Heuertz et al., 2010; Wachowiak
et al., 2016; Kormutak et al., 2017; Kormutak et al., 2018).

4.3 Phylogeography of Pinus uncinata

Pyrenean pine showed moderate amounts of genetic
diversity and weak support for phylogeographic structure.
Generally, populations of this mountain pine formed one
clade, except the population U1 from Cottian Alps. In all of
the tests, the same subdivision was recognized with two
populations from Massive Central and Sierra de Gudar
grouped together based on their congruent differentiation
from the main range in Pyrenees. High genetic similarity was
observed also between two other marginal populations of
the species from the two sides of Pyrenean chain (Dzialuk
et al.,, 2009; Dzialuk et al., 2017). Such distribution of variants
suggest existence of much wider range of mountain pine in
past, supporting some of the earlier suggestions (Monte-
leone et al., 2006; Benito Garzon et al., 2007; Soto, Robledo-
Arnuncio et al., 2010), rather than homoplasy in the slowly
evolving mitochondrial genome (Wolfe et al., 1987). Inter-
estingly, the relict stand U10 located inside Iberian Peninsula,
most geographically isolated form others, appeared not to
have the lowest genetic variation of mtDNA, what could be
expected based on its small size and isolation (Willi et al.,
2006). It was the other remote population—in Massif
Central, which showed the highest variability, despite its
marginal position. This stand, however, could be currently
influenced by gene flow from Scots pine populations
growing in a proximity, as already pointed for nearby
populations (Heuertz et al., 2010), or historically by P. mugo
(see later discussion). Nevertheless, more intriguing is the
fact of generally low diversity found in the Pyrenean massif,
where two of the examined populations appeared fixed for
the same haplotype, and the others proved not much
more polymorphic. Reveled pattern of P. uncinata genetic
variation contrasts with findings from other species of similar
subalpine distribution in European mountains—Rhododen-
dron ferrugineum. Based on a set of nuclear microsatellite
markers, Charrier, Dupont, Pornon and Escaravage (2014)
described the existence of two separate genetic clusters in
Alpine vs. Pyrenean populations of this evergreen shrub
species. Furthermore, authors underlined high diversity and
differentiation of the latter range, where five subgroups
were noted.

We hypothesize that previously wide Pyrenean pine
distribution became disjunctive in past, and that the separa-
tion covered one or more interglacial periods (Dzialuk et al.,
2009), however, predating Holocene warming (Heuertz et al,,
2010). Then, the Pyrenean populations underwent severe
shrinkage followed by a quick reconstruction from a small
number of survivors or an inflow from north. This scenario
seems most likely as the populations are characterized by
decreased variation within this relatively large and coherent
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group of stands, and because they share more mitochondrial
and plastid (Dzialuk et al., 2017) haplotypes with the marginal
northern stand U2. The populations within Iberian Peninsula,
i.e., in Sierra de Gudar and Sierra Cebollera, remained isolated
for much longer, and although maintained some variation in
mitochondria, they lost most diversity in plastids (Dzialuk
et al., 2009; Heuertz et al., 2010).

4.4 Interspecific gene exchange

Our study provides evidence for interspecific gene exchange
between the two investigated mountain pines. We revealed
fixation of the population U1 from the Alpine edge of
P. uncinata range with mitotypes from the haplogroup Grl.
Furthermore, the presence of similar individual of P. uncinata
phenotype but P. mugo-like haplotype was observed in the
second easternmost of the Pyrenean pine populations.
Simultaneously, both of this stands, and other in the area,
showed genetic similarity of paternally inherited markers to
the western populations in Pyrenees (Heuertz et al., 2010;
Dzialuk et al., 2017). We found no instances of opposite
incongruence in cytoplasmic genetic markers. Such geogra-
phical distribution and only one way direction of incon-
sistency provide evidence of hybridization event between
the two taxa, and another example of mitochondrial genome
capture in pines (Wang & Wang, 2014). It also suggest that
secondary contact and introgression occurred between
already diverged species ancestors, taking place during one
of the colder periods, when taxa could possibly met around
the Rhoéne valley, moving down the slopes of their mountain
ranges. In such case, at least the range of dwarf pine would
require bigger, more westerly extended populations, be-
cause this species acted as the donor of less mobile seeds
(Currat et al., 2008). Although the isolated populations of P.
mugo found recently in Mont Cenis (Carcaillet et al., 2009) do
not exceed to the mentioned valley, they indicate that this
species could reach further west than generally accepted.

The disclosed unidirectional character of the hybridization
between the two European conifers, and often lack of
phenotypically intermediate individuals despite close proxi-
mity of both species within populations (Monteleone et al.,
2006), while swarms of morphologically intermediate pines
are common in other areas of sympatry (Christensen, 1987;
Monteleone et al., 2006), is interesting also in another
context. Recent study by Petrova et al. (2018) conducted on
similar system of two closely related pines—P. sibirica and
P. pumila, coming into secondary contact on Asian plains,
revealed somehow analogous pattern. In both cases, only
one species serves as mitochondrial genome donor, while
their phenotypes, if are not intermediate (in some popula-
tions), remain the other taxon (in other places). In both
systems, and in additional one referred to by Petrova et al.
(2018), it is the prostrate species whose genome is captured
and the upright whose genes are expressed.

For the best resolution of the ancestry and evolution of
different ambiguous populations of the two mountain pines
studied here (similarly in the case of mentioned Asian
pines), tests of dense nuclear markers supported by
genotyping of both cytoplasmic genomes conducted on
individuals within the contact zone and in allopatric
reference populations would be need. Specifically, the
analysis could allow testing our hypothesis that primary
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population of dwarf mountain pine specimens had become
pollinated by invading P. uncinata pollen (Currat et al.,
2008), and the observed pattern is not an example of
incomplete lineage sorting.

4.5 Conservation implications

The two investigated taxa inhabit subalpine areas in
European mountain massifs and chains, where their ranges
remain patchy, composed of numerous scattered, often
limited in size populations. The specific character of species
distributions makes these pines susceptible to negative
effects of isolation—consequences of genetic drift and
diversity loss (Arenas et al., 2012), but they also must face
the contemporary upward shifts of mountain vegetation and
competition (Walther et al., 2005; Martinez et al., 2012;
Hernandez et al, 2019). As both taxa play important
ecological roles as shelters and food suppliers for alpine
fauna, and they protect mountain habitats against soil
erosion, torrents, and avalanches (Christensen, 1987; Mon-
teleone et al., 2006; Alexandrov et al., 2019), we wanted to
verify some of the previous suggestions regarding their
conservation priorities (Camarero et al., 2005; Heuertz et al.,
2010; Martinez et al.,, 2012). Our data show, that P. mugo
maintained generally higher genetic polymorphism and
higher intra-population diversity than P. uncinata. In regard
to the dwarf pine preservation needs, as first we would focus
on the secluded Apennine population that appeared devoid
of mtDNA variation. Second most important stand, fixed with
one private mitotype and showing considerable morpholo-
gical distinction from other populations (Boratynska et al,,
2004), is the Ukrainian M4. In P. uncinata, we identified
shortage of polymorphism in the seven Pyrenean popula-
tions with four mitotypes in total. Modest diversity within
this massif rises the need for better supervision of Pyrenean
pines, as they may suffer weakened adaptive potential (Willi
et al., 2006). The promise source for species reinforcements
or reintroductions, if cautiously managed, might be seen in
the most diverged population U2. Hybridizing populations, as
U1 in North Western Alps and other with unrecognized
taxonomy (Monteleone et al., 2006), where interspecific
gene flow may bring both negative and positive effects,
seems especially interesting for investigation of the adaptive
variation of the species contact zones.

5 Conclusions

The applied new set of mtDNA markers proved useful for
phylogeographic and evolutionary investigations among
populations of the dwarf mountain pine and the Pyrenean
mountain pine, improving also efficiency of previous research
in this matter. The results reinforce hypothesis about their
highly independent evolution. We found evidence for
significant differentiation of mitochondrial genomes of the
two conifers, as they exhibit separate mitotype gene pools in
vast majority of their populations. In our study, opposite
alleles at Pr13 and nad1 loci were found in the investigated taxa,
that could be used as additional species diagnostic characters.
Data acquired provide also support for wider distribution of
both species in the past. Demographic fluctuations caused by
constant glacial and interglacial environmental changes during
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Pleistocene translated into up and down shifts of these trees
on mountain slopes. Those range shifts created areas of species
secondary contacts that were most likely located around the
area of current south-east France, where mitotypes of both
species are present. However, the true identity of the putative
Pinus uncinata and morphologically transient populations
situated therein and in the Alpine range have to be verified
with use of additional nuclear markers.
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Table S1. Forward and reverse primers targeting 4 mitochon-
drial SNP loci analyzed here and by Donnelly et al. (2017), but
not specified therein. Amplification conditions are provided
in the main text.

Table S2. Specification of mtDNA markers and frequency of
identified variants within studied populations of two
European mountain pines.

Table S3. Mitotypes identified in 27 populations of dwarf
mountain pine and Pyrenean pine, their relative frequencies
in total sample and both species.

Table S4. Intraspecific differentiation of the mtDNA markers
among (A) Pinus mugo and (B) P. uncinata (U1 was excluded)
populations from European mountain ranges; only statisti-
cally significant (p < 0.05) result are shown.

Fig. S1. Principal Component Analysis (PCoA) of 17 P. mugo
populations in Europe showing clear mtDNA markers
distinction of the northern populations in Sudetes (M1) and
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Western Carpathians (M2 and M3) from the remaining
species stands.

Fig. S2. Principal Component Analysis (PCoA) of mtDNA
variation in 9 P. uncinata populations (U1 was not consid-
ered). Note high percentage of differentiation assigned to
the first coordinate compared with the second, which
separates the Pyrenean stands from two satellite popula-
tions in Iberian Peninsula (U10) and Massive Central (U2).
Fig. S3. Distribution of genetic variation and differentiation
indices in spatial AMOVA clustering of 27 mountain pine
populations based on their mitotype variation, whit K values
tested within range of two to 20. Variation distribution
indices and change in their values between following K
values are present on (A) and (B) plots, respectively; cluster
differentiation indices and their changes are shown on (C)
and (D) graphs.

Fig. S4. Spatial distribution of genetically homogenous
clusters identified by SAMOVA analysis for K- value equal to
6 based on mtDNA variation in populations of two European
mountain pine taxa; distinct colors indicate different genetic
groups.
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Table S1. Forward and reverse primers targeting 4 mitochondrial SNP loci analyzed here and by

Donnelly et al. (2017), but not specified therein. Amplification conditions are provided in the main text.

Locus Forward (5’ -> 3’) Reverse (3’ -> 5’) Reference contig

Pr20 GTTCCTACGATCCAGCCAGG ACCATGGATTCTTCGGACGG Ptaeda_M_Contig28_A_F

Pr30 ACTTACATTGACCGGCGGAT CACACATCTAGGGCACAGGG  Ptaeda_M_Contig399_B_F

Pr32 ACCCTCCTTCAACTGATGCG CCTCAACCAACCGTCAGTCA Ptaeda_M_Contigd31_A_F

Pr34 GAACCCCCTCTTGCCTTGAT TTCGTGACGGTCCAATTCCA Ptaeda_M_Contig431_C_F




Table S2. Specification of mtDNA markers and frequency of identified variants within studied populations of two European mountain pines.

Locus  Locus & reference’ Genotyping Variant Product Common /rare No. No. missing Freq. in Freq. in P. uncinata
method, enzyme  position*  size [bp]  variant® bands variants? P. mugo Turra® Ramond®*
Pr5 locus 3, [1] PCR-RFLP, Dral 279 570 G/T 1/2 6 205/7 147 /0
Pr7 locus 5, [1] PCR-RFLP, Dral 409 514 C/A 1/2 4 156 / 56 147 /0
Pri3 locus 11, [1] PCR-RFLP, Msel 246 369 C/A 2/1 22 212/0 1/146
Pri4  locus 12, [1] PCR-RFLP, Msel 382 548 G/T 1/2 3 165/ 47 101/ 46
Pri5 locus 13, [1] PCR-RFLP, Bpil 155 358 G/T 2/1 2 200/ 12 147 /0
Pr19 locus 17, [1] PCR-RFLP, Dral 413 593 G/T 1/2 0 163 /49 142 /5
Pr20 this study, [Table S2]  PCR-RFLP, Mval 173 382 C/A 3/2 5 200/ 12 147 /0
Pr21 locus 18, [1] PCR-RFLP, Hincll 421 522 G/T 2/1 0 204/8 147 /0
Pr24  locus 19, [1] PCR-RFLP, BshNI 272 434 T/G 1/2 1 200/ 12 147 /0
Pr25 locus 20, [1] PCR-RFLP, BtsClI 123 398 G/T 1/2 2 150/ 62 147 /0
Pr29 locus 22, [1] PCR-RFLP, BtsCl 226 558 G/T 1/2 3 200/12 145 /2
Pr30 this study, [Table S2]  PCR-RFLP, Alw261 244 401 G/T 2/1 1 200/12 122 /25
Pr31 locus 23, [1] PCR-RFLP, Vspl 274" 558 G/T 1/2 0 207 /5 147 /0
Pr32 this study, [Table S2]  PCR-RFLP, Pfel 177 507 G/T 2/1 13 197 /15 147 /0
Pr34 this study, [Table S2]  Sanger 176-185 398 --A--AAGA / na 15 195 /17 147 /0
sequencing TCATCAATC
nadl  intron B/C, [2] PCR-RFLP, Drall 84-115 217 /248 del(ain[2])/ 2/3 2 212/0 1/146
in(bin[2])
nad7  intron1,[3, 4, 5] PCR-RFLP, Drall 622-254, 1175/ inin(Ain[4])/ 3(long)/ 7 200/12/0 147/0/0
674-679 1170/ indel (Bin[4])/ 2/
1143 delin (Cin [4]) 3 (short)

t[1] Donnelly et al. (2017), [2] Soranzo et al. (2000; primers H/I), [3] Jaramillo-Correa et al. (2004), [4] Naydenov et al. (2007), [5] Pyhajarvi et al. (2008); 5’ —> 3’ (primers excluded);
§ del — deletion, in-insertion; 9] these positions were complemented in haplotypes; © after haplotype complementation; ¥ population U1 excluded; X note that this is another SNP

position within the locus than the variant 293 (C/ A) analyzed by Donnelly et al. (2017).



Table S3. Mitotypes identified in 27 populations of dwarf mountain pine and Pyrenean pine, their relative frequencies in total sample and both species.

Total P. mugo P. uncinata
Locus
Mitotype probe Turra Ramond?
Pr5 Pr7 Pri3 Pr14 Pr15 Prl9 Pr20 Pr21 Pr24 Pr25 Pr29 Pr30 Pr31 Pr32 Pr34' nadl* nad7¢ freq. [%] freq. [%]  freq. [%]

H1 G A c G G G c G G G G G G G 0 a A 3.8 5.7 0.0
H2 G A c G G G c G T G G G G G 0 a A 5.7 9.9 0.0
H3 G A c G G G c G T G T G G G 0 a A 1.4 0.0 0.0
H4 G A c G G T c G T G G G G G 0 a A 1.4 2.4 0.0
H5 G A c G G T c G T G G G G G 1 a A 1.9 3.3 0.0
H6 G A c G G T c G T G G G G T 1 a A 2.4 4.2 0.0
H7 G A c T G G c G T G G G G G 0 a A 0.5 0.9 0.0
H8 G c A G G G c G T G G G G G 0 b A 25.4 0.0 63.9
H9 G c A G G G c G T G G T G G 0 b A 0.3 0.0 0.7
H10 G c A G G T c G T G G G G G 0 b A 1.4 0.0 3.4
H11 G c A T G G c G T G G G G G 0 b A 5.7 0.0 14.3
H12 G c A T G G c G T G G T G G 0 b A 6.2 0.0 15.6
H13 G c A T G G c G T G T G G G 0 b A 0.3 0.0 0.7
H14 G c A T G G c G T G T T G G 0 b A 0.3 0.0 0.7
H15 G c c G G G c G T G G G G G 0 a A 20.0 32.5 0.7
H16 G c c G G G c G T G G G G G 1 a A 0.3 0.5 0.0
H17 G c c G G G c G T G G T G G 0 a A 0.8 1.4 0.0
H18 G c c G G G c G T T G G G G 0 a A 4.1 7.1 0.0
H19 G c c G G G c G T T G T G G 0 a A 0.5 0.9 0.0
H20 G c c G G G c T T G G G G G 0 a A 0.3 0.5 0.0
H21 G c c G G T c G T G G G G G 0 a A 1.1 1.9 0.0
H22 G c c G G T c G T T G G G G 0 a A 4.3 7.5 0.0
H23 G c c T G G c G T G G G G G 0 a A 2.4 4.2 0.0
H24 G c c T G G c G T G G T G G 0 a A 0.5 0.9 0.0
H25 G c c T G G c G T T G G G G 0 a A 2.7 4.7 0.0
H26 G c c T G G c G T T G G G T 0 a A 1.6 2.8 0.0
H27 G c c T G T c G T G G T T G 0 a A 1.4 2.4 0.0
H28 G c c T G T c G T T G G G G 0 a A 0.3 0.5 0.0
H29 G c c T T G A G T T T G G G 0 a B 1.4 2.4 0.0
H30 T c c T T G A T T T T G G G 0 a B 1.4 2.4 0.0
H31 T c c T T T A T T T T G G G 0 a B 0.5 0.9 0.0

T ‘0" stands for ‘--~A—AAGA’ sequence allele, and ‘1’ for ‘TCATCAATC variant; ¥ allele acronyms as in Soranzo et al. (2000); & allele acronyms according to Naydenov et al.

(2007; see Table S2); 91 population U1 excluded from calculation on species level.



Table S4. Intraspecific differentiation of the mtDNA markers among (a) Pinus mugo and (b) P. uncinata (U1 was excluded) populations from European

mountain ranges; only statistically significant (p < 0.05) result are shown.

(a) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 mM11 mM12 M13 M14 M15 M16

M2 0.422 -

M3 0.755 0.446 -

M4 0975 0.570 0.558 -

M5 0956 0.516 0.640 0.963 -

M6 0.697 0.273 0.492 0.567 0.374 -

M7 0.864 0.331 0.497 0.643 0.710 0.304 -

M8 0.891 0.365 0.613 0.830 0.798 0.394 0.209 -

(L) 0.889 0406 0.616 0.822 0.730 0.385 0.264 0.101 -

M10 0.887 0.374 0513 0.724 0.691 0.321 ns 0.266 ns -

M1l ns 0.147 0.270 0.478 0492 0.201 ns ns 0.184  0.155 -

M12 0933 0.353 0.614 0925 0.892 0.425 0.389 ns 0.257 0.469 ns -

M13 0.838 0.363 0.694 0.867 0847 0.576 0.608 0550 058 0.633 0419 0.573 -

M14 0.897 0.274 0.659 0946 0916 0.540 0.675 0.670 0.686 0.716 0.402 0.749 0.162 -

M15 0.749 0.209 0.537 0.672 0.689 0.238 0.252 0.198 0.322 0.341 0.124 0.204 0.313 0.355 -

M16 0.802 0.280 0.638 0.850 0.825 0.507 0,595 0577 0601 0.621 0.370 0.601 ns ns 0.303 -

mM17 0980 0434 0.677 1.000 0966 0.502 0.540 ns 0.340 0.612 0.219 ns 0.654 0.881 0.302 0.701
u2 u3 U4 us ue uz us U9

(b) u3 0.368 -

ua 0.362 ns -

us 0.428 ns 0.233 -

U6 0.268 ns ns ns -

u7 0.219 ns ns ns ns -

us 0.384 ns ns ns ns ns -

U9 0.282 0.116 = 0.190 ns ns ns ns -

ui1o 0.149 0817 0.786 0863 0.726 0.713 0.844 0.733




Figure S1. Principal Component Analysis (PCoA) of 17 P. mugo populations in Europe showing clear

mtDNA markers distinction of the northern populations in Sudetes (M1) and Western Carpathians

(M2 and M3) from the remaining species stands.
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Figure S2. Principal Component Analysis (PCoA) of mtDNA variation in 9 P. uncinata populations (U1
was not considered). Note high percentage of differentiation assigned to the first coordinate
compared with the second, which separates the Pyrenean stands from two satellite populations in

Iberian Peninsula (U10) and Massive Central (U2).

® Ul0

e o0 U>
us U8

Coord. 2 (11.77%)

® U2

Coord. 1 (82.65%)




Figure S3. Distribution of genetic variation and differentiation indices in spatial AMOVA clustering of
27 mountain pine populations based on their mitotype variation, whit K values tested within range of
two to 20. Variation distribution indices and change in their values between following K values are
present on (a) and (b) plots, respectively; cluster differentiation indices and their changes are shown

on (c) and (d) graphs.
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Figure S4. Spatial distribution of genetically homogenous clusters identified by SAMOVA analysis for
K-value equal to 6 based on mtDNA variation in populations of two European mountain pine taxa;

distinct colors indicate different genetic groups.
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Abstract: Mountain plants, challenged by vegetation time contractions and dynamic changes in envi-
ronmental conditions, developed adaptations that help them to balance their growth, reproduction,
survival, and regeneration. However, knowledge regarding the genetic basis of species adaptation
to higher altitudes remain scarce for most plant species. Here, we attempted to identify such corre-
sponding genomic regions of high evolutionary importance in two closely related European pines,
Pinus mugo and P. uncinata, contrasting them with a reference lowland relative—P. sylvestris. We
genotyped 438 samples at thousands of single nucleotide polymorphism (SNP) markers, tested their
genetic differentiation and population structure followed by outlier detection and gene ontology
annotations. Markers clearly differentiated the species and uncovered patterns of population struc-
ture in two of them. In P. uncinata three Pyrenean sites were grouped together, while two outlying
populations constituted a separate cluster. In P. sylvestris, Spanish population appeared distinct from
the remaining four European sites. Between mountain pines and the reference species, 35 candidate
genes for altitude-dependent selection were identified, including such encoding proteins responsible
for photosynthesis, photorespiration and cell redox homeostasis, regulation of transcription, and
mRNA processing. In comparison between two mountain pines, 75 outlier SNPs were found in

proteins involved mainly in the gene expression and metabolism.

Keywords: candidate genes; high-altitude adaptations; mountain pines; outlier loci; Pinus; SNP
genotyping array

1. Introduction

The sessile lifestyle of plants forces them to develop adaptations, enabling them to
quickly, reversibly, and often enduringly cope with environmental changes or colonize
new niches to avoid competition. Because photoperiod and temperature are important
environmental factors for plants, long-lived trees must make trade-offs between survival,
regeneration, development, and reproduction, fitting annual growth cycles in response to
seasonal length variations [1]. For alpine species, in addition to usually strong contraction
of the vegetation time, the most serious stressors include reduced atmospheric pressure,
photooxidative stress, lowered temperatures, and demanding substrates [2—4]. In addition,
plants are frequently exposed to strong winds, torrential rains, and avalanches, particularly
affecting trees above the forest line. Mountain trees not only need to balance growth and
dormancy periods through phenological adaptations but must also evolve morphological,
anatomical, and physiological modifications to adjust their metabolisms or withstand
mechanical damage [5-8]. Therefore, we were interested in exploring the genetic basis
of the adaptations of such trees to high altitudes. Many tree species, including the pines
on which the survey was conducted, maintain high fertility and enforce strong selection
between recruited individuals, which facilitates adaptation to new environments. At the
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same time, these trees are characterized by large effective population sizes, considerable
dispersion potential of pollen and seeds and outcrossing, all of which contribute to rapid
homogenization of gene pools within their populations, thereby hindering the consolida-
tion of beneficial novelties [1]. In mountain habitats, the populations are usually insular
and are subjected to rapid changes in environmental factors along the elevation gradient.
These features affect gene exchange and promote the diversification of stands but tend to
limit variation within them [9-11]. Biometric and quantitative genetic studies have helped
to elucidate patterns of differentiation; however, knowledge remains scarce regarding the
genetic basis of plants adaptation to higher altitudes and patterns of differentiation at
genomic regions of high adaptive importance.

The genus Pinus in the Pinaceae family of conifers has a widespread distribution,
mostly in the Northern Hemisphere, with nearly 100 species being described [12], including
taxa associated with mountain habitats. In Europe, two well-defined high-altitude sister
taxa from the Pinus mugo complex are known: the dwarf mountain pine (Pinus mugo
(Turra)) and the Pyrenean mountain pine (P. uncinata (Ramond)). The dwarf mountain pine
is a shrubby species that creates dense carpets on the ground, occasionally reaching 3 m
in height. This species inhabits stands above tree lines, up to about 2700 m [13,14]. The
Pyrenean mountain pine is a typical erect tree up to 25 m in height, which itself establishes
the upper limits of forest and trees between altitudes of 1400 and 2700 m. Both species
grow on rocks and debris, and their ecological niches appear to be comparable; however,
to the best of our knowledge, this similarity was never specifically tested. The taxa meet in
a wide area of the Western Alps, where both populations of exclusively one species and
mixed stands, often with ongoing hybridization, are observed [15-17], except that their
current ranges are essentially disjointed. The major populations of dwarf pine occupy
subalpine regions of the Alps, Sudetes, and Carpathians and southern mountain chains in
Romania and the Balkan Peninsula, as well as several smaller, remote populations, as in
Abruzzo in Italy [13,18]. The Pyrenean pine, aside from stands in the Western Alps and
the core populations in the Pyrenees, inhabits higher parts of the Massif Central, Ligurian
Apennines, Jura and Vosges, as well as several more isolated areas spread over the Iberian
Peninsula [19,20].

Although these two pines share a common history, have similar genomic backgrounds,
and occupy comparable environments that demand the same specific adaptations, they
are differentiated by a number of phenotypic and genetic characteristics. Biometric stud-
ies showed that in addition to their different growth forms, these two species differ in
various cone and needle characteristics [15,18,21]. Under a common garden experiment,
they exhibited notable differences in the pace of growth of young trees and in important
phenological properties related to the timing of bud set and bud burst [22]. The species
possess the same numbers of chromosomes, but ongoing divergence has been found in
their karyotypes [23]. More detailed molecular studies, although underlining common
history and genetic background, also indicated some significant changes that appeared in
the genomes of these pines [24-26], such as fixed variants at mitochondrial DNA [17].

As the species overlap to a certain extent across altitude, temperature, and rainfall
ranges, we might expect patterns of adaptive phenotypic variation to be similar for both.
Generally, variation between species may be a consequence of adaptive changes, including
selection for species-specific or high-frequency divergent alleles accumulated over the
time of independent evolution, but this variation may partially result from mutation load,
recombination, and demography. To date, attempts to identify potential drivers of the
adaptation of these trees to mountain habits or to investigate their mutual dissimilarity
have been notably limited and have focused on a small number of genetic regions. This
small number of studies reflects the overall challenge in pine research related to their
longevity and long generation time, which make experimental investigations impractical.
Molecular studies focused on identifying potential loci under selection are also demanding,
considering the large and complex genomes of pines, that hamper the acquisition of a
reliable whole genome reference assembly (over 20 gigabases, rich in retrotransposons and
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repetitive sequences [27-29]). Although some effort has been made to explore the patterns
of neutral genetic variation between populations at plastid, nuclear, and mitochondrial
markers [16,17,30], considerable research remains to be performed. To date, studies investi-
gating genetic variation at the coding regions of these taxa have included sets of 12 and
79 candidate genes, respectively [25,31].

In the present study, we attempted to broaden our knowledge regarding the patterns
of polymorphisms and divergence in two subalpine taxa to identify subjects of selection
potentially responsible for their adaptations and speciation. We analyzed these two species
because their evolutionary history has not been fully elucidated, and because they are
both potentially threatened by ongoing habitat loss [14,20,32]. We intentionally focused on
interspecies comparisons, contrasting not only the two mountain pines with each other,
but also with respect to the Scots pine (P. sylvestris L.). The Scots pine is a species with
vast but mostly lowland distribution and is the closest living relative of both mountain
pines from which they diverged approximately 5 million years ago [33,34]. We conducted
genome-wide analysis using a genotyping array recently developed for these pines [35].
This new Axiom_PineGAP chip (Affymetrix, Thermo Fisher Scientific, Waltham, MA, USA)
was composed of 49,829 single nucleotide polymorphism (SNP) markers derived from
the reference transcriptome [26], some resequenced genes and other markers known from
these and other pine genomes, which appears to be especially useful for comparative
evolutionary investigations. To elucidate the drivers of adaptation to higher altitudes and
identify regions responsible for the further differentiation of these species, most likely
caused by adjustments to local conditions, we first verified application of the SNP array to
distinguish the species and subsequently evaluated levels of polymorphism and divergence
along with the population structure of analyzed stands. Finally, using several approaches,
we investigated outlier SNPs that strongly differ between investigated species, assessed the
functions of the source genes and compared the results with previous findings concerning
these taxa and other high-altitude or similarly phenotypically differentiated taxa.

2. Results
2.1. Genetic Diversity

After quality filtering of SNPs and individuals following our criteria of genomic origin
and potential linkage of markers, frequency of alleles (MAF), percentage of individuals
properly genotyped per marker, and percentage of SNPs genotyped per individual, the
data set consisted of 6003 polymorphisms and 438 samples: 79 dwarf pines, 182 Pyrenean
pines, and 177 Scots pines, derived from 14 populations spread across Europe (Figure 1,
Supplementary Table S1).

The populations varied considerably in terms of the percentage of polymorphic loci.
This index ranged from 61.1% to 91.3%, exhibiting a mean over the 14 populations that
was equal to 80.4%, but higher averages within species reached above 90% (Table 1). The
majority of the variants were shared, and none of the variants was fixed in a species while
being absent from others. The taxa differed considerably in the numbers of unshared
alleles (Supplementary Figure S1), which in most cases were species- and not population-
specific (Table 1). The measures of mean within group distances (d), which in the case of
Scots pine’s populations did not exceed 1000, ranged between 1193.4 (M14) and 1437.1
(U18) in the stands of other two species. The observed heterozygosity (Ho) was generally
higher than the unbiased expected heterozygosity (1He), resulting in multiple negative
values of fixation indices (F) in populations. Two heterozygosity estimates did not differ
notably in terms of mean values between species; however, in all cases, except for uHe
between mountain pines, the differences were highly statistically significant (p < 0.001). In
populations, Ho exhibited the lowest levels in Scots pine (from 0.160), while populations of
the two mountain pines exhibited higher values (up to 0.338; Table 1). An analogous pattern
of low variability in Scots pine and larger variability in the remaining taxa was observed
in the case of the expected heterozygosity (#He); however, in the latter two species, the
statistics decreased in relation to Ho, while the Scots pine’s average increased (Table 1). The
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fixation index (F) calculated on the whole dataset appeared to be positive (0.081), which
was also observed in Scots pine (0.067) and its two populations; nevertheless, the majority
of investigated stands exhibited greater diversity than was expected.

$30,
4531
,543
M12
R a
u28 — M1
L -~
us, 17 X
m
u1s h
u2a”
A S37

Figure 1. Localization of 14 studied populations with indication of species distributions. Dwarf
pine—blue dots and horizontal shading, Pyrenean pine—red squares and diagonal shading, Scots
pine—green triangles and dark shading on attached miniature presenting species” European range.
The mountain pines’ distribution map was created by the authors based on the Empty Political Map
of Europe is03166-1, downloaded from Wikimedia Commons (https://commons.wikimedia.org,
accessed 4 October 2018; [36]), and the information on species’ ranges taken from [19]. The Scots
pines’ distribution map has been obtained by courtesy of the EUFORGEN (EUFORGEN 2009,
www.euforgen.org, accessed 22 September 2009; [37]), and adapted.

2.2. Differentiation and Grouping of Populations

To validate the robustness of our marker set in terms of discrimination power among
analyzed species and populations, and to utilize it for the reconstruction of relationships
among them, we assessed our data using a series of distance, differentiation, and cluster-
ing methods.
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Table 1. Genetic variation estimates of 14 populations and three pine species investigated.

Group N %P Sy d H, uH, F
M8 7 75.4 1 1262.7 0.338 0.278 —0.272
Mi12 22 90.2 2 1325.5 0.313 0.274 —0.123
M14 20 82.5 1 1193.4 0.292 0.253 —0.141
M16 30 91.3 4 1282.4 0.285 0.261 —0.060
u17 23 85.2 0 1368.4 0.287 0.259 —0.105
U18 42 87.5 0 1437.1 0.277 0.256 —0.075
U23 47 84.9 0 1393.2 0.245 0.247 —0.006
U24 33 85.9 1 1264.1 0.298 0.257 —0.137
U28 37 88.8 1 1236.1 0.316 0.264 —0.158
S30 22 61.1 0 906.8 0.182 0.168 —0.085
S31 37 70.6 2 946.0 0.192 0.177 —0.072
S37 44 62.5 1 867.4 0.160 0.156 —0.035
S39 32 80.3 1 994.8 0.182 0.180 0.037
543 42 79.6 0 994.5 0.176 0.177 0.058

P. mugo 79 97.5 75 1308.7 0.299 0.272 —0.065

P. uncinata 182 96.8 12 1426.8 0.280 0.270 —0.030
P. sylvestris 177 92.8 25 1003.5 0.177 0.182 0.067
Total 438 100 na 1459.6 0.239 0.274 0.081

N—number of samples successfully genotyped in a group; %P—proportion of polymorphic sites; Sp—number
of private polymorphisms; d—mean pairwise distance within group; Ho—observed heterozygosity; uHe—
unbiased expected heterozygosity; F—fixation index; na—not applied. Population acronyms as in the
Supplementary Table S1.

First, distances based on numbers of differences within and among groups were
calculated and compared. The overall mean distance (d = 1459.6) was higher than that
observed between individuals of Scots (d = 1003.5) or dwarf mountain pine (d = 1308.7)
and only slightly larger than observed among individuals of Pyrenean pine (d = 1426.8);
however, it was markedly lower than the distances between taxa (Table 2). The largest gap
among species (dxy = 1761.9) was observed between Scots and dwarf pines; the second
largest gap, which was considerably smaller, was between Scots and Pyrenean pines with
dyy = 1552.3, while the two mountain species were separated by 1523.5 nucleotides of
differences on average. A similar pattern was also reflected in the results obtained from
respective comparisons of population pairs (Supplementary Table S2a,b), with exceptions
only being observed in cases of populations U28 and U24, which showed a closer relation
with Scots pines’ populations than to populations of dwarf pine and the majority of
populations from their own taxon. Based on these distances, a UPGMA tree was constructed
(Supplementary Figure S2a), which depicted precise separation of Scots pine and dwarf
pine with a less clear position of the third species. Populations of Pyrenean pine appeared
to be split into two clusters, with one, consisting of populations U17, U18, and U23 (all from
the Pyrenees) being set at the base of the dwarf pine branch, and the other—populations
U24 and U28—being set at the base of the Scots pine part. On the dendrogram constructed
without Scots pine, dwarf, and Pyrenean pines occupied separate branches (Supplementary
Figure S2b).

Table 2. Genetic distance and differentiation between the three investigated pine species.

Comparison dyy Fst (a/b) Outlier SNPs (2**/2%/3%)
P. mugo vs. P. uncinata 1523.5 0.1061/0.1510 12/75/9
P. mugo vs. P. sylvestris 1761.9 0.3612/0.3937 0/1/0
P. uncinata vs. P. sylvestris 1552.3 0.2162/0.2629 12/29/6
mountain pines vs. P. sylvestris 1615.7 0.2324/0.2969 7/35/2

dxy—mean distance between populations from two species; Fst—differentiation index (calculation method: a—

species considered as one group/b—hierarchical structure with populations nested in species), all results were

significant at p value < 0.001; numbers of outlier SNPs identified at: 2**—statistical significance level of p/q value

< 0.01 and minimum two methods simultaneously; 2*—p/q value < 0.05 and minimum two methods in concert;
*—minimum three methods at p/q value < 0.05.
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Analysis of molecular variance (AMOVA) with populations hierarchically grouped
within their respective species demonstrated that the majority of variance present in
our data segregated inside populations (73.28%), and the variation between them was
considerably lower (5.43%) than that among taxa (21.28%); all these results were statistically
significant (p < 0.001). In the AMOVA with no imposed structure, 22.51% of the variation
differentiated taxa and 77.49% segregated within them. The overall Fst fixation index
values in these two versions of the test were equal to 0.2672 and 0.2251, respectively. More
specific calculations of differentiation indices (Table 2, Supplementary Table S2), supported
the pattern demonstrated by distance analysis. The most differentiated of all interspecific
comparisons was the dwarf and Scots pine pair (Fst = 0.3612), and taxa from the P. mugo
complex reached a considerably lower level of Fst = 0.1061 (or 0.1510 when population
structure was included). Comparisons between individual populations, where Fst values
ranged between 0.015 (M8 vs. M12) and 0.451 (M14 vs. S37), generally confirmed previous
findings. One exception was found in the case of Pyrenean pine population U28, which
exhibited a closer relationship with most Scots pine’s stands than with the Alpine dwarf
pine provenance M14. Moreover, most of the populations in this species showed genetic
similarity to dwarf pine population M8, often exhibiting higher similarity than to other
populations in their own taxon. All the Fst values between taxa and among populations
were significant (p < 0.001).

Among clustering analyses, two multivariate methods were implemented. To de-
termine how our SNPs discriminate populations of studied taxa, principal coordinate
analysis (PCoA) was conducted, and principal component analysis (PCA) was subse-
quently employed to characterize variation within populations and to elucidate individual
genotypes. In comparison between all 14 investigated populations, the three first axes
of PCoA explained 58.8%, 12.6%, and 5.7% of the original variation, respectively, while
in PCA, considering variation among individuals, these values decreased to 12.3%, 3.5%,
and 2.0% (Figure 2a and Supplementary Figure S3a), confirming that a greater part of the
diversity segregates within populations. These results confirm the distinction of three gene
pools correlating with the studied species. Generally, horizontal axes separated dwarf pine
from Scots pine, and Pyrenean pine was distant from them along the second axis, remaining
somewhat closer to the other mountain taxon. The PCA plot (Figure 2a) exhibited greater
variability within species and populations and facilitated the identification of some outlier
samples. Five individuals grouped with populations of other species, indicating their puta-
tive hybrid origin, or less likely, mixture of the samples. In multivariate inquiries focused
on two mountain pines, PCA axes accounted for 6.6%, 3.4%, and 2% of variation (Figure 2b),
and in PCoA, they explained 44.5%, 16.0%, and 11.6% of diversity (Supplementary Figure
S3b), in both cases distinguishing first between taxa, then between Pyrenean pine stands
(U17, U18, and U23 vs. U24 and U28). The second axis also demonstrated only slight
distinction of the dwarf pine stand M8 in the Dinaric Alps from the rest of its populations;
however, 95% confidence intervals of the dwarf pine populations remained overlapping.

To verify the hypothesis of isolation by distance (IBD), i.e., to formally determine
whether genetic differences are larger between populations when geographic gaps among
them increase, we performed Mantel tests of correlation between genetic and geographic
distances. This analysis was needed to ensure that STRUCTURE analyses would not be
affected by bias caused by data with allele frequencies varying gradually, as the model
underlying this clustering method is not well suited for such scenarios. These analyses were
computed for the whole set of 14 populations, as well as in two-species comparisons and
within taxa. Except for intraspecies tests in all other cases, these correlations were positive
and significant (Supplementary Table S3 and Figure S6a,b). We consider the three negative
outcomes—weak and insignificant correlations of within-species inspections; and the fact
that the positive outputs might have been biased by specific geographic distributions of
studied populations and generally unequal ranges of the taxa to be sufficient to not expect
any disturbances in further tests.
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Figure 2. Principal component analysis (PCA) revealing relationships between and within the studied pine species.

(a) Division of the three investigated taxa, first and second coordinates (horizontal and vertical axes, respectively) correspond

to 12.3% and 3.5% of variation; (b) separation of two mountain species with 6.6% of variation explained by the first and

3.4% by the second component. Ellipses indicate 95% confidence intervals.
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The Bayesian clustering method implemented in STRUCTURE, which was performed
on our SNP data, helped to elucidate the genetic structuring of individuals. Upon two
employed methods (Evanno and L(K) method) for indication of best genetically explicit
grouping from the examined range of K values between 1 and 10, division into two groups
(Figure 3a) was indicated to be optimal (Supplementary Figure S4a,b). According to
STRUCTURE HARVESTER, the step between K = 1 and K = 2 was characterized by the
largest change in likelihood distribution and the highest DeltaK score. When we excluded
K =1 from the analysis, because this point dimmed the picture with its markedly low
anticipated and obtained probability of data, the program suggested division into five
clusters as the best (Figure 3b). Splitting the samples into two groups (K = 2, Figure 3a)
validated the distinction between populations of the P. mugo complex and Scots pine. The
division was clear in the case of the dwarf pines that had very little contribution from
the second cluster, whilst among specimens of Pyrenean pine, mixing of both clusters
was manifested. In these individuals, dwarf pine participation dominated based on Q
values constituting, on average, 71% (SD = 13.5%) of their genomes. In the case of K =3
(Supplementary Figure S4c), each species established its own cluster, and only in Pyrenean
pine was potential gene flow from the other groups found. In populations from the Eastern
Pyrenees (U17 and U18), the influence of dwarf pine was primarily observed; at the
same time, populations from more remote stands (U24 and U28) displayed a considerable
contribution of Scots pine in their genomes. Generally, outcomes from tests with higher
K values (Supplementary Figure S4d—g) were characterized by the existence of a stable,
coherent group of dwarf pine samples and increasing differentiation within Scots pine
while still maintaining the consistency of individual populations, especially in Pyrenean
pine, where three provenances showed greater variability and inner differentiation. In the
exact outcome of clustering samples into five groups (Figure 3b), which was second-best
based on the DeltaK criterion, Pyrenean pine was divided into two parties, and Spanish
population S37 was separated from the rest of the Scots pine’s samples.

M8 M2 M4 M16

U17 U1

M8 M2

Ml M16

U7 Uls $30 s3¢

Figure 3. Cont.
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Figure 3. Clustering of 14 inspected pine populations, as proposed by the STRUCTURE algorithm. Separation of populations
of three species into (a) two, (b) three, (c) four, or (d) five distinct groups. K = 2 and K = 5 were pointed out as the best
supported clustering, depending on whether the result for K = 1 was under consideration. (e) After exclusion of Scots pine
samples, K = 2 was indicated as the most likely assemble, closely corresponding with the two mountain taxa. (f) The second
best supported structure of the tested P. mugo complex populations consisted of three groups (K = 3): dwarf pine specimens,
Pyrenean pine representatives from Pyrenees and its accessions from isolated populations in Sierra de Gudar and Massif
Central together. Scale on the left and vertical bars represent the proportion of each genome being composed of variants

specific to particular clusters. Horizontal color bars at the bottom of each chart label distinct populations.
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The results of analyses focused on two mountain taxa yielded very similar patterns.
First, clear discrimination between dwarf and Pyrenean pines was obtained for K = 2
(Figure 3¢; Supplementary Figure S5a,b). The second most likely structure indicated by
STRUCTURE HARVESTER was composed of three clusters, supporting strong subdivision
within Pyrenean pine (Figure 3d). Models assuming the existence of more groups confirmed
the substructure in Pyrenean pine populations, and only once, for K = 7, was differentiation
in dwarf pine detected (Supplementary Figure S5c-h). Interestingly, at each grouping
variant, the same few individuals were consistently observed to manifest affiliation to
a cluster corresponding with a species different from the one expected, and these were
exactly the same samples that already appeared inconsistent on PCA plots.

2.3. Outlier SNPs and Their Functional Annotation

From the pairwise comparisons between taxa, the most differentiated markers based
on their frequencies and high Fst values were obtained. Outlier SNPs were detected with
three methods—BayeScan, FLK, and FDist. We focused on the markers that were indicated
by at least two methods at a threshold level of significance equal to 0.05 (depending on the
analysis used, it was either p or g value). We later performed a more in-depth examination
of the loci that were found simultaneously in three analyses or were significant at more
stringent level (p/g values = 0.01). In total, in all the comparisons conducted between
species, 120 outlier SNPs were confirmed by at least two methods at the significance level
of 0.05 (Supplementary Tables S4 and S5).

When two high-altitude taxa were together compared with the Scots pine populations,
35 detected SNPs corresponded in at least two tests at a significance level of 0.05. These
markers closely correlated with those found to differentiate between Pyrenean and Scots
pines (29 outliers), while only one such marker was detected between the last species
and dwarf pine (Supplementary Table S4). Between the two mountain species 75 highly
divergent SNPs were identified (Figure 4). However, only 9 SNPs were indicated by
all three methods at the same level, whereas at a more stringent threshold of 0.01 at
least two methods agreed on 9 markers; eight were common to these two sets and were
considered to be the most reliable outliers (Table 3 and Supplementary Table S4). No
fixed SNP allele was observed in any of three taxa that would be absent from the others
(Supplementary Table S5).

Each of the 120 highly divergent outliers was subjected to Gene Ontology annotation.
Sequences from the reference transcriptome (contigs) on which the SNPs were called and
derived from were subjected to OmixBox, where they underwent phases of BLAST search,
GO mapping, gene annotation, InterProScan annotation and final merging of the results
from last two steps. From the initial input 5 contigs yielded no alignment in the xblast
search (additional screening of the expressed sequence tags (EST) database with NCBI
blastn to identify related nucleotide sequences that could substitute the original queries
proved equally inefficient). Furthermore, 15 sequences failed at the BLAST quality filtering,
mapping or annotation step, leaving 100 loci that successfully passed the whole annotation
process, described by 239 different GO terms in total (Supplementary Table S4). The
determined gene ontologies represented each of the three general GO domains—biological
processes (BP), cellular components (CC), and molecular functions (MF), and numbers
of terms assigned to sequences varied strongly reaching maximum of 14 ontologies in
one case.
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Figure 4. Outlier SNPs detected by three methods in comparison between populations of dwarf and Pyrenean pine. Three
panels on the left represent outlier markers (significant at p/q value < 0.05—blue and red points, the first values in brackets,
or p/q value < 0.01—red points only, the second values in brackets) revealed by FDist (207/43; top), BayeScan (14/8;
middle) and FLK (178/28; bottom) methods. The right panel with a Venn diagram shows how the results from the less
stringent level of significance in the three analyses overlap. From the output of the FDist method, only SNPs with Fst above
0.02 were considered significant and are colored.

Table 3. Description of sequences containing the eight most credible outlier SNPs differentiating the
two studied mountain pine species.

Sequence Description and Definitions of Related GO Terms
(Order: BP/MF/CC)

AP-4 complex subunit mu:
protein targeting; Golgi to lysosome transport/nd/cytosol;
cytoplasmic vesicle; trans-Golgi network; AP-4 adaptor complex;
clathrin adaptor complex
glucan endo-1,3-beta-glucosidase 8-like:
comp39941_c0_seql carbohydrate metabolic process/hydrolase activity, hydrolyzing
O-glycosyl compounds/anchored component of plasma membrane
heavy metal-associated isoprenylated plant protein 36-like:
metal ion transport/metal ion binding/nd
protein strictosidine synthase-like 3
biosynthetic process/strictosidine synthase activity /nd
phosphatidate phosphatase PAH2-like:
hydrolase activity/cellular metabolic process/nd
unknown:
comp52994_c0_seq1 transcription coregulator activity /regulation of transcription,
DNA-templated /nd
aminodeoxychorismate synthase, chloroplastic isoform X1:
biosynthetic process; carboxylic acid metabolic process/nd/nd
serine/threonine-protein kinase VPS15-like isoform X1:
protein kinase activity; protein binding; endosome;
comp54487_c0_seq1 autophagy/vacuolar transport;
phosphorylation/phosphatidylinositol 3-kinase complex, class III;
intracellular transport

Sequence Name

comp20176_c0_seq1

comp41821_c0_seql
comp44835_c0_seq1

comp50552_c0_seq1

compb53610_c0_seq1

BP—Biological Process; CC—Cellular Component; MF—Molecular Function; nd—no data for particular
GO domain.
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Three comparisons among Scots and mountain pines (MU vs. S, M vs. S, and U
vs. S) yielded only one marker that was supported by them all, and it was the singular
marker that diverged between dwarf and Scots pines. This particular SNP was observed
in a transcript (comp28590_c0_seql) with very good xblast and annotation quality. The
sequence was described as photosystem I P700 chlorophyll A apoprotein A2 (phyA), an
integral component of the thylakoid membrane, which participates in electron transfer
during photosynthesis. Except for that particular sequence, both alpine taxa were differen-
tiated from Scots pine in 34 other loci, of which 29 were correctly annotated. Half of these
markers (17) were also found at variance in Pyrenean pine and its lowland relative when
they were analyzed independently along with 12 additional outlier loci not found in any
other comparison (Supplementary Table S4).

From genes with SNPs differentiating two focal pines, 241 terms were elucidated.
More of the ontologies belonged to MF (45 different terms found for 50 out of 64 efficiently
annotated transcripts) and BP domains (42 terms for 48 transcripts) than were affiliated
with CC (23 terms found for 38 sequences). Molecular functions were most commonly
represented by the binding of organic cyclic compounds, heterocyclic compounds, or
ions and by transferase, transcription regulator, and catalytic activities (Supplementary
Figure S7). Among biological processes, metabolic processes (organic substances, cellular,
primary, or nitrogen compound metabolic processes) and biosynthesis were most heavily
represented. Gene products of the sequences with outlier SNPs identified were located
mainly in organelles, the membrane, often constituting its intrinsic components, and
cytoplasm. In addition to examining the most frequent ontologies, we also inspected the
GO terms identified for the eight most significant outliers (Table 3), which were supported
by all three methods applied for detection and, in most of the cases, were significant at p/q
value of 0.01 too.

3. Discussion
3.1. Discrimination of the Species

In this study, we analyzed genetic relationships between a pair of closely related
coniferous taxa—dwarf mountain pine and Pyrenean mountain pine. Studies of the
adaptive variation of these species are especially important due to environmental changes
and ongoing habitat loss in mountainous areas. Although these taxa face rather similar
environmental pressures and share a common genetic background [25,31], they differ
significantly in a number of characteristics and are widely recognized to be two separate
taxa [38]. For evolutionary assessments we used a novel SNP array and the reference Scots
pine to, first, determine the discrimination power of this new tool in the studied system,
and to elucidate the genetic differentiation and divergence of these species. We further
looked for candidate loci that could be responsible for ecological adaptation and speciation
of these pines.

The number of finally used markers (6003 SNPs) appeared low compared to the
number of those primary arranged on the array (almost 50 thousand). This drop was a
result of a combination of factors, first of all of a medium-low conversion rate on the test set
of samples (about 42%, better described in [35]). The second drop, from the 20,795 markers
that passed the initial test, to the final six thousand, resulted from the worse quality of
P. mugo genotyping in this study, probably an outcome of imbalanced mixing of species
samples during array development. To keep as many individuals of this focal species as
possible, we made a trade off on the number of markers, excluding those that performed
the worst in P. mugo.

Patterns of genome-wide polymorphism at a set of nuclear SNPs in the analyzed
pines showed that most variation (over 73% in AMOVA analysis) was distributed within
populations. This result is in line with patterns previously found in the case of pollen trans-
mitted chloroplast markers [16,30,39] and biparentally inherited nuclear loci [25,26,31], but
is different from those observed in less mobile, seed-mediated mitochondrial genomes [17].
The levels of variation were comparable between species, and there were relatively low
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numbers of unshared polymorphisms detected in species and individual populations. The
genetic diversity was sufficient, however, to delineate three investigated taxa and many of
their populations, supporting the genetic differentiation between specimens of the Scots
pine and two mountain pine species. Moreover, although some particular interspecies
pairwise population comparisons deviated from the general pattern, populations within
the P. mugo complex exhibited more common variants and their allele frequencies were
more evenly distributed, as observed in distance and differentiation indices, than between
any of these samples and the five Scots pine populations.

For the majority of statistical analyses, a closer relationship between Pyrenean pine
and Scots pine was observed, rather than between the latter and dwarf pine, and the
pattern was mostly affected by two Pyrenean pine populations. A close genetic relation
between these taxa, which could have preserved more of the ancestral polymorphisms, was
also observed in earlier comparative analyses of transcriptomes, phenology, and certain
phenotypic traits (growth form and rate, needle characters [18,22,26]). Interestingly, notably
more outliers were found in this instance in comparisons between Pyrenean and Scots
pines than between the reference species and dwarf pine—1 and 35, respectively.

Our study provides a new example [40-42] of a successful application of a genome-
wide scan for delineation of phylogenetic relationships among taxonomically challenging
plant groups which, in this study, were from the P. mugo complex [28,38]. The two sister
taxa appeared separated in multivariate analysis plots, having disjointed 95% confidence
intervals in PCA tests. Definite distinction into two genetically distinct groups was also
determined by Bayesian clustering of dwarf and Pyrenean pines. The species showed
moderate but significant differentiation by AMOVA (Fst = 0.151); moreover, a larger
proportion of variation was found among species (9.14%) than among populations (5.95%).
Similar to previous resequencing studies of nuclear loci [25,31], no fixed differences between
these pines have been demonstrated.

3.2. Inner Genetic Variation of Three Pine Species Populations

Our data showed only minor differentiation between dwarf pine populations. This
differentiation was quite visible in constant homogeneity of dwarf pine samples on STRUC-
TURE charts but was also marked by the lowest values of pairwise Fst estimates—on
average, half the size of that observed in the two other species. Only the Abruzzian site
M16 emerged as an individual cluster in Bayesian clustering under K = 7. Earlier studies
showed that trees from that population exhibit many phenotypic [18,21] and genetic [43,44]
characteristics of Pyrenean pines. The present investigation on nuclear markers, however,
cannot conclusively confirm the introgression hypothesis, as the population as a whole
did not differ from others of its species, neither being more distant nor showing excep-
tional pairwise Fst estimates. This population also did not show signs of closer affinity
to Pyrenean pine such that more than that one specimen from this stand was grouped
with samples of the sister species in PCoA analysis (Figure 2) and on charts obtained from
STRUCTURE (Figure 3 and Supplementary Figure S5). Therefore, the characteristics of
this population most likely result from its isolation in remote location [14,45], rather than
inflow from Pyrenean pine. Apart from that finding, in multivariate analyses focused on
two mountain species another stand; namely, M8 from the Dinaric Alps, displayed some
distinction. Nevertheless, on both variants of UPGMA trees all dwarf pine sites constituted
one coherent group, which appeared to have formed in a relatively short and distant period
of diversification.

More differentiated were populations of Pyrenean pine. Each of the populations
displayed some symptoms of inner variation or stronger differentiation from others on
STRUCTURE plots, and the highest mean within and between group distances were ob-
served in this species and its populations. Two sets of populations, one including Pyrenean
sites and the other composed of stands in Massif Central and Sierra de Gudar, were distin-
guished by the Bayesian method and multivariate tests. Further differentiation of these
populations was observed in the Pyrenean cluster, with the northwestern population U23
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being distinct from two Andorran sites, which was in keeping with prior observations of a
significantly slower growth rate of pines in this region [22].

Two remote Pyrenean pine stands from France and southern Spain (U24 and U28,
respectively) appeared particularly similar to each other, as they grouped together on
PCA and PCoA plots, the phylogenetic dendrograms, and equally clearly in STRUCTURE
analysis. These stands also exhibited the greatest diversities of individual genotypes, well
expressed in measures of heterozygosity and on PCA plots. Moreover, the two populations
were characterized by considerably higher similarity to Scots pine, and on the UPGMA
tree with all three taxa included, they were even located at the branch specific to Scots
pine. Distinctness of the two stands and their striking genetic similarity, especially in
the context of significant mutual geographical distance, was observed earlier based on
mitochondrial and chloroplast markers [17,30,39] and some biometric traits [18], suggesting
a long evolutionary relationship and/or past introgression, especially since plausible
mixing of Pyrenean and Scots pines within stands in Massif Central has already been
considered [17,24].

Although Scots pine was not the focal species in our study, some observations regard-
ing its genetic variation may be noted based on the conducted analyses. Distinct patterns
of differentiation of populations within species were obtained using our two approaches.
Estimates based on numbers of nucleotide differences (dy,) showed little variation among
Scots pine populations compared to the other taxa, whilst conclusions based on allele
frequency differentiations (Fst) indicated that this species is the least consistent of all.
Although Scots pine appeared very consistent not only on the UPGMA tree but also on the
plots obtained with multivariate analyses, STRUCTURE showed divergence of the Iberian
Peninsula population (S37) that also exhibited the highest Fst in pairwise tests in relation
to provenances of its own and of other species, which can be interpreted as a signal of its
stronger spatial isolation from other species’ sites [46].

3.3. Candidates for Drivers of High-Altitude Adaptations in the Studied Subalpine Pines

Loci, from which the 35 outlier SNPs differentiating two mountain species from the
reference taxon were derived may serve as potential targets of selection that have shaped
today’s diversity of these pines. Transcripts for which gene ontology annotation was
possible primarily represent proteins taking part in photosynthesis, cell redox homeostasis,
photorespiration or oxidant detoxification, regulation of transcription and mRNA process-
ing. Some of these genes encoded diverse protein-related agents (with proteolytic, kinase or
methylotransferase activity), molecules participating in transport or in cortical microtubule
organization. The set of identified genes corresponds to previous studies in alpine conifers
and other plants, in which the existence of various adaptive strategies for reducing pho-
todamage (a serious stressor under extended periods of high irradiance, reduced partial
pressure of CO,, and low temperature, which are often present in high-altitude areas) has
been demonstrated [47-53].

Transcripts containing outlier SNPs identified between dwarf and Pyrenean pines
were commonly involved in metabolic and biosynthetic processes. The largest group,
representing approximately one-third, was related to gene expression, and the others
were responsible for the metabolism of proteins, nitrogen compounds or phosphorus,
transport, and responses to stimuli. Complementarily, the prevailing molecular functions
of genes were related to nucleic acid binding and transcription regulator activities. Other
frequent MFs were associated with metal ion binding, protein binding and diverse catalytic
activities. Additionally, one of the most significant outliers observed in this study (see
comp52994_c0_seql in Table 3) and a homeobox domain-containing protein discovered as
strongly diverged in previous interspecies studies on these pines (marker Pr1_10 in [31])
are also both involved in the regulation of transcription. This finding indicates that an
important role is played by the differentiated expression of genes in the evolutionary
history of the studied organisms and may partly explain the overall low differentiation
of these species at the sequence level [31]. This finding may also indicate an important
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role played by the phenotypic plasticity mediated by transcriptional regulation in diverse
responses of these pines to changes in environmental conditions [54,55]. Clearly, more
detailed comparative transcriptomic studies are warranted, for which the foundation has
already been established [26].

Along with the mentioned transcript encoding homeobox domain containing protein,
seven other sequences containing SNPs that were highly diverged between two moun-
tain pines, supported by three methods and significant at the 1% level, were annotated
as follows: AP-4 complex subunit mu, glucan endo-1,3-beta-glucosidase 8-like, heavy
metal-associated isoprenylated plant protein 36-like, strictosidine synthase-like 3 protein,
phosphatidate phosphatase PAH2-like, aminodeoxychorismate synthase (chloroplastic iso-
form X1) and serine/threonine-protein kinase VPS15-like (isoform X1). The first molecule
is an element of the adaptor protein (AP) complex and most likely functions as a vesicle
coat component involved in targeting proteins from the trans-Golgi network (TGN) to the
endosomal-lysosomal system [56,57], thereby participating in the regulation of intracellular
transport. The second protein, recognized as glucan eno-1,3-beta-glucosidase 8, is an en-
zyme with hydrolase activity bound to the extracellular side of the lipid bilayer of the cell
membrane. This protein catalyzes hydrolysis of beta-D-glucose units from the nonreducing
ends of 1,3-beta-D-glucans, thereby releasing glucose. This protein was previously found
to exhibit significant covariance with altitude and/or be related to drought stress responses
in plants [58], including conifers Pinus pinaster [59] and Abies alba [60,61]. This protein was
also indicated to be a climate-related candidate gene subjected to differentiating selection in
two closely related Asian species of high- and low-altitude pines, namely, Pinus hwangsha-
nensis and P. massoniana [62]. Although both species investigated in this study are restricted
to mountain conditions, divergence observed between them and not between them and
the reference Scots pine populations may indicate the importance of the water conditions
in the speciation history of Pyrenean and dwarf pines. Another candidate was found
among members of a large family of heavy metal-associated isoprenylated plant proteins
(HIPPs). These metal ion-binding and transporting molecules (metallochaperones) play
important roles in the development of vascular plants and their responses to environmental
changes [63]. The molecules generally act in two ways, being involved in either heavy
metal homeostasis and mechanisms of detoxification (in particular, tolerance to cadmium)
or in the regulation of transcriptional responses to cold and drought. Strictosidine synthase-
like 3 protein, as its name suggests, participates in biosynthesis of strictosidine, a precursor
molecule in the monoterpenoid indole alkaloid biosynthesis pathway; however, according
to Hicks et al. [64], this protein may catalyze hydrolytic reactions typical of other members
of functionally diverse N6P superfamily [65], to which strictosidine synthase-like proteins
belong; therefore, its role remains unclear. Another outlier-containing transcript identified
in this study in comparisons of two mountain pines was described as potentially encoding
phosphatidate phosphatase PAH2. This enzyme regulates cellular metabolic processes
through catalysis of the dephosphorylation of phosphatidate, thereby yielding diacylglyc-
erol. PAH2 represses the biosynthesis of phospholipids at the endoplasmic reticulum, and
is involved in galactolipid synthesis, which is required for membrane remodeling [66]. This
mechanism is considered an essential adaptation to cope with phosphate starvation [67],
and although the chemical composition of the substrates on which the two studied plants
grow was not specifically tested previously, it would be worthwhile to investigate whether
the soil conditions or mycorrhizal symbionts do play important roles as ecophysiological
factors determining the speciation of these pines [68-71]. Aminodeoxychorismate synthase
(chloroplastic isoform X1) participates in carboxylic acid metabolic processes in plastids,
where it catalyzes the biosynthesis of 4-amino-4-deoxychorismate and L-glutamate from
chorismate and glutamine, part of a pathway for the biosynthesis of para-aminobenzoic
acid, a precursor for folate production [72]. Folates constitute an essential family of cofac-
tors, and are involved in virtually every aspect of plant physiology [73,74]. Disturbances
in folate metabolism usually strongly inhibit growth of a plant; therefore, their altered
function could be responsible for the dwarfism of the dwarf pine. The last of the eight most
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significant outliers was found in the transcript for a protein similar to serine/threonine-
protein kinase VPS15. This enzyme is located in endosomes and is required for transport
from cytoplasm to vacuole and for autophagy, while autophagy has been shown to per-
form numerous functions, both in normal plant growth and development and in the plant
response to environmental stresses [75,76].

Considering that these species exhibit substantial distinctions in growth forms, some
anatomical and morphological traits and phenology, certain genes may be responsible for
the observed diversity. Good candidates could potentially be among factors regulating the
development and receptivity of individuals to periodic life cycle events, such as different
kinds of phytohormones. Among the uncovered outliers, only three annotated sequences
matched the prediction directly; one was annotated as the ethylene-responsive transcription
factor ERF112, and the other two were transcription factors acting in response to gibberellins
(two isoforms of scarecrow-like protein 3 (scl3)). Although the role of the first protein is
less clear, the involvement of gibberellin signaling pathways is notable. Gibberellins (GA)
constitute a group of plant hormones important for the regulation of various developmental
processes, such as flowering, germination, senescence of fruits and leaves, dormancy
or stem elongation; therefore, genes affected by GA appear to be likely candidates for
controllers behind the observed shifts in phenology and phenotypes of pines. Mutants
in GA biosynthesis and downstream responses have been observed in a variety of taxa,
often causing dwarfism or semi-dwarfism of plants, including alpine plants [77,78]. The
role played by scl3 in enhancing dwarf phenotypes of GA signaling pathway mutants was
already shown in Arabidopsis [79]. Alpine dwarfism is a widely observed phenomenon
of plant height decrease along altitudinal gradients, often regarded as an evolutionary
adaptation to extreme environmental conditions, enabling plants to take advantage of
higher ambient temperatures near the ground, reduce evaporation, counteract mechanical
damage from wind or snow cover, and invest more resources in reproduction [78]. It
was formerly reported for other shrubby alpine pine species—Pinus pumilla in Asia, that
their mean stem height was approximately four-fold lower at the upper distribution limit
(49 cm) than at the lower limit (187 cm), and the ratio of stem height to length was also
lower at the upper distribution boundary [80]. Moreover, it was demonstrated that the less
developed stature of scrubs at the upper distribution limit was due to shorter stem age,
more creeping stems and lower shoot elongation rates. This latter finding fits well with
the known role of gibberellins in regulating the elongation of shoots [81,82], among others,
in pines [83], suggesting that the scl3 protein may be involved in shrubby and prostrate
development of dwarf pine, which is not observed in Pyrenean mountain pines. However,
it is interesting that the same two outliers were not found in comparisons between dwarf
and the reference Scots pine. The above candidate genes represent good targets for further
nucleotide polymorphism and gene expression studies that may be equally important in
the development of adaptive divergence among these species.

In the future, information regarding the patterns of expression of genes important in
speciation history, including those demonstrated here, and of epigenetic marks could help
to elucidate the evolutionary trajectories of these plants. As these differences cannot be
fully explained by nucleotide variation alone, these factors are usually important drivers of
phenotypic and phenological variation in long-lived, sessile organisms. A better ecological
description of habitats occupied by mountain species is needed because more detailed
eco-physiological findings may help to elucidate the mechanistic connection between the
identified diverged sequences and the selection pressures acting on the trees. Moreover,
correlation studies conducted on a larger set of populations to check if the environmental
factors and genetic diversity of investigated pines vary dependently would be required,
with special focus on the revealed outlier sequences. Another, well-suited test for altitude-
related adaptations could incorporate association studies performed on repeated pairs of
genetically homogenous populations, coming from lower versus higher altitude locations.
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3.4. Conclusions

The nuclear loci investigated in this study showed largely homogeneous patterns of
variation between the taxa; nevertheless, using a novel set of SNPs, we managed to delin-
eate the three species. Differentiation within species appeared moderate; however, some of
the patterns of population structure appeared consistent between analyses, especially the
differentiation found in the Pyrenean pine population. The outlier loci possibly targeted by
selection and variable between two mountain species and the reference, represented two
main groups of biological functions—were involved either in oxidation-reduction processes
or regulation of transcription, including transcripts engaged in the gibberellin signaling
pathway, known of its important function in plant development and of its connection with
dwarf phenotypes, which are important adaptations observed in high-mountain species.

Considering the longevity of pines, their predominantly outcrossing mating system
with considerable pollen transport abilities and effective population sizes, our results
indicate that the SNP array, providing genotyping data directly comparable between
different experiments, may serve as a new diagnostic tool enhancing the discrimination
power of previously limited biometric and genetic features of the species that may be useful
in a variety of applications in population genetics.

4. Materials and Methods
4.1. Materials

Specimens of three closely related European pine species, i.e., dwarf mountain pine
(Pinus mugo Turra), Pyrenean pine (P. uncinata Ramond), and Scots pine (P. sylvestris L.)
were investigated. Initially, cones from five mother trees, distanced from each other by a
minimum of 50 m, were collected from 14 natural populations of the taxa—four or five
stands per species. The formal biometric identification of the mother trees was conducted
by Prof. Krystyna Boratyniska from the Institute of Dendrology, Polish Academy of Sciences,
who generously shared the material (in case of this collection, no voucher specimen has
been deposited in the Institutes” herbarium). Seedlings obtained from the open-pollinated
seeds were grown under unified conditions of a common garden experiment at a glasshouse
facility of the Centre for Ecology and Hydrology, Edinburgh, UK (for more details about the
samples, see Wachowiak et al. [22]). From the total number of seedlings, 524 individuals
were selected (141 dwarf, 201 Pyrenean and 182 Scots pines), and 22 to 47 samples per
population were collected (Figure 1, Supplementary Table S1).

4.2. SNP Array Genotyping

DNA was extracted from needles using a DNeasy 96 Plant Kit (Qiagen, Hilden,
Germany). Needles were dried on silica gel prior to extraction and DNA was quantified
using a Qubit spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) to
ensure a minimum standardized concentration of 35 ng/uL. We genotyped 49,829 SNPs
that were used for the development of the Axiom_PineGAP SNP array (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Details about the array design and initial quality
assessments performed on the called SNPs are described in Perry et al. [35]. Briefly, the
array comprises polymorphisms from transcriptome sequencing [26] and candidate genes
resequenced in previous population genetic studies of pine species [28,84-86]. Genotyping
was performed at Edinburgh Genomics following DNA amplification, fragmentation,
chip hybridization, single-base extension through DNA ligation, and signal amplification
performed according to the Affymetrix Axiom Assay protocol. Genotyping was performed
in 384-well format on a GeneTitan (Thermo Fisher Scientific Inc., Waltham, MA, USA)
according to the manufacturer’s procedure. Genotype calls were obtained using Axiom
Analysis Suite v.4.0.3.3 software as recommended by the manufacturer (Thermo Fisher
Scientific Inc., Waltham, MA, USA).

From the initial set of 49,829 SNP markers designed on the array and 20,795 loci
that passed basic quality tests (details available in [35]), the number of markers was
further reduced by removal of (1) redundant SNPs developed from the same original
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sequence, (2) SNPs putatively originating from one of the organelle genomes, (3) SNPs
that were monomorphic or did not pass the threshold of 1% minor allele frequency (MAF),
and (4) loci with more than 15% missing data. In detail, the first step was taking one,
randomly chosen, marker per contig to ensure independence between polymorphisms.
Although pines are generally known for their rapid LD decay, given the limited infor-
mation regarding the physical connection of the SNPs, we preferred to choose conserva-
tive approach eliminating possible effects of linkage on the analyses, even at a cost of
weaker association signal. Additionally, individuals with genotypes missing at more than
15% of SNPs were also rejected. Different cut-off levels were tested (between 5% and
20%), and the chosen levels (15% per loci and 15% per individual) were considered to
be the most reasonable trade-off between the quality of genotyping data and the num-
ber of excluded markers and samples. Data processing was performed using PLINK
v.1.07 (http://pngu.mgh.harvard.edu/purcell/plink/, accessed on 29 August 2019; [87]),
PGDSpider v.2.1.1.5 (http:/ /www.cmpg.unibe.ch/software /PGDSpider/, accessed on 30
June 2017; [88]), and R v.3.6.1 (https:/ /cran.r-project.org/bin/windows/base/old/3.6.1/,
accessed on 22 July 2019; [89,90]).

4.3. Analysis of Genetic Diversity, Differentiation, and Population Grouping

We calculated several statistics of genetic diversity of the SNP dataset to assess the
overall level of variation within the whole sample and on the species and population levels.
Within each analyzed combination of samples, we checked (1) percentage of polymorphic
sites (%P), (2) number of private polymorphisms (Sp), (3) mean within group distance (d),
(4) observed heterozygosity (Ho), (5) unbiased expected heterozygosity (1He) taking into ac-
count sample sizes, and (6) fixation index (F). Calculations of %P, Sp, Ho, uHe and F were con-
ducted in GenAlEx v.6.503 (https://biology-assets.anu.edu.au/GenAlEx/Welcome.html,
accessed 4 December 2016; [91]), and of d in MEGA v.7.0.21 (https:/ /www.megasoftware.net/,
accessed 15 March 2017; [92]).

To reconstruct the genetic structure of the analyzed group of populations, and thereby
to assess the robustness of our SNPs set in terms of discrimination power for studied
populations and species and to delineate more subtle genetic relationships among them,
we employed a number of clustering methods. In these tests, we checked the distribu-
tion of genetic variation among different levels of the population hierarchy, i.e., among
(1) the three species (herein MUS), (2) two mountain pines vs. Scots pine (MU vs. S),
(3) two focal species (M vs. U), (4) dwarf vs. Scots pine (M vs. S), (5) Pyrenean vs.
Scots pine (U vs. S), and (6) populations within each taxon separately afterwards (M,
U, S). To investigate whether populations tend to group by species identities or other
patterns, the unweighted pair group method with arithmetic mean (UPGMA) phyloge-
netic tree was calculated based on the mean between population distances (dy,) in MEGA,
both for three species and for the two mountain pines only. Differentiation of popu-
lations was investigated by the hierarchical analysis of molecular variance (AMOVA)
using Arlequin v.3.5.2.2 (http://cmpg.unibe.ch/software/arlequin35/, accessed on 15
March 2017 with updates; [93], and Fst statistics between pairs of populations or pairs
of species were estimated in this package. We also verified these relationships by con-
ducting two variants of multivariate analysis [94] in the adegenet package for R v.2.1.3
(http://adegenet.r-forge.r-project.org/, accessed on 13 October 2020; [95,96]). First, prin-
cipal component analysis (PCA) was employed, using Edward’s Euclidean distances
between samples. Next, the comparisons were repeated in principal coordinate analysis
(PCoA) with analogous information on the population level, which additionally showed
the distribution of genetic diversity within stands. Allele frequencies were scaled and
centered prior multivariate calculations, and missing data were replaced by the mean
frequencies. Additionally, to verify the hypothesis of isolation by distance (IBD) and
determine if nearby populations have greater genetic similarity than those geograph-
ically separated, we employed Mantel tests [97] to determine the correlation between
genetic and geographic distances among populations. The analysis was performed in
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adegenet, on Edward’s distances with 1000 permutations, and packages MASS v.7.3-
53 (https://CRAN.R-project.org/package=MASS, accessed on 12 October 2020; [98]) and
geosphere v.1.5-10 (https:/ /cran.r-project.org/web /packages/geosphere/index.html, ac-
cessed on 12 October 2020; [99]) were used to manipulate geographical data. Finally,
grouping of the samples was investigated by STRUCTURE analysis with the individual-
based Bayesian clustering method implemented in [100-102]. In these trials, we tested
all 14 populations with K values from 1 to 10. The admixture model with correlated
allele frequencies was chosen, and no prior regarding population origin was used. For
each K, four runs were performed, each staring with 10,000 burn-ins followed by 10,000
iterations. To determine the best K value and the grouping that optimally fit our data,
two attempts were applied: the L(K) method [100] and the Evanno method based on
an ad hoc measure of the rate of change in the log probability of data between subse-
quent K values—DeltaK [103]. Both were run with STRUCTURE HARVESTER v.0.6.94
(http:/ /taylor0.biology.ucla.edu/structureHarvester/, accessed 26 June 2020; [104]),
while the results of the analyses were plotted using STRUCTURE PLOT v.2.0
(http:/ /omicsspeaks.com/strplot2/, accessed 11 July 2020; [105]). An analogous model-
based Bayesian test was performed for representatives of the Pinus mugo complex only to
more specifically investigate the discrimination power of the array within this aggregate.
In this case, K values between 1 and 9 were inspected, with each employing four runs with
the same parameters as above.

4.4. Outlier SNP Detection and Functional Annotations

To identify putative selection targets differentiating inspected taxa, we searched for
outlier SNPs among them, comparing allele frequencies in four setups: (1) MU vs. S,
(2)Mvs. S, (3) Uvs. S, and (4) M vs. U. For the analysis, we used three methodological
approaches, all based on Fst statistics, namely, FDist, BayeScan, and FLK (for comparison of
the methods please see [106]). Tests implementing the FDist method were run in Arlequin;
for comparisons, we set a hierarchical island model with populations nested in species.
Parameters were set to 100,000 coalescent simulations, with 100 dems simulated per group
and 10 groups; pairwise differences were used as the distance method for AMOVA calcula-
tions. The SNP data were considered multilocus with an unknown gametic phase, and the
allowed missing level per site was changed to 0.1. For BayeScan calculations run within
BayeScan v.2.1 (http:/ /cmpg.unibe.ch/software/BayeScan/download.html, accessed 2
March 2020; [107]), and in the case of analysis implementing the FLK method in hapFLK
v.1.4 (https:/ /forge-dga.jouy.inra.fr/projects /hapflk, accessed 9 March 2020; [108]), we
employed default settings. In the tests, we further focused only on the markers that differ-
entiated our groups, concentrating on potential directional selection targets. We searched
for outliers looking at two levels of significance, where p or g values, depending on the test,
were set to the thresholds of 0.05 or 0.01. We were most interested in these SNPs that were
detected by more than one method at the level of p/g value 0.05 and/or were confirmed on
the more stringent level.

Respective contigs containing outlier SNPs revealed in those comparisons were im-
ported into OmicsBox v.1.2 (https:/ /www.biobam.com/omicsbox/, accessed on 11 June
2020; [109]) and analyzed for Gene Ontology (GO) terms [110,111]. Although the tran-
scripts were already annotated in 2013 at the phase of the original RNA-Seq assembly [26],
we decided to repeat the analysis for this small subset of sequences, as the GO vocabularies
are continuously updated. We followed the standard procedure of (1) BLAST—finding
sequences similar to the queries; in our case, blastx-fast was used, (2) GO mapping—
retrieving GO terms associated with the hits obtained by BLAST, (3) gene annotation—
assigning selected terms from the obtained GO pool to the query sequences, and (4) In-
terProScan annotation—improving the annotation results by collecting domain/motif
information for analyzed query sequences. Default settings were applied, except that we
narrowed BLAST searches to Viridiplantae (taxon ID: 33090). As successfully annotated,
we regarded only these sequences that were blasted with high confidence (besides default
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filtering, we applied an additional cut-off for mean BLAST similarity above 50%), and
passed two following steps, regardless of the InterPro search support. However, if Inter-
ProScan annotation was effective, the outcomes were merged with those obtained through
basic gene annotation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ijms22073477/s1. Table S1: List and description of 14 source populations from which off-
spring genotypes were investigated in the study; Figure S1: Shared and unique SNP polymorphisms
segregating in populations of dwarf, Pyrenean and Scots pines; Table S2: Distances and differentiation
between investigated pine populations measured by (a) dy,—mean number of differences between
groups, (b) Fst—inbreeding coefficient within subpopulations; Figure S2: Evolutionary relationships
of populations inferred using the UPGMA method calculated on the mean between group distances
(dxy) for (a) three studied taxa, (b) two mountain pines only; Figure S3: Principal coordinate analysis
(PCoA) revealing relationships between 14 studied populations. (a) Discrimination among three
pine species, (b) distinction within the P. mugo complex; Figure S4: Results of clustering analysis
performed with STRUCTURE for 14 studied populations. (a) DeltaK estimates and (b) mean values
of natural logarithm of likelihood, as indicated by STRUCTURE HARVESTER for K groups between
1 and 10. Detailed results of analysis for specific K values: (c) K=6,(d) K=7,(e) K=38, (f) K=9,
(g) K =10; Figure S5: Results of clustering analysis performed with STRUCTURE for 9 populations
of P. mugo complex. (A) DeltaK estimates and (b) mean values of the natural logarithm of likeli-
hood, as indicated by STRUCTURE HARVESTER for K groups between 1 and 9. Detailed results
of analysis for specific K values: (c) K=4, (d) K=5,(e) K=6,(f) K=7,(g) K=8and (h) K=9;
Table S3: Results of Mantel tests verifying the isolation by distance (IBD) hypothesis performed on
Edwards’ genetic and log standardized geographic distances for different combinations of studied
pine populations; Figure S6: Correlation plots of the geographic and genetic distances verifying the
isolation by distance (IBD) hypothesis in three pine species. (a) Mantel test including comparisons
within and between populations of all species, (b) results of three independent tests performed within
taxa; Table S4: Gene ontology (GO) annotation of sequences with outlier polymorphisms detected;
Table S5: Frequencies of outlier SNP alleles; Figure S7: Distribution of the most common third-level
gene ontologies annotated for 64 sequences in which outlier SNPs were detected between dwarf and
Pyrenean pine, shown by domains.
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Table S1. List and descriptions of the 14 source populations from which offspring genotypes were investigated in the study.

Tax. Acr. Geographiclocalization (country code) Latitude Longitude  Alt. N
M8  Dinaric Alps, Durmitor Mts., Meded (ME) 43°09'33"N  19°0527"E 2100 23

S M12 Northern Limestone Alps, Karwendel Mts., Scharnitz (AT) 47°22'42"N  11°17'45"E 1400 42
§ M14 Carnic Alps, Nassfeld Pass, Pontebba (IT) 46°32'45" N 13°15'35"E 1530 37
& Ml16 Central Apennines, Majella massif, Barrea (IT) 41°46'20" N 13°58'30"E 2200 39
Ul7  Eastern Pyrenees, Vall de Ransol (AD) 42°35'02" N 01°3821"E 2025 26

5 Ul8 Eastern Pyrenees, Engolasters (AD) 42°3128"N  01°34'12"E 2000 42
§ U23 Western Pyrenees, La Trapa near Jaca (ES) 42°41'19" N 00°32'12"W 1720 47
§ U24 Sierra de Gudar, Valdelinares (ES) 40°28'49" N 00°41'51"W 2000 40
A U28 Massif Central, Col de la Croix-Morand (FR) 45°36'00" N 02°50'59"E 1400 46
S30  Scottish Highlands, Wester Ross, Shieldaig (GB) 57°30'35" N  05°3824"W 81 22

2 S31  Eastern Scottland, Glen Tanar (GB) 57°02'60" N  02°51'36"W 160 38
g S37  Sierra Nevada, Trevenque (ES) 37°05'47"N  03°32'51"W 1170 45
S S39  Finnish Lakeland, Punkaharju (FI) 61°45'33" N 29°2321"E 80 34
Av 843  Polish Plains, Jarocin (PL) 51°58'20" N  17°28'40"E 120 43

Tax. — taxon name; Acr. — acronym for the population; Alt. - altitude given in meters above sea level; N — number of sampled

specimens.

P. mugo

AVA

P. sylvestris

P. uncinata

Figure S1. Shared and unique SNP polymorphisms segregating in populations of

dwarf, Pyrenean and Scots pines.



Table S2. Distances and differentiation between investigated pine populations measured by (a) dxy - mean number of differences between groups, (b) Fst - inbreeding coefficient within

subpopulations.
@)
MS8 M12 M14 M1ieé u17 U18 U23 U24 U28 S30 S31 S37 S39

Mi12 1313.3

M14 1272.2 1311.5

M16 1307.6 1357.8 1312.1

u17 1454.1 1481.2 1484.0 1488.3

U18 1495.4 1522.7 1524.7 1528.5 1443.5

U23 1525.1 1554.7 1565.6 1562.5 1465.8 1512.1

U24 1474.9 1518.3 1541.5 1536.5 1440.7 1488.6 1459.1

U28 1442.2 1491.1 1519.7 1514.1 1418.4 1468.1 1438.0 1270.9

S30 1681.9 1730.0 1797.8 1775.1 1635.3 1697 .4 16104 1436.1 1343.7

S31 1671.9 17221 1788.4 1763.0 1628.5 1694.8 1607.6 1432.8 1338.3 972.1

537 1697.8 1745.7 1817.5 1790.5 1637.3 1695.9 1605.8 1436.3 1342.6 1006.4 10154

539 1672.8 1723.6 1788.7 1765.8 1642.0 1702.7 1624.2 1451.0 1358.6 1017.1 1013.6 1055.1

543 1687.1 1737.7 1803.3 1779.9 1649.1 1710.5 1626.3 1453.2 1360.1 1009.8 10104 1041.6 1023.1
(b)

MS8 M12 M14 M1ieé u17 U18 U23 U24 U28 S30 S31 537 S39

Mi12 0.015

M14 0.039 0.042

M16 0.029 0.042 0.058

U17 0.096 0.093 0.140 0.114

U18 0.093 0.093 0.136 0.113 0.028

U23 0.127 0.127 0.173 0.147 0.060 0.065

U24 0.149 0.153 0.208 0.177 0.089 0.093 0.090

U28 0.141 0.147 0.205 0.174 0.085 0.089 0.085 0.017

S30 0.382 0.358 0.422 0.381 0.305 0.295 0.270 0.240 0.196

S31 0.370 0.354 0.415 0.377 0.302 0.295 0.269 0.233 0.186 0.048

S37 0.413 0.391 0.451 0.412 0.335 0.322 0.294 0.263 0.218 0.121 0.109

S39 0.348 0.335 0.396 0.359 0.287 0.280 0.258 0.222 0.178 0.066 0.044 0.119

543 0.355 0.344 0.403 0.368 0.294 0.288 0.263 0.226 0.180 0.058 0.041 0.107 0.029
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Figure S2. Evolutionary relationships of populations inferred using the UPGMA method calculated on the mean between group
distances (dx) for (a) three studied taxa, (b) two mountain pines only.
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Figure S3. Principal coordinate analysis (PCoA) revealing the relationships between the 14 studied
populations. (a) Discrimination among three pine species, horizontal axis corresponds to 58.8% of variation
and vertical axis represents further 12.6%; (b) distinction within the P. mugo complex with 44.5% of variation
distributed along horizontal and 16.0% along vertical axis.
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Figure S4. Results of clustering analysis performed with STRUCTURE for the 14 studied populations. (a) DeltaK estimates
and (b) mean values of natural logarithm of likelihood, as indicated by STRUCTURE HARVESTER for K groups between
1 and 10. Detailed results of analysis for specific K values: (c) K=6, (d) K=7, (e) K=38, (f) K=9, (g) K=10. Scale on the left
and vertical bars represent proportion of each genome being composed by variants specific for particular genomes.
Horizontal colour bars at the bottom of each chart label individuals from distinct populations.
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Figure S5. Results of clustering analysis performed with STRUCTURE for 9 populations of Pinus mugo complex. (a) DeltaK
estimates and (b) mean values of the natural logarithm of likelihood, as indicated by STRUCTURE HARVESTER for K
groups between 1 and 9. Detailed results of analysis for specific K values: (¢) K=4, (d) K=5, (e) K=6, (f) K=7, (g) K=8
and (h) K=9. Scale on the left and vertical bars represent proportion of each genome being composed by variants specific
for particular genomes. Horizontal colour bars at the bottom of each chart label individuals from distinct populations.



Table S3. Results of Mantel tests verifying the isolation by distance (IBD) hypothesis performed on

Edwards’ genetic and log standardized geographic distances for different combinations of studied pine

populations.

Populations analysed N r p value
Three species 14 0.465 0.001
P. mugo & P. uncinata 9 0.705 0.005
P. mugo & P. sylvestris 9 0.335 0.021
P. uncinata & P. sylvestris 10 0.398 0.014
within P. mugo 4 0.277 0.291
within P. uncinata 5 0.382 0.142
within P. sylvestris 5 0.506 0.109

N — number of populations tested, r - Pearson correlation coefficient.
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Figure S6. Correlation plots of the geographic and genetic distances verifying the isolation by distance (IBD) hypothesis
in three pine species. (a) Mantel test including comparisons within and between populations of all species, (b) results of
three independent tests performed within taxa: blue dots — dwarf pine, red squares — Pyrenean pine, green triangles — Scots
pine. Regression lines and results of the tests on bottom panel are indicated with respective colours.



Table S4. Gene ontology (GO) annotation of sequences with outlier polymorphisms detected. The green background distinguishes the sequence differentiating Scots pine from two mountain
pines while markers differentiating the latter are fulfilled with blue; eight sequences with the most reliable outlier SNPs supported by all three methods and significant at p/g value <0.01 are given

in bold.

Sequence name

Species comparison

Gene Ontology (GO) annotation

(outlier SNP position) MuosU MUwvsS MwousS UwsS Domains IDs

comp17013_c0_seql (1608) X* BP; CC GO:0005774;,G0O:0016021;GO:0055085

comp18757_c0_seql (2058) x3* X3 BP; MF GO:0008760;,G0O:0019277

comp18889_c0_seql (111) X BP; MF GO:0016567;GO:0016874;GO:0061630

comp18988_c0_seql (2220) X* X* BP; CC; MF G0O:0000287;G0O:0004497,GO:0005524,;GO:0009535,G0O:0009853;GO:0015986;
GO:0016984;G0:0019253;G0:0045261;G0O:0046933;GO:0055114

comp19056_c0_seql (1447) X BP; MF GO:0003712;GO:0006355

comp19359_c0_seq1 (402) X BP; CC; MF GO:0005506;GO:0009055;G0O:0009507;GO:0016021;GO:0022900;GO:0043448

comp19450_c0_seql (1154) X X BP; MF GO:0004252;GO:0006508

comp19472_c0_seql (739) X CcC GO:0016021

comp19700_c0_seql (1179) X BP; CC; MF G0O:0003677;G0O:0003700;GO:0005634;GO:0006355

comp20014_c0_seql (2275) X BP; CC; MF GO:0004675;G0O:0005515;G0O:0005524;GO:0005886;GO:0005975;,GO:0006468

comp20164_c0_seql (232) X BP; MF G0O:0004857;G0O:0043086

comp20176_c0_seq1 (240) X3* BP; CC G0:0005802;GO:0005829;GO:0006605;GO:0030124;G0O:0030131;GO:0031410;
GO:0090160

comp20234_c0_seql (1126) X BP; CC G0O:0005739;G0O:0016554;GO:0080156

comp24802_c0_seq1 (1869) X BP; MF GO0:0005985;G0:0016157,GO:0046524

comp25462_c0_seq1 (100) X BP; CC; MF GO:0001671;G0O:0005829;GO:0006457;G0O:0032781;GO:0051087;GO:0051879

comp261721_c0_seql (255) X CC GO:0016020

comp27292_c0_seq1 (1521) X BP; CC; MF GO0:0002184;G0:0005829;G0O:0016149;G0O:0018444;G0O:1990825

comp28590_c0_seq1 (1341) X* X X* BP; CC; MF GO0:0000287;G0O:0008137;GO:0009055;G0O:0009522;GO:0009535;G0O:0015979;
GO0:0016021;GO:0016168;G0O:0018298;G0O:0022900;GO:0048038;GO:0051539

comp29118_c0_seq1 (688) X BP; CC; MF GO:0006629;G0O:0016021;,G0O:0016491;,GO:0055114

comp29127_c0_seql (671) X BP; CC;, MF GO:0000209;GO:0005515;G0O:0005524,;GO:0005783;G0O:0016021,GO:0016874;
GO0:0030433;G0:0042631;G0O:0061631;G0O:1902457

comp30050_c0_seq1 (910) X X BP; MF GO:0003700;GO:0006352;GO:0006355

comp31542_c0_seql (466) X BP; CC; MF GO:0003700;GO:0005634;G0O:0006355;GO:0009739;GO:0043565

comp31770_c0_seq1 (1348) X BP; MF GO:0003700;GO:0006355

comp33894_c0_seq1 (1936) X BP; CC; MF GO:0004672;G0O:0005515;G0O:0005524;GO:0006468;GO:0016020;GO:0016491

comp34171_c0_seql (187) X BP; CC; MF GO:0004674;G0O:0005524;G0O:0005634;GO:0006357;,GO:0006468

comp35189_c0_seq1 (1282) X BP; CC; MF GO0:0003333;G0:0005886;G0O:0015171;GO:0016021

comp35641_c0_seql (1756) X MF GO:0046983



comp35702_c0_seql (1216)
comp358563_c0_seql (135)
comp36656_c0_seql (1022)
comp36690_c1_seql (361)

comp36863_c0_seql (1165)

comp37364_c0_seql (613)
comp37406_c0_seql (254)
comp37651_c0_seql (1062)
comp38584_c0_seql (1237)
comp38629_c0_seql (349)
comp38943_c0_seq1 (866)
comp39941_c0_seq1 (1816)
comp40569_c0_seql (764)

comp41803_c0_seql (1452)
comp41821_c0_seq1 (413)
comp423545_c0_seql (183)
comp42606_c0_seql (1061)
comp42726_c0_seql (307)
comp42805_c1_seql (2699)
comp42950_c0_seql (425)

comp43820_c0_seql (103)
comp44465_c0_seql (1110)
comp44835_c0_seq1 (339)
comp44981_c0_seq1 (281)
comp45024_c0_seql (839)
comp45463_c0_seql (2507)
comp45510_c0_seq1 (218)
comp45924_c0_seql (434)
comp46344_c0_seql (1108)
comp47007_c0_seql (1300)
comp47328_c0_seql (518)
comp47467_c0_seql (1161)
comp47663_c0_seql (1253)

X3

X3+

X*

X3

X*
X3

X3

X3
X3

X>(-

X*

X*

X3+

X3*
X3*

X*

BP; MF

BP; CC

CcC

CC; MF
BP; CC; MF

CC

BP; CC

BP; MF

BP; CC; MF
BP; CC; MF
BP; CC; MF
BP; CC; MF
BP; CC; MF

BP; CC; MF
BP; MF
BP; ME
BP; MF
BP; MF
BP; MF
BP; MF

BP; MF

BP; MF

BP; MF

CC

MF

BP; MF

MF

BP; MF

BP; CC

BP

BP; CC; MF
BP; CC; MF
CC; MF

GO:0004190;GO:0006508,GO:0006629,GO:0030163

GO:0010005;GO:0043622

GO:0009507

GO:0005794;GO:0008168;GO:0016020
GO:0005515;G0O:0005643,GO:0005654;GO:0005829;GO:0006607;GO:0008139;
GO:0042025;G0O:0061608

GO:0016021

GO:0043622;,GO:0110165
GO:0016206;,GO:0019438,G0O:0032259;G0O:0046983;G0O:0102084;GO:0102938
GO:0004674;GO:0005524;G0O:0005634;GO:0005737,GO:0005886;GO:0006468
GO:0005506,GO:0016021,GO:0016705,GO:0020037;GO:0055114
GO:0005634;G0O:0043565;G0O:0045893;GO:0046982
GO0:0004553;G0:0005975;GO:0046658
GO:0004656,GO:0005506,GO:0005783;GO:0016021,GO:0018401;,GO:0031418;
GO:0055114

GO:0005737,GO:0006511;G0O:0016021,G0O:0043231;GO:0061630
GO0:0030001;,GO:0046872

GO:0004190;GO:0006508

GO:0009055;G0O:0015035;G0O:0022900,GO:0045454

GO:0004252;GO:0006508

GO:0003700;GO:0006355;,GO:0043565
GO:0000155;GO:0000160;,GO:0006355,GO:0009584;GO:0009585;GO:0009881;
GO:0017006;,GO:0018298,G0O:0023014,;G0O:0042803
GO:0006482;GO:0016740;,GO:0051723
GO:0016702;GO:0046872;GO:0055114

GO0:0009058,GO:0016844

GO:0016021

GO:0003677

GO:0008143;G0O:0043488,GO:1900364

GO:0003824

GO:0003712;G0O:0009910;,GO:1903506

GO0:0016020;G0O:0071782,GO:0071786

GO:0001522

GO:0006857;G0O:0015333;G0O:0016021,G0O:0042937,GO:0055085
GO:0005525;G0O:0005737;GO:0006886,GO:0016192
GO:0005737;GO:0008168,GO:0016020



comp48051_c0_seql (220)
comp48330_c0_seq1 (140)
comp48723_c0_seq?2 (83)
comp48942_c0_seql (1943)
comp49679_c0_seql (4572)
comp49745_c0_seql (703)
comp49772_c0_seql (1003)
comp50296_c0_seq1 (1883)

compb0473_c0_seql (669)
comp50552_c0_seq1 (1098)
comp50851_c0_seq1 (996)
comp50905_c0_seq4 (942)
compb1215_c0_seql (1350)
comp51336_c0_seql (1958)
comp51669_c0_seq1 (313)
comp51783_c0_seq1 (508)

comp52585_c0_seql (127)

compb2700_c0_seql (1559)
comp52994_c0_seq1 (245)
comp53206_c1_seql (1087)
compb3528_c0_seql (1313)
compb3591_c0_seql (320)
comp53610_c0_seq1 (276)
compb3749_c0_seq7 (2413)
compb3870_c0_seql (109)
comp54118_c0_seq1 (2585)
comp54487_c0_seq1 (3338)

comp55083_c0_seql (1074)
comp56793_c0_seq1 (670)
comp57453_c0_seql (2049)
comp58612_c0_seql (681)
comp59746_c0_seql (1253)

X3

X3

X X X X

P

X>(-

XX-

X3+

X*

CC

BP; MF

BP; CC; MF
BP; MF

BP; MF

BP

BP; MF

BP; CC; MF

BP; CC; MF
BP; MF

MF

BP; MF

BP; MF

BP; CC; MF
BP; CC; MF
BP; CC; MF

BP; CC; MF

CC; MF

BP; MF
CC; MF

MF

CC; MF

BP

BP; MF

BP; CC; MF
MF

BP; CC; MF

MEF

BP; CC; MF
BP

BP; CC

BP; CC; MF

GO:0016020

GO:0004096,GO:0005515;G0O:0020037;G0O:0055114;GO:0098869
GO0:0003735;G0O:0006364;GO:0006412;GO:0022627;G0O:0032040;GO:0042274
GO:0003700;GO:0006355;G0O:0043565
GO:0004674;G0O:0005524;G0O:0018105;GO:0018107

GO:0006355

GO:0006807;GO:0016151
GO:0001193;G0O:0003676;GO:0003899;GO:0005665;GO:0005730,GO:0006283;
GO:0006367;G0O:0006379;G0O:0008270;GO:0016021
GO:0003700;GO:0005634;GO:0030154;GO:0043565

GO0:0016787;G0O:0044237

GO:0000166;GO:0047710

GO:0006479;GO:0008276

GO:0006810;GO:0022857
GO0:0004497;G0O:0005506;GO:0016021;GO:0016705;GO:0020037;GO:0055114
GO:0003723;G0O:0005654;G0O:0043484;GO:1990904
GO:0005829;G0O:0009854;GO:0016618;G0O:0030267;GO:0047995;GO:0051287;
GO:0055114;G0O:0102742
GO:0004160;GO:0005507;GO:0009082;GO:0009553;GO:0009555;GO:0009570;
GO:0009651;GO:0048364

GO:0003677;GO:0005634;G0O:0042025;GO:0046872

GO0:0003712;GO:0006355

G0:0003924;G0:0005525;G0O:0005739

GO:0003676

GO0:0003677;G0O:0005515;GO:0005634;GO:0042025

G0:0009058;GO:0019752

GO:0003676,G0O:0006397,GO:0046872
GO0:0004222;GO:0006508;GO:0006518;GO:0009507;GO:0016021;GO:0046872
GO:0005515
G0:0004672;GO:0005515;GO:0005768;GO:0006914;GO:0007034; GO:0016310;
GO0:0035032;GO:0046907

GO:0003676
GO:0006605;,G0O:0009306,GO:0009535,G0:0015450,GO:0016021;,GO:0071806
GO0:0007275,G0O:0030154
GO:0005789;G0O:0005886;G0O:0016021;GO:0061817;GO:0090158
GO0:0005829;G0O:0006508,G0O:0016920



comp59967_c0_seql (1910)
comp60629_c0_seql (1021)
comp61109_c0_seq1 (1237)
comp63308_c0_seql (1097)

comp64225_c0_seql (1194)
comp71632_c0_seql (1208)

comp?72132_c0_seql (584)

comp74829_c0_seq1 (165)
compl178_c0_seql (146)
comp166107_c0_seql (81)
comp19558_c0_seq1 (688)
comp21559_c0_seql (165)
comp227564_c0_seql (556)
comp29071_c0_seql (277)
comp37643_c0_seql (1161)
comp39687_c0_seql (706)
comp40831_c0_seq1 (622)
comp43127_c0_seq1 (312)
comp45714_c0_seql (1064)
comp48574_c0_seql (1639)
comp49514_c0_seql (63)
comp49840_c0_seql (2135)
comp51626_c0_seql (1245)
comp52601_c0_seq1 (205)
comp58030_c0_seq1 (550)
comp66672_c0_seql (661)
0_4394_01_1 (522)
CL12234_1_1 (626)

X X X X X

X

X3 X
X X*
X
X X
X>(-
X
X
X
X
X
X
X X3*

BP; MF

BP; CC; MF
MEF

BP; CC

MF
BP; CC; MF

BP; CC; MF

BP; CC; MF

undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined
undetermined

GO:0003700;GO:0006355

GO:0015095;G0O:0015693,GO:0016021

GO:0005515
GO:0000398;G0O:0000932;GO:0005688,GO:0046540;GO:0071011;,GO:0071013;
GO:1990726

GO:0003700
GO:0000014;GO:0000110;,GO:0000413;GO:0000712;GO:0000720;GO:0000724;
GO:0003684;GO:0003697,GO:0003755,GO:0006296;GO:0006979;GO:0009314;
GO:0016021;GO:1901255
GO:0000166;GO:0003700;,GO:0005634;GO:0006355;GO:0009536;,GO:0009739;
GO:0016874;,GO:0043565
GO:0005768,GO:0005802;GO:0008757;GO:0016021,GO:0032259;GO:0052546

X - SNP statistically significant at p/q value of 0.05 in at least two tests; X® - significant at p/q value of 0.05 in all three tests; X* - significant at p/q value of 0.01 in at least two tests; M vs U — dwarf

pine vs Pyrenean pine; MU vs S — mountain taxa vs Scots pine; M vs S — dwarf vs Scots pine; U vs S — Pyrenean vs Scots pine.



Table S5. Frequency of alleles in the loci with outlier SNPs identified. The green background distinguishes the sequence differentiating Scots pine from two mountain pines while markers
differentiating the latter are fulfilled with blue; eight sequences with the most reliable outlier SNPs supported by all three methods and significant at p/q value < 0.01 are given in bold.

Sequence name (SNP) Allele pair P. mugo P. uncinata P. mugo complex P. sylvestris
comp17013_c0_seql (1608) G/A 0.02/0.98 0.22/0.78 0.15/0.85 0.33/0.67
comp18757_c0_seql (2058) G/A 0.83/0.17 09/0.1 0.88/0.12 0.99/0.01
comp18889_c0_seql (111) C/T 0.08/0.92 0.15/0.85 0.13/0.87 0.13/0.87
comp18988_c0_seql (2220) C/A 05/0.5 0.75/0.25 0.67/0.33 0.72/0.28
comp19056_c0_seql (1447) G/T 0.12/0.88 0.35/0.65 0.28/0.72 0/1
comp19359_c0_seql (402) A/G 09/0.1 0.89/0.11 0.89/0.11 1/0
comp19450_c0_seql (1154) G/A 0.87/0.13 0.95/0.05 0.93/0.07 1/0
comp19472_c0_seql (739) A/T 0.28/0.72 0.18/0.82 0.21/0.79 0.01/0.99
comp19700_c0_seql (1179) C/A 0.89/0.11 0.94/0.06 0.93/0.07 0.99/0.01
comp20014_c0_seql (2275) C/T 0.56 / 0.44 0.36 / 0.64 0.42 /0.58 0.43/0.57
comp20164_c0_seql (232) C/A 0.79/0.21 0.98 /0.02 0.93/0.07 1/0
comp20176_c0_seq1 (240) T/C 0.05/0.95 0.31/0.69 0.23/0.77 0.6/0.4
comp20234_c0_seql (1126) G/A 0.01/0.99 0.03/0.97 0.03/0.97 0.11/0.89
comp24802_c0_seql (1869) C/G 0.17/0.83 0.04/0.96 0.08 /0.92 0.04/0.96
comp25462_c0_seql (100) T/G 0.82/0.18 0.85/0.15 0.84/0.16 0.9/0.1
comp261721_c0_seql (255) A/G 0.01/0.99 0.02/0.98 0.02/0.98 0.03/0.97
comp27292_c0_seql (1521) C/T 0.17/0.83 0.49/0.51 0.4/0.6 0.42/0.58
comp28590_c0_seq1 (1341) C/A 0.79/0.21 0.87/0.13 0.85/0.15 0.78 /0.22
comp29118_c0_seq1 (688) C/G 0.05/0.95 0.03/0.97 0.03/0.97 0.01/0.99
comp29127_c0_seq1 (671) A/G 0.98/0.02 0.95/0.05 0.96 /0.04 1/0
comp30050_c0_seql (910) T/C 0.67/0.33 0.58/0.42 0.61/0.39 0.83/0.17
comp31542_c0_seq1 (466) G/C 09/0.1 0.94/0.06 0.93/0.07 0.75/0.25
comp31770_c0_seq1 (1348) G/C 0.07/0.93 0.06/0.94 0.06/0.94 0.08/0.92
comp33894_c0_seql (1936) A/G 0.93/0.07 0.8/0.2 0.83/0.17 05/0.5
comp34171_c0_seq1 (187) C/T 0.32/0.68 0.36/0.64 0.34/0.66 0.2/0.8
comp35189_c0_seq1 (1282) G/C 0.09/0.91 0.02/0.98 0.04/0.96 0.02/0.98
comp35641_c0_seql (1756) G/T 0.93/0.07 0.96 / 0.04 0.95/0.05 0.93/0.07
comp35702_c0_seql (1216) C/A 0.39/0.61 0.44 /0.56 0.42/0.58 0.03/0.97
comp358563_c0_seql (135) A/G 0.66 /0.34 0.91/0.09 0.84/0.16 0.97/0.03
comp36656_c0_seql (1022) G/A 0.86/0.14 0.96 /0.04 0.93/0.07 1/0
comp36690_c1_seql (361) G/A 0.92/0.08 0.7/0.3 0.77/0.23 0.73/0.27

comp36863_c0_seql (1165) G/A 0.53/0.47 0.32/0.68 0.38/0.62 0.11/0.89



comp37364_c0_seql (613)
comp37406_c0_seq1 (254)
comp37651_c0_seql (1062)
comp38584_c0_seql (1237)
comp38629_c0_seql (349)
comp38943_c0_seq1 (866)
comp39941_c0_seq1 (1816)
comp40569_c0_seql (764)
comp41803_c0_seql (1452)
comp41821_c0_seq1 (413)
comp423545_c0_seql (183)
comp42606_c0_seql (1061)
comp42726_c0_seql (307)
comp42805_c1_seql (2699)
comp42950_c0_seq1 (425)
comp43820_c0_seq1 (103)
comp44465_c0_seql (1110)
comp44835_c0_seq1 (339)
comp44981_c0_seql (281)
comp45024_c0_seq1 (839)
comp45463_c0_seql (2507)
comp45510_c0_seq1 (218)
comp45924_c0_seql (434)
comp46344_c0_seql (1108)
comp47007_c0_seq1 (1300)
comp47328_c0_seql (518)
comp47467_c0_seql (1161)
comp47663_c0_seql (1253)
comp48051_c0_seql (220)
comp48330_c0_seq1 (140)
comp48723_c0_seq?2 (83)
comp48942_c0_seql (1943)
comp49679_c0_seql (4572)
comp49745_c0_seql (703)
comp49772_c0_seql (1003)
comp50296_c0_seql (1883)

G/T
G/A
T/C
T/C
C/G
A/G
G/A
T/C
C/T
C/T
C/T
G/T
G/A
A/G
T/C
C/G
A/G
C/G
C/T
T/C
G/A
G/C
T/C
C/T
G/T
G/T
A/G
G/C
C/T
T/C
G/T
T/C
A/G
G/C
A/G
T/C

0.31/0.69
0.16/0.84
0.9/01

0.27/0.73
0.89/0.11
0.12/0.88
0.17/0.83
0.94/0.06
0.18/0.82
0.77/0.23
0.28/0.72
0.27/0.73
0.64/0.36
0.34/0.66
0.97/0.03
0.75/0.25
0.83/0.17
0.91/0.09
0.7/0.3

0.02/0.98
0.92/0.08
0.84/0.16
0.31/0.69
0.04/0.96
0.49/0.51
0.38/0.63
0.38/0.63
0.37/0.63
0.86/0.14
0.44/0.56
0.13/0.87
0.94/0.06
0.94/0.06
0.19/0.81
0.72/0.28
0.78 /0.22

0.29/0.71
0.58/0.42
1/0
0.55/0.45
0.81/0.19
0.07/0.93
0.39/0.61
0.6/0.4
0.08/0.92
0.94/0.06
0.1/0.9
0.23/0.77
0.28/0.72
0.54/0.46
0.98 /0.02
0.91/0.09
0.74/0.26
0.54/0.46
0.43/0.57
0/1
0.82/0.18
0.46 /0.54
0.41/0.59
0.03/0.97
0.22/0.78
0.58 / 0.42
0.61/0.39
0.39/0.61
0.7/0.3
0.38/0.62
0.22/0.78
0.87/0.13
0.87/0.13
0.2/0.8
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Abstract The environment is a powerful selective pressure for sessile organisms, such as plants, and adaptation
to the environment is particularly important for long-lived species, like trees. Despite the importance of adaptive
trait variation to the survival and success of trees, the molecular basis of adaptation is still poorly understood.
Gene expression patterns in three closely related, but phenotypically and ecologically divergent, pine species
were analyzed to detect differentiation that may be associated with their adaptation to distinct environments.
Total RNA of Pinus mugo, Pinus uncinata, and Pinus sylvestris samples grown under common garden conditions
was used for de novo transcriptome assembly, providing a new reference dataset that includes species from the
taxonomically challenging P. mugo complex. Gene expression profiles were found to be very similar with only 121
genes significantly diverged in any of the pairwise species comparisons. Functional annotation of these genes
revealed major categories of distinctly expressed transcripts, including wood trait properties, oxidative stress
response, and response to abiotic factors such as salinity, drought, and temperature. We discuss putative
associations between gene expression profiles and adaptation to different environments, for example, the
upregulation of genes involved in lignin biosynthesis in the species, which have adapted to mountainous regions
characterized by strong winds and thick snow cover. Our study provides valid candidates for verification of the
importance of the gene expression role, in addition to evidence for selection within genomic regions, in the
process of ecological divergence and adaptation to higher altitudes in pine taxa.

Key words: differential gene expression, high-altitude adaptations, mountain pines, Pinus mugo complex, transcriptome

assembly.

1 Introduction

Plant growth, fitness, and survival are highly dependent
on their surrounding environment. This reliance is highly
pronounced in perennials, such as temperate forest trees, as
they need to cope with changing seasons and extreme
events. Although these species are often characterized by
wind pollination and high outcrossing rates, resulting in
generally low neutral among-population variation and weak
population structure in large geographical areas (Petit &
Hampe, 2006), their quantitative traits usually express strong
geographical and environmental patterns of differentiation
(Aitken et al., 2008). Such intra- and interspecific variations
have been quantitatively assessed for many traits related to
temperature, photoperiod, or water availability in numerous
common garden and provenance trial experiments (Lascoux
et al., 2016). This heritable differentiation is linked to the
species adaptations resulting from natural selection driven
by local environmental demands. At the genome level, over
relatively short timescales, without time for new mutations
to arise, adaptations of trees are based on the standing
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genetic variation of populations, operating mostly through
changes in allele frequency spectra (Neale et al., 2017).
However, genetic variation, even from extensive genome-
wide studies, rarely seems sufficient to explain observed
phenotypic diversity or species adaptations to different
habitat gradients (Kremer, 2011; Plomion et al., 2016). Despite
growing examples of nucleotide polymorphisms under
selection in genomic regions of forest trees, less is known
about variation in gene expression patterns that may play
important role in the development of plant adaptation.
Studies of closely related but phenotypically and ecologically
diverse species may be particularly useful to shed light on the
evolution of such traits.

The three hard pines investigated here—Pinus mugo Turra,
Pinus uncinata Ramond, and Pinus sylvestris L.—are morpho-
logically diverged and adapted to different habitats, enforced
by the disjunction of their geographical ranges and isolation
during the Pleistocene glaciation (Christensen, 1987). P. mugo,
the dwarf mountain pine, and P. uncinata, the Pyrenean pine,
are sister taxa related to the subalpine habitats of European
mountains. The dwarf pine is represented by individuals of

© 2022 Institute of Botany, Chinese Academy of Sciences.
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shrubby habit (multiple trunks, up to a few meters high),
which inhabit central and eastern massifs—Alps, Sudetes,
Carpathians, and Balkan mountain chains (Hamernik &
Musil, 2007). Pyrenean pine is a typical coniferous tree (grows
straight and may reach up to 25m), which occurs from the
Alps westward—in the Massif Central, Jura and Vosges,
Pyrenees, and a few remote populations inside the Iberian
Peninsula (Jalas & Suominen, 1973). Although they are
distinguished by a number of other, more subtle traits, for
example, phenology, cone size and shape, needle character-
istics, and composition of volatiles and allozymes (please, see
Table S1; Lewandowski et al., 2000; Monteleone et al., 2006;
Boratyriska & Boratyriski, 2007; Boratyriska et al.,, 2015;
Wachowiak et al., 2018; Adams & Tashev, 2019), they are
often aggregated under the P. mugo complex together with a
few less defined groups (Christensen, 1987; Hamernik &
Musil, 2007). For simplicity reasons, and following Businsky &
Kirschner (2010), we call them here separate species. The two
taxa are closely related to Scots pine (P. sylvestris), that is
mostly monocormic and upright tree, up to 45m high. The
range of this pine spreads from the Mediterranean climate on
the Iberian Peninsula, through vast areas of Europe and
Asia, up to the cold temperate conditions of the Siberian
taiga, covering broad diversity of mainly lowland habitats
(EUFORGEN, 2009). As a result of its large distribution, the
species demonstrates high phenotypic differentiation with
dozens of ecotypes described (Kew and Missouri Botanical
Gardens, 2013). Pines from the P. mugo complex and P.
sylvestris diverged about 5 million years BP (Wachowiak
et al., 2011; tabiszak & Wachowiak, 2021). However, they are
genetically similar, and previous studies showed little differ-
entiation between the taxa at karyotype (Bogunic et al., 2011),
mitochondrial and plastid genomes (Heuertz et al., 2010; Dzialuk
et al.,, 2017; Zaborowska et al., 2019; Sokotowska et al., 2021),
nuclear loci (Monteleone et al., 2006; Wachowiak et al., 2013;
Zaborowska et al., 2021), and candidate genes that showed
low (<0.1%) net genetic divergence between the taxa
(Wachowiak et al., 2013). So far, only singular species
diagnostic markers have been found at mitochondrial, plastid,
and nuclear regions (Wachowiak et al., 2000; Kormut'dk
et al, 2005; Zukowska & Wachowiak, 2017; Zaborowska
et al., 2019). This close genetic similarity between the species
is usually explained by relatively recent speciation in presence
of gene flow (Christensen, 1987; Monteleone et al., 2006;
Jasifiska et al., 2010) and segregation of ancestral variation
(Wachowiak et al., 2011, 2013). Comparative transcriptome
analysis of these pines (Wachowiak et al., 2015) revealed
thousands of polymorphic markers that were used for the
development of SNP genotyping array (Perry et al., 2020),
which has since been used to identify loci significantly
associated with key adaptive traits, including growth and
phenology (Perry et al., 2022). Genomic studies support the
phylogenetically close relationship between two mountain
pine taxa as compared to Scots pine and reveal some
candidate regions under selection during the species evolution
(Zaborowska et al., 2021).

In the presented work, we focused on the information hidden
in the expression profiles of these pines to look at the genes
and metabolic pathways that could influence their distinct
phenotype and ecology. As the study builds on samples from a
common garden experiment, it helped us exclude the impact of
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population-specific environmental determinants on the gene
transcription profiles of the samples. We were primarily
interested in the relationships of the two mountain species
(P. mugo and P. uncinata), as these share a longer period of
common history and a higher proportion of common variation
at the nucleotide sequence level but are highly phenotypically
distinct. The Scots pine was included to provide a reference and
to evaluate the extent to which the variation in expression
profiles reflects the phylogenetic relationships between the
taxa. We looked specifically for transcriptome outliers poten-
tially related to adverse environmental factors known to operate
on higher altitudes, such as reduced atmospheric pressure,
photo-oxidative stress, or more demanding substrates.

2 Material and Methods

2.1 Materials

Genetic material was obtained from needles of 11 two-year-
old seedlings of three pine species (Pinus mugo—four
samples, M; Pinus uncinata—three samples, UN; Pinus
sylvestris L—four samples, PS) grown in a glasshouse facility
of the UK Centre of Ecology and Hydrology in Edinburgh. The
seedlings were derived from open-pollinated seeds collected
in natural populations in Europe (Fig. 1, Table 1; for details,

N
500 km A
= PS3
PS2
- CEH glasshouse
PS4
o
M5
L]
UN1 M1
« V2
> UN3
UN4
PS5

Fig. 1. Geographic distribution and sample collection sites of
three investigated pine species. Blue dots and horizontal
shading represent Pinus mugo (M) sites and range; red dots
and diagonal shading correspond to Pinus uncinata (UN)
locations; green points and dark shading on the inset represent
Pinus sylvestris (PS) sample locations and the European part of
its range. Black square marks the localization of the glasshouse
where the seedlings were grown. The mountain pines’
distribution map was created by the authors based on the
Empty Political Map of Europe is03166-1 (www.commons.
wikimedia.org, accessed 4 October 2018) and ranges taken
from Jalas and Suominen (1973). The inset map was prepared
by EUFORGEN (2009) and adapted by the authors.
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Table 1 Location of pine populations sampled and glasshouse used for experiment

sp.t Sample, ENA Acc.f Country code, population® Latitude Longitude Alt."
Pinus mugo M1, SAMEA2672716 RO, Busteni 45%25'55” N 25%27'06" E 2070
M2, SAMEA2672717 BA, Bjelasnica Mts 43°45'00” N 18°13'08" E 2120
M4, SAMEA2672719 AT, Scharnitz 47°22'42" N 1°17'45" E 1400
Ms, SAMEA2672720 PL, Slaskie Kamienie 50°46'35” N 15°36'08" E 1400
Pinus uncinata UN1, SAMEA2672721 FR, Col de la Croix de Morand 45°35'58” N 2°50'44" E 1200
UN3, SAMEA2672723 AD, Vall de Ransol 42°35'02” N 1°38"21" E 2025
UN4, SAMEA2672724 ES, Sierra de Gudar 40%28'49” N 0°41'51” W 2000
Pinus sylvestris PS2, SAMEA26727127 UK, Glen Tanar 57°02'60” N 2°51'36” W 334
PS3, SAMEA2672713 Fl, Punkahariju 61°45'33” N 29°2321" E 80
PS4, SAMEA2672714 PL, Jarocin 51°58"20” N 17°28'40" E 120
PS5, SAMEA2672715 ES, Trevenque 37°05'47” N 3°32'51" E 1170
Glasshouse facility, UK CEH Edinburgh, UK 55°57'00” N 3°11'56” W 189

'Sp.—species name; fENA Acc.—European Nucleotide Archive Sample Accession; $Country codes: RO—Romania, BA—Bosnia
and Herzegovina, AT—Austria, PL—Poland, FR—France, AD—Andorra, ES—Spain, UK—United Kingdom, FI—Finland; TAlt—
Altitude in meters above sea level; *Reference sample used only for the transcriptome assembly.

see Wachowiak et al., 2018). Raw paired-end Illumina reads
from teams’ previous RNA-sequencing attempts were used
(the data are deposited in the European Nucleotide Archive
under accession number PRJEB6877; for precise sample
identifiers, please see Table 1). Details regarding RNA
isolation, library preparation, and sequencing are specified
in Wachowiak et al. (2015).

2.2 Transcriptome assembly and expression analysis

The raw reads of all 11 samples were quality checked in FASTQC
v0.11.9 (Andrews, 2021) and used for de novo transcriptome
construction by TRINITY v2.11.0 (Haas et al.,, 2013). The paired-
end assembly procedure adapted default parameter values,
except it was run with simultaneous cleaning and trimming of
reads provided by TRIMMOMATIC vo0.39 (Bolger et al., 2014),
and contigs below 200 bp were rejected. Afterward, reads were
verified with FASTQC again. The resulting transcriptome,
hereafter MUS assembly, was adopted as the reference in all
subsequent examinations. Sample PS2, used in earlier studies for
Scots pine reference transcript construction and sequenced at
much higher coverage than the remaining samples (Wachowiak
et al,, 2015), was excluded from further analyses.

For the quality assessment of the resulting MUS assembly,
basic statistics from the TRINITY run were investigated, and
the transcripts were compared to the known “core” gene
sequences present in plants as deposited in the BUSCO
v5.0.0 database (Manni et al., 2021), both, the viridiplan-
te_odb1o and embryophyta odb1o clusters were used.

Analyses of expression profiles were run at isoform and
gene levels, using the raw MUS assembly transcripts and the
quality-filtered reads. Three methods were exploited for read
count estimations. First, two fast pseudo-aligner software,
KALLISTO vo0.46.2 (Bray et al., 2016) and SALMON v1.4.0
(Patro et al., 2017), were used adapting suggestions from the
TRINITY abundance estimation protocol (Haas, 2021). Default
settings were run in SALMON, whereas KALLISTO was
executed with additional 100 bootstrap samples. The third
approach included the classical alignment-based method
implemented in RSEM, it was run with scripts from the
DETONATE v1.11 package (Li et al., 2014). The required read
mapping was performed simultaneously using BOWTIE2
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v2.3.4.3 (Langmead & Salzberg, 2012), default program
options were used except the value of the parameter “—k”
changed from 200 to 100, and the addition of “—phred3s-
quals” for proper read quality scoring. The expression
estimations were normalized to FPKMs (fragments per
kilobase transcript length per million fragments mapped),
TPMs (transcripts per million), and to cross-sample normal-
ized TMMs (trimmed M-means). The general ExN50 statistics
were recorded. They are calculated like the standard N5o0
(or more broadly Nx, which indicates the length of contig for
which the collection of all contigs of equal or longer length
produces 50% of the total bases in the transcriptome);
however, these are limited to the x% of the total normalized
expression data—the most highly expressed transcripts.
They are therefore recommended as more reliable indicators
of transcriptome quality as they consider the read support
(Haas, 2021). Transcripts that did not pass further expression
filtering (FPKM >o0.5 for average across samples) were
discarded.

2.3 Differential expression of gene models

Differential expression analysis was conducted using two
BIOCONDUCTOR (Gentleman et al., 2004) packages based on
the negative binomial distribution model—EDGER v3.32.0
(Robinson et al., 2010) and DESEQ. 2 v1.30.0 (Love et al., 2014).
The expression estimates were compared between the
species at the gene level, and each individual sample was
treated as a biological replicate. We tested patterns of
change in expression among four pairs of taxa: P. mugo vs P.
uncinata (hereafter M vs UN), P. mugo vs P. sylvestris (M vs
PS), P. uncinata vs P. sylvestris (UN vs PS), and P. mugo and P.
uncinata (as sister, high-altitude taxa) that were jointly
opposed to P. sylvestris (M-UN vs PS). Both packages are
included in the TRINITY kit so were run using scripts provided
therein. Default parameter values were adopted, that is, a
minimum 4-fold change in gene expression and p-value
cutoff for false discovery rate set at 0.001 were thresholds
for a significant result. Outputs from different software
were compared and only the intersection of the sets was
considered to contain differentially expressed sequences. For
M-UN vs PS analyses, we distinguished two sets of results
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further described as “broad” and “narrow.” These corre-
sponded to the direct outcome from M-UN vs PS test
(“board”), and its subset significant in three tests—
confirmed by M vs PS and UN vs PS comparisons (“narrow”).
Overlaps between marker sets were identified and depicted
with Venn diagrams produced with the VENNDIAGRAM
v1.6.20 package (Chen & Boutros, 2011).

2.4 Functional annotation of the transcriptome

For recognition of the gene-specific functions, we chose the
ENTAP vo0.10.8-beta program (Hart et al., 2020) designed for
improved accuracy and speed in non-model organisms.
Particular steps of transcriptome annotation were run
with the following software, data, and specific parameters:
(1) Expression analysis and filtering steps were omitted,
previous RSEM results were taken and only isoforms
of genes passing the FPKM>o0.5 cutoff were utilized;
(2) Identification of protein-coding regions was conducted
with TRANSDECODER v5.5.0 (Haas, 2018) using the following
arguments: “runP =true,” “transdecoder-m=100,” ‘“com-
plete=false” and “transdecoder-no-refine-starts = false”;
(3) For similarity search and identification of contaminants
we used DIAMOND v2.0.11 (Buchfink et al., 2015), two UniProt
KB databases—manually annotated Swiss-Prot and computa-
tionally analyzed TrEMBL (release 2021_03 of 02-Jun-2021; The
UniProt Consortium, 2021), and the collection of plant proteins
stored in NCBI RefSeq database (release207 of 12-Jul-2021;
O’Leary et al., 2016). Thresholds of 50 bp for minimum query
and target coverages along with an e-value cutoff of 107> for
hits were set. The Pinidae lineage (NCBI txid3313) was
preferred to be the reported hit (“taxon = pinidae”), also
two lists of keywords were used for filtration of extraneous or
uncertain subjects (including ‘“‘contam = bacteria,opistho-
konta” and “uninformative = conserved, predicted, unknown,
unnamed, hypothetical, putative, unidentified, uncharacter-
ized, uncultured, uninformative”); (4) Sequence functional
analysis, the assignments of protein domains and gene
ontology (GO) terms were performed with the EGGNOG-
MAPPER v2.1.5 and eggNOG database v5.0 (Huerta-Cepas
et al, 2019; Cantalapiedra et al., 2021). Single isoform was
chosen to represent the predicted gene and the longest
contig was chosen if there was more than one annotated. In
the case of the differentially expressed markers, we took the
most reliably annotated sequence that was most often the
longest one. Additionally, the GO term enrichment analysis
was performed on the terms assigned to the differentially
expressed markers. The script run_GOseq.pl from the TRINITY
package was employed for that purpose and results were
further reduced and visualized by REVIGO (accessed 18 May
2022; Supek et al., 2011).

3 Results

3.1 Characteristic and quality assessment of de novo
transcriptome assembly

Out of 259291524 input read pairs that passed quality
filtering and were trimmed (Table S2), we built the new
transcriptome MUS assembly. In total, 371779 unique contigs
for 241 804 putative gene models were generated, summing
up to about 266.5Mb total length and 42.17% of GC
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nucleotide pairs (Table S3). The newly generated tran-
scriptome was characterized by a mean contig length of
716.77 bp. The N50 value based on all transcripts was 1290 bp,
while N50 based on the longest isoforms per gene model
was 674 bp, indicating that the first value might be
exaggerated due to the generation of surplus isoforms
during assembly, especially in longer transcripts. The new
MUS assembly (submitted to the Dryad database under DOI:
https://doi.org/10.5061/dryad.xsj3tx9j1), which was compared
to the expected plant genes of two BUSCO collections,
represented nearly complete sets of those sequences. In the
case of the 425 “core” genes of Viridiplantae, only 0.1% were
missing, while of the complete sequences 37.6% were single-
copy and 61.6% were duplicated BUSCOs. Representation of
Embryophyta genes was slightly lower—4.2% of 1614 were
missing, however, there were fewer duplicated sequences
among complete BUSCOs—39.2% compared to 54.7% single-
copy representations. The observed significant proportion of
duplicated sequences is expected in non-filtered and non-
clustered transcriptomes (Madritsch et al., 2021).

The analysis of isoform expression performed using three
methods yielded quite consistent results. According to RSEM
read abundance estimates, the MUS assembly E50N50
(Ns5o0 for the top 50% of genes with the highest expression),
calculated here on 1939 gene models, was 1577 bp, while
E9ON50, measured on 17830 gene models, was 2173 bp.
Three outputs of the transcript expression estimation
methods showed similar ExN50 maximum, however, those
peaks were reached at slightly different Ex values (Fig. S1).
Exactly 56 077 gene models met the minimal mRNA volume
criteria for further analyses. For details on the success of
mapping reads to the reference MUS assembly that was
performed to enable RSEM estimations — the alignment-
based method, please see Table S2.

3.2 Functional annotation of the transcriptome

After filtering to remove markers with low expression, the
number of isoforms dropped from 371779 to 159919
(Table S3). In about half of these sequences—73339
isoforms (23 815 gene models), an open reading frame
(ORF) could be predicted (Table S4). They represented
mainly complete genes (44874 isoforms), but partial
sequences were recognized too (5'-fragments: 11112,
3/-fragments: 7979, internal sequences: 9374). All the
isoforms with at least partial ORF detected were subjected
to similarity searches through local alignments to three
protein databases. Of the 77339 isoforms checked, 41300
were successfully aligned to plant reference sequences
in RefSeq, 32664 to Swiss-Prot records, and 40825 to
sequences deposited in TrEMBL. In total, 59 369 contigs cor-
responding to 19731 gene models had at minimum one
significant hit in any of the collections (Table S5). Depending
on the database screened (and its specificity), diverse plants
dominated the significant best hits: RefSeq—Amborella
trichopoda (13.6%), Swiss-Prot—Arabidopsis thaliana (61.3%),
TrEMBL—Picea sitchensis (32.3%); the last species was also
the top one in global consideration (29.3%). Discarded
contaminant sequences, including those from the two most
commonly found taxa—Orchasella cincta and Photinus pyralis
(107 and 46 hits, respectively)—summed up to 1.4% of all
significant alignments (details in Table S6). In the BUSCO
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analysis performed at this stage—on the set of gene models
with detected ORFs but free of contaminants—96.5% of the
Viridiplantae and 89.4% of Embryophyta near-universal single-
copy orthologs were covered (Fig. 2; the longest contig
per gene model was included). About one quarter (25.9%)
of the aligned sequences were further rejected if their
DIAMOND tags were uninformative (e.g., “predicted,” “hypo-
thetical”). Considering only queries with informative, non-
contaminant best-hit alignments, a total number of 43573
isoforms, corresponding to 15084 coding gene models
(hereafter named genes), was left for final annotation steps
in EGGNOG.

For 14666 genes at least one isoform was successfully
annotated, providing function andfor structure information
based on assigned GO term, PFAM or SMART domain content,
or other data from EGGNOG mapping. Screening PFAM
collection resulted in a total of 27 523 recognized (3214 unique)
domains in 14 022 sequences, while identification of composi-
tionally biased structure with SMART was possible for 10 768
sequences in which 20 631 domains (607 unique) were found
(Table S7). Together, 13 293 genes were annotated with at least
one GO tag of all 803 761 recorded (considering terms of level 1
or higher, i.e.,, more specific). In that set, 9816 were unique,
inclusive of 6163 in the biological process aspect, 2662
molecular functions, and 991 cellular components. Level 4 GO
terms, which might be considered a general function
description, are listed in Fig. 3 (details in Table S8). In the
category of biological processes, metabolic processes prevailed,
particularly macromolecule biosynthesis and modifications—
protein modifications, phosphorylation, and regulation of gene
expression. Among the most frequently annotated molecular
functions, we found activities such as binding of nucleic acid,
nucleotides or nucleosides, ion binding, also hydrolase, and

kinase activities. Plastids and nucleus, and more generally
cytoplasm, intracellular membrane-bounded organelles, and
integral components of membrane, were the most common
cellular components.

3.3 Differentially expressed genes and their ontology

Identification of distinguished patterns was simultaneously
run on all gene models that passed expression filtering;
it was conducted in six combinations: two differential
expression analysis tools on results from three transcript
estimation software. A gene model was considered differ-
entially expressed if it differed significantly in the results of
all these combinations, in total 393 adequate markers were
recorded from all taxa pairs analyzed. There were 86 markers
pointed in M-UN vs PS test: 68 upregulated in the first plus 18
in the latter group; 90 in M vs UN: 56 + 34; 308 in M vs PS:
246 + 62; and 74 found in UN vs PS: 64+ 10 (Figs. 4, 5).
Nearly half of the gene models discriminating both mountain
pines from Scots pine were confirmed in the “narrow”
subset (Fig. 6). ORFs were found in 121 sequences (M-UN vs
PS: 26; M vs UN: 28, M vs PS: 90; UN vs PS: 26; Table 2 and
Table S9), and none was indicated as a contaminant, so this
set of coding gene models is further treated as the final
group of differentially expressed genes—DEGs. However,
successful annotation with predicted function description or
specific gene recognition was possible only for 74 of them
(12'in M-UN vs PS, 18 in M vs UN, 54 in M vs PS, and 13 in UN
vs PS comparison; see Table 2 and Tables S10, S11 for detailed
lists of genes, and Fig. 5 for comparison of their expression
levels). In total 135 PFAM and 78 SMART protein domains
were recognized in this subset (respectively: 85 and 24
unique), and 6433 GO terms were assigned: 3882 (1179
unique) in the category of biological processes, 1127

BUSCO Assessment Results of the MUS assembly
- Complete (C) and single-copy (S) - Complete (C) and duplicated (D)

B wissing ()

Fragmented (F)

Viridiplantae_odb10

Embryophyta_odb10

|
40 60 80 100

%BUSCOs

Fig. 2. Representation of 23425 protein-coding genes from MUS assembly transcriptome compared to two sets of the
BUSCOs—present in green plants (upper panel) and in land plants (lower panel). Only one isoform, the longest, per gene was

involved in the test.
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Fig. 3. The most frequently reported terms of level 4 in each main gene ontology (GO) aspect, as found in the annotated

isoforms of the MUS assembly.

(244 unique) molecular functions, and 1424 (206 unique)
cellular components. Terms representative for the clusters of
functions enriched in comparisons of both high-altitude taxa
and Scots pine, and between the first two are given in
Figs. S2-S5 and Table S12. No terms were found to be
depleted in any of the sets of GO terms assigned to DE
markers. Please, notice that GO-term enrichment is highly
dependent on the success of sequence annotation, so the
outcome should be treated with caution in the case of non-
model taxa.

In the group of proteins with larger production in two
mountain pines compared to Scots pine, we identified three
different O-metylotransferases (COMT, CCoAOMT1, and
unspecified one), oxidoreductese from the 20G-FE(II)
oxygenase family, cis-zetain O-glucosylotransferase, protein
disulfide isomerase, elongation factor, cullin 1 and photo-
system Il 10 kDa polypeptide. All of these were similarly
upregulated in comparison to dwarf mountain pine vs Scots
pine, while in the case of Pinus uncinata, the expression of
the three last molecules did not differ from Pinus sylvestris
levels. In the long list of DEGs differentiating dwarf from
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Scots pine, besides the few mentioned above, 30 others
could be characterized (Tables S9, S11). There was one more
O-metylotransferase, two additional peptides from the 20G-
Fe(ll) oxygenase family, another component of photo-
system Il and an elongation factor. Some distinct functions
occurred too, among the more frequently represented were
lipoxygenase activity (three genes), ribulose bisphosphate
carboxylase oxygenase activity (two genes), and 3-beta
hydroxysteroid dehydrogenase/isomerase activity (two
genes; for the full list, please see Table S11). In addition to
the products of six mentioned DEGs discriminating both
mountain pines and Pyrenean pine alone from Scots pine
simultaneously, there were six other proteins: a reverse
transcriptase, ribosomal protein RPL23, RING finger and CHF
zinc finger domain-containing protein, heat-shock protein,
26S proteasome non-ATPase regulatory subunit, and a
stem-specific protein.

Regarding markers with enlarged expression in Scots pine,
although there were some genes concurrently and signifi-
cantly upregulated in all three tests involving this taxon,
none was annotated. Two aldehyde dehydrogenases were
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Fig. 4. Venn diagrams of results from different analysis tools used in search of differentially expressed gene models in the MUS
assembly. A, Discriminating markers found between two mountain pines and Scots pine (“broad” M-UN vs PS comparison);
B, Discriminating markers found between dwarf mountain pine and Pyrenean pine (M vs UN).
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Fig. 5. Expression profiles of differentially expressed gene models, the successfully annotated ones are marked with colors.
A, Significant markers found in M-UN vs PS pair, upregulated in both mountain pines (left) or in Scots pine (right); B, Markers
significantly differentiating two mountain pines, upregulated in dwarf pine or in Pyrenean pine (left and right, respectively).
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Gene models up-regulated in
P. mugo and P. uncinata

Gene models up-regulated in

P. sylvestris

LEGEND
[J-musps
[J-unvsps

[1- m-UN vs PS 'broad

Fig. 6. Venn diagrams of results from three complementary comparisons of differentially expressed genes between two
mountain pine taxa and Scots pine. The central intersection on left corresponds with the “narrow” M-UN vs PS set.

found to have significantly increased expression in Scots pine
compared to both high-altitude taxa, but not in tests on
individual species—M vs PS or UN vs PS. Single transcript
discriminating M-UN vs PS was also found to differ between
Scots pine and dwarf mountain pine, it encodes an
abietadienol/abietadienal oxidize. Fourteen more annotated
DEGs distinguished Scots pine from the shrubby species
(Table S11); besides a few protein functions represented by
solitary genes, we found two more common—transcription
factor and aldehyde dehydrogenase, with five and two
occurrences respectively. The tufA gene, encoding an
elongation factor, was the only defined DEG found to have
higher expression in P. sylvestris compared to P. uncinata.

Among genes with satisfying annotation and variant
expression between two focal mountain plants, we found nine
sequences upregulated in dwarf pine and other nine with higher
expression in Pyrenean pine. In the first group, one function
occurred twice—both transcripts coded for alpha subunits of
elongation factor 1 that act in ribosomes during translation.
Moreover, there were two agents engaged in terpenoid
synthesis: diphosphate synthase and terpene synthase, and
singular representatives of aldehyde dehydrogenases, perox-
idases, fatty acid desaturases, and plasma membrane H*-
ATPases, together with one receptorlike serine threonine-
protein like kinase. The very last function was also found among
predicted activities of genes with increased expression in
Pyrenean pine. Except for that one, there occurred two heat-
shock proteins, two cysteine-rich repeat secretory proteins and
another cysteine-rich receptorlike protein kinase, a 60S
ribosomal protein L18, one stem-specific protein-containing
DUF3700 domain, and most probably, an aldose 1-epimerase.

Taking into consideration only the part of markers that
distinguished individual species—significant and exhibiting
the same direction of adjustment in two species-wise tests—
we found five DEGs unique for dwarf and two for Pyrenean
pine. In the former, genes coding for elongation factor, fatty
acid desaturase, and terpene synthase were upregulated, at
the same time, two coding for aldose 1-epimerase and for
cysteine-rich receptor-like protein kinase were downregu-
lated compared to other two taxa. Pyrenean pine stood out
with its higher expression of HSP9o-1 and a gene coding for
some stem-specific protein.

J. Syst. Evol. 0o (0): 1-15, 2022

4 Discussion

4.1 New reference transcriptome

We examined differentiation in the gene expression
between two mountain species from Pinus mugo complex
and Pinus sylvestris to look at the genetic relationships
between the taxa and to identify potential drivers of their
ecological and phenotypic divergence. The newly generated
reference transcriptome sequence (MUS assembly) builds on
published transcriptome data (Wachowiak et al., 2015) but
extends the available reference by including the two
mountain pines. In the new assembly, the number of raw
gene models reconstructed is considerably higher as
compared to the original P. sylvestris raw assembly and to
single-species studies in other pines (Parchman et al., 2010;
Pinosio et al., 2014; Duran et al., 2019). On the other hand, at
14 666, the number of successfully annotated protein-coding
genes is lower than previously reported from P. sylvestris
(19 659; Wachowiak et al., 2015) or from better-studied
relatives like P. lambertiana (26 568; Gonzales-Ibeas et al,,
2016) or Picea abies (28 354; Nystedt et al., 2013), and the
model species of Arabidopsis thaliana (about 27 500; Cheng
et al, 2017; Proost et al, 2015). However, the good
representation of the BUSCOs indicates that our sequence
collection is a fair representation of the plants’ basal genes,
and the number is higher than found in other expression
studies in pine seedling needles (Cafias et al., 2017). Since the
MUS assembly incorporates samples from other taxa, it
covers new, previously unidentified transcripts. Most of
these represent species-specific isoforms of known
genes; however, several new genes were also detected,
mostly expressed in Pinus uncinata or P. mugo but not in P.
sylvestris. These were reported from ORF-containing,
significantly differentiated gene models (DEGs), though,
some more could have been dropped based on their low
expression.

4.2 Interspecific gene expression patterns

Our data provide a gene expression perspective on the
mutual relationships between the studied pines. We assumed
that a controlled glasshouse environment and uniform
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Table 2 Successfully annotated DEGs from comparisons of Scots pine against both mountain pines and between the latter.
Listed sequences correspond to color-marked genes from Fig. 5

Gene, query isoform  Best hit sequence, species of origin

Predicted gene and/or function description

Upregulated in both mountain pines in relation to Scots pine

DN10418_co_g2
i
DN111461_c24_g1
i

DN1154_c2_g1
i6

DN33_c2_g1

i

DN34_co_gt1

i

DN3704 c3_g1
i
DN3802_co_gt1
i
DN6885_co_g1
i
DN9747_co_g1
i

trJAoA223PIL1_PICGL
Picea glauca
tr|A9NV56_PlCSI

Picea sitchensis
tr|AoAoA7E9L1_PINRA
Pinus radiata
Sp|CAMT_PINTA

Pinus taeda
XP_024928927.1
Ziziphus jujube
tr|AoAoD3CES4_BRAOL
Brassica oleracea
tr|JAQNK29_PICSI

Picea sitchensis
XP_028103945.1
Camellia sinensis
tr|V4T2T7_CITCL
Citrus clementina

Cis-zeatin O-glucosyltransferase

Oxidoreductase, 20G-Fe(Il) oxygenase family protein
COMT, caffeic acid 3-O-methyltransferase

CCoAOMT1, caffeoyl-CoA O-methyltransferase 1
O-methyltransferase

Elongation factor

PSBR, photosystem Il 10 kDa polypeptide

CUL1, cullin 1

PDI, protein disulfide isomerase

Upregulated in Scots pine in relation to dwarf and Pyrenean pines

DN10876_co_g2
i

DN19629 co_g1
i
DN3026_co_g1
i2

tr[AQNV57_PICSI
Picea sitchensis

XP_023522297.1

Cucurbita pepo

sp|C72B1_PINTA
Pinus taeda

Upregulated in dwarf pine in relation to Pyrenean pine

DN1010_c4_g1
i2
DN11841_co_g1
i2
DN12723_co_gt1
i
DN12883_co_gt1
i3

DN1973 co_g1
i8
DN28253_c1_g1
i
DN7225_c3_g1
i
DN7303_co_g1
i3
DN9372_co_g1
i10

tr|B8LLS6_PICSI

Picea sitchensis
XP_023921427.1
Quercus suber
tr|/A0A5B9T619 ARAAG
Araucaria angustifolia
sp|3CAR1_PICAB

Picea abies
tr|AQNU81_PICSI

Picea sitchensis
tr|A0A7J7M4R7_9MAGN
Kingdonia uniflora
trlQsME93_PSEMZ
Pseudotsuga menziesii
tr|A0A2K3K6A4_TRIPR
Trifolium pratense
sp|TPSD1_PINBN

Pinus banksiana

Upregulated in Pyrenean pine in relation to dwarf pine

DN1352_co_gt1
i10
DN15760_co_g1
i
DN17625_co_g1
i
DN22931_c1_g1
i

trjAgP2Mg_PICSI

Picea sitchensis
trlA9NT9o0_PICSI

Picea sitchensis
tr|A7Y7E4_STYHA
Stylosanthes hamata
tr|A0A443PX63_9MAGN
Cinnamomum micranthum

ALDH1A2, aldehyde dehydrogenase
ALDH11A3, aldehyde dehydrogenase

Abietadienol/abietadienal oxidase

OSl_37124, receptor-like serine threonine-protein kinase
ALDH2C4, aldehyde dehydrogenase family 2 member C4-like
EEF1A1, elongation factor-1 alpha

Terpene synthase, N-terminal domain

PRX20, peroxidase

Fatty acid desaturase

EEF1A1, elongation factor-1 alpha

HA1, plasma membrane H*-ATPase

CPS1, diphosphate synthase

Cysteine-rich repeat secretory protein
Cysteine-rich repeat secretory protein
HSP90-1, heat shock protein

Stem-specific protein
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Table 2 Continued

Gene, query isoform  Best hit sequence, species of origin

Predicted gene and/or function description

DN4099_co_g2 trJ/AcAOKoM729_PINTB

i Pinus tabuliformis
DN45522_co_gt1 tr]AQNMES8_PICSI
iq Picea sitchensis
DN595_c1_g1 XP_030442509.1
i Syzygium oleosum

DN59675_co_g1 XP_024931526.1

i5 Ziziphus jujube
DN9161_c1_g1 tr| AoA7J7C285 TRIWF
i Tripterygium wilfordii

OSI_37124, receptor-like serine threonine-protein kinase
RPL18, 60S ribosomal protein L18

Converts alpha-aldose to the beta-anomer, active on D-glucose,

L-arabinose, D-xylose, D-galactose, maltose, and lactose
(by similarity)

Cysteine-rich receptor-like protein kinase

HSP90-1, heat shock protein

setting of growth (Wachowiak et al, 2018) equalized
expression between the species, leading to rather con-
servative measures of differentiation as compared to natural,
in situ variation. Therefore, the observed patterns were
expected to reflect variation resulting from fixed and
heritable determinants that mirror the species' evolutionary
history. As compared to the total number of protein-coding
genes, we found relatively low numbers of differentially
expressed markers (121). The adopted expression-based
filtering criteria should be regarded as a mild cutoff, enough
to exclude transcripts with the lowest signal. Additionally, the
conservative approach of limiting the reported markers to the
intersection of results from concurrent methods of differ-
ential expression detection impacted these counts moder-
ately (the respective unions were just 3-5 times larger).
Counts of DEGs exhibited interesting patterns showing similar
numbers of genes in comparisons of P. mugo and P. uncinata
vs P. sylvestris (26), P mugo vs P. uncinata (28), and P. uncinata
vs P. sylvestris (26), while triple that number was observed in
the comparison of P. mugo and P. sylvestris (90). The pattern
denotes asymmetric relations between Scots pine and two
mountain pines, consistent with most available data (e.g.,
Wachowiak et al., 2015; Zaborowska et al., 2021). The number
of markers that unite the mountain pines and discriminate
them from Scots pine (M vs PS) y (U vs PS): 14) was not much
larger than the numbers of DEGs specific to each of them
((M vs PS) y (M vs UN): 8 and (U vs PS) y (U vs M): 2).
Moreover, markers found between two mountain taxa and
Scots pine, those present in the “broad” M-UN vs PS set,
were dominated by differences between dwarf pine and
Scots pine, which disappeared when filtering to include those
which were also differentiated in UN vs PS comparison—were
absent from the ‘“narrow” intersection. We observed
generally lower intraspecific variation in expression of
markers in individuals of dwarf mountain pine and the
other two species occasionally showed bipolar spread of
the transcription estimates. These results contrast with the
pattern observed in a broad set of genome-wide SNP markers
(Zaborowska et al., 2021), where P. mugo showed the highest
intraspecific diversity among these three taxa. However, due
to the limited sample sizes used here, much of the variation
among the pine species remains unexplored. Overall, the
analysis exposed a limited set of genes with diverged
patterns of expression between species as compared to the
number of transcripts analyzed.
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4.3 Putative signatures of mountain pine adaptations
The genes most differentiated in the expression between the
P. mugo complex and P. sylvestris could be grouped into
several major categories related to environmental gradients
and conditions of the species occurrence. Three genes
encoding O-methyotransferases (OMTs) were discovered in
a group of sequences highly upregulated in the P. mugo
complex taxa (Table 2), and the O-methyltransferase activity
was one of the main GO terms enriched in this group of DEGs
(Table S12). OMTs are a large family of enzymes that add
methyl groups to target oxygen atoms of a variety of
secondary metabolites, such as phenylpropanoids, flavo-
noids, and some alkaloids, playing important roles in lignin
biosynthesis, defense, and stress resistance (Lam et al., 2007).
Two were annotated as caffeoyl CoA O-methyltransferase
(CCoOAOMT) and catechol-O-methyltransferase (COMT), and
the third was also grouped with COMT-like sequences or type
Il OMTs from the genus Pinus. The best-recognized function
of CCoAOMT is its role in lignin synthesis, and interestingly
the patterns of nucleotide polymorphism at the gene
showed signatures of natural selection in Pinus taeda and
P. sylvestris (Gonzalez-Martinez et al., 2006; Wachowiak
et al., 2022). Finding the COMT gene was unexpected, since
to our knowledge, such sequences have not been noted
earlier in Scots pine, despite extensive research related to
the wood production process in this species (Paasela
et al.,, 2017; Lim et al., 2021), so we did not expect COMT
expression in its close relatives. Another OMT was highly
differentiated among P. mugo and P. sylvestris but showed
intermediate levels of expression in P. uncinata. The results
suggest that the pine species adapted to mountain regions
characterized by strong winds and often thick snow cover
adjusted their wood properties via the lignin synthesis
pathway. On the other hand, a group of phenylpropanoid
metabolic processes was indicated to also be enriched in
genes up-regulated in Scots pine (Figs. S2, S3). Furthermore,
the mentioned OMTs are vital in plant responses to
environmental stressors too, mainly salinity, drought, and
high ozone concentrations (Chiron et al, 2000; Chun
et al,, 2021). The last aspect seems important for subalpine
flora (Matyssek & Sandermann, 2003), and P. mugo and P.
uncinata specifically, as both are very sensitive to ozone
(Bi¢arova et al., 2019; Diaz-de-Quijano et al., 2019).

Another gene upregulated in mountain pines as
compared to Scots pine encodes oxidoreductase from the
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2-oxogluterate (20G) Fe(ll)-dependent oxygenase super-
family, which exhibits great diversity of metabolite biosyn-
thesis, biodegradation, regulatory, or structural roles (Herr &
Hausinger, 2018). Another transcript represented the nuclear
PsbR gene for plastid photosystem Il (PSIl) 10 kDa polypep-
tide. The polypeptide is essential for the stable assembly of
proteins in the oxygen-evolving complex, including water
splitting and electron transport in PSII. It was shown to
have enhanced activity under low light conditions (Suorsa
et al, 2006), be dependent on UV-B radiation (Peng
et al.,, 2021), and to have expression negatively correlated
with the sun, temperature, and wind, but positively with
precipitation and humidity (Sjodin et al., 2008). As the light
intensity and UV-B radiation are greater at higher altitudes,
upregulation in both mountain pines could reflect their
adaptation and reaction to changed glasshouse conditions.
Enrichment analysis indicated the regulation of circadian
rhythm as an overrepresented term in P. mugo and P.
uncinata, meaning that these plants might evolve to better
synchronize with the light cycle, or other diurnal cycles
altered in their environment. Another DEG encoded protein
disulfide isomerase (PDI), which catalyzes the conversion of
thiol-disulfide by formation and breakage of SS-bonds
between cysteine residues, is responsible for the proper
folding of proteins (protein folding in endoplasmic reticulum
was also an enriched GO term). PDIs in plants are involved in
responses to biotic and abiotic stress (Zhang et al., 2018;
Feldeverd et al., 2020), and may play a role in redox signaling
(Wittenberg & Danon, 2008). An elongation factor was
distinctly upregulated in the subalpine taxa too (better
specified below).

Also strongly differentiated, but exhibiting the opposite
direction of regulation (i.e., greater expression in Scots pine)
was abietadienol/abiedienal oxidase, a cytochrome P450
monooxygenase unique to conifers. It is specialized in the
synthesis of tricyclic diterpene resin acids (DRAs) (Ro
et al., 2005; Bathe & Tissier, 2019), essential components of
conifers' oleoresin—the defense blend against pathogens,
pests and herbivores, and a chemotaxonomic marker
effective in Pinus (Miti¢ et al., 2017). Potentially, this could
be a consequence of the extensive range of Scots pine, and
its need to defend against a broader range of pests and
pathogens.

4.4 Gene expression divergence between the mountain pine
species

Diverse genes were found to distinguish the two mountain
pines. A fatty acid desaturase was one of the best markers,
these enzymes modify the properties of fatty acids (FAs)
chains by forming double bonds between adjacent carbon
atoms. They are responsible for the appropriate structure
and fluidity of plasma membranes, helping to deal with
temperature changes (Kates et al., 1984; Makarenko
et al., 2014) or ozone effects (Matyssek & Sandermann, 2003).
The composition of FAs was also successfully used as a
chemotaxonomic discrimination tool between the main
families and within some species groups of conifers (Wolff
et al., 2001). Our result indirectly supports the utility of this
tool, and further investigation of FA variation in these species
is merited. Furthermore, peroxidase PRX20 had greatly
increased expression in P. mugo compared to P. uncinata.
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This protein belongs to a plant-specific family of class Il
peroxidases, involved in diverse processes, such as cell
elongation, lignification, seed germination, and stress
responses (Shigeto & Tsutsumi, 2016). Although we lack
data from gymnosperms, the PRX20 of Populus trees
exhibited strong activity toward coniferyl alcohol, a
monolignol participating in lignin synthesis (Ren et al., 2014).
These data suggest that P. uncinata might be less vulnerable
to H,0, toxicity or that wood properties differ in species of
the P. mugo complex. Similar bias in expression modes was
observed in two elongation factors, annotated as EF-1a
enzymes. Essentially, various elongation factors (EFs) act in
ribosomes during translation, among others facilitating the
elongation of synthesized peptides (Sasikumar et al., 2012).
These specific two are related to the regulation of growth, as
indicated by GO terms assigned (and enriched in the
discussed group of DEGs, Table S12 and Fig. S4), so they
represent the candidates for determinants of the shrubby
habit of P. mugo. Another possible agent might be seen in
the diphosphate synthase, which is related to the gibberellin
metabolic processes (Li et al., 2018), and these hormones are
known to affect dwarfism in plants (Ford et al., 2018).

In the list of GO terms over-represented in transcripts that
were more abundant in Pyrenean pine, many represented
diverse responses to exogenous stimuli, like defense
responses, response to water deprivation, or responses to
inorganic substances (Table S12, Fig. S5). Among the more
significant, response to heat and heat acclimation were
found. These were mainly represented by two heat-shock
proteins of family 9o (HSP90) up-regulated in P. uncinata. In
plants, this gene family functions as a molecular chaperone,
acting in stress signal transduction and influencing responses
to different abiotic stresses, but also participates in plant
development and resistance to pests and diseases (Mozhar-
ovskaya, 2018; Xu et al., 2012). That observation might speak
for the adaptation of Pyrenean pine to the warmer climate of
the western European mountain ranges. Furthermore,
transcripts encoding three proteins sharing a plant-specific
stress-antifungal domain (two cysteine-rich repeat secretory
proteins, and one cysteine-rich receptor-like protein kinase)
were also found upregulated in P. unicnata. They belong to a
big group of signaling, transmembrane proteins, which
respond to diverse developmental and environmental
prompts (Wrzaczek et al., 2010; Vaattovaara et al., 2019;
Mou et al., 2021). Another differentially expressed transcript
encoded a stem-specific protein that putative orthologs act
as regulators of the growth of Ricinus communis internodes,
and of the development and differentiation of Eucalyptus
callus (Hu et al., 2016; Zhang et al., 2022).

All the genes described above, and listed in the tables,
reveal the expression component of interspecific variation
that may play a role in the species' ecological divergence and
adaptation. As such, they well deserve testing their
phenotypic effects. First, validation of the gene expression
profiles in form of qRT-PCR or other relevant analysis (Dallas
et al., 2005) should be performed. Furthermore, for finer
resolution of the interactions between expression, pheno-
type, and environment, robust statistical modeling of
transcriptome data and environmental factors, conducted
on a larger sample of populations, would be supportive.
Finally, a complementary test, which would confirm how
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actual the revealed expression patterns are, could be
governed by individuals collected in their native conditions,
across natural populations of the three pine taxa.

5 Conclusions

This study reveals an expression component of interspecific
variation that may play a role in the ecological divergence
and differential adaptation among the study species. As such,
they merit further examination to assess their association
with phenotype among standing populations of the species.
Furthermore, a new genomic reference for the pine
transcriptome, with particular relevance for the taxonomi-
cally challenging Pinus mugo complex (including P. mugo and
P. uncinata) will facilitate research into these species. We
identified several genes that exhibited good discrimination
ability between the sister mountain pines and their close
relative, Scots pine. Those genes could be grouped into
several functional categories, including wood trait proper-
ties, oxidative stress response, other abiotic factors related
to salinity, drought, and temperature, as well as some biotic
stressors. Although the molecular basis for adaptation to
different environments is likely to be highly complex and
difficult to validate, the identified markers are excellent
candidates for further investigation given their putative
function and corresponding expression patterns among the
three taxa. The relatively low number of differentially
expressed genes discovered in the study is in line with
previous reports showing high molecular and genetic
similarity between the species, suggesting that additional
determinants of their phenotypic and ecological diversity
may involve variation in the non-coding part of the genome,
and epigenetic interactions.
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Fig. S1. ExN50 change plotted against the Ex value, comparison
of outputs from three read abundance estimation methods
used on MUS assembly gene models.

Fig. S2. Scatterplot of the GO terms from the Biological
Process aspect enriched in differentially expressed genes
upregulated in two mountain pines relative to Scots pine.
Bubble color indicates the p-value for overrepresentation,
size indicates the frequency of particular GO term in the
underlying GO database (more general terms are larger), and
group representatives are marked with blue asterisks.

Fig. S3. Scatterplot of the GO terms from the Biological
Process aspect enriched in differentially expressed genes
upregulated in Scots pine relative to two mountain pines.
Fig. S4. Scatterplot of the GO terms from the Biological
Process aspect enriched in differentially expressed genes
up-regulated in P. mugo compared to P. uncinata.

Fig. S5. Scatterplot of the GO terms from the Biological
Process aspect enriched in differentially expressed genes
upregulated in P. uncinata relative to P. mugo.
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Table S1. Generalized phenotypic differentiation of the three analyzed pine species.

Metric P. mugo P. uncinata P. sylvestris REF."
Growth form dwarfish — prostrate, polycormic monocormic, erect tree monocormic, erect tree 1,2,3
shrub

Bark color and blackich or greyish brown, blackich or greyish brown, with orange-brown on branches and 1
character minutely scaly small plates curling up like upper trunk, papery thin, flaking,

shavings later and on lower trunk forming

thick grey ribs

Female cone erect position; actinomorphic or erect position; conspicuously reflexed position; + zygomorphic 1, 3
characteristics: subactinomorphic ~ symmetry; zygomorphic; rarely subactino- or subactinomorphic symmetry;
position; symmetry; apophyses glossy, light to morphic symmetry; apophyses apophyses dull, pale tawny with
color of fully matured chestnut brown, flat, slightly glossy, light to chestnut brown, greyish tinge, slightly prominent
cones and their shape prominent, distally tumid or elongated into high, oblique to obliquely pyramidal in shape
on the exposed part of obliquely low pyramidal pyramid, rarely only slightly
the cone prominent
Needle characteristics: dark green; radially oblong; in dark green; radially oblong; in greyish pale green; * square; 1,4,5
color; epidermis cellsin  thin layer or (almost) absent; thin layer or (almost) absent; in multicell bundle of 1 triangular
cross section; 0.5-1.2 x vascular bundle width; 0.6-1.4 x vascular bundle width; shape on cross section; 1.5-2.5 x
sclerenchyma cells small proportion of A type (8%), predomination of the B type vascular bundle width; the A
along and between Band Ctypesclosetoevenincell among sclerenchyma cells type predominant (78%) among
vascular bundles; types surrounding resin canals surrounding resin canals, the cell types surrounding resin
distance between (43% and 49%); followed by A type (34%) and canals, almost no C type cells;
vascular bundles; Between the vascular bands only few percent of C type; The AA type (72%) most
proportion of different predomination of the DD type Among cells between vascular common between vascular
sclerenchyma cell types  (65%) and very small bundles mainly the CC and BB bundles, the rest quite evenly
(A-C — surrounding contribution of the AA type (< types present (43% and 31%, distributed (BB - 13%, CC — 8%,
resin canals; AA-DD — 2%) respectively), only minor DD - 7%)
between vascular component of DD type cells
bundles)t
Phenology and early earliest bud set, first to latest bud burst fastest growth 6

growth rate (compared
under glasshouse
conditions)

terminate dormancy, slowest

growth rate

Footnote: ' REF. — for more details, please see the publications: 1 — Businsky & Kirschner, 2010; 2 — Hamernik & Musil, 2007; 3 — Monteleone et
al., 2006; 4 — Boratynska & Boratynski, 2007; 5 — Boratynska et al., 2015; 6 — Wachowiak et al., 2018; *The cell type descriptions: A - fibre-like
with restricted lumen, B - with thickened walls and intermediate lumen, C - with slightly thickened walls and distinct lumen, AA - fibre-like with
highly thickened walls and restricted lumen, BB - with thickened walls and intermediate lumen, CC - with slightly thickened walls and distinct
lumen, DD - with non-thickened walls and large lumen (after Boratynska & Boratynski, 2007).



Table S2. Read abundances and metrics of sample mapping success to the reference MUS assembly transcriptome sequence.

I - :
e rowrses el buploieree et | el e
M1 21,907,358 20,903,206 (95.4) 2,627,912 (12.6) 1,568,764 (7.5) 19,334,442 (92.5)

M2 16,338,002 15,608,960 (95.5) 2,029,470 (13.0) 1,135,198 (7.3) 14,473,762 (92.7)

M4 26,548,182 25,346,548 (95.5) 2,873,030 (11.3) 2,174,986 (8.6) 23,171,562 (91.4)

M5 34,792,306 33,172,082 (95.3) 2,627,912 (7.9) 2,644,350 (8.0) 30,527,732 (92.0)
UN1 17,483,256 16,690,914 (95.5) 1,253,694 (7.5) 1,397,014 (8.4) 15,293,900 (91.6)
UN3 22,992,986 22,046,538 (95.9) 2,537,826 (11.5) 1,746,326 (7.9) 20,086,382 (91.1)
UN4 24,321,780 23,167,108 (95.3) 2,537,826 (11.0) 1,746,326 (7.5) 21,420,782 (92.5)

PS3 18,942,346 18,171,568 (95.9) 3,529,774 (19.4) 1,689,838 (9.3) 16,481,730 (90.7)

PS4 19,513,846 18,656,774 (95.6) 1,735,108 (9.3) 1,636,910 (8.8) 17,019,864 (91.2)

PS5 22,588,372 21,566,374 (95.5) 1,971,162 (9.1) 1,656,942 (7.7) 19,909,432 (92.3)

ALL 225,428,434 215,330,072 (95.5) nat 17,396,654 (8.1) 197,719,588 (91.8)
ps2T 316,681,976 303,652,976 (95.9) na na na

Footnote: ' Reads as might be downloaded from European Nucleotide Archive (sample IDs given in Table 1 of the main text); * Reads after
TRIMMOMATIC cleaning, only pairs left (trimming parameters used: "ILLUMINACLIP:anaconda3/envs/Trinity/share/adapters/TruSeq2-
PE.fa:2:30:10:2:keepBothReads SLIDINGWINDOW:5:20 LEADING:3 TRAILING:3 MINLEN:30"; § Mapping was performed for each sample separately,

duplicate reads could not be evaluated; f Sample PS2 served only for the generation of the reference transcriptome; na — not applicable.

Table S3. Basic statistics for the generated raw MUS assembly transcriptome and its expression-filtered subset.

Metric Raw MUS assembly Expression-filtered set
Number of contigs 371,779 159,919 (43%)
Mean contig length [bp] 716.8 1156.0
Max. contig length [bp] 24,660 24,660
Total bases in contigs 266,480,155 184,867,893
GC content [%] 42.17 42.13
N50* 1,290 1,955
E9ON50F 2,173 2,135
§ 241,804 56,077

Number of genes

Footnote: ' N50 — the shortest length of contig that needs to be included for covering 50% of the transcriptome; * E9ON50 - same as N50 length but
calculated only from the top most highly expressed contigs that represent 90% of the normalized expression data, here based on expression

estimates from RSEM; ® The number of gene models based on the initial TRINITY clustering of isoforms.



Table S4. Results of MUS assembly isoform frame prediction and statistics for the resulting filtered transcriptome.

Isoforms that passed expression filtering

159,919 (100%)

Total sequences with predicted frame

- complete frames

- 5’ partial frames

- 3’ partial frames

- internal frames

Total length of filtered transcriptome [bp]
Average length [bp]

N50; N9O [bp]

Longest sequence [bp]

Shortest sequence [bp]

73,339 (45.9%)

44,874 (28.1%)

11,112 (6.9%)

7,979 (5.0%)

9,374 (5.9%)

83,393,445

1,137.1

1,482; 522

17,004 (TRINITY_DN7617_c0_g1_i3)
327 (TRINITY_DN8003_c0_g1_i6)

Table S5. Results of similarity search of translated MUS assembly isoforms against three protein databases.

RefSeq plant

Database . Swiss-Prot TrEMBL OVERALL
proteins

Total alignments 1,123,311 71,501 614,855 1,809,667
Total unique transcripts with an alignment 55,358 34,387 59,096 59,368
(pct. of total sequences with predicted frame) (75.5%) (46.9%) (80.6%) (81.0%)
Total unique informative alignments 41,300 32,664 40,825 43,973
(pct. of total transcripts with an alignment) (74.6%) (95.0%) (69.1%) (74.1%)

- complete frames 27,803 25,100 27,100 28,963

- 5’ partial frames 5,252 3,410 5,358 5,697

- 3’ partial frames 4,208 2,581 4,125 4,608

- internal frames 4,037 1,573 4,242 4,705
Total unique uninformative alignments 14,058 1,723 18,271 15,395
(pct. of total transcripts with an alignment) (25.4%) (5.0%) (30.9%) (25.9%)

- complete frames 9,215 1,005 11,573 9,829

- 5’ partial frames 1,695 247 2,385 2,104

- 3’ partial frames 1,457 225 2,060 1,616

- internal frames 1,691 246 2,253 1,846
Total unique contaminants na 4,683 1,119 837
(pct. of total transcripts with an alignment) (13.6%) (1.9%) (1.4%)

- contaminants flagged as Bacteria na 980 191 122

- contaminants flagged as Opisthokonta na 3,703 928 715
Total unique transcripts without an alighment 17,981 38,952 14,243 13,971
(pct. of total sequences with predicted frame) (24.5%) (53.1%) (19.4%) (19.0%)

- complete frames 7,856 18,769 6,201 6,082

- 5’ partial frames 4,165 7,455 3,369 3,311

- 3’ partial frames 2,314 5,173 1,794 1,755

- internal frames 3,646 7,555 2,879 2,823

Footnote: na - not applicable, in RefSeq database only plant sequences were screened



Table S6. Similarity search results, most frequent species in best-hit and contaminant alignments are listed.

transcripts successfully aligned but considered

Best-hit taxon # hits (%)' Contaminant taxon # hits (%)*
1. Amborella trichopoda 7,526 (13.60)
< 2 Juglans microcarpa x J. regia 3,453 (6.24)
2
S 3 Nymphaea colorata 3,245 (5.86) not applicable
o
:~ 4 Dioscorea cayenensis subsp. rotundata 2,690 (4.86)
<
. 5 Nelumbo nucifera 1,801 (3.25 . . .
'5' . ucif (3:25) Footnote: * Percentage of all unique transcripts with
s 6 Physcomitrium patens 1,778 (3.21) an alignment — corresponds with the first number
€ . fter database name of left; ¥ Percentage of all unique
c_:u 7 Cucurbita pepo subsp. pepo 1,376 (2.49) a 4 8 q
o
g 8
L]
o 9
(2

Elaeis guineensis 1,334 (2.41) contaminants - corresponds with the second
Selaginella moellendorffii 1,222 (2.21) number after database name on left.

10.  Phoenix dactylifera 1,209 (2.18)

1. Arabidopsis thaliana 21,071 (61.28) Homo sapiens 722 (15.42)

2. Oryza sativa subsp. japonica 2,364 (6.87) Mus musculus 552 (11.79)
5 3 Homo sapiens 722 (2.1) Schizosaccharomyces pombe 291 (6.21)
:’: 4, Mus musculus 552 (1.61) Xenopus laevis 249 (5.32)
§1 5. Dictyostelium discoideum 459 (1.33) Bos taurus 240 (5.12)
§ 6. Oryza sativa subsp. indica 405 (1.18) Danio rerio 215 (4.59)
E 7. Solanum lycopersicum 357 (1.04) Saccharomyces cerevisiae 145 (3.1)
g 8. Nicotiana tabacum 310(0.9) Drosophila melanogaster 129 (2.75)
92 g Schizosaccharomyces pombe 291 (0.85) Rattus norvegicus 121 (2.58)

10.  Xenopus laevis 249 (0.72) Bacillus subtilis 111 (2.37)

1. Picea sitchensis 19094 (32.31) Orchesella cincta 178 (15.91)

2. Araucaria cunninghamii 4605 (7.79) Pelagivirga sediminicola 68 (6.08)
” 3. Wollemia nobilis 3533 (5.98) Photinus pyralis 46 (4.11)
3 4. Cinnamomum micranthum f. kanehirae 2303 (3.9) Folsomia candida 26 (2.32)
g 5. Amborella trichopoda 1941 (3.28) Saitoella complicata 24 (2.14)
:f 6. Pinus taeda 1882 (3.18) Thalassorhabdomicrobium marinisediminis 24 (2.14)
é 7. Nelumbo nucifera 1149 (1.94) Heliconius melpomene cythera 23 (2.06)
""_d 8. Actinidia chinensis var. chinensis 840 (1.42) Bos indicus x B. taurus 21(1.88)

9. Physcomitrium patens 634 (1.07) Jimgerdemannia flammicorona 14 (1.25)

10.  Vitis vinifera 630 (1.07) Clavispora lusitaniae 14 (1.25)

1. Picea sitchensis 17,419 (29.34) Orchesella cincta 107 (12.78)

2. Araucaria cunninghamii 4,230 (7.13) Photinus pyralis 46 (5.50)
~ 3. Wollemia nobilis 3,415 (5.75) Pelagivirga sediminicola 38 (4.54)
2 4. Amborella trichopoda 2,155 (3.63) Saitoella complicata 24 (2.87)
§ 5. Cinnamomum micranthum f. kanehirae 1,915 (3.23) Folsomia candida 19 (2.27)
% 6. Pinus taeda 1,331 (2.24) Clavispora lusitaniae 14 (1.67)
g 7. Arabidopsis thaliana 1,017 (1.71) Tolypocladium ophioglossoides 11(1.31)
% 8. Nymphaea colorata 875 (1.47) Jimgerdemannia flammicorona 11(1.31)

9. Juglans microcarpa x J. regia 869 (1.46) Rhizophagus irregularis 10 (1.19)

10.  Nelumbo nucifera 729 (1.23) Hortaea werneckii 8(0.96)




Table S7. The most frequently reported protein domains form PFAM and SMART databases in filtered MUS assembly.

Domain ID, description #

1. PPR, PPR repeat 1124

2. Pkinase, Protein kinase domain 831

3. Pkinase_Tyr, Tyrosine kinase 821

4. LRR_1, Leucine Rich Repeat 638

= 5.  NB-ARC, NB-ARC domain 304
E 6. NACHT, NACHT domain 261
7. LRRNT_2, Leucine rich repeat N-terminal domain 248

8. WD40, WD domain, G-beta repeat 231

9. AAA, ATPase family associated with various cellular activities 203

10. TIR, TIR domain 187

1. TRANS, Transmembrane domain 5217

2. COIlL, Coiled coil 3787

3. SIGNAL, Signal peptide 2453

1. STYKc, Protein kinase; unclassified specificity 743

2.  AAA, ATPases associated with a variety of cellular activities 604

- 3. LRR, Leucine-rich repeats, outliers 566
n<: 4. RING, Ring finger 289
g 5. WDA40, WD40 repeats 242
6. ZnF_C2HC, Zinc finger 214

7. LRR_TYP, Leucine-rich repeats, typical (most populated) subfamily 200

8. RRM, RNA recognition motif 189

9. TIR, Toll - interleukin 1 - resistance 187

[Eny
©

S_TKc, Serine/Threonine protein kinases, catalytic domain 152




Table S8. The most frequently reported terms of level 3-5 in three main gene ontology (GO) aspects from the MUS assembly.

Level 3 (name, term, counts)

Level 4 (name, term, counts)

Level 5 (name, term, counts)

1. macromolecule metabolic process, cellular protein metabolic process, cellular protein modification process,
G0:0043170, 5419 G0:0044267, 2809 G0:0006464, 1945
2. cellular macromolecule metabolic process, phosphate-containing compound metabolic phosphorylation, GO:0016310, 1465
G0:0044260, 4872 process, GO:0006796, 2609
3. organic cyclic compound metabolic nucleic acid metabolic process, GO:0090304, regulation of gene expression, GO:0010468,
process, GO:1901360, 3549 2374 1401
4. cellular aromatic compound metabolic macromolecule modification, GO:0043412, regulation of cellular biosynthetic process,
ﬁ process, GO:0006725, 3442 2117 G0:0031326, 1345
§ 5. cellular nitrogen compound metabolic macromolecule biosynthetic process, regulation of macromolecule biosynthetic
o process, GO:0034641, 3365 G0:0009059, 2006 process, GO:0010556, 1296
S = heterocycle metabolic process, cellular macromolecule biosynthetic process, regul. of nucleobase-cont. compound
§° G0:0046483, 3343 G0:0034645, 1983 metab. proc., GO:0019219, 1290
-§ 7. protein metabolic process, GO:0019538, protein modification process, GO:0036211, regulation of RNA metabolic process,
3261 1945 G0:0051252, 1193
8. organic substance biosynthetic process, gene expression, GO:0010467, 1894 carboxylic acid metabolic process,
G0:1901576, 3218 G0:0019752, 987
9.  cellular biosynthetic process, GO:0044249, regulation of cellular metabolic process, nucleotide metabolic process, GO:0009117,
3135 G0:0031323, 1667 931
10. nucleobase-containing compound system development, GO:0048731, 1571 RNA biosynthetic process, GO:0032774, 880
metabolic process, GO:0006139, 3074
1. nucleotide binding, GO:0000166, 3633 metal ion binding, GO:0046872, 3160 purine ribonucleoside binding, GO:0032550,
2886
2. nucleoside phosphate binding, purine nucleotide binding, GO:0017076, 2894  adenyl nucleotide binding, GO:0030554,
G0:1901265, 3633 2684
3. anion binding, GO:0043168, 3379 purine ribonucleotide binding, GO:0032555, transition metal ion binding, GO:0046914,
2892 2089
c 4  cation binding, GO:0043169, 3271 ribonucleoside binding, GO:0032549, 2890 pyrophosphatase activity, GO:0016462, 1228
'% nucleic acid binding, GO:0003676, 2990 purine nucleoside bind., GO:0001883, 2886 protein kinase activity, GO:0004672, 1088
E 6.  ribonucleotide binding, GO:0032553, 2957  purine ribonucleoside triphosphate binding, cation transmembrane transporter activity,
b G0:0035639, 2806 G0:0008324, 429
§ 7. nucleoside bind., GO:0001882, 2898 DNA binding, GO:0003677, 1518 endopeptidase activity, GO:0004175, 328
g 8.  transferase activity, transferring kinase activity, GO:0016301, 1429 DNA polymerase activity, GO:0034061, 316
phosphorus-cont. groups, GO:0016772,
1864
9. hydrolase activity, acting on acid hydrolase activ., acting on acid anhydrides, in ~ guanyl nucleotide binding, GO:0019001, 282
anhydrides, GO:0016817, 1249 phosphorus-cont. anhydrides, GO:0016818,
1236
10.  hydrolase activity, acting on ester bonds, phosphotransferase activity, alcohol group as  sequence-specific DNA binding,
G0:0016788, 928 acceptor, GO:0016773, 1224 G0:0043565, 277
1. intracellular anatomical structure, cytoplasm, GO:0005737, 12887 plastid, GO:0009536, 4119
G0:0005622, 16532
2. intracellular organelle, GO:0043229, intracellular membrane-bounded organelle, nucleus, GO:0005634, 3909
10852 G0:0043231, 7064
- 3. cell periphery, GO:0071944, 3085 cytosol, GO:0005829, 2354 vacuole, GO:0005773, 1957
é 4. plasma membrane, GO:0005886, 2860 integral component of membrane, mitochondrion, GO:0005739, 1648
S G0:0016021, 2339
g 5. intrinsic component of membrane, Golgi apparatus, GO:0005794, 1017 cytoskeleton, GO:0005856, 628
';f G0:0031224, 2385
‘—; 6.  organelle membr., GO:0031090, 1531 thylakoid, GO:0009579, 940 ribosome, GO:0005840, 540
E 7. intracellular non-membrane-bounded endoplasmic reticulum, GO:0005783, 898 nucleolus, GO:0005730, 503
organelle, GO:0043232, 1317
8. envelope, GO:0031975, 1141 cell wall, GO:0005618, 826 plastid thylakoid, GO:0031976, 457
9. organelle envelope, GO:0031967, 1106 ribonucleoprot. compl., GO:0030529, 713 nucleoplasm, GO:0005654, 425
10. plasmodesma, GO:0009506, 1068 chromosome, GO:0005694, 430 plastid thylak. membr., GO:0055035, 361




Table S9. Abundance estimations of 121 protein coding genes with significantly differentiated expression patterns between three studied taxa. Markers significant in all six
combinations of software dyads are presented, for simplification, solely fold change and p-values from RSEM-EDGER pair are shown. Marked in bold are 74 successfully

annotated sequences.

GENE Sample expression level [TMM cross-sample normalized counts] Log2(fold change) / p-value in taxa comparison

M1 M2 M4 M5 UN1 UN3 UN4 PS3 PS4 PS5 M-UN vs PS M vs PS UN vs PS M vs UN
DN34_c0_gl 1078.33  520.37 635.04  852.00  341.97  843.65 1000.49 6.69 2.85 9.88 6.9/ 1.6E-15 6.9/1.3E-14  -6.8/ 4.6E-12 ns
DN87290_c0_g1 98.18 60.04 64.41 85.53 47.22 39.48 36.70 0.00 0.00 0.54 8.2/ 3.1E-15 8.6/7.1E-14  -7.7/5.2E-10 ns
DN25212_c0_g1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.43 3.76 19.52 -9.8/4.0E-15  -9.8/2.0E-10 9.8/9.3E-09 ns
DN36898_c0_g1 8.33 12.96 20.64 14.86 9.31 10.07 5.44 0.00 0.00 0.00 9.9/15E-14  10.2/7.0E-15  -9.4/1.3E-11 ns
DN9747_c0_g1 78.15 139.04 90.56 103.42 37.14 82.47 54.10 0.66 0.33 1.41 6.7/ 3.2E-14 7.0/1.7E-15  -6.2/2.1E-11 ns
DN19944_c0_g1 0.00 0.00 0.00 0.07 0.00 0.00 0.00 8.49 2.74 15.54 -8.4/4.6E-13  -7.9/7.2E-09 9.5/5.3E-08 ns
DN14280_c0_g2 0.00 0.00 0.00 0.03 0.00 0.00 0.04 6.74 2.39 8.03 -8.8/4.7E-13  -8.8/ 2.6E-09 8.8/ 6.8E-08 ns
DN22543_c0_gi 124.15 74.83 78.44 98.13 63.66 48.39 59.10 1.31 0.00 0.51 7.0/ 8.4E-13 7.3/ 1.6E-10 -6.6/ 1.1E-07 ns
DN33_c2_gl 3098.63  2832.07 265537  2583.67 881.77 1591.25  1862.31 35.78 30.84 70.00 5.6/ 1.0E-12 6.0/ 2.86-15  -5.0/2.7E-10 ns
DN7794_c0_gl 0.07 0.24 0.00 0.00 0.08 0.00 0.00 2.85 24.69 9.92 -7.7/ 4.6E-12  -7.4/ 6.9E-08 ns ns
DN15047_c0_g1 386.25  579.26  449.20 552.86 137.20 40074  369.31 11.44 9.91 16.84 5.0/ 1.2E-11 53/1.5E-14  -4.6/6.3E-09 ns
DN1154_c2_gl 127858  369.47 575.67 798.16 339.66  841.59 830.26 5.85 4.23 17.24 6.3/ 1.2E-11 6.4/3.8€-10  -6.2/7.0E-10 ns
DN111461_c24_gl 482413  3723.25 2416.12  5859.51 570.20  2490.25  2027.80 30.70 24.22 37.85 6.7/ 2.0E-11 7.1/2.7e-18  -5.8/2.1E-10 ns
DN21971_c2_gi 0.49 0.00 0.37 0.33 0.00 0.42 0.42 5.03 7.50 22.69 -5.3/3.0E-10  -5.2/2.8E-07 ns ns
DN3704_c3_gl 107.23 25.57 62.90 29.86 28.74 22.69 28.94 0.00 0.00 0.57 7.6/ 3.5E-09 8.0/ 1.4E-07 ns ns
DN882_c0_gl 486.44  277.55 131.03 706.40 60.54  208.30 113.96 2.84 2.02 3.91 6.6/ 6.4E-09 7.1/2.3E-12  -5.4/2.0E-10 ns
DN3026_c0_g1 4.90 4,61 4.06 5.57 3.21 8.99 3.39 12.47 66.45 60.54 -3.2/1.2E-08  -3.2/ 4.4E-06 ns ns
DN30070_c0_g1 72.47 54.13 63.66 37.54 46.04 143.56 63.01 0.00 0.00 1.24 7.3/ 2.7E-08 7.0/ 8.4E-06 ns ns
DN19629_c0_g1 0.55 0.47 0.49 0.62 0.31 0.94 1.12 0.90 16.45 35.50 -4.7/ 2.8E-08 ns ns ns
DN70256_c1_g1 51.13 32.46 30.31 37.54 21.35 28.05 12.67 0.00 1.09 0.00 6.3/ 8.5E-08 6.7/ 4.0E-06 ns ns
DN3802_c0_g1 41266  691.44  515.93 431.01 245  309.78  433.60 1.13 1.04 1.91 8.2/ 2.1E-07 8.6/ 7.0E-24 ns ns
DN10418_c0_g2 15.06 47.88 9.47 17.59 3.10 11.67 15.89 0.20 0.20 0.41 5.8/ 2.2E-07 6.2/2.1E-09  -5.0/1.8E-06 ns
DN10876_c0_g2 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.28 20.12 4.08 -8.3/ 2.6E-07 ns ns ns
DN13838_c0_g1 0.00 0.00 0.00 0.00 0.00 0.00 0.35 9.06 2.83 17.45 -7.1/3.4-07  -9.6/ 1.5E-09 ns ns
DN6885_c0_gl 15.30 21.24 20.49 19.63 8.26 13.60 1.61 0.00 0.00 0.41 6.4/ 5.4E-07 6.8/ 9.8E-13 ns ns
DN26628_c0_g1l 59.57 40.83 34.81 43.61 16.51 29.54 15.15 4.80 2.77 2.95 3.3/ 1.9€-06 3.7/ 1.4E-09 ns ns
DN14516_c0_g1 0.00 0.00 0.00 0.00 69.19 0.00 63.89 65.44 46.31 42.58 ns -12.0/ 1.9-25 ns ns
DN15289_c0_gl 93.71 49.05 78.16 73.49 0.00 36.92 62.00 0.00 0.00 0.00 ns  12.5/2.9E-23 ns ns
DN14751_c0_g1 62.25 47.49 26.22 41.02 0.00 0.00 0.00 0.00 0.00 0.00 ns  11.8/5.3E-20 ns  11.8/2.4E-20
DN12723_c0_gl 103.09 91.44 54.89 58.46 0.00 0.51 0.00 0.67 0.81 0.38 ns 7.0/ 7.9€-18 ns 8.6/ 6.0E-13
DN62591_c0_g1 30.16 19.03 12.10 29.14 0.53 0.00 16.95 0.00 0.00 0.00 ns  10.8/2.3E-16 ns ns
DN11689_c0_g1 91.38 30.13 143.75 124.36 78.57 0.57 106.83 0.00 0.00 0.00 ns  12.9/3.6E-16 ns ns
DN2594_c0_g1 103.42 49.99 103.34 97.72 10.59 14.78 2.11 1.46 1.66 1.28 ns 5.9/ 3.9E-16 ns ns
DN14974_c0_g1 1.30 1.30 0.85 1.02 40.76 1.79 1.06 46.30 108.01 34.96 ns  -5.8/1.3E-15 ns ns
DN62550_c0_g1 54.39 60.35 117.09 72.37 1.66 52.38 42.61 0.90 1.06 1.50 ns 6.0/ 2.1E-15 ns ns
DN244104_c1_g1 642.80 1278.74  1051.49 588.09 356  1268.41 695.92 2.16 3.45 7.69 ns 7.7/ 2.3E-15 ns ns
DN16360_c2_g1 296.13 214.27 80.88 292.17 0.76 0.00 127.50 0.44 1.09 0.30 ns 8.6/ 6.7E-15 ns ns
DN43514_c0_g1 29.22 16.89 11.60 12.18 10.05 0.40 0.00 0.00 0.00 0.00 ns  10.4/ 6.9E-15 ns ns

DN35757_c0_g1 74.44 14.58 48.85 38.04 0.00 0.57 0.00 0.00 0.00 0.00 ns 11.8/2.1E-14 ns 7.8/ 2.8E-08




Sample expression level [TMM cross-sample normalized counts]

Log2(fold change) / p-value in taxa comparison

GENE M1 M2 M4 M5 UN1 UN3 UN4 PS3 PS4 PS5 M-UN vs PS M vs PS UN vs PS M vs UN
DN38913_c0_g1 21.78 12.79 40.04 15.17 0.00 7.66 8.21 0.00 0.00 0.00 ns  10.8/2.3E-14 ns ns
DN11048_c0_gl 96.74 15640  198.02  319.09 2.97 63.55 135.60 2.38 1.89 0.89 ns 6.8/ 1.0E-13 ns ns
DN2063_c0_g1 1107.68  936.69  490.34  397.22 13.69 20.08 28.57 12.17 6.83 11.14 ns 6.2/ 1.9E-13 ns 5.1/ 1.4E-10
DN13150_c0_g1 38.70 8.66 24.83 37.96 0.16 30.11 28.24 0.00 0.00 0.00 ns  11.1/2.6E-13 ns ns
DN4576_c0_g1 0.00 0.00 0.14 0.12 9.44 7.65 1.79 9.78 17.34 8.53 ns  -6.8/4.6E-13 ns ns
DN2169_c0_g1 0.37 1.02 0.62 0.36 15.50 4.90 2.50 15.04 13.99 17.72 ns  -4.8/9.2E-13 ns ns
DN7054_c0_g1 0.61 0.00 0.12 0.00 20.91 18.87 0.00 60.06 38.02 36.17 ns  -8.0/ 1.4E-12 ns ns
DN28253_c1_gl 99.86  123.78  123.74  113.30 0.73 2.66 1.15 0.00 0.70 0.00 ns 8.9/ 1.5E-12 ns 6.3/ 2.5E-15
DN8421_c0_gl 28.79 19.43 35.90 57.88 2.03 1.84 33.00 0.77 1.15 0.38 ns 5.6/ 2.4E-11 ns ns
DN12883_c0_gl 12.71 11.60 6.86 8.82 0.17 0.13 0.00 0.43 0.09 0.21 ns 5.5/ 4.6E-11 ns 6.5/ 7.1E-13
DN13898_cl1_gl 36.54 25.94 17.64 24.64 11.34 3.43 25.86 1.94 1.37 0.98 ns 4.2/ 1.3E-10 ns ns
DN147_c0_g1 597.45 1373.96  414.95  467.60 67.78  252.34 154.90 21.12 11.24 10.85 ns 5.7/ 1.3E-10 ns ns
DN1163_c2_gl 395.25 98.71  244.63 128.12 124.88 078  256.31 1.31 0.77 3.46 ns 6.9/ 2.2E-10 ns ns
DN21212_c0_gl 39.62 29.76 23.88 51.27 2.67 25.49 96.89 1.31 0.63 2.05 ns 4.8/ 3.5E-10 ns ns
DN9419 c0_gl 0.00 0.00 0.00 0.00 0.00 0.00 2.43 3.33 8.61 21.93 ns  -9.8/1.0E-09 ns ns
DN2019_c0_g1 35.77 24.80 13.68 28.27 6.72 6.17 28.91 0.69 0.45 1.54 ns 4.8/ 1.5E-09 ns ns
DN20095_c0_g1 0.34 0.00 0.39 0.21 5.72 6.45 1.49 18.12 10.65 6.49 ns  -5.4/2.0E-09 ns ns
DN20956_c0_g1 70.01 60.46 64.14  178.66 1.12 142.41 0.00 0.73 0.90 0.00 ns 7.4/ 2.1E-09 ns ns
DN22195_c1_gl 258.78 88.78  186.35 103.64 82.62 1.72 205.68 3.91 0.56 3.05 ns 6.0/ 4.4E-09 ns ns
DN13648_c1 gl 0.00 0.00 0.00 0.00 0.00 0.00 1.26 4.10 3.82 15.76 ns  -9.3/5.1E-09 ns ns
DN16426_c4_gl 320.85  536.07 21.02  267.13 1.01 103.11 39.84 0.42 1.03 1.13 ns 8.4/ 7.3E-09 ns ns
DN2089_c0_g2 2.05 5.88 5.40 3.92 0.00 3.42 0.00 0.00 0.00 0.00 ns 8.4/ 1.4E-08 ns ns
DN9776_c0_g1 27.68 30.75 116.07 114.96 1.00 40.51 34.43 0.55 0.89 1.84 ns 6.1/ 1.8€-08 ns ns
DN1196_c0_g1 0.50 3.96 2.05 2.76 33.43 26.02 12.07 58.22 43.67 38.14 ns  -4.3/3.3E-08 ns ns
DN3741_c0_g1 299.39  665.79 19.38  269.60 1.07 128.13 35.57 0.57 1.45 0.36 ns 8.7/ 3.5E-08 ns ns
DN49862_c0_gl 0.00 0.00 0.00 0.00 0.00 0.00 0.59 2.28 3.18 9.17 ns  -8.6/6.1E-08 ns ns
DN17420_c0_gl 0.40 0.37 1.03 0.44 92.45 0.49 177.05 4.08 72.63 171.42 ns  -7.2/7.2E-08 ns ns
DN15406_c0_g1 38.66 92.85 56.68 59.40 25.26 25.88 34.48 3.00 0.33 1.52 ns 5.3/ 7.5E-08 ns ns
DN36903_c0_g1 5.29 10.14 3.92 11.13 0.86 0.30 1.08 0.39 0.24 0.12 ns 5.1/ 9.4E-08 ns ns
DN17004_c0_g1 12.51 2.97 2.59 7.66 0.00 0.42 2.43 0.00 0.00 0.00 ns 9.0/ 9.5E-08 ns ns
DN6929_c0_gl 1.02 2.74 1.24 1.05 36.42 2.87 18.21 10.84 22.21 21.49 ns  -3.6/1.1E-07 ns ns
DN142_c0_g1 17.17 4.17 15.84 8.40 45.55 172.90 185.17  215.78 100.24 292.24 ns  -4.1/1.1E-07 ns ns
DN1879_c0_g1 115.94  463.05 173.91  333.24 2.40 28.67 10.60 2.73 13.93 4.18 ns 5.3/ 2.6E-07 ns ns
DN15773_c0_g1 17.80 10.46 10.40 12.85 0.00 10.43 2.72 0.00 0.00 0.60 ns 5.8/ 2.7E-07 ns ns
DN6288_c1_gl 16.37 12.29 34.80 33.23 15.26 83.67 5.45 0.12 0.00 0.84 ns 6.1/ 3.9€-07 ns ns
DN7990_c0_g1 127.45 5433 344.00 154.27 74.50 94.31 125.72 8.93 4.26 6.85 ns 4.7/ 4.2E-07  -3.9/1.7E-08 ns
DN5959_c0_g2 1.19 0.41 0.74 0.58 4.05 0.62 0.45 6.88 7.06 21.61 ns  -4.0/ 4.4E-07 ns ns
DN3100_c0_g1 0.26 0.00 0.15 0.44 6.51 1.02 0.46 31.91 3.30 9.92 ns  -6.0/5.0E-07 ns ns
DN317_c17_gl 97.86  106.28  148.33  333.68 1.99 28.79 5.45 477 13.53 3.68 ns 4.6/ 6.8E-07 ns ns
DN10386_c0_gl 6.91 39.08 8.97 27.51 7.52 1.92 1.18 0.76 0.36 0.77 ns 5.0/ 7.7E-07 ns ns
DN595_c1_gl 5.35 3.37 2.85 3.23 42.69 57.59 30.60  102.04 31.11 19.38 ns  -3.8/9.8E-07 ns  -3.5/1.2E-10
DN8509_c0_g1 79.95  101.82 144.62  305.07 2.23 22.95 473 2.64 11.89 3.81 ns 4.7/ 1.1E-06 ns ns
DN16054_c0_g1 0.19 1.49 2.59 1.35 2.76 13.72 7.21 14.01 79.08 27.92 ns  -4.8/1.3E-06 ns ns
DN505_c0_g1 8.56 15.42 27.14 1034 11714  221.25 64.77  138.87  353.86 99.74 ns  -3.6/1.5E-06 ns ns




Sample expression level [TMM cross-sample normalized counts]

Log2(fold change) / p-value in taxa comparison

GENE M1 M2 M4 M5 UN1 UN3 UN4 PS3 PS4 PS5 M-UN vs PS Mvs PS UN vs PS Mvs UN
DN21688_c1_g1l 17.93 11.34 61.62 51.11 0.97 0.00 0.00 0.56 0.92 0.00 ns 6.3/ 1.7E-06 ns ns
DN59675_c0_g1 0.00 0.00 0.14 0.00 7.27 11.99 6.27 191 20.26 6.39 ns -7.3/ 1.7E-06 ns -7.1/7.3€-12
DN18417_c0_gl 5.59 15.34 1.81 10.63 0.00 0.08 1.16 0.13 0.19 0.08 ns 5.8/ 1.7E-06 ns ns
DN11943_c1_g1 1.94 5.27 4.04 7.94 0.93 0.07 0.77 0.12 0.00 0.15 ns 5.4/ 1.9E-06 ns ns
DN8457_c0_g1 145.30 193.37 207.99 112.09 28.77 198.67 105.80 27.77 24.02 15.26 ns 2.9/ 2.4E-06 ns ns
DN3246_c0_g2 159.26 317.01 259.98 152.47 24.84 342.67 189.90 16.25 26.52 32.61 ns 3.2/ 2.4E-06 ns ns
DN7732_c0_g1 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.95 3.80 6.55 ns -8.2/ 2.4E-06 ns ns
DN9000_c4_g1 96.77 172.48 75.24 0.39 0.00 0.00 0.00 0.00 0.00 0.00 ns 12.7/ 8.6E-06 ns ns
DN9183_cl1_g1 1.47 0.29 0.24 0.12 15.61 0.89 3.24 9.24 17.15 5.95 ns -4.2/ 1.6E-05 ns ns
DN1988_c0_g1 0.53 369.80 393.51 0.58 207.38 579.94 482.37 1.85 2.55 3.23 ns ns -7.4/ 1.0E-16 ns
DN19247_c0_gl 195.74 72.17 0.83 0.00 0.24 0.21 0.00 102.38 51.50 56.36 ns ns 8.9/ 1.8E-16 ns
DN17625_c0_g1 0.00 0.83 0.53 0.00 48.50 81.26 65.67 0.00 0.00 0.43 ns ns -8.6/ 2.3E-12 -7.8/ 3.0E-10
DN10565_c0_g1 0.00 0.35 0.34 0.00 101.37 57.35 25.94 0.00 0.28 0.10 ns ns -8.7/ 8.5E-12 ns
DN22931_c1_gl 0.00 0.00 0.00 0.00 25.47 46.56 18.47 0.32 0.00 0.36 ns ns -7.1/1.6E-11  -11.2/5.5E-20
DN20781_c0_g1 10.83 0.39 0.19 8.44 20.45 45.40 41.57 0.47 0.00 0.21 ns ns -7.3/ 8.0E-11 ns
DN22141_c0_g1 9.10 0.00 0.00 0.08 9.77 5.50 4.16 0.00 0.00 0.00 ns ns -9.0/ 2.3€-09 ns
DN12125_c0_g1 0.00 0.01 3.00 0.02 2.76 8.26 6.79 0.08 0.00 0.01 ns ns -7.0/ 1.4E-07 ns
DN20325_c0_g1 0.00 0.00 28.12 0.74 31.50 27.66 31.88 0.67 0.00 0.00 ns ns -7.2/ 2.1E-07 ns
DN33656_c0_g1 0.00 0.00 0.00 0.00 47.97 4.07 139.30 0.00 0.00 0.00 ns ns  -12.3/2.9€-07 ns
DN32187_c0_g1 0.89 153.38 1.54 322.38 1.88 1.33 2.19 10.28 143.39 216.28 ns ns 6.1/ 3.0E-06 ns
DN7303_c0_g1 109.00 49.09 75.43 51.71 0.81 0.89 1.15 2.45 105.62 2.27 ns ns ns 6.2/ 4.2E-16
DN10255_c0_g1 12.26 21.70 11.76 9.21 0.00 0.00 0.00 19.89 23.54 0.00 ns ns ns 10.1/ 4.0€-15
DN5464_c0_g1 0.00 0.00 0.00 0.00 11.27 9.21 25.36 34.79 10.81 0.00 ns ns ns -10.3/9.6E-15
DN15760_c0_g1 0.00 0.00 0.00 0.00 9.01 7.89 5.09 1.23 8.49 5.05 ns ns ns -9.2/9.3E-14
DN18660_c0_gl 10.74 16.05 11.11 4.62 0.00 0.00 0.00 0.00 32.36 0.00 ns ns ns 9.7/3.1E-12
DN7225_c3_g1 661.95 444.52 181.77 213.19 2.92 0.42 0.47 2.26 0.65 3.58 ns ns ns 8.2/ 1.5€-10
DN10556_c2_gl 0.00 0.00 0.07 0.03 5.19 10.19 3.24 2.66 5.03 0.03 ns ns ns -7.4/ 1.0E-09
DN11841_c0_g1 9.92 4.49 10.14 29.14 0.00 0.00 0.00 0.00 0.00 0.21 ns ns ns 10.1/ 1.2E-09
DN56801_c0_gl 8.23 18.91 17.83 17.47 0.44 0.00 0.00 1.16 0.00 0.00 ns ns ns 6.7/ 1.7E-09
DN9161_cl1_gi 0.00 0.00 0.00 0.00 376.43 3.18 135.06 0.83 59.70 147.56 ns ns ns  -13.8/ 2.3E-08
DN10393_c0_g1 0.00 0.89 0.00 0.36 35.01 33.18 39.07 0.00 6.57 35.66 ns ns ns -6.9/ 3.5E-08
DN1010_c4_g1 2.81 13.62 10.78 24.32 0.20 0.08 0.00 5.84 0.39 12.87 ns ns ns 6.8/ 1.7E-07
DN4099_c0_g2 1.94 1.44 1.61 1.65 6.97 10.76 13.34 0.62 16.49 2.69 ns ns ns -2.6/ 1.1E-06
DN45522_c0_g1 0.50 0.00 0.38 0.00 14.94 4.46 18.40 0.74 9.06 15.08 ns ns ns -5.7/ 1.7E-06
DN1973_c0_g1 965.35  1758.51 371.62  1523.20 46.66 58.10 111.35 436.99 224.19 108.82 ns ns ns 4.0/ 3.5E-06
DN12894_c0_g1 24.16 0.77 32.07 85.37 0.00 0.00 0.00 0.59 0.49 0.00 ns ns ns 11.5/ 3.6E-06
DN1352_c0_g1 0.62 2.13 15.23 2.84 305.26 171.52 209.21 1.81 199.18 89.96 ns ns ns -5.4/ 3.6E-06
DN9372_c0_g1 113.11 44.65 13.26 56.87 1.57 3.20 0.62 3.42 6.25 8.56 ns ns ns 5.0/ 3.8E-06




Table S10. Functional annotation - gene ontology (GO) and protein domains - of genes differentially expressed between mountain

pine species and Scots pine, and between dwarf pine and Pyrenean pine. Only GO terms from the highest, most specific level of

annotation are presented.

Gene,
isoform

PFAM / SMART protein

Biological Processes, top Molecular Functions,

level GO terms

top level GO terms

Cellular Components,
top level GO terms

Up-regulated in P. mugo and P. uncinata in relation to P. sylvestris levels

DN10418_c0_g2, il

DN111461_c24_gl, il

DN1154 c2_gl, il

DN33 c2 g1,i6

DN34_c0_g1, il

DN3704 _c3 g1, i1

DN3802_c0_g1, il

DN6885_c0_g1, i1

DN9747_c0_gl, il

20G-Fell_Oxy /-

Methyltransf 2,
Dimerisation / -

Methyltransf_3 / -

Methyltransf 2,
Dimerisation / -
EF1_GNE, GST_C/EF1_GNE

PsbR / TRANS

Cullin_Nedds, Cullin /
Cullin_Nedd8, Cullin
Thioredoxin, ERp29_N,
Calsequestrin, AhpC-TSA /
SIGNAL, TRANS

Ivi3: GO:0006810

Ivi3: GO:0055114,
G0:0080167
Ivl6: GO:0009809

Ivl6: GO:0009809,
G0:0009809
Ivi2: GO:0032259

Ivl6: GO:0006414

Ivi8: GO:0010270

Ivi8: GO:0006511,
G0:0016567
Ivl7: GO:0010154

Ivl6: GO:0050502

Ivl6: GO:0005506

Ivl6: GO:0030744,
G0:0030755, GO:0033799,
G0:0047763

Ivl6: GO:0042409,
G0:0042409

Ivl5: GO:0008171

Ivl6: GO:0003746

Ivi2: GO:0016491

Ivl5: GO:0003756,
G0:0015035

Ivi5: GO:0005634,
G0:0005643, GO:0044428

Ivl5: GO:0005634

Ivl5: GO:0005773,
G0:0005853

Ivl6: GO:0009507,
G0:0009523, GO:0009534,
G0:0009535, GO:0042651,
G0:0044434

Ivl7: GO:0009941

Ivl7: GO:0000326,
G0:0000327

Up-regulated in P. sylvestris in relation to P. mugo and P. uncinata levels

DN10876_c0_g2, il

DN19629_c0_g1, il

DN3026_c0_gl1, i2

Aldedh, LuxC,
Formyl_trans_C,
Formyl_trans_N /-

Aldedh, LuxC,
Formyl_trans_C,

Formyl_trans_N/ -
p450 / TRANS

Ivi8: GO:0001947,

G0:0006776, GO:0032291,
G0:0032292, GO:0033121,
G0:0035115, GO:0039023,
G0:0042552, GO:0042904,
G0:0043010, GO:0051289
Ivi3: GO:0055114

Ivi3: GO:0055114

Ivl7: GO:0005524

Ivl5: GO:0008886

Ivl6: GO:0005506,
G0:0005506

Ivi6: GO:0005759,
G0:0009507

Ivl4: GO:0005737

Ivi4: GO:0016021

Up-regulated in P. mugo in relation to P. uncinata levels

DN1010_c4_g1, i2

DN11841_c0_g1, i2

DN12723_c0_g1, il

DN12883_c0_g1, i3

Pkinase_Tyr, Pkinase,

/ TRANS, STYKc, SIGNAL
Aldedh, LuxC / -

GTP_EFTU_D3, GTP_EFTU,
GTP_EFTU_D2/-
Terpene_synth_C,
Terpene_synth / COIL,

Ivi6: GO:0006468

Ivi4: GO:0009699,
G0:0019438, GO:0044550,
G0:1901362

Ivl9: GO:0006409

Ivl7: GO:0043693

Ivl7: GO:0005524

Ivi6: GO:0050269

Ivi8: GO:0015078

Ivi5: GO:0000287,
G0:0010333, GO:0000287,
G0:0010333

Ivi3: GO:0005886,
G0:0009506, GO:0071944

Ivl4: GO:0005737,
G0:0005829, GO:0044444

Ivl7: GO:0045335

Ivl6: GO:0009507




DN1973_c0 g1, i8

DN28253_c1 g1, il

DN7225_c3 g1, il

DN7303_c0_gl, i3

DN9372_c0_gl, i10

Peroxidase / SIGNAL, TRAN

FA_desaturase, Cyt-b5 / -

GTP_EFTU_D3, GTP_EFTU,
GTP_EFTU_D2/ -
E1-E2_ATPase, Hydrolase,
Cation_ATPase_N / TRANS,
Cation_ATPase_N, COIL

Terpene_synth,
Terpene_synth_C/ COIL

Ivi6: GO:0070301

Ivl6: GO:0032787,
G0:0072330
Ivl9: GO:0006409

Ivi8: GO:0006754,
G0:0009168, GO:0009169,
G0:0009206, GO:0009207,
G0:0015991

Ivl9: GO:0051504

Ivi4: GO:0020037,
G0:0046872
Ivl6: GO:0005506

IvI8: GO:0015078

Ivl9: GO:0043492

Ivl5: GO:0000287,
G0:0010333, GO:0000287,
G0:0010333, GO:0050554

Ivl5: GO:0005773,
G0:0009505

Ivl7: GO:0045335

Ivl6: GO:0005774

Ivl6: GO:0009507,
G0:0009507

Up-regulated in P. uncinata in relation to P. mugo levels

DN1352_c0_g1, i10
DN15760_c0_g1, il
DN17625_c0_g1, il

DN22931_c1 g1, il

DN4099_c0_g2, il

DN45522_c0_gl, i4

DN595_c1_g1, i1

DN59675_c0_g1, i5

DN9161_c1_gl, i1

DUF26 / SIGNAL, TRANS
DUF26 / SIGNAL, TRANS

HSP90, HATPase_c / COIL,
HATPase_c

DUF3700, DUF3711 /
DUF3700

Pkinase_Tyr, Pkinase,
LRR_1/ TRANS, STYKc,
SIGNAL
Ribosomal_L18e / -

Aldose_epim / TRANS

DUF26, Pkinase_Tyr,
Pkinase / TRANS, STYKc,
SIGNAL

HSP90, HATPase_c / COIL,
HATPase_c

IvI5: GO:0016310
Ivl5: GO:0016310

IvI8: GO:0009169,
G0:0009207

Ivl6: GO:0006468

IvI5: GO:0006412

Ivl5: GO:0019318

Ivl7: GO:0015992

Ivi8: GO:0009169,
G0:0009207

Ivl4: GO:0016301
Ivl4: GO:0016301

Ivl7: GO:0005524,
G0:0016887

Ivl7: GO:0005524

Ivl2: GO:0003735

Ivi5: GO:0004034

Ivl7: GO:0005524

Ivl7: GO:0005524,
G0:0016887

Ivl1: GO:0005576
Ivl1: GO:0005576
Ivl7: GO:0009570

Ivi3: GO:0005886,
G0:0071944

Ivi3: GO:0005886,
G0:0009506, GO:0071944

Ivl6: GO:0005774,
G0:0009507, GO:0015934,
G0:0022625

Ivl4: GO:0005737,
G0:0005829, GO:0044444
Ivl6: GO:0009507

Ivl7: GO:0009570




Table S11. Functional annotation - gene ontology (GO) and protein domains - of genes differentially expressed between each of two

mountain pine species and Scots pine. In each category the most specific of annotated GO terms are shown.

Gene, isoform Diamond best hit EGGNOG predicted gene ID and/or function description
PFAM / SMART Biological Processes, top Molecular Functions, top Cellular Components, top
protein domains level GO terms level GO terms level GO terms

Up-regulated in P. mugo pine in relation to P. sylvestris

DN10386_c0_g1, i15 XP_006844819.1 NAS2, sensor for the physiological iron status within the plant, might be involved in the
transport of iron

NAS / - IvI8: GO:0006826 Ivl4: GO:0030410 -

DN11048_c0_g1, i3 tr| AOA151R610_CAICA PSBC, one of the components of the core antenna complex of photosystem II; binds

chlorophyll and helps catalyze the primary light-induced photochemical processes of
photosystem Il (by similarity)

PSIl / TRANS Ivl6: GO:0009772, GO:0018298 Ivl4: GO:0016168 Ivl7: GO:0009570
DN1163_c2_g1, il tr| AOAOC9QNY1_9SPER 3-beta hydroxysteroid dehydrogenase/isomerase family
3Beta_HSD, NmrA, Epimerase / TRANS Ivl5: GO:0009617, GO:0042742 Ivl6: GO:0005507 Ivl7: GO:0009570
DN11943 c1_g1,i3 XP_028804495.1 receptor-like protein kinase
Pkinase_Tyr, Pkinase, Glyco_hydro 18/ Ivl6: GO:0006468, GO:0007178  Ivl7: GO:0005524 Ivl4: GO:0016021
TRANS, STYKc, SIGNAL
DN13150_c0 g1, il tr] AOA2K3LWF7_TRIPR domain of unknown function DUF221
DUF221 / TRANS, COIL - - Ivll: GO:0016020
DN13898 c1 _gl,il XP_020244917.1 BGAL7, beta-galactosidase
Glyco_hydro_35, Gal_Lectin, IvI3: GO:0005975 Ivl6: GO:0004565 Ivl2: GO:0048046
Glyco_hydro_42 / SIGNAL, TRANS
DN147_c0_g1,i2 tr] Q9SYU3_PINRA O-methyltransferase
Methyltransf_2, Dimerisation /- IvI2: GO:0032259 IvI5: GO:0008171 -
DN15289_c0_gl, il tr] AOA453NWV4_AEGTS ABC1 family
ABC1 / TRANS, COIL Ivl5: GO:0016310 Ivi6: GO:0004190 Ivl7: GO:0009941
DN16360_c2_g1, il XP_039823216.1 ACTA2, actin
Actin / ACTIN, ANK Ivl9: GO:0018393, GO:0051532 Ivl8: GO:0000146 Ivl10: GO:0035267
DN16426_c4_g1,il XP_034696707.1 hydroxycinnamoyl-coenzyme A shikimate/quinate hydroxycinnamoyltransferase-like
Transferase / - Ivl1: GO:0008152 Ivl4: GO:0016747 -
DN17004_c0_g1, i1 tr| A9P1C4_PICSI 2-oxoacid-dependent dioxygenase
20G-Fell_Oxy / - IvI3: GO:0055114 Ivl6: GO:0005506 -
DN1879_c0_g1, i3 XP_020242727.1 LOX, lipoxygenase
Lipoxygenase, PLAT / LH2 IvI8: GO:0048527 Ivl6: GO:0005506 Ivl6: GO:0009507
DN2019_c0_g1,i10 tr| COPST5_PICSI F-box protein
F-box / FBOX IvI8: GO:0016567 Ivl2: GO:0030246 Ivl5: GO:0005634
DN20956_c0_g1, il XP_031282903.1 ketol-acid reductoisomerase
lIvC, IlvN / - Ivl6: GO:0009097, GO:0009099  Ivl6: GO:0005507 Ivl7: GO:0009570, GO:0009941
DN21688_c1_gl,il tr| 16QL29_PRUPE HSP90C, heat shock protein
HSP90, HATPase_c / HATPase_c, COIL IvI7: GO:0006278, GO:0044743, Ivl7: GO:0005524 Ivl7: GO:0009570, GO:0009941
G0:0045036, GO:0045037,
G0:0072596

DN22195_c1_gl,il tr|] AONPJO_PICSI 3-beta hydroxysteroid dehydrogenase/isomerase family




3Beta_HSD, Epimerase, NmrA / - Ivl4: GO:0009737, GO:0033993,  IvI3: GO:0000166, GO:1901265  Ivl7: GO:0009570

G0:0097305
DN244104_c1_g1,i1 tr] AOA392NMBO_9FABA RCA, ribulose bisphosphate carboxylase oxygenase activase
AAA / - Ivl7: GO:0048366 Ivl7: GO:0005524 Ivl7: GO:0009570, GO:0009941
DN2594_c0_g1, i2 tr| B8LRPO_PICSI zinc finger A20 and AN1 domain-containing stress-associated protein
zf-AN1, zf-A20 / ZnF_AN1, ZnF_A20 IvI2: GO:0006950 Ivl6: GO:0008270 -
DN317_c17_g1, i1 XP_020242721.1 LOX, lipoxygenase
Lipoxygenase, PLAT / LH2 IvI8: GO:0048527 Ivl6: GO:0005506 Ivl6: GO:0009507
DN3246_c0_g2, il XP_025828258.1 RCA, ribulose bisphosphate carboxylase oxygenase activase
AAA / - Ivl7: GO:0048366 Ivl7: GO:0005524 Ivl7: GO:0009570, GO:0009941
DN36903_c0_g1, i1 tr| B8LL97_PICSI bark storage protein A-like
PNP_UDP_1, DNA_pol_delta_4 / SIGNAL, IvI5: GO:0006260 Ivl1: GO:0003824 Ivl5: GO:0005634
TRANS
DN3741_c0_g1,il tr|] AONZE2_PICSI NmrA-like family
3Beta_HSD, NmrA / - - - -
DN43514_c0_g1, i1 tr| C1K4P6_ELAOL ACXS5, acyl-coenzyme A oxidase
ACOX, Acyl-CoA_dh_M, Acyl-CoA_dh_1/ - Ivl7: GO:0009694, GO:0009695  IvI5: GO:0003997 Ivl6: GO:0005777
DN6288 c1 g1,il tr| COPTH7_PICSI 2-oxoglutarate-iron(ll)-dependent oxygenase
20G-Fell_Oxy /- Ivl7: GO:0010421 Ivl6: GO:0005506 -
DN8457 _c0_g1, i8 tr|] AONVS6_PICSI FLS1, flavonol synthase
20G-Fell_Oxy / - Ivl5: GO:0051555 Ivi6: GO:0005506 Ivl5: GO:0005634
DN8509_c0_g1, i1 tr| AOA1S3CTT5_CUCME lipoxygenase
Lipoxygenase, PLAT / LH2, COIL Ivl7: GO:0031408 Ivi6: GO:0005506 Ivl6: GO:0009507
DN9000_c4_g1, il tr| Q4LAW9_CAPCH malate dehydrogenase
Ldh_1_N, Ldh_1_C/TRANS Ivl7: GO:0006099, GO:0006108 Ivl5: GO:0030060 Ivl7: GO:0009570

For information on the remaining 12 annotated DEGs in this comparison: DN10418_c0_g2_i1, DN111461_c24_g1_i1, DN1154_c2_g1_i1l,
DN12723_c0_g1_i1, DN12883_c0_g1_i3, DN28253_c1_g1_il, DN33_c2_gl_i6, DN34_c0_g1_i1, DN3704_c3_g1_i1, DN3802_c0_g1_il,
DN6885_c0_g1_i1, DN9747_c0_g1_il, please see their duplicates in Table 2, in Table S8 or above.

Up-regulated in P. sylvestris in relation to P. mugo levels

DN1196_c0_g1, i7 tr] ASNWC5_PICSI UGT73B5, flavonol 3-O-glucosyltransferase activity

UDPGT / TRANS, COIL Ivl5: GO:0051555 Ivl6: GO:0010294, GO:0047893, Ivl4: GO:0005737, GO:0005829,
G0:0080043, GO:0080044 G0:0031410, GO:0043231,

G0:0044444
DN142_c0_g1, i1 tr| Q944B7_PINPS destroys radicals which are normally produced within the cells and which are toxic to
biological systems (by similarity)

Sod_Cu / SIGNAL IvI8: GO:0019430, GO:0035195 Ivl6: GO:0005507, GO:0008270 Ivl7: GO:0009570

DN14516_c0_g1, il tr| A6N1R4_ORYSI serine-glyoxylate

Aminotran_5, Aminotran_1_2 /- IvI5: GO:0009853 IvI5: GO:0004760, GO:0008453, Ivl7: GO:0009570
G0:0050281

DN14974_c0_g1, i1 tr| AOAOD5X1V8_9POAL transcription factor

AP2 / AP2 Ivl7: GO:0006355 Ivl4: GO:0003677 Ivi5: GO:0005634

DN16054_c0_g1,i26  XP_031496404.1 SANT

Myb_DNA-binding / SANT Ivl7: GO:0006355, GO:0010154  Ivl4: GO:0003677 Ivi5: GO:0005634

DN17420_c0_g1,i7 tr| AONP17_PICSI ribulose-phosphate 3-epimerase

Ribul_P_3_epim / - Ivl10: GO:0002098 Ivi5: GO:0004750 Ivl7: GO:0009570, GO:0009941




DN20095_c0_g1, il NP_001290022.1 HB, may not function as an oxygen storage or transport protein, but might act as an
oxygen sensor or play a role in electron transfer, possibly to a bound oxygen molecule
Globin / - Ivl6: GO:0015671 Ivl6: GO:0005506 Ivl4: GO:0005618, GO:0005737,
G0:0005829, GO:0044444

DN2169_c0_g1, il tr| AOA023ZYJ7_PINMS AP2

AP2 / AP2 Ivl7: GO:0006355 Ivl4: GO:0003677 Ivl5: GO:0005634

DN49862_c0_g1, i5 XP_030526856.1 ARP1, KO5692 actin beta gamma 1

Actin / ACTIN Ivl6: GO:0002064, GO:0007283, Ivl7: GO:0005524 Ivl7: GO:0097346
G0:0048515

DN5959 _c0_g2, i4 tr| AOA4USR5P0_POPAL homeobox-leucine zipper protein

START, Homeobox / HOX, START, COIL IvI7: GO:0006355, GO:0010154, Ivl7: GO:0000976 Ivl5: GO:0005634
G0:0048366, GO:0048825

DN7054_c0_g1, i2 tr| A9NPJO_PICSI 3-beta hydroxysteroid dehydrogenase/isomerase family

3Beta_HSD, NmrA, Epimerase / TRANS Iv5: GO:0009617, GO:0042742  Ivl6: GO:0005507 Ivl7: GO:0009570

DN9183 c1_gl1,i2 tr| AOA3G6JA47_PINTA transcription factor

K-box, SRF-TF / COIL, MADS, SIGNAL, IvI7: GO:0006355 Ivl4: GO:0003677 Ivl5: GO:0005634

TRANS

For information on the remaining 3 annotated DEGs in this comparison: DN3026_c0_g1_i2, DN595_c1_g1 i1, DN59675_c0_g1_i5, please see their
duplicates in other compared pairs in other tables or above.

Up-regulated in P. uncinata in relation to P. sylvestris levels

DN10565_c0_g1, i2 XP_039687868.1 RING finger and CHY zinc finger domain-containing protein

zf-CHY, zf-C3HC4 / RING - Ivle: GO:0008270 -

DN12125 _c0 g1, i4 XP_034685795.1 reverse transcriptase (RNA-dependent DNA polymerase)

RVT_1/- Ivl7: GO:0006278 Ivle: GO:0003964 -

DN20325_c0_g1, i1 tr| AOAO78HA49 BRANA 26S proteasome non-ATPase regulatory subunit

RPN7, PCI / PINT, COIL Ivl4: GO:0009057, GO:0030163 - Ivi5: GO:0005634

DN20781_c0_g1, i1 tr| AOAOC9RKK7_9SPER RPL23, ribosomal protein

Ribosomal_L14 / - Ivl5: GO:0006412 Ivl2: GO:0003735 Ivl6: GO:0015934, GO:0022625,
G0:0031981

For information on the remaining 8 annotated DEGs in this comparison: DN10418_c0_g2_i1, DN111461_c24_g1_i1, DN1154_c2_g1_i1,
DN17625_c0_g1_i1, DN22931_c1_g1_i1, DN33_c2_gl1_i6, DN34_c0_g1_i1, DN9747_c0_g1_il, see duplicates in other tables or above.

Up-regulated in P. sylvestris in relation to P. uncinata levels

DN32187_c0_g1, i3 tr| AOA2Z4HIC2_PASED TUFA, promotes the GTP-dependent binding of aminoacyl-tRNA to the A-site of
ribosomes during protein biosynthesis (by similarity)
GTP_EFTU, GTP_EFTU_D2, GTP_EFTU_D3/  |yI8: GO:0009207, GO:1901069  IvI7: GO:0003924, GO:0005525  IvI7: GO:0009570, GO:0009941




Table S12. Gene ontology (GO) terms representing enriched functional categories in sets of genes differentially expressed between

analyzed pine taxa.

P-value for over-

representation’ Value LogSize  Freq. Uniq. Disp.

Term ID Aspect Term name

Enriched in DEGs up-regulated in P. mugo and P. uncinata in relation to P. sylvestris

G0:0008150 BP biological process 0.0275 -1.5611 4.3379 100.0000  1.0000 0.0000

G0:0008152 BP metabolic process 0.0052 -2.2831 4.0076 46.7365 1.0000 0.0000

G0:0032259 BP methylation 0.0008  -3.0863 2.6551 2.0716 0.9236 0.0000

G0:0042752 BP regulation of circadian rhythm 0.0253  -1.5970 1.7324 0.2434 0.9899 0.0000

G0:0048316 BP seed development 0.0179  -1.7477 2.7672 2.6825 0.9201 0.0000

G0:0065003 BP protein-containing complex 0.0118  -2.6787 2.7505 2.5814 0.7761 0.0000
assembly

G0O:0034975 BP protein folding in endoplasmic 0.0028  -2.5576 0.4771 0.0092 0.9792 0.0239
reticulum

G0:0034976 BP response to endoplasmic 0.0100  -2.0007 2.0492 0.5099 0.9290 0.0347
reticulum stress

G0:0000327 cc lytic vacuole within protein 0.0014  -2.8557 0.3010 0.0048 0.7897 0.0000
storage vacuole

G0:0032991 cC protein-containing complex 0.0153 -2.4895 3.5085 15.3905 1.0000 0.0000

G0:0000793 cC condensed chromosome 0.0179 -1.7468 1.8751 0.3533 0.7684 0.0236

G0:0009579 cc thylakoid 0.0453 -1.3442 2.7752 2.8404 0.9623 0.0253

G0:0005853 cc eukaryotic translation elongation ~ 0.0146  -1.8356 0.6990 0.0191 0.8532 0.0371
factor 1 complex

G0:0005788 cC endoplasmic reticulum lumen 0.0157  -1.8034 1.6335 0.2005 0.8140 0.0465

G0:0003746 MF translation elongation factor 0.0450  -1.3466 1.7853 0.2797 1.0000 0.0000
activity

G0:0008171 MF O-methyltransferase activity 0.0000  -5.5720 1.6628 0.2098 0.4367 0.0000

Enriched in DEGs up-regulated in P. sylvestris in relation to P. mugo and P. uncinata

G0:0008152 BP metabolic process na -1.9097 4.0076 46.7365 1.0000 0.0000

G0:0009699 BP phenylpropanoid biosynthetic 0.0225  -1.6486 2.0334 0.4915 0.3350 0.7954
process

G0:0016903 MF oxidoreductase activity, actingon  0.0002  -3.7592 1.8195 0.3030 0.4452 0.0000

the aldehyde or oxo group of donor

Enriched in DEGs up-regulated in P. mugo in relation to P. uncinata

G0:0008150 BP biological process 0.0248  -1.6064 4.3379 100.0000  1.0000 0.0000
G0:0008152 BP metabolic process 0.0050  -2.9781 4.0076 46.7365 1.0000 0.0000
G0:0009987 BP cellular process 0.0151  -1.8214 4.1479 64.5630 1.0000 0.0000
G0:0010035 BP response to inorganic substance  0.0075  -2.1222 2.8657 3.3669 0.9673 0.0000
G0:0010259 BP multicellular organism aging 0.0009  -3.0537 2.6385 1.9958 0.9331 0.0000
G0:0040007 BP growth 0.0177  -1.7510 2.5832 1.7546 1.0000 0.0000
G0:0040011 BP locomotion 0.0020  -2.6917 1.6532 0.2021 1.0000 0.0000
G0:0043066 BP negative regulation of apoptotic ~ 0.0007  -3.1671 0.9031 0.0322 0.9406 0.0000
process
G0:0051017 BP actin filament bundle assembly 0.0001  -4.0771 1.3010 0.0873 0.9236 0.0000
G0:0051031 BP tRNA transport 0.0001  -4.2936 0.6990 0.0184 0.8961 0.0000
G0:0002182 BP cytoplasmic translational 0.0001  -3.9356 0.7782 0.0230 0.7843 0.0201

elongation




G0:0030175 cc filopodium 0.0001  -4.2936 1.1761 4.0050 0.9314 0.0000
G0:0005853 cc eukaryotic translation elongation ~ 0.0002  -3.8029 0.6990 0.0191 0.9473 0.0008
factor 1 complex
G0:0042995 cC cell projection 0.0018  -2.7385 2.0828 0.5728 0.9979 0.0011
G0:0005615 cc extracellular space 0.0019  -2.7137 2.2833 0.9118 0.9978 0.0012
G0:0031252 cc cell leading edge 0.0001  -3.8458 2.9661 4.4077 0.9973 0.0015
G0:0009506 cc plasmodesma 0.0002  -3.8233 2.9279 4.0386 0.9419 0.0015
G0:0030054 cC cell junction 0.0001  -3.8292 2.9279 4.0386 0.9974 0.0015
G0:0055044 cc symplast 0.0001  -3.8371 2.9284 4.0433 0.9974 0.0015
G0:0043025 cC neuronal cell body* 0.0003  -3.5540 2.9661 4.4002 0.9973 0.0015
G0:0044297 cc cell body 0.0003  -3.5540 2.9661 4.4002 0.9973 0.0015
G0:0071944 cc cell periphery 0.0155  -1.8084 3.5219 15.8726 0.9967 0.0019
G0:0005576 cc extracellular region 0.0336  -1.4733 3.2815 9.1226 0.9970 0.0022
G0:0005811 cC lipid droplet 0.0009  -3.0390 1.7709 0.2769 0.8729 0.0161
G0:0031982 cc vesicle 0.0081  -2.0920 2.9504 4.2534 0.9441 0.0401
G0:0003674 MF molecular function 0.0142  -1.8474 4.3315 100.0000  1.0000 0.0000
G0:0003824 MF catalytic activity 0.0009  -3.0692 3.9787 44.3787 1.0000 0.0000
G0:0004781 MF sulfate adenylyltransferase (ATP)  0.0001 -4.1098 0.6990 0.0186 0.8912 0.0000
activity
G0:0005215 MF transporter activity 0.0117  -1.9313 3.1242 6.1993 1.0000 0.0000
G0:0005488 MF binding 0.0058  -2.2354 4.1108 60.1473 1.0000 0.0000
G0:0019003 MF GDP binding 0.0001 -4.1904 0.6990 0.0186 0.8376 0.0000
G0:0022890 MF inorganic cation transmembrane  0.0005 -3.8297 2.5658 1.7106 0.8436 0.0000
transporter activity
Enriched in DEGs up-regulated in P. uncinata in relation to P. mugo
G0:0002376 BP immune system process 0.0021 -2.6742 2.3820 1.1024 1.0000 0.0000
G0:0009908 BP flower development 0.0046  -2.3405 2.6532 2.0624 0.9077 0.0000
G0:0046034 BP ATP metabolic process 0.0320  -1.4947 2.2625 0.8360 0.9304 0.0000
G0:0050821 BP protein stabilization 0.0001  -3.8423 1.5185 0.1470 0.9738 0.0000
G0:0071277 BP cellular response to calcium ion 0.0001  -4.2785 0.9031 0.0322 0.7819 0.0000
G0:0006457 BP protein folding 0.0062  -2.2044 2.3222 0.9600 0.9714 0.0244
G0:0005575 cc cellular component 0.0476  -1.3222 4.3212 100.0000  1.0000 0.0000
G0:0005774 cc vacuolar membrane 0.0089  -2.0487 2.4713 1.4082 0.8761 0.0000
G0:0048046 cc apoplast 0.0119  -1.9246 2.6551 2.1530 0.9972 0.0012
G0:0071944 cc cell periphery 0.0023  -2.6416 3.5219 15.8726 0.9960 0.0016
G0:0005576 cc extracellular region 0.0044  -2.3574 3.2815 9.1226 0.9964 0.0022
G0:0016020 cc membrane 0.0170  -1.7691 3.9194 39.6506 0.9950 0.0034
G0:0004034 MF aldose 1-epimerase activity 0.0051  -2.2966 0.6990 0.0186 0.8330 0.0000
G0:0009678 MF pyrophosphate hydrolysis-driven ~ 0.0359  -1.4444 1.6990 0.2284 1.0000 0.0000
proton transmembrane
transporter activity
G0:0051082 MF unfolded protein binding 0.0002  -3.6087 2.0569 0.5267 0.9544 0.0000
G0:0032550 MF purine ribonucleoside binding 0.0296  -1.5294 0.8451 0.0280 0.6447 0.0302




Footnote: T - p-value from run_GOseq.pl of TRINITY, all the other from REVIGO (run settings: large list (0.9), p-value provided, obsolete terms
removed, Arabidopsis thaliana as reference species, SimRel measure; accessed 18 May 2022); ¥ - unknown reason of this appearance; Freq. —

Frequency; Uniqg. — Uniqueness; Disp. — Dispensability; na - not applicable
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Fig. S1 ExN50 change plotted against the Ex value, comparison of outputs from three read abundance estimation methods used on

MUS assembly gene models.
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4. OSWIADCZENIA

oswiadczenia autorow o ich wkladzie w powstanie publikacji wchodzacych
w sklad dysertacji



4.1. OSWIADCZENIE KANDYDATKI O JEJ WKLADZIE W POWSTANIE
KAZDEJ Z TRZECH PUBLIKACJI



Poznan, 23.06.2022

Mgr Julia Zaborowska

Zaktad Ekologii Roglin i Ochrony Srodowiska
Instytut Biologii Srodowiska, Wydziat Biologii
Uniwersytet im. Adama Mickiewicza w Poznaniu
julia.zaborowska@amu.edu.pl

Oswiadczenie okreslajace wklad w powstanie publikacji

Niniejszym o$wiadczam, ze jestem wspoOtautorka, pierwsza autorka, zarazem autorka
korespondencyjna trzech nizej wymienionych ubikacji:

I. Zaborowska J, Labiszak B, Wachowiak W. 2019. Population history of European
mountain pines Pinus mugo and Pinus uncinata revealed by mitochondrial DNA
markers. Journal of Systematics and Evolution 58: 474-486

Moj udziat w powstawaniu publikacji pierwszej polegal na wspottworzeniu koncepcji
badania, a nastepnie przeprowadzeniu wiekszosci procedur molekularnych zwigzanych
z genotypowaniem prob (namnozenie fragmentow mMtDNA, trawienie enzymatyczne
1 elektroforeza, przygotowanie prob do sekwencjonowania metoda Sangera), a takze ich
wstepnym filtrowaniu. Przeprowadzilam calo$¢ przedstawionych analiz z zakresu genetyki
populacyjnej i filogeografii (wyliczenie statystyk zmienno$ci i zréznicowania genetycznego
populacji, opracowanie wszystkich zamieszczonych tabel i rycin oraz catosci dotaczonych
materialdw uzupehniajacych). Bylam gléwna osoba odpowiedzialng za interpretacje
rezultatbw oraz przygotowanie manuskryptu i poOzniejsze jego korekty. Swoj wkiad
w powstanie tego artykutu oceniam na 75%.



II. Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes
for the high-altitude adaptations of two mountain pine taxa. /nternational Jowrnal
of Molecular Sciences 22: 3477

Do powstania publikacji drugiej przyczynitam si¢ poprzez wspoltworzenie planu badan,
a pozniej oceng i selekcje danych wejSciowych, analiz¢ materialu (oceng zmiennosci
1 zroéznicowania genetycznego populacji a takze ich grupowania, identyfikacje ‘outlierow’
i przypisanie im potencjalnych funkcji) wraz z interpretacja wynikoéw, napisanie pierwotnej
wersji artykutu 1 jej pozniejsze dopracowywanie. Wszystkie zamieszczone w artykule tabele
1 ryciny zostaly wykonane przeze mnie, podobnie calos¢ materialdw uzupehiajacych.
Swoj ostateczny wklad w jej powstanie oceniam na 65%.

III. Zaborowska J, Perry A, Cavers S, Wachowaik W. 2022 [in press]. Evolutionary
targets of gene expression divergence in a complex of closely related pine species.
Journal of Systematics and Evolution DOI: https://doi.org/10.1111/jse.12896

W procesie powstawania publikacji trzeciej uczestniczylam biorac udzial w ksztaltowaniu
planu badan 1 w selekcji danych wejsciowych, bylam odpowiedzialna za calos¢
przedstawionych analiz  bioinformatycznych, za opracowanie wynikow wlacznie
z przygotowaniem rycin i tabel, a takze za przygotowanie zrgbu maszynopisu i pdzniejsze
jego modyfikacje - po uwzglednieniu sugestii wspélautorow i recenzentoéw. Jestem autorka
wszystkich materiatéw dodatkowych zamieszczonych w suplemencie. Moj catkowity wklad
w powstanie publikacji trzeciej to 75%.



4.2. OSWIADCZENIA WSPOLAUTOROW O ICH WKEADZIE W POWSTANIE
PUBLIKACJI PIERWSZEJ

Zaborowska J, Labiszak B, Wachowiak W. 2019. Population history of European mountain
pines Pinus mugo and Pinus uncinata revealed by mitochondrial DNA markers. Journal
of Systematics and Evolution 58: 474-486



Poznan, 05.07.2022

Dr Bartosz Labiszak

Zaktad Ekologii Roslin i Ochrony Srodowiska
Instytut Biologii Srodowiska, Wydzial Biologii
Uniwersytet im. Adama Mickiewicza w Poznaniu
ul. Uniwersytetu Poznanskiego 6, 61-614 Poznan
bartosz.labiszak@amu.edu.pl

Oswiadczenie okreslajace wklad w powstanie publikacji

Niniejszym o$wiadczam, ze jestem wspotautorem publikacji:

Zaborowska J, Labiszak B, Wachowiak W. 2019. Population history of European
mountain pines Pinus mugo and Pinus uncinata revealed by mitochondrial DNA
markers. Journal of Systematics and Evolution 58: 474-486

Moj wktad w jej powstanie polegal na wygenerowaniu czgsci danych
mitochondrialnych, pomocy przy ich analizie, a takze korekcie manuskryptu. Swoj

bzcvé Ul

wktad oceniam na 10%.



Poznan, 24.06.2022

Prof. dr hab. Witold Wachowiak

Zaktad Ekologii Roglin i Ochrony Srodowiska
Instytut Biologii Srodowiska, Wydziat Biologii
Uniwersytet im. Adama Mickiewicza w Poznaniu
ul. Uniwersytetu Poznanskiego 6, 61-614 Poznan
witwac@amu.edu.pl

Oswiadczenie okreslajace wklad w powstanie publikacji

Niniejszym oswiadczam, ze jestem wspotautorem publikacji:

Zaborowska J, Labiszak B, Wachowiak W. 2019. Population history of European
mountain pines Pinus mugo and Pinus uncinata revealed by mitochondrial DNA
markers. Journal of Systematics and Evolution 58: 474-486

Moj wktad w powstanie publikacji polegat na opracowaniu planu badan, dostarczeniu
materiatu do analiz, pomocy przy opracowaniu i interpretacji wynikow, a takze
udziale w opracowaniu maszynopisu i korekcie publikacji. Swoj wktad oceniam na
15%.
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4.3. OSWIADCZENIA WSPOLAUTOROW O ICH WKEADZIE W POWSTANIE
PUBLIKACJI DRUGIEJ

Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes for the
high-altitude adaptations of two mountain pine taxa. International Journal of Molecular
Sciences 22: 3477



Poznan, 05.07.2022

Dr Bartosz Labiszak

Zaktad Ekologii Roslin i Ochrony Srodowiska
Instytut Biologii Srodowiska, Wydzial Biologii
Uniwersytet im. Adama Mickiewicza w Poznaniu
ul. Uniwersytetu Poznanskiego 6, 61-614 Poznan
bartosz.labiszak@amu.edu.pl

Oswiadczenie okreslajace wkiad w powstanie publikacji

Niniejszym oswiadczam, ze jestem wspolautorem publikacji:

Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes for
the high-altitude adaptations of two mountain pine taxa. lnternational Journal of
Molecular Sciences 22: 3477

Moj wktad w powstanie publikacji polegal na pomocy przy analizie SNP w
programie STRUCTURE oraz pakietach srodowiska R, a takze na konsultacji tresci

manuskryptu. Swoj wktad oceniam na 5%.
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Declaration of contribution to the publication

I hereby confirm that | am a co-author of the publication:

Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes for the
high-altitude adaptations of two mountain pine taxa. International Journal of Molecular
Sciences 22: 3477

My contribution was the participation in development of the SNP genotyping array
used in the study and genotyping of the tested samples. | estimate my total contribution
to this article at 10%.
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Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes for the
high-altitude adaptations of two mountain pine taxa. International Journal of Molecular
Sciences 22: 3477

My contribution was related to development of the Axiom SNP array used in the study
and to critical revision of the manuscript. | estimate my total contribution to this article
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Prof. dr hab. Witold Wachowiak
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ul. Uniwersytetu Poznanskiego 6, 61-614 Poznan
witwac@amu.edu.pl

Oswiadczenie okreslajace wklad w powstanie publikacji

Niniejszym o$wiadczam, ze jestem wspotautorem publikacji:

Zaborowska J, Labiszak B, Perry A, Cavers S, Wachowiak W. 2021. Candidate genes for
the high-altitude adaptations of two mountain pine taxa. International Journal of
Molecular Sciences 22: 3477

Moj wktad w powstanie publikacji polegal na wspodltworzeniu koncepcji badan,
nadzorowaniu i udziale w analizie danych SNP oraz na interpretacji wynikoéw i
Krytycznej recenzji maszynopisu artykutu. Swoj wktad oceniam na 15%.
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4.4. OSWIADCZENIA WSPOLAUTOROW O ICH WKEADZIE W POWSTANIE
PUBLIKACJI TRZECIEJ

Zaborowska J, Perry A, Cavers S, Wachowiak W. 2022. Evolutionary targets of gene
expression divergence in a complex of closely related pine species. Journal of Systematics
and Evolution in press (DOI: https://doi.org/10.1111/jse.12896).
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My contribution involves molecular laboratory procedures related to acquisition of the
transcriptome used in the study. | have also participated in revision of the final article.
| estimate my total contribution to this article at 5%.
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Declaration of contribution to the publication
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and Evolution https://doi.org/10.1111/jse.12896

My contribution was related to generation of the transcriptome sequences used in the
study and critical revision of the manuscript. | estimate my total contribution to this

article at 5 %.
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Prof. dr hab. Witold Wachowiak
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Instytut Biologii Srodowiska, Wydziat Biologii
Uniwersytet im. Adama Mickiewicza w Poznaniu
ul. Uniwersytetu Poznanskiego 6, 61-614 Poznan
witwac@amu.edu.pl

Oswiadczenie okreslajace wklad w powstanie publikacji

Niniejszym oswiadczam, ze jestem wspotautorem publikacji:

Zaborowska J, Perry A, Cavers S, Wachowaik W. 2022. Evolutionary targets of gene
expression divergence in a complex of closely related pine species. Journal of Systematics
and Evolution (DOI: https://doi.org/10.1111/jse.12896)

Mo6j wktad w powstanie publikacji polegal na wspottworzeniu koncepcji analiz,
dostarczeniu surowych danych transkryptomowych, konsultacji analiz i ich wynikow.
udziatu w opracowaniu i rewizji maszynopisu artykutu. Swoj wktad oceniam na 15%.
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