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Kompleks Pinus mugo to duza grupa blisko spokrewnionych europejskich sosen, ktore
sg skltadowa ekosystemOéw najwazniejszych pasm gorskich, takich jak Alpy, Karpaty
i Pireneje. Duza zmienno$¢ morfologiczna poszczegdlnych taksondw, wystgpowanie
sympatryczne, procesy hybrydyzacji i introgresji, obecnos¢ mieszancow oraz wielu nazw
synonimicznych, a takze zlozona historia rekolonizacji powoduje, ze kompleks Pinus mugo
stanowi ciekawy, ale jednoczesnie bardzo skomplikowany i wymagajacy obiekt badawczy.
Relacje taksonomiczne i genetyczne miedzy taksonami w tym kompleksie sa przedmiotem
badan i dyskusji od wielu lat. Pomimo zastosowania wielu roznych podejs¢ badawczych,
wcigz wymagaja one wyjasnienia i uzupehienia o nowe dane i wyniki, zwlaszcza te uzyskane
metodami wysokoprzepustowymi i narzedziami bioinformatycznymi.

W niniejszej rozprawie doktorskiej zastosowano metode przeczesywania genomu
(ang. genome skimming) i sekwencjonowanie nowej generacji (ang. next-generation
sequencing, NGS) do: 1) charakterystyki zréznicowania genetycznego sosen z kompleksu
Pinus mugo i blisko z nimi spokrewnionych taksonow, tj. Pinus sylvestris i Pinus x rhaetica,
2) wytypowania regionéw  potencjalnie  przydatnych do ich  identyfikacji
i dalszej analizy oraz 3) wnioskowania filogenetycznego w oparciu o sekwencje pochodzace
z genomu chloroplastowego, mitochondrialnego 1 jadrowego.

Metoda przeczesywania genomu to nowatorskie podejscie, ktore umozliwia uzyskanie frakcji
DNA, ktére wystepuja w komorce w duzej liczbie kopii, tj. jadrowego rybosomalnego DNA
(nrDNA) oraz cze$ciowych lub kompletnych sekwencji plastomow i mitogenomow.

Na tej podstawie po raz pierwszy przeprowadzono szczegdlowa analiz¢ pordwnawczg
genomow chloroplastowych trzech gldéwnych przedstawicieli kompleksu Pinus mugo, tj.
Pinus mugo Turra, Pinus uncinata Ramond i Pinus uliginosa Neumann, jak rowniez blisko
spokrewnionej Pinus sylvestris. Uzyskane wyniki wykazaty wysokie podobiefnstwo genomow
chloroplastowych trzech analizowanych taksonow, pod wzgledem dtugosci, struktury i liczby
gendw, i potwierdzity ich bliskie relacje filogenetyczne. Dodatkowo, przeprowadzona
rowniez PO raz pierwszy ocena zasadnosci stosowania jadrowego regionu ITS2 (ang. internal
transcribed spacer 2) do identyfikacji taksonow w rodzinie Pinaceae, z uwzglednieniem
taksonow z kompleksu Pinus mugo, wykazata, ze uzyteczno$¢ regionu ITS2 do tego celu jest
dos¢ mocno ograniczona. Za pomoca metody przeczesywania genomu WYgenerowano
rowniez siedem zestawow danych zlozonych z sekwencji nukleotydowych pochodzacych

z trzech genomoéw organellowych i wykorzystano je do oceny rdznorodnosci genetycznej



taksondw 1 populacji nalezacych do kompleksu Pinus mugo oraz okreslono ich przydatno$é
do identyfikacji analizowanych taksonow z zastosowaniem trzech réznych metod delimitacji.
Najwyzszy procent sukcesu w rozroznianiu taksondéw z tego kompleksu osiggnieto przy
uzyciu metody opartej na odleglosciach i zestawu zlozonego z regiond6w wysoce zmiennych
(tzw. hotspotow).

Uzyskane wyniki dostarczaja nowych i obszernych zasobow genomicznych do
dalszych badan nad kompleksem Pinus mugo, a takze potwierdzajg skutecznos$¢ i zasadno$é
stosowania metody przeczesywania genomu do analizy réznorodnosci genetycznej blisko

spokrewnionych taksonow.

Stowa kluczowe: kompleks Pinus mugo, przeczesywanie genomu, sekwencjonowanie nowej

generacji, identyfikacja taksonow



The Pinus mugo complex is a large group of closely related European pines that are
a component of the ecosystems of the most important mountain ranges, such as the Alps, the
Carpathians and the Pyrenees. The high morphological variability of individual taxa,
sympatric occurrence, hybridization and introgression processes, the presence of hybrids and
many synonymous names, as well as the convoluted history of recolonization, make the Pinus
mugo complex an interesting, but at the same time very complicated and demanding research
object. Taxonomic and genetic relationships between taxa in this complex have been the
subject of research and discussion for many years. Despite the use of many different research
approaches, they still require clarification and extension with new data and results, especially
those obtained using high-throughput methods and bioinformatic tools.

In this doctoral dissertation, genome skimming and next-generation sequencing were
used to: 1) characterize the genetic diversity of the Pinus mugo complex pines and closely
related taxa, i.e. Pinus sylvestris and Pinus X rhaetica, 2) select regions potentially useful for
their identification and further analysis, and 3) make phylogenetic inferences based on

sequences from the chloroplast, mitochondrial, and nuclear genomes.

Genome skimming is a novel approach that allows obtaining DNA fractions that occur in a
cell in a high copy number, i.e. nuclear ribosomal DNA (nrDNA) and partial or complete

sequences of plastomes and mitogenomes.

On this basis, a detailed comparative analysis of the chloroplast genomes of the three
main representatives of the Pinus mugo complex, i.e. Pinus mugo Turra, P. uncinata Ramond
and Pinus uliginosa Neumann, as well as the closely related Pinus sylvestris, was performed
for the first time. The obtained results showed a high similarity of the chloroplast genomes of
the three analyzed taxa, in terms of length, structure and number of genes, and confirmed their
close phylogenetic relationships. Additionally, a first-ever assessment of the validity of using
the nuclear internal transcribed spacer 2 (ITS2) region for identifying taxa in the Pinaceae
family, including taxa from the Pinus mugo complex, showed that the usefulness of the ITS2
region for this purpose is quite limited. Seven data sets composed of nucleotide sequences
from three organellar genomes were also generated using genome skimming and used to
assess the genetic diversity of taxa and populations belonging to the Pinus mugo complex and

to determine their suitability for identifying the analyzed taxa using three different



delimitation methods. The highest percentage of success in distinguishing taxa from this
complex was achieved using the distance-based method and a set composed of highly variable
regions (so-called hotspots).

The obtained results provide new and extensive genomic resources for further studies
of the Pinus mugo complex, and confirm the effectiveness and validity of using the genome
skimming method to analyze the genetic diversity of closely related taxa.

Keywords: Pinus mugo complex, genome skimming, next-generation sequencing, taxa
identification
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Definiowanie i wyznaczanie kategorii taksonomicznych, w tym gatunkéw, bylo
domeng taksonomii od czasow Karola Linneusza. Identyfikacja, delimitacja i opis gatunkow
stanowi podstawe¢ badan taksonomicznych oraz filogenetycznych i jest kluczowa dla ochrony
rzadkich i zagrozonych gatunkow, wspierajac dzialania na rzecz zachowania réznorodnosci
biologicznej. Tradycyjne metody identyfikacji gatunkowej opieraja si¢ na cechach
morfologicznych, co moze stanowi¢ problem w przypadku gatunkow kryptycznych i zjawiska
plastycznosci fenotypowej (Herbert i in. 2003; Jarman i Elliott 2000; Ragupathy
i in. 2009). Ponadto klucze oparte na cechach morfologicznych moga okazaé¢ sie skuteczne
jedynie w odniesieniu do okreslonego etapu rozwojowego lub plci. Z kolei nowoczesne
markery molekularne sa stabilne, wykrywalne we wszystkich tkankach, niezaleznie od etapu
rozwojowego i nie sa podatne na dziatanie warunkow srodowiskowych (Agarwal i in. 2008),

a takze umozliwiajg identyfikacje gatunkéw na podstawie ich §ladowych fragmentow.

Jednakze, granice miedzygatunkowe mogg by¢ trudne do okreslenia, w przypadku
gatunkow, ktore powstaly w wyniku niedawnej dywergencji, ze wzgledu na niewielkie
zroznicowanie genetyczne, jak rowniez wystepowanie niezgodnosci migdzy zestawami cech
lub topologiami drzew filogenetycznych opartych na roznych zestawach genéw (Harrison i in.
2014). Niezgodnos¢ ta moze wynika¢ zarowno z trwajgcej wymiany gendéw, jak i dlugiego
czasu potrzebnego do osiggni¢cia monofiletycznosci w wigkszosci loci (Hudson i Coyne
2002). Gtoéwna trudnos¢ w wyznaczaniu granic miedzygatunkowych wystepuje na poczatku
formowania si¢ gatunkow. Jest to szczeg6lnie skomplikowane, gdy gatunki wykazujg duza
zmienno$¢ morfologiczng, przy jednocze$nie niewielkiej zmiennoSci genetycznej,
co powszechnie wystepuje w procesie radiacji ewolucyjnej (Shaffer i Thomson 2007).
Ponadto, dodatkowg trudno$¢ w delimitacji gatunkéw, poteguje brak jasnosci

i jednomysInosci co do samej definicji gatunku (de Queiroz 2007).

W rodzinie Pinaceae wystepuje wiele blisko spokrewnionych taksonéw o bardzo
podobnej morfologii igiel lub szyszek, zajmujacych te same nisze ekologiczne, majace
podobne zasiegi geograficzne i tworzace populacje sympatryczne. W takich populacjach
dochodzi do przeptywu gendéw, co prowadzi do powstawania osobnikow 0 fenotypie
posrednim w stosunku do taksonéw macierzystych, a to dodatkowo utrudnia proste

i skuteczne przyporzadkowanie ich do konkretnych gatunkow. A bez takiej jednoznacznej
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identyfikacji trudno prowadzi¢ efektywnie dziatania ochronne, szczegdlnie w przypadku

taksonow zagrozonych.

Blisko spokrewnione taksony, ktore charakteryzuje bardzo zblizona morfologia 1 brak
jasnych determinant gatunkowych grupuje si¢ w wigksze jednostki taksonomiczne zwane
kompleksami. Kompleksy gatunkéw to grupy, w ktorych wyznaczniki gatunkowe i liczebnos¢
sa czesto niejasne. Niejednoznacznos¢ ta zwykle wynika z wielu czynnikow, w tym m.in.
ukrytej zmienno$ci morfologicznej, niewystarczajaco Szerokiego probkowania, rozleglych
zasiggow geograficznych, hybrydyzacji, introgresji czy niedawnej dywergencji (Grube
i Kroken 2000). Badania delimitacji taksonéw zgrupowanych w ramach takich kompleksow
gatunkowych jest niezwykle wazne, poniewaz umozliwia lepsze zrozumienie pierwszych
etapéw formowania si¢ gatunkdéw. Ponadto niepetna wiedza na temat stanu bior6znorodnosci
w kompleksach gatunkow moze spowodowaé nieprawidlowa oceng biordznorodnosci,

biogeografii i proceséw specjacji catej grupy (Heath i in. 2008).

Jednym z najlepszych przykladéow takiego zlozonego systemu obejmujacego
wszystkie wyzej wymienione czynniki (problemy) jest europejski kompleks sosen gorskich —
Pinus mugo Turra sensu lato, ztozony z grupy blisko spokrewnionych taksonéw z rodziny
Pinaceae, podrodzaju Pinus, sekcji Pinus, podsekcji Pinus (Gernandt i in. 2005). Jego
naturalny zasieg wystgpowania obejmuje gory potudniowej 1 srodkowej Europy, w tym
Pireneje, Sierra Cebollera, Sierra de Gudar, Masyw Centralny, Wogezy, Schwarzwald, Jura,
Alpy, Karpaty, Rodopy, Abruzzy, Sudety (Franco 1986; Christensen 1987b; Jalas i Suominen
1973; Hamernik i Musil 2007; Rycina 1).

Na przestrzeni lat, w obrebie tego kompleksu opisano 16 gatunkow, 91 odmian i 19
form (Christensen 1987b). Taksony wchodzace w sktad kompleksu sg zréznicowane pod
wzgledem cech morfologicznych oraz wymagan ekologicznych (Hamernik i Musil 2007).
Wyszczegodlniajac, kosodrzewina (Pinus mugo Turra sensu stricto) ma typowy polikormiczny
(krzewiasty) pokréj i wystepuje powszechnie w pasie subalpejskim w Europie Srodkowej
i Poludniowo-Wschodniej, tj. Alpach, Sudetach, Karpatach (Jalas i Suominen 1973; Rycina
1). Z kolei sosna hakowata (Pinus uncinata Ramond sensu stricto) charakteryzuje sig
monokormicznym pokrojem, osiggajac migdzy 12 a 20 m wysokosci i wystepuje glownie na
stanowiskach gorskich Europy Zachodniej, tj. w Pirenejach, Alpach Zachodnich (1400-2700
m n.p.m.), Sierra de Gudar, Sierra Cebollera, Masywie Centralnym, Jurze i Wogezach (Jalas
i Souminen 1973; Franco 1986; Rycina 1).
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Rycina 1. Zasig¢g geograficzny Pinus rotundata, Pinus uncinata i Pinus mugo, zaadaptowany z Jalas i Suominen,
1973 (za: Bastl 2008, zmienione).

Natomiast Pinus rotundata Link jest endemicznym taksonem o pokroju drzewiastym
spotykanym na podgorskich torfowiskach w Europie Srodkowej (Jalas i Suominen 1973;
Rycina 1). Takson ten krzyzuje si¢ z kosodrzewing, tworzgc mieszanca znanego jako
P. x pseudopumilio (Willk.) Beck, jak roéwniez z sosng zwyczajng tworzac wtedy
P. x digenea Beck (Skalicky 1988, Rycina 2).

Niektorzy badacze traktuja kompleks Pinus mugo jako jeden, polimorficzny gatunek
bez wyrdzniania w nim taksonow wewnatrzgatunkowych (np. Schlechtendal 1857; Christ
1863; Goppert 1864; Shaw 1914). Wg Christensena (1987 a,b) w obr¢bie kompleksu mozna
wyrdzni¢ natomiast dwa podgatunki, tj. Pinus mugo Turra ssp. mugo i Pinus mugo Turra ssp.
uncinata (Ram.) Domin, oraz jeden takson mieszancowy, powstaty w wyniku krzyzowania
si¢ wyzej wymienionych dwoch taksonow — Pinus mugo Turra nothossp. rotundata (Link)
Janchen & Neumayer. Z kolei Businsky (Businsky 1999) wyodrgbnit trzy osobne taksony
w randze gatunku, tj. Pinus mugo Turra, Pinus uncinata Ramond i Pinus rotundata Link
(Rycina 2).

Identyfikacja oraz delimitacja taksonow z kompleksu Pinus mugo stanowita i nadal
stanowi duze wyzwanie ze wzgledu na ich duza zmiennos¢ morfologiczng (Christensen
1987a; Christensen 1987b; Boratynska i Boratynski 2007; Marcysiak i Boratynski, 2007) oraz

-13-



naturalng hybrydyzacje w strefach kontaktu z sosna zwyczajng, Pinus sylvestris L.
(Christensen 1987a, b; Wachowiak i Prus-Glowacki 2008; Lewandowski i Wisniewska 2006),
Migdzy innymi przez to W literaturze naukowej czgsto pojawialy si¢ niescistosci dotyczace
interpretacji cech fenotypowych lub nazw poszczegolnych taksondéw (Businsky 1999;
Hamernik i Musil 2007).

Kompleks Pinus mugo
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Rycina 2. Zaleznosci taksonomiczne w kompleksie Pinus mugo, z uwzglednieniem hybrydyzacji w obrebie

kompleksu oraz z Pinus sylvestris L. (za: Hamernik i Musil 2007, zmienione).

Tytulem przyktadu, taksonem posiadajgcym rozne nazwy oraz rangi taksonomiczne
jest sosna blotna, ktora znana jest m.in. jako Pinus uliginosa Neumann ex Wimmer (Neumann
1837), Pinus rotundata Link (Jalas i Suominen 1973; Skalicka i Skalicky 1988), Pinus mugo
subsp. rotundata (Link) Janch. et Neumayer (Domin 1936, Jasicova 1966) czy Pinus x
rhaetica Briigger (Staszkiewicz 1993). Po raz pierwszy zostala opisana w 1837 roku w Parku
Narodowym Gor Stotowych, na ,,Wielkim Torfowisku Batorowskim” (tzw. locus classicus)
(Neumann 1837). Ze wzglgdu na zmniejszajaca si¢ liczebno$¢ populacji i brak naturalnej
regeneracji (Golab 1999), a takze ryzyko zanieczyszczenie puli genowej poprzez wymiang
gendw z sosng zwyczajng 1 kosodrzewing, sosna blotna jest gatunkiem zagrozonym na
wyginiecie i objetym Scista ochrong w Polsce pod nazwg Pinus x rhaetica (Dz. U. z 2014 r,
poz. 1409).
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Wspblnym synonimem uzywanym dla sosny blotnej w czeskich i niemieckich populacjach
jest Pinus rotundata Link (Christensen 1987; Businsky’ 1999), chociaz w pdzniejszym czasie
sugerowano, ze Pinus rotundata Link i Pinus uliginosa Neumann ex Wimmer moga byc¢

odrebnymi gatunkami (Businsky i Kirschner 2006).

Pochodzenie Pinus uliginosa Neumann ex Wimmer nie jest do konca ustalone,
jednakze na podstawie badanych cech biochemicznych (allozymy) i biometrycznych (typy
komorek sklerenchymatycznych) postawiono hipoteze, ze P. uliginosa powstata w wyniku
hybrydyzacji pomiedzy Pinus sylvestris oraz Pinus mugo i/ lub taksonow z kompleksu Pinus
mugo (Lewandowski i in. 2000; Boratynska i Boratynski 2007).

Okreslenie wzajemnych relacji taksonomicznych w obrebie kompleksu Pinus mugo
bylo przedmiotem wielu badan prowadzonych réznymi metodami i technikami. Jednakze,
uzyskane w nich wyniki nie sa jednoznaczne. W badaniach tych wykorzystano, m.in.: cechy
morfologiczne i anatomiczne igiet (np. Christensen 1987a, Boratynska i Bobowicz 2001;
Boratynska 2004; Boratynska i Boratynski 2007; Boratynska i in. 2015); cechy morfologiczne
szyszek (np. Christensen 1987a; Monteleone i in. 2006; Marcysiak i Boratynski 2007);
metody serologiczne (Prus-Glowacki i Szweykowski 1979; Prus-Glowacki i in. 1985);
izoenzymy (Prus-Glowacki i Szweykowski 1983; Siedlewska i Prus-Gtowacki 1995; Prus-
Glowacki i in. 1998; Bobowicz i in. 2000); allozymy (Lewandowski i in. 2000); markery
RAPD (ang. Randomly Amplified Polymorphic DNA) (Monteleone i in. 2006); metody
cytogenetyki molekularnej i cytometrii przeptywowej (Boguni¢ i in. 2011; Celinski i in.
2019); badania transkryptomiczne (Wachowiak i in. 2015); analizy chemotaksonomiczne
(Bonikowski i in. 2015; Celinski i in. 2015); profilowanie biatek nasion (Celinski i in. 2020)
czy barkoding DNA (Celinski i in. 2017).

Na podstawie przeprowadzonych badan, wykazano ze taksony wchodzace
w sklad kompleksu Pinus mugo, charakteryzuja si¢ duza zmiennos$cig morfologiczna,
a jednocze$nie niewspoimiernie niskim zréznicowaniem genetycznym. Wysokie
podobienstwo genetyczne zaobserwowano z wykorzystaniem 64 polimorficznych loci RAPD
(ang. Randomly Amplified Polymorphic DNA, RAPD) (Monteleone i in. 2006) pomigdzy
alpejskimi populacjami Pinus mugo subsp. mugo i Pinus mugo subsp. uncinata, jak rowniez
chloroplastowych loci mikrosatelitarnych, tj. Pt15169, Pt41093 i Pt71936 (ang. chloroplast
Simple Sequence Repeats, cpSSRs) u Pinus uncinata Ram. i zachodnich populacji Pinus

mugo Turra s.s. oraz P. rotundata Link/P. x pseudopumilio (Willk.) Beck. (Heuertz i in.
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2010) czy 12 loci jadrowych potencjalnie zwigzanych ze stresem odwodnieniowym i/lub
tolerancjg na zimno u Pinus mugo Turra s.l., P. uncinata Ramond i P. uliginosa (Wachowiak
i in. 2013).

Analiza poréwnawcza z wykorzystaniem o$miu chloroplastowych regionéw barkodowych (tj.
matK, rbcL, trnH-psbA, trnL-trnF, rpl20-rpsl8, trnV, ycfl, ycf2) o tacznej dlugosci 5361
nukleotydow, rowniez nie wykazata istnienia roznic w analizowanych sekwencjach pomigdzy
blisko spokrewnionymi taksonami — P. mugo, P. uncinata i P. uliginosa (Celinski i in.
2017a). Co wigcej, w przypadku Pinus mugo i Pinus uncinata potwierdzono brak réznic
w organizacji i wielkosci genomu (Boguni¢ i in. 2011), a w przypadku P. uliginosa i Pinus
X rhaetica nie zaobserwowano réznic w zawartosci DNA wzgledem postulowanych
gatunkow rodzicielskich, tj. P. sylvestris i P. mugo (Celinski i in. 2019). Wykazano rowniez,
ze niektore taksony P. mugo s.l. i P. sylvestris posiadajg wspdlne haplotypy chloroplastow
(Heuertz i in. 2010). Z drugiej strony, wykazano, ze Pinus uncinata posiada unikalne
mitotypy (Labiszak i in. 2019). Przyczyna niskiego zréznicowania genetycznego taksonow w
obrebie kompleksu Pinus mugo moze by¢ krotki czas dywergencji, co wyjasnia brak statych

roéznic w analizowanych regionach DNA (Wachowiak i in. 2011).

Ostatnio prowadzone badania chemotaksonomiczne ujawnity specyficzne gatunkowo
roznice w skladzie olejkow eterycznych 1 zwigzkéw lotnych wyekstrahowanych z igiet
niektorych przedstawicielach kompleksu Pinus mugo, tj. Pinus uncinata, Pinus uliginosa
i Pinus mugo (Celinski i in. 2015). Z kolei analiza densytometryczna profili biatkowych
nasion (ang. Seed Total Protein, STP) ujawnila obecno$¢ charakterystycznych
i diagnostycznych prazkéw dla Pinus uliginosa, Pinus mugo i P. X rhaetica (Celinski i in.
2020), co umozliwito rozroznienie tych blisko spokrewnionych taksondéw. Uzyskane wyniKi
byly zgodne z przeprowadzong wczesniej analiza cytogenetyczna, ktéra wykazala istnienie
roznic migdzy Pinus * rhaetica a P. uliginosa na podstawie wzoré6w pasm C na ich
chromosomach (Celinski i in. 2019). Taki wynik sugeruje, ze obie nazwy nie sg tozsame i nie

powinny by¢ uzywane wymiennie jako synonimy.

Punktem wyjscia do przeprowadzenia moich badan byly wyniki poprzednio
prowadzonych prac, w ktorych z jednej strony wykazano duza zmienno$¢ morfologiczng
i anatomiczng taksonow z kompleksu Pinus mugo, a z drugiej strony wykazano brak réznic
specyficznych gatunkowo na poziomie sekwencji DNA w analizowanych wybranych

rejonach barkodowych. Ponadto, dotychczas prowadzone badania nad kompleksem Pinus
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mugo z zastosowaniem rozmaitych metod i technik nie daly petnego obrazu zlozonosci tego
kompleksu, gdyz nie uwzglednialy wielu waznych taksonéw i populacji, np. z terenu Czech

i Niemiec.

W zwiagzku z powyzszym W niniejszej rozprawie doktorskiej po raz pierwszy
zastosowano wysokoprzepustowe sekwencjonowanie nowej generacji (ang. next-generation
sequencing, NGS) i metode przeczesywania genomu (ang. genome skimming) do eksploracji
nowych obszarow trzech genoméow organellowych o znacznej dtugosci w celu uchwycenia
oraz odzwierciedlenia roznorodnosci i ztozonosci kompleksu Pinus mugo, na terenie Polski,

Czech i Niemiec.
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Glownymi celami badawczymi mojej rozprawy doktorskiej byto: 1) charakterystyka
réznorodnosci genetycznej wybranych taksonow z europejskiego kompleksu gorskich sosen —
Pinus mugo i blisko z nim spokrewnionych taksonow, tj. Pinus sylvestris i Pinus x rhaetica,;
2) wytypowanie regionéw potencjalnie przydatnych do ich identyfikacji i dalszej analizy; oraz
3) wnioskowanie filogenetyczne w oparciu 0 wyniki uzyskane dzigki sekwencjonowaniu

nowej generacji i metodzie przeczesywania genomu.

Szczegotowymi celami badawczymi bylo:

1) sekwencjonowanie, analiza poréwnawcza 1 charakterystyka kompletnych genomow
chloroplastowych P. mugo, P. uliginosa i P. uncinata;

2) identyfikacja i selekcja regionéw wysoce zmiennych (tzw. hotspotow) W genomach
chloroplastowych, potencjalnie przydatnych w identyfikacji taksonéw z kompleksu Pinus
mugo;

3) przeprowadzenie wnioskowania filogenetycznego na temat pokrewienstwa taksonow
z kompleksu Pinus mugo w oparciu 0 kompletne genomy chloroplastowe i wybrane regiony
DNA,;

4) okreslenie przydatnosci regionu ITS2 do rozrdzniania, identyfikacji i wnioskowania
filogenetycznego u odlegtych i blisko spokrewnionych taksonow z rodziny Pinaceae;

5) wygenerowanie zroznicowanych zestawoéw danych genomicznych, reprezentujacych
regiony pochodzgce z genomu mitochondrialnego, chloroplastowego i jadrowego;

6) okreslenie zmienno$ci genetycznej oraz przydatnosci zestawow danych genomicznych,
z genomu mitochondrialnego, chloroplastowego 1 jadrowego w badaniach blisko
spokrewnionych taksonéw sosny;

7) okreslenie skutecznos$ci rozrdzniania analizowanych taksonow przy uzyciu réznych
zestawow danych 1 metod delimitacji;

8) ujawnienie powigzan genetycznych miedzy P. x rhaetica, P. rotundata i P. ulignosa

9) zbadanie zr6znicowania genetycznego taksondow i populacji wchodzacych w sktad

kompleksu Pinus mugo.
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W celu jak najlepszego odzwierciedlenia réznorodnosci i ztozono$ci kompleksu Pinus
mugo pozyskano materiat roslinny w postaci igiet, z terenu Polski, Czech i Niemiec dla
nastepujacych taksonéw: Pinus uliginosa, Pinus rotundata, Pinus x rhaetica, Pinus mugo,
Pinus uncinata i Pinus sylvestris. Zbior materiatu roslinnego obejmowat. obszar ochronny
Gasiennicowa na terenie Tatrzanskiego Parku Narodowego, Rezerwat Przyrody ,,Wielkie
Torfowisko Batorowskie”, Rezerwat Przyrody ,,Bor nad Czerwonem”, Rezerwat przyrody
,Torfowisko pod Weglincem”, Ogrod Dendrologiczny Uniwersytetu Przyrodniczego
w Poznaniu, obszar Moraska, Poznan (Polska); Park Narodowy Szumawa (lokalizacja:
,Novohiirecka slat”), Rezerwat Przyrody ,Cervené blato” (Czechy); Rezerwat Przyrody
,Rotmeer”, Rezerwat przyrody ,,Kirchspielwald-lbacher Moos” oraz Rezerwat Przyrody
»Steerenmoss”, bedace czescig obszaru Natura 2000 w potudniowym Schwarzwaldzie
(Niemcy).

Genomowy DNA (ang. genomic DNA, gDNA), wyizolowany z igiet poszczegdlnych
osobnikow, zostal wykorzystany do przygotowania bibliotek genomowych typu shotgun
o dhugosci 200-300 pz dla platformy lon Torrent. W celu pdzniejszego zmultipleksowania
(zmieszania) poszczegdlnych bibliotek genomowych przeprowadzono ligacj¢ indeksowanych
adapteréw (ang. barcoded libraries) przy uzyciu zestawu Ion Xpress™ Barcode Adapters Kit.
Analize jakosci 1 dlugosci przygotowanych bibliotek przeprowadzono przy uzyciu 2200
Tapestation Bioanalyzer (Agilent Technologies Waldbronn, Niemcy).

Sekwencjonowanie nowej generacji (ang. next-generation sequencing, NGS)
uzyskanych bibliotek genomowych przeprowadzono w oparciu 0 chip Ion 318™ Chip v2 BC
z wykorzystaniem systemu Ion Personal Genome Machine™ (PGM™) (Thermo Fisher
Scientific, Waltham, USA), jak rowniez W oparciu o chip Ion 540™ z wykorzystaniem lon
GeneStudio™ S5 System (Thermo Fisher Scientific, Waltham, USA).

Surowe dane uzyskane w postaci odczytow poddano kontroli jakosci i1 filtrowaniu
w celu usunieciu adapteréw i odczytdw o niskiej jako$ci, a nastgpnie wykorzystano metode
przeczesywania genomu z zastosowaniem pakietu programow bioinformatycznych Geneious
Prime 2020.2.5 (Kearse i in. 2012).

Metoda przeczesywania genomu (ang. genome skimming) umozliwia uzyskanie
danych genomowych na duza skale w oparciu o frakcje DNA, pochodzace z ptytkiego
sekwencjonowania catego genomu (Straub i in. 2012; Dodsworth 2015, Rycina 3) i polega na

ekstrakcji, sktadaniu oraz adnotacji frakcji genomowego DNA (ang. genomic DNA, gDNA)
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wystepujacego w  komorce w wielu kopiach, tj.: duzych powtorzen tandemowych
rybosomalnego cistronu jadrowego (ang. nuclear ribosomal DNA, nrDNA), jak réwniez
chloroplastowego (ang. chloroplast DNA, cpDNA) i mitochondrialnego DNA (ang.
mitochondrial DNA, mtDNA) przy pokryciu ok. 0,1-5x (Dodsworth i in. 2019).

W ostatnich latach podejscie to znalazlo zastosowanie w identyfikacji i delimitacji
gatunkow roslin (np. Nevill i in. 2020; Mascarello i in. 2021; Ji i in. 2022) czy poszukiwaniu
nowych specyficznych markerow (np. Liu i in. 2021; Dobral i in. 2021; Mascarello i in.
2021). Przeczesywanie genomu zostalo rowniez wykorzystane do wnioskowania
filogenetycznego na réznych poziomach taksonomicznych (np. Parks i in. 2009; Whittall i in.;
2010; Straub i in. 2012; Malé i in. 2014; Fonseca i Lohmann 2020; Simmonds i in. 2021;
He i in. 2021). Ogromng zaletg tej metody jest prostota i stosunkowo niskie koszty analizy,
w tym brak konieczno$ci stosowania specjalnie zaprojektowanych par starterow
ukierunkowanych na okreslone regiony genomu, jak rowniez brak potrzeby posiadania
genomu referencyjnego. Dodatkowo, metoda sprawdza si¢ w przypadku sekwencjonowania
zdegradowanego DNA pochodzacego z okazow muzealnych (Zeng i in. 2018; Liu i in. 2019;
Nevill i in. 2020; Wang i in. 2020).

Genome Whole genome De novo
skimming resequencing genome assembly
Organellar genomes Nuclear variants Nuclear genomes
Assembly based Chloroplast Mitochondrion Genotype Genotype Complete sequence
likelihoods calls
O O O O O — = Scaffolds
""""""""""""""""""" NuclearDNA:  Nuclear DNA:
B PP T ) Con(igs
Assembly free Ribome/ ¢ Kmers Kmers
repeats i profiling profiling Kmers
Depth of nuclear 0.1-5x 2-4x 5 30x >100x
genome coverage
Breadth of nuclear High copy Total nuclear DNA
genome coverage regions
Erlk Jan Bosch (CC-BY) Twyford, Veitman, Garrelt 2022.
In: Molecular identification of plants: from sequence to species

Rycina 3. Graficzne przedstawienie metody przeczesywania genomu (ang. genome skimming). (Za: de Boer i in.
2022, zmienione).
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W  zwigzku z  powyzszym,  zastosowanie  takiego nowoczesnego
1 wysokoprzepustowego podejscia gwarantuje uzyskanie bardzo duzej ilo$ci danych
o podlozu genetycznym, ktore nastepnie dzicki zaawansowanym analizom
bioinformatycznym i filogenetycznym pozwola na wieloregionowa i wielogenomowa analizg
réznorodno$ci  genetycznej taksonow nalezacych do  kompleksu Pinus  mugo
i odpowiedz na pytania o wzajemne relacje i status taksonomiczny rodzimej sosny blotnej
Pinus uliginosa w stosunku do P. mugo, P. rotundata i P. X rhaetica oraz poszukiwanie

markerow DNA specyficznych dla tych taksonow.
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4.1. Publikacja 1

Ze wzgledu na ograniczenia tradycyjnych regionow barkodowych DNA, ktore
charakteryzuja si¢ ograniczong zmienno$cig genetyczng 1 stosunkowo niskg moca
dyskryminacyjng w przypadku identyfikacji blisko spokrewnionych taksonow (Li i in. 2014),
zaistniala potrzeba znalezienia nowej metody do identyfikacji blisko spokrewnionych
gatunkow  roslin. W ostatnich latach zaproponowano wykorzystanie genomu
chloroplastowego jako ,,superbarkodu” na poziomie gatunku, ktéry moze znaczaco zwiekszy¢
rozdzielczo$¢ w analizach filogenetycznych, filogeograficznych oraz genetycznych (Parks
i in. 2009).

W  pierwszej czesci mojej rozprawy doktorskiej po raz pierwszy
przeprowadzilam szczegolowa, analiz¢ porownawcza oparta na de novo
zsekwencjonowanych kompletnych genomach chloroplastowych taksonow Pinus mugo
subsp. mugo, tj. Pinus mugo (MZ3334), Pinus mugo subsp. rotundata, tj. P. uliginosa
(MZ333465), Pinus mugo subsp. uncinata voucher 1347, tj. P. uncinata (MZ333464) oraz
genomie referencyjnym blisko spokrewnionej Pinus sylvestris L. (KR476379)
(Sokotowska i in. 2021).

Uzyskane wyniki wykazatly wysoka konserwatywnos¢ genomoéw chloroplastowych,
zarowno pod wzgledem ich dlugosci, struktury jak i liczby genow. Catkowita dlugosc
kompletnych plastomoéw P. mugo, P. uliginosa i Pinus uncinata wynosi odpowiednio 119 765
pz, 119 759 pz i 119 780 pz. Genomy te zawierajg 121 genéw, w tym: 73 geny kodujgce
biatka, 36 genow tRNA i 4 geny rybosomalnego RNA. Podobnie, nie ma rdéznic w dtugosci
sekwencji kodujacych biatka (60 339 pz) oraz procentowej zawartosci GC (38,5%).

Dopasowanie kompletnych sekwencji genomow chloroplastowych taksonow
z kompleksu Pinus mugo oraz Pinus sylvestris z wykorzystaniem algorytmu MAUVE, nie
ujawnilo zadnych zdarzen rearanzacji badz inwersji i potwierdzilo bliskie powigzania
ewolucyjne miedzy wszystkimi analizowanymi taksonami. Wyniki te byly zgodne
z wczesniejszymi badaniami, w ktorych potwierdzono podobiefistwo w organizacji genomu
chloroplastowego Pinus densiflora, P. sylvestris, P. thunbergii, P. tabuliformis i P. taeda

(Kang i in. 2019). Konserwatywnos$¢ struktury genomow chloroplastowych sosen
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potwierdzono roéwniez w pozniejszej analizie porownawcze] z udzialem 33 gatunkow

z rodzaju Pinus (Xia i in. 2023).

Analiza poréwnawcza przeprowadzona na podstawic metody “sliding window”,
ujawnita wystepowanie pigciu regionéw wysoce zmiennych, tzw. hotspotow (tj. trnG, atpl-
rps2, trnE-clpP, clpP-rps12 i rrn4.5-rm5) o wartosci réznorodnosci nukleotydowej (ang.
nucleotide diversity, Pi) wigkszej niz 0,00238 (Pi > 0,00238) dla taksonéw z kompleksu Pinus
mugo oraz wystepowanie dziewigciu hotspotow (tj. trnS-psaM, trnE-clpP, psaJ-trnP, psaM -
trnS, petB-petD, ycf3-psaA, rrn4.5-rrn5, ycfl i ycf2) dla taksonéw z kompleksu Pinus mugo
i Pinus sylvestris o wartosci roznorodnosci nukleotydowej wigkszej niz 0,00589
(Pi > 0,00589). Ponadto, w genomach chloroplastowych Pinus mugo, Pinus uliginosa i Pinus
uncinata wykryto acznie piecdziesiat dziewig¢ loci mikrosatelitarnych (ang. Simple Sequence
Repeats, SSR) o dlugosci co najmniej 10 pz. Ich liczba wahata si¢ od dziewigtnastu
u P. uncinata do dwudziestu u P. mugo oraz Pinus uliginosa i byta podobna do P. sylvestris
(tj. 22 mikrosatelity). Zidentyfikowane roznice w liczbie i1 rozmieszczeniu sekwencji
mikrosatelitarnych pomigdzy tymi czterema taksonami pozwalajg na ich hipotetyczne

rozroznienie.

Analizy filogenetyczne przeprowadzone z wykorzystaniem metody najwiekszej
wiarygodno$ci (ang. Maximum Likelihood, ML) oraz wnioskowania bayesowskiego (ang.
Bayesian Inference, Bl) u szesnastu przedstawicieli z rodziny Pinaceae, jak rowniez z rodziny
Podocarpaceae (tj. Podocarpus latifolius) jako grupy zewngtrznej (ang. outgroup) na
podstawie dwoch zestawow danych, tj.. kompletnych plastoméw oraz wysoce zmiennego
rejonu ycfl (Hernandez-Leon i in. 2013; Celinski i in., 2017; Olsson i in. 2018), potwierdzity
bliskie pokrewienstwo miedzy P. uncinata, P. mugo i Pinus uliginosa oraz wykazaty, ze

sosny te tworzg odr¢bny klad w obrebie rodzaju i podrodzaju Pinus.
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Abstract: The Pinus mugo complex is a large group of closely related mountain pines, which are
an important component of the ecosystems of the most important mountain ranges, such as the
Alps, Carpathians and Pyrenees. The phylogenetic relationships between taxa in this complex have
been under discussion for many years. Despite the use of many different approaches, they still need
to be clarified and supplemented with new data, especially those obtained with high-throughput
methods. Therefore, in this study, the complete sequences of the chloroplast genomes of the three most
recognized members of the Pinus mugo complex, i.e., Pinus mugo, Pinus rotundata and Pinus uncinata,
were sequenced and analyzed to gain new insight into their phylogenetic relationships. Comparative
analysis of their complete chloroplast genome sequences revealed several mutational hotspots
potentially useful for the genetic identification of taxa from the Pinus mugo complex. Phylogenetic
inference based on sixteen complete chloroplast genomes of different coniferous representatives
showed that pines from the Pinus mugo complex form one distinct monophyletic group. The results
obtained in this study provide new and valuable omics data for further research within the European
mountain pine complex. They also indicate which regions may be useful in the search for diagnostic
DNA markers for the members of Pinus mugo complex and set the baseline in the conservation of
genetic resources of its endangered taxa.

Keywords: Pinaceae; European mountain pines; closely related taxa; next-generation sequencing

1. Introduction

The Pinus mugo complex is a large and polymorphic complex of closely related pines
native to the main mountains of Europe, including the Pyrenees, the Alps and the Carpathi-
ans [1,2]. Some researchers indicate that in this group there may be even more than a
hundred endemic forms classified into various taxonomic ranks, i.e., species, subspecies
or varieties [1]. However, among them only three taxa, i.e., Pinus mugo subsp. mugo,
Pinus mugo subsp. rotundata and Pinus mugo subsp. uncinata, are more widely known
and thoroughly studied. These taxa differ in some phenotypic features, geographical
distribution or preferred habitat. Pinus mugo subsp. mugo, also known as Pinus mugo Turra
(dwarf mountain pine) or Pinus mugo sensu stricto, is a shrub with long, curved branches,
reaching up to 3.5 m in height. The taxa has a wide geographical range, including the
Alps, Pyrenees, Carpathians and Balkans [3], but most often occur in the higher parts of the
mountains at an altitude of 1600-2200 m.a.s.1. [4]. Pinus mugo subsp. rotundata, identified
by some researchers as a synonym for Pinus uliginosa Neumann (peat-bog pine), is usually
a tree-shaped form, with a geographical range limited to peat bog areas of Poland, the
Czech Republic and Germany [5]. Pinus mugo subsp. uncinata known as Pinus uncinata
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Rammond (mountain pine) is a tree with a height of 12-20 m, occurring in the Pyrenees
and the western Alps, as well as the Central Massif and the Iberian System [1,2].

These three taxa are considered to be independent species or subspecies inside Pinus
mugo complex known also Pinus mugo Turra sensu lato [1,2,6]. The International Union for
Conservation of Nature (IUCN) has defined the status of Pinus mugo subsp. mugo and
Pinus mugo subsp. uncinata as least concern (LC), while Pinus mugo subsp. rotundata is
identified as endangered (EN) [7]. However, conservation of these taxa can be difficult
for a number of reasons. One of them is the problematic identification and classification
of atypical individuals to specific taxa, especially in sympatric populations. In such
populations, natural and uncontrolled gene flow is observed, as well as the formation of
hybrid individuals with a phenotype intermediate between those of parent taxa [8-11].
Another serious problem is the functioning of synonyms in the scientific literature, which
probably (but not for sure) refer to the same taxon, e.g., Pinus mugo subsp. rotundata also
appears in the literature as Pinus uliginosa but can also be understood as Pinus x rhaetica
(as a hybrid of Pinus sylvestris x Pinus mugo) [2]. The relations between these synonyms
require urgent and detailed analyses, especially since Pinus uliginosa is the most endangered
pine in Poland, as the number of individuals is gradually declining [12,13].

Until now, representatives of the Pinus mugo complex have been the subject of many
different studies, including needle biometric analyses [14-16], characteristics of allozyme
variability [17,18], patterns of genetic diversity distribution in the geographical aspect [19-21],
gene flow and hybridization [22-24], molecular cytogenetics or flow cytometric analy-
ses [25,26]. Some of the most important aspects so far undertaken by researchers were
also attempts to establish relations between taxa in this complex [27,28] or searching for
diagnostic features or additional determinants allowing for their unambiguous and simple
differentiation [29-31]. However, based on the results obtained so far, it is extremely diffi-
cult to draw consistent and unambiguous conclusions, especially far-reaching ones. On
the one hand, numerous studies indicate differences in gene expression products such as
volatiles [32], essential oils [33] or seed protein patterns [31] between P. mugo, P. uliginosa
and P. uncinata. On the other hand, other studies indicate that taxa from the Pinus mugo
complex share common chloro- and mitotypes [20,34], have a complex genetic background
and are generally characterized by a conservative organization of genomes [25,26].

Despite many studies on P. mugo, P. rotundata and P. uncinata, their origin, species
distinctiveness and taxonomic status within the Pinus mugo complex as well as the identifi-
cation of additional diagnostic determinants for them require further analysis.

The use of complete chloroplast genome sequences obtained by high throughput
techniques could greatly help in this regard, by significantly increasing the phylogenetic
resolution and providing new insight into the taxonomic relationships within this complex.
This approach is particularly recommended in the case of closely related taxa, where the
use of whole chloroplast genomes as one super-barcode should bring better resolution
effects than the use of one or even several universal or specific DNA barcodes, which
may be too little variable in a given group of plants [35]. This approach seems to be
particularly relevant in the case of the Pinus mugo complex, where the analysis of several
core, supplementary and candidate barcode regions failed to distinguish these taxa at the
DNA level [30]. A detailed comparative analysis of the complete sequences of chloroplast
genomes was successfully used in the research, among others, in Pseudolarix and Tsuga [36],
Corylus [37], Magnolia [38] or Quercus [39] as well as many others plant taxa.

Therefore, the main objectives of our research were: (1) sequencing, analysis and
characterization of the entire genomes of P. mugo, P. rotundata and P. uncinata chloroplasts;
(2) comparative analysis of the obtained complete chloroplast genome sequences with
previously published data for other members of the Pinus genus, especially those for P.
sylvestris; (3) identifying and selecting mutation regions (hot spots) in chloroplast genomes
potentially useful in identifying Pinus mugo taxa; and (4) performing a phylogenetic infer-
ence about the relatedness of three closely related taxa of the Pinus mugo complex based on
the complete sequences of the chloroplast genomes as well as selected regions.
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Our results gain new insight into the taxonomy of this highly polymorphic group of
closely related taxa, significantly increasing phylogenetic resolution and providing new
genomic resources for further taxonomic research and as a baseline to take conservation
measures for this ecologically important group of European mountain pines.

2. Results and Discussion
2.1. General Features of P. mugo, P. rotundata and P. uncinata Chloroplast Genomes

Chloroplast genomes are typically about 150 kb in length and have a fairly distinctive
quadripartite structure consisting of a large single copy (LSC), a small single copy (SSC)
regions and two inverted repeats (IR) that separate them. Usually these repeats (IRa and
IRb) are about 20-30 kb long, although in the case of the Pinaceae they are extremely
reduced-to fragments sometimes even within 400 bp. The number of genes annotated in
chloroplast genomes is variable, ranging from 63 to even 209 genes, although usually it
does not exceed the range of 110 and 130 [39-41].

The length of complete chloroplast genomes of three closely related P. mugo, P. ro-
tundata and P. uncinata analyzed in this study is comparable and amounts to 119,765 bp,
119,759 bp and 119,780 bp, respectively for these taxa (Figure 1 and Table 1). Chloroplast
genomes of representatives of the Pinus mugo complex are circular molecules with a typical
quadripartite structure consisting of a large single copy (LSC), a small single copy (SSC)
and two very short inverted repeated IRs (IRa and IRb). The length of the LSC region
ranges from 65,879 bp for P. rotundata to 65,899 bp for P. uncinata and P. mugo while the
length of the SSC region ranges from 53,164 bp for P. mugo, 53,168 bp for P. rotundata to
53,169 bp for P. uncinata. The IR regions, on the other hand, are strongly reduced and, in the
case of the representatives of the Pinus mugo complex, they are only 365 bp, which is one of
the shortest so far described in the Pinaceae family. For comparison, the IR length in Pinus
taeda (KC427273) is 485 bp, and for Pinus sylvestris (KR476379), Pinus densiflora (MK285358)
or Pinus yunnanensis (MK007968) is exactly 495 bp [42,43]. For other species, differences in
IR lengths are also observed, and several studies report that contraction and expansion of
IR regions are quite common phenomena in plants [44]. Moreover, it happens that in some
species these regions are completely lost [45—-47]. It is postulated that the contraction and
expansion of the IR regions play a major role in evolution and are responsible for altering
the length of genomic sequences.

Table 1. Basic features of chloroplast genomes among the seven taxa of Pinaceae.

Pinus Pinus Pinus Pinus Pinus Larix

Genome Features mugo rotundata uncinata sylvestris densiflora decidua Abies alba
Genome size (bp) 119,765 119,759 119,780 119,758 119,875 122,747 121,243
Total coding length (bp) 67,592 67,593 67,592 67,625 67,684 68,621 67,983
Protein coding length (bp) 60,339 60,339 60,339 60,384 60,444 61,524 60,810
rRNA coding length (bp) 4517 4518 4518 4518 4518 4520 4522
tRNA coding length (bp) 2736 2736 2735 2654 2723 2577 2651
Total GC content (%) 38.5 38.5 38.5 38.5 38.5 38.8 38.3
Total number of genes 121 121 121 116 118 110 113
Number of protein-coding 73 73 73 73 73 7 74
genes
Number of rRNA genes 4 4 4 4 4 4 4
Number of tRNA genes 36 36 36 35 36 34 35
GenBank Acc. No. MZ333466 ~ MZ333465  MZ333464  KR476379  MK285358  AB501189  NC_042410
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Figure 1. Gene maps of the three Pinus chloroplast genomes. The genes inside the circle are transcribed clockwise, and
those outside are transcribed counterclockwise. Genes of different functions are color coded. The darker gray in the inner
circle shows the GC content, while the lighter gray shows the AT content. IRA, IRB, inverted repeats; LSC, large single copy
region; SSC, small single copy region.

The plastomes of P. mugo, P. rotundata and P. uncinata contain 121 genes, including
115 unique genes (excluding duplicate ones), 73 protein-coding genes, 36 transfer RNA
genes, and four ribosomal RNA genes (Figure 1, Table 1). Five genes are duplicated,
ie., psaM (x2), trnH-GUG (x2), trnM-CAU (x3), trnS-GCU (x2) and trnV-GAC (x2). The
functional classification of these genes is presented in Supplementary Table S1. The total
content of GC is 38.5% and there are no differences in this parameter between the analyzed
taxa. Likewise, there are no significant differences in the length of the protein coding
sequences (60,339 bp), the total and unique number of genes (121 and 115, respectively) or
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the number of rRNA and tRNA genes (4 and 36, respectively). Due to the uniform gene
number, order and their names, annotated chloroplast genomes of these three taxa from
the Pinus mugo complex are presented on one circular map (Figure 1).

Our results obtained in this study are fully consistent with those previously published
for other Pinus representatives, i.e., P. sylvestris (KR476379) or P. densiflora (MK285358) [42]
in terms of genome size, total coding length, and protein coding length, as well as number
of predicted genes or GC content (Table 1). There are only slight differences in genomic
features between Pinus taxa and Larix or Abies taxa. They mainly concern the size of the
genome and the number of genes. Taxa of the genera Larix and Abies have slightly longer
genomes and fewer genes than representatives of the genus Pinus.

2.2. Genome Comparative Analysis and Identification of Divergent Hotspots

The complete sequences of the P. mugo, P. rotundata and P. uncinata chloroplast genomes
were aligned with the complete P. sylvestris chloroplast genome (KR476379) to compare the
organization of their genomes (Figure 2). Pinus sylvestris was chosen as the reference taxon
closest to this complex but not belonging to it. Figure 2 shows only one locally collinear
block (LCB) between all analyzed chloroplast genomes, which suggests a high level of
similarity in genome organization between the analyzed Pinus taxa.
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Figure 2. MAUVE alignment of three Pinus mugo complex representatives; P. mugo subsp. mugo, P. mugo subsp. uncinata,
P. mugo subsp. rotundata. The Pinus sylvestris chloroplast genome is shown at bottom as a reference. Within each of the

alignments, local collinear blocks are represented by blocks of the same color connected by lines.

In summary, whole-genome alignment of the chloroplast sequences did not reveal any
rearrangement or inversion events among Pinus chloroplast genomes, and confirmed the
close evolutionary relationships between all analyzed taxa (both those belonging to the
Pinus mugo complex and not). Our results are fully consistent with earlier studies on Pinus
species [42], in which the gene content and order of the P. densiflora chloroplast genome
were similar to four other pines, i.e., P. sylvestris, P. thunbergii, P. tabuliformis and P. taeda [42].

The K2p distance values calculated as an estimator of evolutionary divergence (Table 2)
differ between Pinus taxa from 0.000259 in a pair of P. mugo and P. uncinata to 0.00318 in a pair
of P. uncinata and P. sylvestris, with an average of 0.001741 for all four analyzed Pinus taxa.
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Table 2. Estimates of evolutionary divergence between four Pinus species. The number of base
differences per site from between sequences are shown. Standard error estimate(s) are shown above
the diagonal and were obtained by a bootstrap procedure (1000 replicates). This analysis involved
four nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise
deletion option). There were a total of 120279 positions in the final dataset. Evolutionary analyses
were conducted in MEGA X [48].

P. mugo P. rotundata P. uncinata P. sylvestris
P. mugo - 0.000044 0.000055 0.000158
P. rotundata 0.000259 - 0.000061 0.000158
P. uncinata 0.000351 0.000409 - 0.000158
P. sylvestris 0.003117 0.003126 0.003184 -

DnaSP was used to perform two sliding window analyses in order to identify mu-
tational regions. One analysis concerned only three taxa from the Pinus mugo complex
(Figure 3A), while the other, apart from P. mugo, P. rotundata and P. uncinata, also included
P. sylvestris (Figure 3B).
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Figure 3. Sliding window analysis of the whole chloroplast genomes. Window length: 600 bp; step size: 200 bp. X-axis:

position of the midpoint of a window. Y-axis: nucleotide diversity of each window. (A) Pi between three the Pinus mugo

complex representatives. (B) Pi among the Pinus mugo complex representatives and Pinus sylvestris. The horizontal line on

the graph sets the threshold separately for the Pinus mugo complex representatives (0.00238) and separately for the Pinus

mugo complex representatives and Pinus sylvestris (0.00589).

The results in Figure 3A clearly show that for the Pinus mugo complex taxa there
were five divergent hotspots with a high Pi value (>0.00238), i.e., trnG, atpl-rps2, trnE-
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clpP, clpP-rps12, and rrn4.5-rrn5. For the second combination, taxa from the Pinus mugo
complex and P. sylvestris, a total of nine unique mutational regions with a high Pi value
(>0.00589) were detected, i.e., trnS-psaM, trnE-clpP, psaJ-trnP, psaM-trnS, petB-petD, ycf3-
psaA, rrn4.5-rrmb, ycfl and ycf2 (Figure 3B). The average value of nucleotide diversity (Pi)
was 0.00036 and 0.00174 for the Pinus mugo complex taxa and for the Pinus mugo taxa
together with P. sylvestris, respectively. This result is in line with expectations because the
second combination included more distant pines, not just three closely related taxa. A
similar relationship was found also in the case of other species [49].

Pairwise distance analysis for the highly variable regions (Figure 4A,B) showed that
the highest K2p distance between taxa from the Pinus mugo complex is between P. mugo and
P. rotundata (0.01239) in the trnE-clpP region (Figure 4A). In turn, the highest K2p distance
between P. sylvestris and any taxon from the Pinus mugo complex (Figure 4B) is 0.03298
and concerns the trnS-psaM region and the P. sylvestris vs. P. rotundata. Overall, a detailed
pairwise distance analysis revealed what values of discrepancy and in which regions of the
chloroplast genome sequence can be expected between the analyzed taxa pairs.

Chloroplast DNA regions selected in this study can be preferentially used as specific
barcodes for further studies of Pinus mugo taxonomy. A species-specific barcode is defined
as a fragment of a DNA sequence with a sufficiently high mutation rate to enable the
species to be identified within a given taxonomic group [35]. The ycfl and ycf2 regions
seem of particular interest in this regard for the genus Pinus. Several studies show that
the ycf1 region in particular has extremely high discriminatory power in some genera and
much greater potential than the commonly used universal core barcodes [30,50,51].

2.3. Simple Sequence Repeats Analysis

Simple sequence repeats (SSRs or microsatellites) are very often used in population,
ecological and conservation genetics as effective molecular markers. Their most important
advantages are the high level of genetic polymorphism detected by them and wide distri-
bution throughout the genome of chloroplasts, as well as trouble-free amplification, fast
electrophoretic separation or objective and simple statistical analysis [52-55].

In this study;, a total of fifty-nine SSRs with a length of at least 10 bp were detected
in the chloroplast genomes of three members of the Pinus mugo complex. The number of
detected SSR loci ranged slightly from nineteen in P. uncinata to twenty in P. mugo and
P. rotundata and was similar to P. sylvestris (22 microsatellites) but much lower than that
found recently with another pine, Pinus taeda (151) [56].

Interestingly, the identified differences in the number of SSRs between the four ana-
lyzed taxa hypothetically allow these taxa to be distinguished using microsatellite loci. A
detailed analysis of the number and distribution of SSRs brings very interesting results.
For P. mugo and P. uncinata, we found a microsatellite between 54,429 and 54,438 bp and
between 54,428 and 54,437 bp, respectively, which was not observed in the genomes of P.
rotundata or P. sylvestris. Similarly, in the case of P. mugo and P. rotundata, we found the
presence of a microsatellite repeat between 44,949 and 44,961 bp and 44,940 and 44,954 bp,
respectively, which is not present in the chloroplast genome of P. uncinata. A comparison of
the 100,883-100,892 bp region in P. rofundata with the 100,844-100,853 region in P. sylvestris
reveals that these taxa differ in the repeat motif; P. sylvestris has an A repeat, and P. rotundata
has a T repeat. Moreover, to a similar extent, no microsatellite repetitions were found in
the other two taxa, i.e., P. mugo and P. uncinata. Most of the SSRs identified in this study
(47/59) were located in the intergenic distance region (IGS) (Table 3). The most common mi-
crosatellite repeat motif was mononucleotide (84.75%), followed by dinucleotide (10.17%)
and compound (5.08%). Our results are fully consistent with the observations from other
previously conducted studies in which SSRs in chloroplast genomes have a motif composed
mainly of short polyadenine (polyA) or polythymine (polyT) repeats and much less often
contain guanidine (G) or cytosine (C) tandem repeats [38,56].
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Figure 4. K2p distance for selected hotspot regions separately for the Pinus mugo complex representatives (A) and taxa for the
Pinus mugo complex and P. sylvestris (B). Abbreviations: M, Pinus mugo; R, Pinus rotundata; U, Pinus uncinata; S, Pinus sylvestris.

The SSRs identified in this study can be used for further research on the representatives
of the Pinus mugo complex, i.e., P. mugo, P. rotundata and P. uncinata, and to characterize their
genetic resources. The SSRs described in this study can potentially be used to distinguish

taxa in the Pinus mugo complex and also complement other microsatellite loci used so far
for this purpose [57,58].

2.4. Phylogenetic Inference

The phylogenesis of many different groups of plants was determined by analyzing
the sequences of both the complete genome of chloroplasts and selected regions [59-62].
In this study, we were particularly interested in the relationships within the Pinus mugo
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complex between three closely related taxa, as the phylogeny of the genus Pinus is well
known. Therefore, phylogenetic trees were constructed using the ML and Bayes algorithms
using the nucleotide sequences of the chloroplast genomes of sixteen taxa representing the
two main conifer families, Pinaceae and Podocarpaceae (Table 4). We used two datasets. The
first involved alignment of entire chloroplast genome sequences, while the second was based
on alignment of the highly variable ycfl gene only. In many previous studies, researchers
indicate its very high level of genetic diversity, useful in phylogenic analyses [30,51,63].

As shown in Figure 5, both obtained ML and Bayesian phylogenetic trees clearly indi-
cated that P. mugo, P. rotundata and P. uncinata belonging to the Pinus mugo complex formed a
separate cluster within the Pinus genus. Although phylogenetic reconstruction was not the
main focus of this work, the overall topology of the trees obtained here (regardless of the data
set and analysis methods used) was not surprising, and is consistent with the well-known
and widely accepted division of the Pinaceae family into basic genera, i.e., Picea, Larix, Abies
and Pinus. Additionally, in the genus Pinus, the analyzed pine taxa formed two separate
clades. One clade consisted of Pinus strobus and Pinus cembra belonging to the subgenus
Strobus, while the other clade consisted of taxa included in the subgenus Pinus, i.e., Pinus taeda,
Pinus pinea, Pinus densiflora, P. sylvestris as well as three closely related taxa from of the Pinus
mugo complex; P. mugo, P. rotundata and P. uncinata. It is worth noting that in the ML and BI
trees, most of the nodes had 100% bootstrap support and 1.0 Bayesian posterior probability
(Figure 5). Podocarpus latifolius from the Podocarpaceae family, as predicted, was outside the
main group of taxa from the Pinaceae family.
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Table 3. Estimates Simple sequence repeats (SSRs) identified in the P. mugo, P. rotundata, P. uncinata and P. sylvestris chloroplast genomes.

Taxon ID Type Repeat Motif Length (bp) Start End Location ID Type Repeat Motif Length (bp) Start End Location
1 pl (O)12 12 15142 15153 IGS 11 pl (A)11 11 79749 79759 IGS
2 pl (A)12 12 26050 26061 IGS 12 pl (T)10 10 87077 87086 IGS
3 c (A)10(G)10 20 30198 30217 IGS 13 pl (A)10 10 100605 100614 IGS
4 pl (T)23 23 40994 41016 IGS 14 pl (T)10 10 103575 103584 IGS
5 pl (T)13 13 44949 44961 IGS 15 pl G 11 104142 104152 C[:i];l)s
P. mugo (ndhD)
6 pl (T)10 10 48132 48141 IGS 16 pl (A)13 13 106928 106940 IGS
7 pl (A)10 10 54429 54438 IGS 17 pl (T11 11 107335 107345 (;]ZD;)
8 pl (A)10 10 67826 67835 IGS 18 pl (A)10 10 109379 109388 IGS
CDS CDS
9 pl (T11 11 71751 71761 vef3) 19 pl (A)10 10 109840 109849 (rps12)
10 p2 (AT)6 12 73254 73265 IGS 20 p2 (AT)6 12 111752 111763 IGS
1 pl (O)13 13 15141 15153 IGS 11 pl (T)11 11 87069 87079 IGS
2 pl (A)12 12 26050 26061 IGS 12 pl (A)10 10 100597 100606 IGS
P ;Zi:” 3 ¢ (A)11(G)10 21 30197 30217 IGS 13 pl (T)10 10 100883 100892 IGS
4 pl (T)15 15 40993 41007 IGS 14 pl (T)10 10 103568 103577 IGS
5 pl (T)15 15 44940 44954 IGS 15 pl (G)10 10 104135 104144 (riili)zg)
6 pl (T11 11 48122 48132 IGS 16 pl (A)13 13 106920 106932 IGS
7 pl (A)10 10 67816 67825 IGS 17 pl (T11 11 107327 107337 (;11)352)
8 pl (M12 12 71741 71752 (50?35) 18 pl (A)10 10 109375 109384 IGS
9 p2 (AT)6 12 73245 73256 IGS 19 pl (A)10 10 109836 109845 (15153182)
10 pl (A)11 11 79740 79750 IGS 20 p2 (AT)6 12 111746 111757 IGS
1 pl (O)13 13 15142 15154 IGS 11 pl (T)11 11 87091 87101 IGS
2 pl (A)15 15 26051 26065 IGS 12 pl (A)10 10 100620 100629 IGS
3 C (A)11(G)10 21 30203 30223 IGS 13 pl (T)10 10 103590 103599 IGS
4 pl (T)23 23 40998 41020 IGS 14 pl (G)10 10 104157 104166 (15112183)
P 5 pl (T11 11 48131 48141 IGS 15 pl (A)13 13 106942 106954 IGS

uncinata
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Table 3. Cont.
Taxon ID Type Repeat Motif Length (bp) Start End Location ID Type Repeat Motif Length (bp) Start End Location
6 pl (A)10 10 54428 54437 1GS 16 pl (M11 11 107349 107359 (7’37?5)
7 pl (A)10 10 67836 67845 IGS 17 pl (A)11 11 109393 109403 IGS
CDs CDs
8 1 T)13 13 71760 71772 18 1 A)ll 11 109855 109865
P M (vef3) P (A) (rps12)
9 p2 (AT)6 12 73265 73276 IGS 19 p2 (AT)6 12 111767 111778 IGS
10 pl (A)12 12 79761 79772 1GS
1 pl (M11 11 1376 1386 1GS 12 pl (A)10 10 79947 79956 1GS
2 pl (A)10 10 9837 9846 IGS 13 pl (T)10 10 87277 87286 IGS
3 C (©)10(T)11 21 15195 15215 IGS 14 pl (A)10 10 100844 100853 IGS
4 pl (A)12 12 26112 26123 1GS 15 pl (M11 11 101130 101140 1GS
P. CDSs
syloestris 5 c (A)11(G)10 21 30269 30289 IGS 16 pl (T)10 10 101833 101842 (ndhH)
6 pl (M11 11 41059 41069 1GS 17 pl (M10 10 102658 102667 1GS
7 pl (T)19 19 45043 45061 IGS 18 pl G)11 11 104388 104398 (732[5))
8 pl (A)12 12 68030 68041 IGS 19 pl (MH11 11 107567 107577 (;]LD,;)
9 pl (T)14 14 71957 71970 (iqu; 20 pl (A)10 10 109610 109619 1GS
10 p2 (AT)6 12 73462 73473 IGS 21 pl (A)12 12 110071 110082 (;?152)
11 p2 (AT)6 12 79134 79145 1GS 22 p2 (AT)7 14 111984 111997 1GS

¢, compound SSR; p1, mono-nucleotide SSR; p2, di-nucleotide SSR.
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Table 4. GenBank information on complete chloroplast genomes of conifer taxa used in phylogenetic

analyses in this study.

GenBank Accession Taxon Common Name Family
NC_042410 Abies alba silver fir Pinaceae
KP742350 Abies koreana Korean fir Pinaceae
AB501189 Larix decidua common larch Pinaceae
NC_036811 Larix sibirica Siberian larch Pinaceae
NC_021456 Picea abies Norway spruce Pinaceae
NC_032367 Picea asperata dragon spruce Pinaceae
MN536531 Pinus cembra Swiss stone pine Pinaceae
MK285358 Pinus densiflora Japanese red pine Pinaceae
MZ333466 Pinus mugo subsp. mugo  dwarf mountain pine Pinaceae
MZ333465 Pznu:oizzqu();;bsp. peat-bog pine Pinaceae
MZ333464 Pins ugo subsp. mountain pine Pinaceae
uncinata
NC_039585 Pinus pinea Italian stone pine Pinaceae
NC_026302 Pinus strobus Eastern white pine Pinaceae
KR476379 Pinus sylvestris Scots pine Pinaceae
KY964286 Pinus taeda loblolly pine Pinaceae
MH536745 Podocarpus latifolius broad-leaved Podocarpaceae
yellowwood

Podocarpus |atifolius
Larix decidua

o
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Figure 5. Phylogenetic relationships between sixteen conifers taxa based on complete sequences of chloroplast genomes (A,B)

inferred from ML and BI analyses, respectively, and only on ycfI (C,D) also inferred from ML and BI analyses, respectively.

3. Materials and Methods
3.1. Sampling, DNA Extraction and Genomic Library Preparation

Fresh and healthy needles of the three most recognized members of the Pinus mugo
complex were collected as follows: Pinus mugo subsp. uncinata (hereinafter referred to
for short as Pinus uncinata) (collection number 1347) from the Dendrological Garden
of University of Life Sciences, Poznan, Poland (52°25'37"" N, 16°53'48"" E); Pinus mugo
subsp. rotundata (hereinafter referred to for short as Pinus rotundata) from the Great Peat
Bog of Batoréw located in Stotowe Mountains National Park, Poland (50°15'42.48"" N,
16°8/31.92" E) and finally Pinus mugo subsp. mugo (hereinafter referred to for short as Pinus
mugo) from the Tatra National Park (UNESCO Biosphere Reserve), Poland (49°10'0” N,
19°55'0” E). The collected needles were stored at 4 °C, until DNA extraction. Genomic
DNA was isolated using the CTAB method [64]. The quality and integrity of isolated
DNA were determined using agarose gel electrophoresis and measurement on a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA, USA). The genomic library was
prepared according to the manufacturer’s recommendations with protocol: Ion Xpress™
Plus gDNA Fragment Library Preparation, using Ion Xpress Plus Fragment Library Kit
(Pub. No. MANO0009847) (ThermoFisher Scientific, Waltham, MA, USA). The 100 ng of
total genomic DNA was fragmented using Ion Shear Plus Reagents with 8 min incubation
time at 37 °C, targeting fragments length of 200-300 bp. Then, the fragmented DNA
was purified using 1.8x sample volume of Agencourt™ AMPure™ XP Reagent. The
fragment size was checked by 2200 Tapestation Bioanalyzer and Agilent™ High Sensitivity
DNA Kit (Agilent Technologies, Waldbronn, Germany), according to protocol: Agilent
HS D1000 ScreenTape System Quick Guide. For Pinus uncinata, the adapters ligation
was conducted for reaction setup for non-barcoded libraries using Ion Plus Fragment
Library Kit Adapters. For P. mugo and P. rotundata, the adapters ligation was conducted for
reaction setup for barcoded libraries using the Ion Xpress™ Barcode Adapters Kit. AMPure
purification was performed after ligation using a 1.2x sample volume of Agencourt™
AMPure™ XP Reagent (ThermoFisher Scientific, Waltham, MA) for 200-300-base-read
library size. The size selection procedure was performed on the E-Gel™ SizeSelect™ 2%
Agarose Gel, then the libraries were amplified and purified using a 1.2x sample volume
of Agencourt™ AMPure™ XP Reagent (ThermoFisher Scientific, Waltham, MA, USA).
Quality and length analysis was conducted using 2200 Tapestation Bioanalyzer (Agilent
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Technologies Waldbronn, Germany). Chloroplast genomes are typically about 150 kb in
length and have a fairly distinctive quadripartite

3.2. Next Generation Sequencing

The genomic library was diluted to 100 pM. The concentration was measured on the
Qubit™ 2.0 Fluorometer using Qubit™ dsDNA HS Assay Kit (Pub. No. MAN0002326
Revision: B.0) (Life Technologies). The P. uncinata template preparation was performed
according to protocol: Ion PGM™ Hi-Q™ View OT2 Kit (Cat. No. A29900, Pub. No.
MANO0014580 Rev. C.0). P. mugo and P. rotundata templates preparation were performed
according to protocol: Ion 540™ Kit — OT2 (Cat. No A27753 Pub. No. MANO0010852 Rev.
E.0). Evaluation of the templated Ion Sphere™ Particles (ISPs) was conducted using Ion
Sphere™ Quality Control Kit (Cat.No. 4468656), according to protocol Ion Sphere™ Assay
on the Qubit ™ 2.0 Fluorometer (Pub. No. MANO0016387 Revision A.0) (ThermoFisher
Scientific, Waltham, MA, USA). P. uncinata genome sequencing was conducted on Ion 318™
Chip v2 BC by Ion Personal Genome Machine™ (PGM™) System (Thermo Fisher Scientific,
Waltham, MA, USA) according to manufacturer’s recommendations using protocol: Ion
PGM™ Hi-Q™ View Sequencing Kit user guide (Cat. No. A30044, Pub. No. MAN0014583).
Then, P. mugo and P. rotundata genome sequencing was conducted on Ion 540™ Chip by
GeneStudio™ S5 System (Thermo Fisher Scientific, Waltham, USA) according to manufac-
turer’s recommendations using protocol: Ion 540™ Kit — OT2 User Guide (Cat. No A27753,
Pub. No MANO0010850, Rev. D).

3.3. Chloroplast Genomes Assembly and Gene Annotation

BBDuk Adapter/Quality Trimming V. 35.82 available in Geneious Prime 2020.2.5 [65]
was used to filter low quality reads and trim low quality ends and adapters. The filtered
reads were de novo assembled into contigs using Geneious Assembler on default options
with merging homopolymer variants. Contigs were mapped to the reference genome
Pinus sylvestris (NC_035069.1) using Geneious Mapper with minimum mapping quality:
30. Reads, which mapped to the reference genome, were used to assemble de novo the
complete chloroplast genome sequences of P. mugo, P. rotundata and P. uncinata. Assembled
genomes were initially annotated using CPGAVAS2, an integrated plastome sequence
annotator [66], and GeSeq [67] and compared to the Pinus sylvestris (RefSeq: NC_035069.1)
reference sequence. Location of large single copy region (LSC) and small single copy region
(SSC) as well as calculation of GC content was carried out in Geneious Prime 2020.2.5 [65] by
comparison with homologous sequences available to other Pinus representatives. Transfer
RNAs were also checked with tRNAscan-RE v2.0.3. [68] incorporated in GeSeq [67] using
default settings. OrganellarGenomeDRAW (OGDRAW) version 1.3.1 [69] was used to draw
a circular map chloroplast genome of P. mugo, P. rotundata and P. uncinata. The complete
sequences of the chloroplast genomes of these three taxa mentioned above have been
deposited in GenBank under the following accession numbers: MZ333466 for Pinus mugo
subsp. mugo; MZ333465 for Pinus mugo subsp. rotundata and MZ333464 for Pinus mugo
subsp. uncinata.

3.4. Genome Comparative Analysis and Identification of Divergent Hotspots

In order to study genome-wide evolutionary dynamics among P. mugo, P. rotundata
and P. uncinata from the Pinus mugo complex and to search evolutionary events such
as gene loss, duplication, rearrangements and translocations, multiple alignments were
made using progressive MAUVE algorithm with default settings via MAUVE [70] plugin
v1.1.1 available in Geneious Prime 2020.2.5 [65]. The complete sequences of the P. mugo,
P. rotundata and P. uncinata chloroplast genomes were compared with this previously
published sequence for Pinus sylvestris (KR476379), which is the nearest taxa to the Pinus
mugo complex, but does not belong to it (Table 1). Evolutionary divergence between
the three representatives of the Pinus mugo complex and P. sylvestris was estimated by
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calculating genetic distances using the Kimura 2-parameters (K2p) evolution model [46,71]
implemented in MEGA X [48].

Identification of divergent hotspots was performed separately only for the represen-
tatives of the Pinus mugo complex and for those representatives and P. sylvestris on the
basis of three and four complete sequences of chloroplast genomes, respectively. The
relevant chloroplast genomes were aligned using MAFFT v7.450 with default options [72],
and then nucleotide diversity (Pi) was calculated through sliding window analysis using
DnaSP version 6 [73]. The window length was set to 600 bp, with a step size 200 bp. The
diversity thresholds for the Pinus mugo complex (0.00238) and for the Pinus mugo complex
and together with P. sylvestris (0.00589) were calculated by sum of the average and double
the standard deviation [74]. Regions with levels of nucleotide diversity higher than these
thresholds were recommended as highly variable regions. Pairwise distance was also
determined for these regions using the Kimura 2-parameters (K2p) evolution model [46,71]
implemented in MEGA X [48].

3.5. Identification of Simple Sequence Repeats

Simple sequence repeats (SSRs) in chloroplast genomes of Pinus mugo complex rep-
resentatives and Pinus sylvestris were detected by MlcroSAtellite (MISA) [75], with the
following parameters set at >10 for mononucleotides, 6> for dinucleotides and >5 for tri-,
tetra-, penta- and hexanucleotides, respectively.

3.6. Phylogenetic Inference

Phylogenetic inferences were constructed by maximum likelihood (ML) and Bayesian
inference (BI) were constructed by maximum likelihood (ML) analysis using sixteen com-
plete sequences of chloroplast genomes of various conifers representatives (including data
obtained in this study for P. mugo, P. rotundata and P. uncinata). The list of taxa included in
the study, along with GenBank accession numbers, is given in Table 4. In order to better
explain the topology of the tree, both closely related taxa from the Pinaceae family, such
as Pinus, and more distant taxa from the genus Abies, Larix and Picea, were selected. The
outgroup was Podocarpus latifolius from the Podocarpaceae family.

Complete chloroplast genomes were aligned with MAFFT v7.450 using default set-
tings [51]. A General Time Reversible + Gamma nucleotide substitution model (GTR + G)
was selected according to Akaike’s information criterion (AIC) [76] with MEGA X [48], as
the best substitution model for the ML and BI analyses. The ML analyses were conducted
in RaxML v8.2.11 [77], with 1000 rapid bootstrap replicates along with a search for the
best-scoring ML tree in every run and parsimony random seed set to 10.

BI analyses were conducted using MrBayes v 3.2.6 [78,79]. The Markov Chain Monte
Carlo (MCMC) algorithm was run for 100,000 generations and the trees were sampled
every 100 generations. The first 25% of the trees were discarded as a burn-in, and remaining
trees were used to generate the consensus tree, including clade posterior probability (PP).
Convergence was determined by examining the average standard deviation of the split
frequencies (<0.01).

4. Conclusions

In this study, we aimed to increase the phylogenetic resolution within the European
mountain pine complex using, for the first time, a detailed comprehensive comparative
analysis of the complete chloroplast genome sequences of the three main representatives of
this complex, i.e., Pinus mugo, P. rotundata and P. uncinata. The obtained results revealed a
high conservation of their chloroplast genomes in terms of length, structure and number of
genes. We confirmed very close relationships between these three taxa using inference and
phylogenetic trees topology in which P. mugo, P. rotundata and P. uncinata form one distinct
clade within the genus Pinus with strong support. Highly variable regions and distinct
microsatellite loci patterns have been identified in the genomes of chloroplast members of
the Pinus mugo complex that could potentially be used in the future to discriminate and
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identify these taxa. Our analyses increase the knowledge of the Pinus mugo complex phy-
logeny and provide a valuable genomic baseline for future research into the evolutionary
history and conservation of this highly polymorphic and enigmatic group, as well as the
Pinaceae family in general.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10071331/s1, Table S1: List of genes annotated in the chloroplast genomes of P. mugo, P.
rotundata and P. uncinata sequenced in this study.
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Supplementary Table S1

Supplementary Table S1. List of genes annotated in the chloroplast genomes of P. mugo, P. rotundata
and P. uncinata sequenced in this study.

No. Classification of genes Name of genes Number
1 Photosystem I psaA, psaB, psaC, psal, psa], psaM(x2), ycf3, ycf4 9
’ Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb], psbK, psbL, 15

psbM, psbN, psbT, psbZ

3 Cytochrome b/f complex petA, petB, petD, petG, petL, petN 6
4 ATP synthase atpA, atpB, atpE, atpF, atpH, atpl 6
5 NADH dehydrogenase ndhB, ndhC, ndhD, ndhE, ndhH, ndhl, ndhK 7
6  RubisCO large subunit rbeL 1
7 RNA polymerase rpoA, rpoB, rpoC1, rpoC2 4

Ribosomal proteins
8 _ small units (SSU) rps2, rps3, rps4, rps7, rpsS, rpsll, rps12, rps14, rps1d, rps18, rps19 11
g  Ribosomal proteins rp12, 1pl14, rpl16, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36 9

- large units (LSU) PRS, TPEES, TP, TP, TPRCs, TPEco, TPIoS, TPLoo, TP
10 cher accD, ccsA, cemA, chlB, chlL, chIN, clpP, infA, matK 9

genes/Miscellaneous

Protein of unknown

function / Hypothetical
11 2 4
chloroplast reading YefL, yef2, yefl2, yefo8
frames
trnA-UGC, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnfM-
CAU, trnG-GCC, trnG-UCC, trnH-GUG (x2), trnl-GAU, truK-UUU,
trnL-CAA, trulL-UAG, trnL-UAA, trnM-CAU (x3), truN-GUU, trnP-
12 Transfer RNAs GGG, trnP-UGG, trnQ-UUG, trnR-ACG, trnR-CCG, trnR-UCU, 36
trnS-UGA, trnS-GGA, trnS-GCU (x2), truT-UGU, trnT-GGU, trnV-
GAC (x2), trnV-UAC, trnW-CCA, trnY-GUA
13 Ribosomal RN As rrn4.5, rrub, rrnl6, rrn23 4
Total 121

(x2) indicates that the number of the repeat unit is 2



4.2. Publikacja 2

Wedtug China Plant BOL Group (China Plant BOL Group i in. 2011) region
jadrowego DNA rybosomalnego — ITS (ang. internal transcribed spacer), a w szczeg6lnosci
ITS2, posiada znacznie lepsza zdolnos¢ do rozrdzniania gatunkéw w poréwnaniu z regionami
plastydowymi, poniewaz charakteryzuje si¢ wyzszym tempem mutacji niz regiony kodujace
I jest dziedziczony od obojga rodzicow, co pozwala na jego wykorzystanie do identyfikacji
nawet blisko spokrewnionych gatunkow (Alvarez i Wendel 2003). Wobec powyzszego, tego
typu marker DNA bylby bardzo przydatny do weryfikacji hipotezy o mieszahcowym
pochodzeniu sosny blotne;.

W zwigzku z tym w drugiej czesci mojej rozprawy doktorskiej dokonalam oceny
skutecznos$ci stosowania regionu jadrowego cistronu rybosomalnego (ang. nuclear
ribosomal DNA, nrDNA) ITS2 do dyskryminacji blizej i dalej spokrewnionych taksonow
oraz wnioskowania filogenetycznego w rodzinie Pinaceae, w tym takze w kompleksie
Pinus mugo (Sokotowska i in. 2022). W tym celu przeanalizowanych zostalo 368 sekwencji
ITS2 reprezentujacych 71 taksondow z siedmiu rodzajow (tj. Abies, Keteleeria, Tsuga, Larix,
Pseudotsuga, Picea i Pinus), nalezacych do trzech podrodzin (Abietoideae, Laricoideae,
Pinoideae) w obrebie rodziny Pinaceae. Do analiz wykorzystano uzyskane poprzez
sekwencjonowanie nowej generacji, 22 sekwencje 1TS2 dla przedstawicieli kompleksu Pinus
mugo oraz 346 sekwencje pobrane z GenBank. Jak dotagd nie przeprowadzono tak
kompleksowego badania podsumowujacego zasadno$¢ wykorzystania regionu ITS2 do
rozrozniania i identyfikacji taksonow, a takze wnioskowania filogenetycznego w tej rodzinie.

Przeprowadzone analizy obejmowaly ocene¢ przydatnosci sekwencji ITS2 jako
potencjalnego regionu barkodowego, w tym: oszacowanie zmiennoSci wewnatrz-
1 miedzygatunkowej pomigedzy analizowanymi taksonami, jak rowniez identyfikacje
oraz dyskryminacj¢ analizowanych taksondw na podstawie sekwencji ITS2 na réznych
poziomach taksonomicznych, tj. kompleksu gatunkowego (kompleks Pinus mugo), rodzaju,
podrodziny i rodziny. Do tego celu wykorzystano trzy metody, a mianowicie: 1) metode
oparta na odleglosci genetycznej (ang. Pairwise Genetic Distance, PWG-distance); 2) metodg
oparta na podobienstwie sekwencji DNA (ang. sequence similarity-based method)
z wykorzystaniem programéw TaxonDNA i BLAST oraz 3) wnioskowanie filogenetyczne
z wykorzystaniem metody najwigkszej wiarygodnosci (ang. Maximum Likelihood, ML).

Na podstawie uzyskanych wynikow wykazano, ze analizowane sekwencje ITS2 r6znig
si¢ znacznie pod wzgledem wartosci podstawowych parametrow opisujacych zmienno$¢

genetyczng, w zaleznos$ci od rozpatrywanego poziomu taksonomicznego. Calkowita $rednia
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odlegto$¢ genetyczna dla rodziny Pinaceae wyniosta 0,342. Oszacowane wartosSci
podstawowych parametréw charakteryzujacych zmienno$¢ genetyczng sekwencji ITS2 byty
najwyzsze na poziomie rodziny, a najnizsze na poziomie kompleksu gatunkowego, tj.
kompleksu Pinus mugo, u ktérego nie zaobserwowano zadnej zmienno$ci sekwencji.
Dodatkowo na podstawie metody opartej na podobienstwie sekwencji, wykazano ze 100%
analizowanych sekwencji ITS2 zostalo niejednoznacznie zidentyfikowanych przy uzyciu
opcji BM (ang. Best Match) i BCM (ang. Best Close Match). Zadna sekwencja ITS2
w kompleksie Pinus mugo nie zostala zidentyfikowana jako poprawna (0%) lub niepoprawna
(0%). Z kolei ogdlna topologia otrzymanego drzewa filogenetycznego na podstawie metody
najwickszej wiarygodnosci (ang. Maximum Likelihood, ML) oparta na sekwencjach 1TS2 jest
zgodna z przyjetym podziatlem rodziny Pinaceae, a wszystkie analizowane taksony zostaty
przypisane do odpowiednich rodzajéw zgodnie z powszechnie przyjeta taksonomia, jednakze

ich  rozréznienie =~ w  ramach  tych  rodzajow nie  bylo  jednoznaczne.

Podsumowujac, na podstawie uzyskanych wynikow mozna stwierdzi¢, ze
wykorzystanie sekwencji ITS2 do analiz filogenetycznych blisko spokrewnionych taksonow
z rodziny Pinaceae, w tym kompleksu Pinus mugo nie wydaje si¢ by¢ zasadne ze wzglgdu na

zbyt niskg zmiennos$¢ genetyczng tego regionu.
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Abstract: The internal transcribed spacer 2 (ITS2) is one of the best-known universal DNA barcode
regions. This short nuclear region is commonly used not only to discriminate taxa, but also to
reconstruct phylogenetic relationships. However, the efficiency of using ITS2 in these applications
depends on many factors, including the family under study. Pinaceae represents the largest family
of extant gymnosperms, with many species of great ecological, economic, and medical importance.
Moreover, many members of this family are representatives of rare, protected, or endangered species.
A simple method for the identification of Pinaceae species based on DNA is necessary for their
effective protection, authentication of products containing Pinaceae representatives, or phylogenetic
inference. In this study, for the first time, we conducted a comprehensive study summarizing the
legitimacy of using the ITS2 region for these purposes. A total of 368 sequences representing 71 closely
and distantly related taxa of the seven genera and three subfamilies of Pinaceae were characterized
for genetic variability and divergence. Intra- and interspecies distances of ITS2 sequences as well as
rates of sequence identification and taxa discrimination among Pinaceae at various taxonomic levels,
i.e., the species complex, genus, subfamily, and family, were also determined. Our study provides a
critical assessment of the suitability of the ITS2 nuclear DNA region for taxa discrimination among
Pinaceae. The obtained results clearly show that its usefulness for this purpose is limited.

Keywords: Pinaceae; internal transcribed spacer; ITS2; DNA barcoding; taxa identification

1. Introduction

The Pinaceae family is the largest extant family of all gymnosperms [1]. Within
this family, 225 species have been distinguished, which are grouped in three subfamilies
(Pinoideae Pilg., Laricoideae Melchior et Werdermann, Abietoideae Pilg.) and eleven gen-
era, i.e., Abies Mill., Cathaya Chun & Kuang, Cedrus Belon ex Trew, Keteleeria Carriere., Larix
Mill., Nothotsuga Hu ex C. N. Page, Picea A. Dietr., Pinus L., Pseudolarix Gordon, Pseudotsuga
Carriere, and Tsuga Carriere [2]. Representatives of the Pinaceae are an extremely impor-
tant component of temperate, boreal, subalpine, and subtropical forests in the northern
hemisphere. Moreover, conifers from the Pinaceae family are of great economic importance,
especially the genus Pinus, which has been used for many years as a valuable source of
wood, resins, essential oils, and seeds [3]. Many studies also show that members of this
family represent a valuable source of active substances with medicinal properties [4-8].

The high economic and medical value of members of this family may be a strong
temptation to over-exploit particular species, obtain them illegally, or even falsify products
containing them. Since many species of the Pinaceae family are rare, endangered, or
protected, this can pose a serious threat. Another equally serious risk is the misidentification
of certain species. There are many closely related taxa in the Pinaceae family with a very
similar needle or cone morphology. Moreover, they have the same ecological niches, similar
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geographic ranges, and often grow together in sympatric populations. In such populations,
gene flow occurs, which leads to the formation of hybrid individuals with a phenotype
intermediate to the parent taxa. Thus, the processes of hybridization and introgression
additionally hinder the simple and effective assignment of such individuals to particular
species. One of the best examples of such a complex system involving all of the above-
mentioned factors is the European mountain pine association, Pinus mugo Turra sensu lato.
This complex has been the subject of research using various techniques and methods for
several decades [9-15]. However, the main problem in this complex remains the same, i.e.,
finding easy-to-use specific diagnostic determinants for individual taxa, preferably based
on DNA markers.

The unambiguous identification of plant material or distinguishing taxa plays an
important role not only in the authentication of Pinaceae-containing products, but also
in establishing genetic relationships in this family, characterizing the genetic resources
of its taxa, determining their geographical distribution, developing conservation plans
for individual taxa, monitoring gene flow, and finally analyzing various evolutionary
processes, such as hybridization or introgression.

DNA barcoding is a popular method of species identification using short and stan-
dardized gene fragments as molecular markers [16]. This rapid approach has commonly
been used in taxonomic research for species-level identification in different domains of the
tree of life for several years. The undeniable features of good DNA barcode regions are
easy PCR amplification and sequencing, and most importantly, ensuring a high level of
species discrimination [17]. The short length of the PCR amplicons facilitates work with
very degraded DNA, e.g., from herbarium specimens. However, the effectiveness of identi-
fying the analyzed biological material with DNA barcodes and assigning it to a specific
family, genus, or species depends on many factors (including, among others, the analyzed
family, DNA region or abundance of the reference base) and is not always satisfactorily
high [18-21]. Therefore, in recent years, many studies have been carried out to circumvent
these limitations by selecting appropriate regions of DNA that guarantee a high percentage
of satisfactory identifications, both for universal barcoding and for species identification
within individual families or genera [22-26]. One of the best known and widely used
universal DNA barcode regions is the internal transcribed spacer 2 (ITS2) [27]. This short
nuclear region, due to its properties, is also used to reconstruct phylogenetic relationships
at the species and genus level [28-32]. So far, ITS2 has been used to analyze taxa from
the Pinaceae family rather sporadically, while evaluating the usefulness of this region as
barcode DNA for various groups of plants and animals [26,27].To the best of the authors’
knowledge, so far, there is no comprehensive study summarizing the validity of using
the ITS2 region for the discrimination and identification of taxa as well as phylogenetic
inference in this family carried out on a large number of species and sequences.

Therefore, the main objective of this study is to determine whether ITS2: (1) is a useful
DNA marker for the discrimination and identification of both distant and closely related
taxa in the Pinaceae family; (2) has a sufficiently high potential for the authentication
of products containing Pinaceae representatives; and (3) is valuable nuclear region for
inferring phylogenetic relationships of conifers in this family.

2. Results
2.1. Genetic Variation of ITS2 Sequences in Pinaceae

A total of 368 sequences representing 71 Pinaceae conifer taxa were analyzed (Table S1),
of which 346 sequences were downloaded from GenBank and the remaining 22 sequences
were obtained in this study and deposited in the same genetic database (Table S2). The
accession numbers of the newly obtained sequences are shown in Table S3.

The genetic variability of the ITS2 sequence in the Pinaceae family was precisely
characterized. All analyses and calculations were performed separately for four different
taxonomic levels, i.e., species complex: Pinus mugo complex; genus: Abies, Keteleeria, Tsuga,
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Larix, Pseudotsuga, Picea, and Pinus; subfamily: Abietoideae, Laricoideae, Pinoideae, and
family: Pinaceae.

The obtained results indicate that the analyzed ITS2 sequences in Pinaceae differ
significantly in the values of the basic parameters describing genetic variation depending
on the considered taxonomic level (Table 1). At the species complex level, represented
by the closely related European mountain pine complex, Pinus mugo complex (PMC), no
sequence variation was observed. At the genera level, the alignment length varied only
slightly. The shortest alighment length was noticed for the genus Pseudotsuga (232 bp), while
the longest for the genus Pinus (252 bp). The number of conserved sites (CS) ranged from 70
to 237. The highest percentage of calculated conserved sites (CS) was observed for the genus
Pseudotsuga (100%) and the lowest for the Pinus genus (27.78%). The number of variable sites
(VS) ranged from 0 (for the genus Pseudotsuga) to 177 (for the Pinus genus), which gives 0%
and 70.24% respectively. The genus Pseudotsuga was also characterized by zero parsimony
informative sites (PIS) and singleton sites (SS), and consequently also zero overall mean
distance (OMD). On the other hand, the highest values of these coefficients were recorded
for the genus Pinus (28.97%) and Keteleeria (48.5%), for PIS and SS, respectively. The highest
OMD value (0.236) was found for the genus Keteleeria. At the subfamily level, the alignment
length varied from 233 bp to 254 bp. The number of conserved sites ranged from 61
to 148. The highest percentage of calculated conserved sites (CS) was observed for the
Laricoideae (63.52%) and the lowest for the Pinoideae subfamily (24.21%). The number
of variable sites varied substantially from 85 to 187 within the subfamilies. The lowest
proportion of variable sites (VS) was observed for the Laricoideae (36.48%) and the highest
for the Pinoideae (74.21%) followed by Abietoideae (73.23%). The number of parsimony
informative sites (PIS) ranged from 48 (Laricoideae) to 107 (Pinoideae), which is 20.60%
and 42.4%, respectively. The values of the number of singleton sites (SS) and overall mean
distance (OMD) were also the lowest for the members of the Laricoideae subfamily and
amounted to 15.88% and 0.023, respectively. The highest percentage of calculated singleton
sites was observed for the Abietoideae subfamily (38.19%), and the highest overall mean
distance (OMD) was noticed for the Pinoideae (0.149). At the family level, the estimated
alignment length was equal to 270 bp. The proportion of calculated conserved sites (CS),
variable sites (VS), parsimony informative sites (PIS), singleton sites (SS) was: 17 (6.30%),
250 (92.59%), 196 (72.5%), and 49 (18.15%), respectively.

Table 1. Values of basic parameters characterizing genetic variation in ITS2 sequences in Pinaceae.
AL—alignment length; CS—conserved sites; VS-variable sites; PIS—parsimony informative sites;
SS—singleton sites; OMD—overall mean distance. Values in brackets are given as percentages.

GTra(;‘l‘l’;‘/‘f:“fel Name AL cs VS PIS Ss OMD
Species complex P. mugo complex 243 243 (100.00) 0 (0.00) 0 (0.00) 0 (0.00) 0.000
Abies 246 169 (68.70) 75 (30.49) 27 (10.98) 48 (19.51) 0.016

Keteleeria 249 118 (47.39) 122 (48.99) 0 (0.00) 121 (48.5) 0.236

Tsuga 247 237 (95.95) 10 (4.05) 7 (2.83) 3(1.21) 0.026

Genera Larix 233 172 (73.82) 61 (26.18) 15 (6.44) 46 (19.74) 0.013
Pseudotsuga 232 232 (100.00) 0 (0.00) 0 (0.00) 0 (0.00) 0.000

Picea 236 232 (98.31) 4 (1.69) 3(1.27) 1(0.42) 0.004

Pinus 252 70 (27.78) 177 (70.24) 73 (28.97) 101 (40.0) 0.077

Abietoideae 254 66 (25.98) 186 (73.23) 88 (34.65) 97 (38.19) 0.074

Subfamily Laricoideae 233 148 (63.52) 85 (36.48) 48 (20.60) 37 (15.88) 0.023
Pinoideae 252 61 (24.21) 187 (74.21) 107 (42.4) 77 (30.56) 0.149

Family Pinaceae 270 17 (6.30) 250 (92.59) 196 (72.5) 49 (18.15) 0.342
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The overall mean distance (OMD) for the Pinaceae is 0.342. In general, the highest
values of the basic parameters characterizing the genetic variation of the ITS2 sequence in
Pinaceae were found at the family level, and the lowest at the species complex level.

2.2. Genetic Divergence within and between Pinaceae Taxa

MEGA version X was used to calculate the genetic divergence of ITS2 sequences in
the Pinaceae family. Table 2 summarizes in detail the values of five genetic divergence
parameters, i.e., all interspecific distance, minimum interspecific distances, theta, all in-
traspecific distance, and coalescence depth obtained in this study at the species complex,

genus, subfamily, and family levels.

Table 2. Values of genetic divergence indices in ITS2 sequences in Pinaceae.

Taxonomic
Group/Level

Name

All Interspecific
Distance

Minimum
Interspecific
Distance

All Intraspecific
Distance

Theta

Coalescent
Depth

Species complex

P. mugo complex

0.0000 =+ 0.0000

0.0000 = 0.0000

0.0000 =+ 0.0000

0.0000 = 0.0000

0.0000 =+ 0.0000

Abies 0.0175 + 0.0006 0.0000 + 0.0000 0.0085 + 0.0012 0.0176 £ 0.0039 0.0190 + 0.0046

Keteleeria 0.1998 + 0.0973 0.0000 + 0.0000 0.1972 + 0.1919 0.1995 + 0.0250 0.2958 + 0.2874

Tsuga 0.0356 + 0.0119 0.0291 + 0.0109 0.0061 + 0.0061 0.0258 + 00820 0.006240.0061

Genera Larix 0.0137 +£ 0.0006 0.0000 + 0.0000 0.0067 + 0.0010 0.0130 + 0.0033 0.0271 + 0.0074
Pseudotsuga 0.0000 + 0.0000 0.0000 = 0.0000 0.0000 + 0.0000 0.0000 + 0.0000 0.0000 + 0.0000

Picea 0.0048 + 0.0009 0.0000 + 0.0000 0.0017 + 0.0012 0.0043 + 0.0023 0.0024 + 0.0018

Pinus 0.0392 + 0.0257 0.0000 + 0.0000 0.0959 + 0.0050 0.0768 £ 0.0102 0.0486 + 0.0259

Abietoideae 0.1089+0.0082 0.0000 + 0.0000 0.0370 £ 0.0291 0.0665 + 0.0065 0.0562 + 0.0389

Subfamily Laricoideae 0.0436 + 0.0083 0.0000 + 0.0000 0.0063 + 0.0011 0.0222 + 0.0037 0.0249 + 0.0071
Pinoideae 0.1702 £ 0.0059 0.0000 + 0.0000 0.0342 + 0.0229 0.1492 + 0.0157 0.0396 + 0.0210

Family Pinaceae 0.3586 + 0.0041 0.0000 + 0.0000 0.0294 + 0.0141 0.3417 £ 0.0287 0.0423 £+ 0.0162

At the P. mugo complex level, all genetic divergence indices were zero. At the genera
level, the highest all interspecific and all intraspecific variation was observed in the genus
Keteleeria (0.1998 £ 0.0973 and 0.1972 £ 0.1919, respectively). This genus was also character-
ized by the highest value of theta (0.1995 £ 0.0250) and coalescent depth (0.2958 + 0.2874).
The lowest values of the above-mentioned coefficients were observed for the genus Picea.
The genus Pseudotsuga was the only one represented by only one taxon. Therefore, the
value of all five coefficients for this type was zero. At the subfamily level, the lowest all
interspecific and all intraspecific distances were revealed for Laricoideae (0.0436 & 0.0083
and 0.0063 & 0.0011). In turn, the highest all interspecific distance was found in Pinoideae
(0.1702 £ 0.0059), and the highest all intraspecific distance in Abietoideae (0.0370 = 0.0291).
For all analyzed subfamilies, the minimum interspecific distance was equal to 0.0000. The
theta value ranged from 0.0222 for Laricoideae to 0.1492 for Pinoideae. The highest value
of coalescent depth was observed for Abietoideae (0.0562) while the lowest (0.0249) for
Laricoideae. At the family level, all interspecific and all intraspecific distances parameters
were 0.3586 and 0.0294, respectively. The theta value was equal 0.3417 and coalescent depth
value was 0.0423.

The pairwise genetic distance-based method was used to determine the genetic di-
vergence of the analyzed ITS2 sequences. Figure 1 shows the relative distribution of all
intraspecific and all interspecific distances obtained for the analyzed samples from the
Pinaceae family. The value of intraspecific distance in the range from 0.0% to 1.0% consti-
tuted 46.04% of the total observation, while the values of interspecific distance in the range
of 0.0 to 1.0 and 1.0 to 2.0 were respectively 14.74% and 14.39%. Overall, the vast majority
of intraspecific distance values (95.06%) are in the range from 0% to 8%, with 83.93% in the
range from 0.0% to 2.0%. The interspecific value of the distance in the range from 0% to 14%
constitutes 90.49% of the calculations, and the range of distance from 0% to 6% constitutes
67.75% (Table S4).
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Figure 1. Abundance of all intraspecific and all interspecific K2P pairwise distance in Pinaceae.

2.3. Rates of Sequences Identification and Taxa Discrimination among Pinaceae

BLAST1 and TAXONDNA /Species Identifier 1.8 were used to determine the percent-
age of correct, ambiguous, and incorrect ITS2 sequence identification and taxa discrimina-
tion among Pinaceae.

Using the BLAST1 method, the correct ITS2 sequence identification rate was the
highest for the Tsuga genus (100%) and the lowest for Pseudotsuga (0%). More than 40%
of ITS2 sequences were correctly identified in the genus Abies and just over 30% in the
genus Pinus. In contrast, in the genus Picea, only 8.33% of the ITS2 sequences were correctly
identified. Ambiguous ITS2 sequences identification was highest for Pseudotsuga (100%) and
lowest (0%) for Tsuga. Generally, for six out of seven analyzed Pinaceae genera, the value of
ambiguous identification rate was more than 50%. Incorrect identification rates were highest
for Picea (25%), followed by Pinus (13.51%) and Abies (4.76%). Overall success in correct
species discrimination based on the BLAST1 method and ITS2 sequences was moderate
(32.88%). Figure 2 and Table S5 summarize the results obtained with BLAST1 method.
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Figure 2. Species discrimination rates based on BLAST1 method.

TAXONDNA /Species Identifier 1.8 program, using “Best Match” (BM) and “Best
Close Match” (BCM) options, was used to calculate the percentage of correct ITS2 sequence



Plants 2022, 11, 1078

6 of 13

identification at the species complex, genus, subfamily, and family level for taxa represented
in the analysis by at least two sequences. The summary of the success of taxa identification
for analyzed genera among the Pinaceae family using the TaxonDNA method is shown in
Table 3. At the species complex level, represented by the closely related European mountain
pine complex, Pinus mugo complex (PMC), 100% of the analyzed ITS2 sequences were
ambiguously identified using the BM and BCM options. None of the ITS2 sequence in
this species complex were identified as correct (0%) or incorrect (0%). At the genera level,
Pseudotsuga and Tsuga were the most successfully discriminated (100%), while Keteleeria
had the lowest discriminatory success. At the subfamily level, the highest success of
identification was noticed for Laricoideae (23.48%), and the lowest success for the subfamily
Abietoideae (17.80%). At the family level, the success rate of species discrimination among
the Pinaceae was relatively low. Only 71 of 368 sequences were correctly identified to
species level (19.2%) based on best match (BM) analysis. It is worth emphasizing that the
ambiguous identification was over three times higher than the correct identification (74.1%).
Incorrect identification concerned 7.5% of the sequences. Similar results were obtained
based on the best close match (BCM) analysis.

Table 3. Percentage of correct, incorrect and ambiguous sequence identifications based on the ‘best
match” and ‘best close match” with TaxonDNA software.

Taxonomic Name Best Match (BM) Best Close Match (BCM)

Group/Level Correct Incorrect ~ Ambiguous  Correct Incorrect ~ Ambiguous No Match

Species complex P. mugo complex 0.00 0.00 100.00 0.00 0.00 100.00 0.00

Abies 16.19 8.57 75.24 16.19 8.57 75.24 0.00

Keteleeria 11.11 0.00 88.89 11.10 0.00 88.89 0.00

Tsuga 100.00 0.00 0.00 100.00 0.00 0.00 0.00

Genera Larix 21.43 3.57 75.00 21.43 2.68 75.00 0.89

Pseudotsuga 100.00 0.00 0.00 100.00 0.00 0.00 0.00

Picea 20.83 0.00 79.17 20.83 0.00 79.17 0.00

Pinus 16.22 9.01 74.77 15.32 721 72.07 5.40

Abietoideae 17.80 8.47 73.73 17.80 7.63 73.73 0.84

Subfamily Laricoideae 23.48 3.48 73.04 23.40 2.61 75.00 0.87

Pinoideae 17.04 7.40 75.50 16.30 5.93 73.33 4.44

Family Pinaceae 19.20 6.52 74.10 19.00 5.43 73.38 2.17

2.4. Phylogenetic Inference

Phylogenetic inference was performed in the RaxML v8.2.11 [33] using 371 ITS2
sequences and the maximum likelihood (ML) method. The resulting phylogenetic tree
sorted all analyzed Pinaceae taxa into the appropriate genera according to the commonly
accepted taxonomy, most with high bootstrap support. Although the ITS2 sequences
allowed the assignment of taxa to the different Pinaceae genera, their distinction within
these genera was not so obvious. These observations are fully consistent with the results
obtained by us with BLAST1 and Taxon DNA in terms of the correct sequence identification
and discrimination of Pinaceae taxa, where the species level also turned out to be the
most critical.

The overall topology of the obtained phylogenetic ML tree based on ITS2 sequences
is consistent with the commonly accepted division of Pinaceae and strongly supports the
concept of monophyly of particular Pinaceae genera (Figure S1).

3. Discussion

The main aim of the article was to assess the suitability of the ITS2 region for the
discrimination and identification of taxa in Pinaceae and phylogenetic inference in this
large family of conifers. Detailed analysis of the genetic variation of the ITS2 sequence was
performed for the first time in one comprehensive study. Particular attention has been paid



Plants 2022, 11, 1078

7 of 13

to precisely characterize the level of genetic variation in the ITS2 sequence at four different
taxonomic levels and to determine the success of sequence and taxa discrimination using
both phylogenetically distant and closely related conifers.

In contrast to some reports in the literature [26,27] our observations clearly showed
that although ITS2 is easy to analyze, it has severe limitations (mainly low level of genetic
variability) and is not the best choice for identification, authentication, or phylogenetic
inference in Pinaceae. The finding was quite unexpected as there are quite a few ITS2
sequences in the databases. Moreover, many studies show that ITS2 is a very good DNA
barcode region [22,23,25,34,35]. According to China Plant BOL Group [36], the nuclear
ribosomal DNA region, ITS, is characterized by a much better ability to discriminate species
compared to plastid regions. Internal transcribed spacer (ITS1, 5.85, ITS2) is characterized
by a higher rate of evolution than the coding regions, is inherited biparentally, and shows
a high level of divergence at the species level, which allows it to be used to identify even
closely related species [37]. This is one of the reasons why the assessment of the ability of
ITS2 to discriminate between closely related taxa in the Pinaceae family was one of the
goals of our work.

In seed plants, the length of ITS varies usually from 500 to 700 bp [38], while in
gymnosperms it is much longer, especially in Pinaceae (1500-3700 bp) [37,39], except that
half the length of ITS1 consists of subrepeats [40-43], which results in some difficulty in
PCR amplification and typical Sanger sequencing reads. Hence, the availability of complete
ITS sequences in genetic databases for different species is still very limited. Therefore,
China Plant BOL Group has suggested using only the ITS2 sequence as an alternative to
the complete ITS region, due to the corresponding variability of the primary and secondary
structure [23,27,44].

There are many reports in the literature on the assessment of the identification potential
of various genomic regions postulated for distinguishing and analyzing different groups
of organisms that would be ideal DNA barcodes. For animals, the cytochrome c oxidase 1
subunit 1 has been proposed as the main bar code [16]. In the case of plant identification,
this region will not work well due to the insufficient rate of nucleotide substitution in
the plant’s mitochondrial genome [45]. To solve this problem, several promising highly
variable plastid DNA regions have been proposed, including both coding and non-coding
loci, which can be used singly or together in various combinations. In this way, among
others, rbcL [45-47], matK [48-52], combination rbcL + matK [53], intergenic spacer region-
trnH-psbA [46,49,50,54-57], rpoB [45,49,51], rpoC1 [49,51], atpF-atpH [45], ndh], ycf5, or
accD [51], were selected as valuable. Recently, the ycf1 region was indicated as very
promising due to its very high variability, and even recommended as the main barcode
in terrestrial plants [58]. Although the usefulness of ycf1 as a species-diagnostic marker
has been demonstrated in the case of the Pinaceae family [59], it should be used in the
analyses with caution as it was confirmed that this region is under positive selection in
all Pinus plastomes [60], as well as frequent hybridizations within the genus Pinus, and
finally the complex model of inheritance of the chloroplast genome [61]. Some difficulty
in the widespread use of the complete ycf1 region may also arise from its considerable
length, which makes it difficult to apply conventional Sanger sequencing with readings of
600-800 bp.

In this respect, nuclear markers, especially short ITS2, seem to be a better solution
than chloroplast regions, especially given that the ITS2 region has so far been used quite
successfully for the discrimination and identification of taxa in many angiosperm families.
ITS2 turned out to be the best marker differentiating species from the Araliaceae family [24].
Several universal and popular DNA barcode regions (matK, rbcL, ITS2, psbA-trnH, and
ycf5) were assessed by Liu [24] for their ability to identify 1113 sequences derived from
276 species from 23 genera. ITS2 correctly identified 85.23% and 97.29% of the sequences
at the species and genus levels, respectively. Additionally, it was suggested that the psbA-
trnH region could be an additional candidate DNA barcode for the identification of the
Araliaceae family. Similarly, the high efficiency of the ITS2 region in discriminating taxa
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(>90% and 100% at the species and genus levels, respectively) was demonstrated in the
Euphorbiaceae family based on the analysis of 1183 samples representing 871 species and
66 genera [34]. Similar results were obtained in the study of the Rutaceae family [62], where
ITS2 was shown to be superior to the other six barcodes (psbA-trnH, matK, ycf5, rpoC1, rbcL,
ITS). It was characterized by the highest interspecific divergence with regard to intraspecific
divergence. Moreover, it has also been proven to be effective in distinguishing between
closely related species. However, in our research, the effectiveness of the ITS2 sequence is
zero at the P. mugo complex level. Our research clearly shows that the higher the taxonomic
level, the higher the percentage of success in discriminating Pinaceae taxa. However, it
seems that this percentage is decreasing not only with decreasing phylogenetic distance of
analyzed samples, but also with increasing number of available sequences and individuals
in the database.

ITS2 was also used with greater or lesser success in the analysis of the Apocynaceae
family [22] or Asteraceae [35]. In the latter family, ITS2 was considered as a suitable, but not
ideal, barcode for identifying species of high medical importance, belonging to the largest
family of flowering plants. Compared to other barcodes, ITS2 was characterized by the
greatest universality, specific divergence, and discrimination, which makes it a promising
marker for Asteraceae authentication. In the Fabaceae family, ITS2 has been shown to be
effective in identifying medicinal plants. It is worth noting that ITS2 also turned out to be
an appropriate phylogenetic marker, but it did not solve all taxonomic problems [23]. This
suggests that effective DNA barcoding using ITS2 varies from family to family and can be
unreliable in complex taxonomic groups. In the Brassicaceae and Roasaceae families, ITS2
proved to be an imperfect barcode due to its low resolution [63,64].

As generally accepted, the ideal DNA barcode region should have a higher interspecies
than intraspecies variation. In the case of the current study based on the pairwise genetic
distance-based method (PWG-distance) for 368 ITS2 sequences from the Pinaceae family,
the estimated inter-specific divergence parameter is higher than the intra-specific distances
for all analyzed groups except for the Pinus genus. The DNA sequence similarity-based
method, on the other hand, showed that in the case of the Pinaceae family, the success of
taxa discrimination using ITS2 was relatively low. This shows that internal transcribed
spacer 2 has some problems in identifying both subspecies and varieties, so closely related
species are not properly distinguished.

Our results are fully consistent with those obtained for other gymnosperm families,
including Podocarpaceae, the second largest family among gymnosperms, in which ITS2
was not characterized by too high an index of taxa discrimination [20]. Moreover, Yao's [26]
studies on several families of gymnosperms showed that ITS 2 had the least discrimi-
natory success at the species level in comparison to other plant groups (mosses, ferns,
monocotyledons, dicotyledons) as well as animals.

4. Materials and Methods
4.1. Sampling and Plant Materials

In our study, a total of 371 ITS2 sequences were analyzed, of which 368 sequences be-
longed to 71 Pinaceae taxa of 7 genera, and three Podocarpus sp. Sequences were outgroups
only for phylogenetic analyzes (Tables S1 and S2). Of the 368 ITS2 Pinaceae sequences,
346 samples were downloaded from GenBank, and 22 sequences were obtained in this
study by analyzing 20 individuals belonging to the Pinus mugo complex and 2 individuals
of Scots pine (Pinus sylvestris) as the closest related taxa to the Pinus mugo complex. The
analyzed specimens were collected in Poland, the Czech Republic and Germany (Table S3).
The suitability of the ITS2 region to discriminate against taxa of the Pinaceae family was
assessed by analyzing both phylogenetically distant and closely related taxa.

4.2. DNA Extraction and Next-Generation Sequencing

The 100 mg of fresh plant tissue was used to extract genomic DNA using the Ge-
nomic Mini AX Plant Spin kit (A&A Biotechnology, Gdarisk, Poland). The quality and
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concentration of the extracted DNA were verified using gel electrophoresis and a Nan-
oDrop spectrophotometer (Thermo Fisher Scientific, Carlsbad, CA, United States). The
genomic libraries were constructed with protocol: Ion Xpress™ Plus gDNA Fragment
Library Preparation, using Ion Xpress Plus Fragment Library Kit (Pub. No. MAN0009847)
(ThermoFisher Scientific, Waltham, MA, USA). Next-generation sequencing was performed
on the GeneStudio™ S5 System (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions using the protocol: Ion 540 ™ Kit—OT2 User Guide (Cat.
No. A27753, Publication No. MANO0010850, Revision D). The reads generated from next-
generation sequencing were assembled and annotated using the Geneious Prime 2020.2.5
package. Reads were mapped to MT735327 sequence from genbank using Genious mapper
with default settings and minimum mapping quality 30%. Sequences that were mapped
were subsequently assembled de novo using Geneious algorithm on default settings and
annotated based on MT735327 sequence. The obtained 22 complete ITS2 sequences were
submitted to GenBank. Each sequence was assigned an accession number (Table S2).

4.3. Data Validation

The sequences of internal transcribed spacer 2 from GenBank were downloaded
using query “internal transcribed spacer 2 Pinaceae” (in July 2021). The nuclear ribosomal
ITS2 sequences with ambiguous bases were discarded from further analyzes. In order to
extract ITS2 sequence, the ITS2 database (Internal Transcribed Spacer 2 Ribosomal DNA
Database) (version 3.0.13) available online (http:/ /its2.bioapps.biozentrum.uni-wuerzburg.
de (accessed on 20 August 2021) was used [65-67]. Single sequence species were excluded
from the analysis.

4.4. Data Analysis

In order to carry out a deeper and more precise genetic characterization, i four tax-
onomic levels were considered, namely species complex, genus, subfamily, and family.
ITS2 sequences were aligned using the ClustalW with default parameters available in
MEGA version X [68]. Then, the length of the alighment was estimated and the percentage
of conserved sites (CS), variable sites (VS), parsimony-informative sites (PIS), singleton
sites (SS), and overall mean distance (OMD) were calculated. To assess the suitability of
the ITS2 sequence as a potential barcode at the level of genus, subfamily, and family of
Pinaceae, selected methods were used, namely the pairwise genetic distance-based method
(PWG-distance), the DNA sequence similarity-based method (TaxonDNA, BLAST), and
phylogenetic tree method (maximum likelihood).

The pairwise genetic distance-based method was used to determine the genetic di-
vergence of the obtained ITS2 sequences. The five parameters were calculated in MEGA
version X [68] using the Kimura two-parameter distance model (K2P) [69] with pairwise
deletion option to define the interspecific and intraspecific variability. The interspecific
divergence has been characterized by all interspecific distance and minimum interspe-
cific distance parameters [27,70,71]. Intraspecific variability was calculated using the K2P
distance matrix by applying three parameters: all intraspecific distance, theta(f) and co-
alescent depth [50,70]. Using the “Pairwise summary” option based on the K2P model
available in the TaxonDNA /Speciesldentifier 1.8 software, the frequency of the distribution
of interspecific distance and intraspecific variability was obtained. Plots were made to
illustrate the barcode gap for each genus and for the entire Pinaceae family.

Sequence identification and taxa discrimination rates among Pinaceae were calcu-
lated using the two different methods. The first was the method based on DNA sequence
similarity-based method implemented in TAXONDNA /Species Identifier 1.8 program.
“Best Match” (BM) and “Best Close Match” (BCM) options were used to verify the percent-
age of correct ITS2 sequence identification at the species complex, genus, subfamily and
family level for taxa represented in at least two sequences [72]. The second was BLAST1. In
this method, performed with the BLAST program (http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 15 February 2022), all ITS2 Pinaceae sequences were used as query sequences to
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search the reference database. Correct identification means that the best BLAST hits of the
query sequence are from the expected species, while ambiguous identification means that
the best BLAST hits for the query sequence turned out to be those of several species, includ-
ing the expected species. Incorrect identification in turn means that the query sequence’s
best BLAST hit is not from the expected species.

Phylogenetic inference was constructed by maximum likelihood (ML) analysis using
371 ITS2 Pinaceae sequences in RaxML v8.2.11 [33], with 1000 rapid bootstrap replicates
along with a search for the best-scoring ML tree in every run and parsimony random
seed set to 10. Podocarpus longefoliolatus (AY083065), Podocarpus macrophyllus voucher
HZ20070103 (EF660588), and Podocarpus neriifolius isolate VNMNO000814 (KR674120) were
used as an outgroup.

5. Conclusions

Our study provides a critical assessment of nuclear DNA ITS2 region relevance for
taxa discrimination among Pinaceae. Based on the results obtained, it can be concluded
that although ITS2 fulfills some of the important features of an ideal DNA barcode region,
its usefulness for distinguishing taxa among Pinaceae is severely limited. It seems that
the correct and successful identification of taxa is reserved only for those that are phylo-
genetically distant and represent different genera rather than species, and for those for
which few sequences are available in genetic databases. The closely related conifers at the
species complex level are indistinguishable using ITS2. The application of this region for
study relationships in the Pinaceae family does not seem justified due to its low genetic
variability, which results low phylogenetic resolution. Nevertheless, further research on
ITS2 is needed, especially in terms of extending the available genetic databases with new
records, especially for species from the genera Tsuga or Pseudotsuga. A wider database
would determine whether the high success in distinguishing taxa in these two genera is
due to the low number of deposited samples in these databases or to the high efficiency
of ITS2. Another interesting direction for further research could also be to determine the
effectiveness of complete internal transcribed spacer 1 (ITS1) in discriminating Pinaceae
taxa and studying the phylogeny of this large and important family of conifers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11081078/s1, Figure S1: Evolutionary relationships analyzed 371 ITS2 sequences,
Table S1: Summary of the Pinaceae samples analyzed in this study. Table S2: List of taxa and records
with accession numbers analyzed in this study, Table S3: List of individuals representing Pinus mugo
complex taxa sequenced in this study, Table S4: Abundance of all intraspecific and all interspecific
K2P pairwise distance in Pinaceae, Table S5: The results of species discrimination in seven genera of
the Pinaceae family based on the BLAST1 method.
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Table S1. Plant samples of Pinaceae used for analysis in this study.

Subfamily Genus No. of taxa No. of sequences
Abietoideae Abies 18 105
Keteeleria 3 9
Tsuga 2 4
Laricoideae Larix 11 112
Pseudotsuga 1 3
Pinoideae Picea 7 24
Pinus 29 111

Total 7 71 368




Table S2. List of taxa and records with accession numbers analyzed in this study.

Taxon GeneBank accession no.
Abies amabilis voucher RBG Edinburgh UK198163a EF057688
Abies amabilis voucher CCDB-23327-G03 MG216847.1
Abies beshanzuensis isolate Al clone 1 MH165486
Abies beshanzuensis isolate Al clone 2 MH165487
Abies beshanzuensis isolate Al clone 3 MH165488
Abies beshanzuensis isolate Al clone 4 MH165489
Abies beshanzuensis isolate Al clone 5 MH165490
Abies beshanzuensis isolate A2 clone 1 MH165491
Abies beshanzuensis isolate A2 clone 2 MH165492
Abies beshanzuensis isolate A2 clone 3 MH165493
Abies beshanzuensis isolate A2 clone 4 MH165494
Abies beshanzuensis isolate A3 clone 1 MH165495
Abies beshanzuensis isolate A3 clone 2 MH165496
Abies beshanzuensis isolate A3 clone 3 MH165497
Abies beshanzuensis isolate A3 clone 4 MH165498
Abies beshanzuensis isolate A3 clone 5 MH165499
Abies beshanzuensis isolate A4 clone 1 MH165500
Abies beshanzuensis isolate A4 clone 2 MH165501
Abies beshanzuensis isolate A4 clone 3 MH165502
Abies beshanzuensis isolate A4 clone 4 MH165503
Abies beshanzuensis isolate B2 MH165505
Abies beshanzuensis isolate C2 clone 1 MH165506
Abies beshanzuensis isolate C2 clone 2 MH165507
Abies beshanzuensis isolate C4 MH165508
Abies beshanzuensis isolate C8 MH165509
Abies beshanzuensis isolate D1 clone 1 MH165510
Abies beshanzuensis isolate D1 clone 2 MH165511
Abies beshanzuensis isolate D4 MH165512
Abies beshanzuensis isolate D8 clone 1 MH165513
Abies beshanzuensis isolate D8 clone 2 MH165514
Abies beshanzuensis isolate D8 clone 3 MH165515
Abies beshanzuensis isolate D8 clone 4 MH165516
Abies beshanzuensis isolate E5 MH165517
Abies beshanzuensis isolate E21 clone 1 MH165518
Abies beshanzuensis isolate E21 clone 2 MH165519
Abies beshanzuensis isolate E21 clone 3 MH165520
Abies beshanzuensis isolate A4 clone 5 MH165504.1
Abies chensiensis voucher Q.P. Xiang s.n. (PE) EF057702
Abies chensiensis isolate a3 MH17728
Abies chensiensis isolate al MH177279
Abies chensiensis isolate a2 MH177280




Abies chensiensis isolate b1l MH177282
Abies chensiensis isolate b2 MH177283
Abies chensiensis voucher Q316 MH?703259.1
Abies concolor clone 7 DQ975359
Abies concolor clone 6 DQ975360
Abies concolor clone 8 DQ975361
Abies concolor clone 15 DQ975362
Abies concolor clone 45 DQ975363
Abies concolor clone 21 DQ975364
Abies concolor clone 29 DQ975365
Abies concolor voucher EBG 1938002A EF057692
Abies delavayi clone 2 EU196133
Abies delavayi clone 4 EU196134
Abies delavayi clone 10 EU196135
Abies fabri clone 1 DQ975352
Abies fabri clone 2 DQ975353
Abies fabri voucher Guo Y.-Y. 28 (PE) JF416968
Abies fabri voucher Guo Y.-Y. 28 (PE) JF416969
Abies fanjingshanensis voucher Xiang Q.-P. s.n. (PE) JF416970
Abies fanjingshanensis voucher Xiang Q.-P. s.n. (PE) JF416971
Abies fanjingshanensis isolate 1 clone 1 MH177287
Abies fanjingshanensis isolate 1 clone 2 MH177288
Abies fanjingshanensis isolate 1 clone 3 MH177289
Abies fanjingshanensis isolate 1 MH177290
Abies fanjingshanensis isolate 1 MH177291
Abies fargesii voucher He J.-S. s.n. (PE) JF416972
Abies fargesii voucher He J.-S. s.n. (PE) JF416973
Abies fargesii voucher He J.-S. s.n. (PE) JF416974
MH703258.1 Abies fargesii voucher Q315 MH703258.1
Abies firma isolate 1 MH177277.1
Abies firma isolate 2 MH177278.1
Abies firma voucher RBGE 19583927a JF416975.1
Abies forrestii voucher DRB 61290 (PE) clone 1 EF057708
Abies forrestii clone 2 EU196131
Abies forrestii clone 3 EU196132
Abies forrestii voucher YLDP0O03A MH117810.1
Abies forrestii voucher YLDP003B MH117811.1
Abies forrestii voucher YLDP101A MH117812.1
Abies forrestii voucher YLDP101B MH117813.1
Abies forrestii voucher YLDP103A MH117814.1
Abies kawakamii voucher C.J. Chen 9471 (PE) clone 1 EF063715
Abies kawakamii clone 11 EU196136
Abies koreana AF283010
Abies koreana voucher Won M.-Y. 01 JF499944
Abies koreana f. chlorocarpa AF283011




Abies koreana f. nigrocarpa AF283013
Abies koreana f. rubrocarpa AF283012
Abies lasiocarpa var. bifolia voucher CCDB-23954-B05 MG216802.1
Abies lasiocarpa voucher CCDB-18358-B12 MG216806.1
Abies pindrow clone 8 EU196128
Abies pindrow clone 14 EU196129
Abies pindrow clone 18 EU196130
Abies spectabilis voucher RBGE 19793335 JF416978
Abies spectabilis MF785496
Abies squamata voucher RBGE 19890977 JF416980
Abies squamata voucher RBGE 19890977 JF416981
Abies squamata voucher RBGE 19890977 JF416982
Abies squamata voucher RBGE 19890977 JF416983
Abies squamata voucher RBGE 19890977 JF416979.1
Abies yuanbaoshanensis isolate 1 MH177284
Abies yuanbaoshanensis isolate 2 MH177285
Abies yuanbaoshanensis isolate 3 MH177286
Abies ziyuanensis voucher Xiang Q.-P. s.n. (PE) JF416985.1
Abies ziyuanensis voucher Xiang Q.-P. s.n. (PE) JF416984.1
Keteleeria davidiana clone T8 JN032111
Keteleeria davidiana var. calcarea clone H2 JN032110
Keteleeria davidiana voucher Ge130914 MH712627.1
Keteleeria fortunei clone Y12 JN032112
Keteleeria fortunei MEF785621
Keteleeria fortunei var. cyclolepis voucher AHNU:P883

clone JN19 JE829715
Keteleeria fortunei var. cyclolepis voucher AHNU:P883

clone JN1 JF829716.1
Keteleeria pubescens voucher AHNU:P1604 clone RM4 JF829713
Keteleeria pubescens voucher AHNU:P1604 clone RM10 JF829714
Larix decidua AF041343
Larix decidua clone 2 AY523431
Larix decidua clone 8 AY523432
Larix decidua clone 12 AY523433
Larix decidua clone 14 AY523434
Larix decidua clone 18 AY523435
Larix decidua voucher CCDB-18346-E(08 MG216878.1
Larix gmelinii var. gmelinii clone 12 AYb523437.1
Larix gmelinii var. olgensis clone 19 AYb523448.1
Larix gmelinii var. principis-rupprechtii clone 4 AY523438.1
Larix gmelinii var. principis-rupprechtii clone 8 AY523439.1
Larix gmelinii var. principis-rupprechtii clone 12 AY523440.1
Larix gmelinii var. principis-rupprechtii voucher

PS1354MT01 GQ865722.1
Larix gmelinii var. principis-rupprechtii voucher GQ463498.1




PS1354MT03

Larix gmelinii var. principis-rupprechtii voucher

PS1354MT04 GQ865723.1
Larix gmelinii voucher Q648 MH703336.1
Larix griffithiana AF041349
Larix griffithiana clone 1 AY523413
Larix griffithiana clone 4 AY523414
Larix griffithiana clone 5 AY523415
Larix griffithiana clone 2 AY523416
Larix griffithiana clone 3 AY523417
Larix griffithiana clone 9 AY523418
Larix griffithiana clone 13 AY603159
Larix griffithiana clone 34 AY603160
Larix griffithiana clone 35 AY603161
Larix griffithii MEF785497
Larix speciosa clone 3 AY523424
Larix potaninii var. himalaica clone 22 AY188540
Larix kaempferi AF041344
Larix kaempferi clone 1 AY523442
Larix kaempferi clone 6 AY523444
Larix kaempferi clone 15 AY523445
Larix kaempferi clone 24 AY523446
Larix kaempferi clone 31 AY523447
Larix laricina AF041348
Larix laricina clone 1 AY188548
Larix laricina clone 2 AY188549
Larix laricina clone 6 AY523459
Larix laricina clone 18 AY523460
Larix laricina clone 19 AY523461
Larix laricina clone 30 AY523462
Larix laricina isolate AD3HL21 MF348954
Larix lyallii AF041346
Larix lyallii voucher CCDB-24911-E01 MG216886.1
Larix mastersiana clone 1 AY523419
Larix mastersiana clone 2 AY523420
Larix mastersiana clone 5 AY523421
Larix mastersiana clone 10 AY523422
Larix mastersiana clone 25 AY523423
Larix occidentalis AF041347
Larix occidentalis clone 1 AY523454
Larix occidentalis clone 2 AY523455
Larix occidentalis clone 4 AY523456
Larix occidentalis clone 5 AYb523457
Larix occidentalis clone 35 AY523458
Larix occidentalis voucher ERM1049 MG216815.1




Larix potaninii var. australis clone 1 AY188526.1
Larix potaninii var. australis clone 2 AY188527.1
Larix potaninii var. australis clone 7 AY188550.1
Larix potaninii var. australis clone 17 AY188551.1
Larix potaninii var. australis clone 18 AY188528.1
Larix potaninii var. australis clone 20 AY188529.1
Larix potaninii var. chinensis clone 1 AY188530.1
Larix potaninii var. chinensis clone 5 AY188531.1
Larix potaninii var. chinensis clone 9 AY188532.1
Larix potaninii var. chinensis clone 26 AY188534.1
Larix potaninii var. chinensis clone 27 AY188552.1
Larix potaninii var. hiamlaica clone 14 AY188553.1
Larix potaninii var. himalaica clone 5 AY188535.1
Larix potaninii var. himalaica clone 7 AY188536.1
Larix potaninii var. himalaica clone 13 AY188538.1
Larix potaninii var. himalaica clone 18 AY188539.1
Larix potaninii var. potaninii clone 16 AY188547
Larix potaninii var. potaninii clone 1 AY188541.1
Larix potaninii var. potaninii clone 2 AY188542.1
Larix potaninii var. potaninii clone 3 AY188543.1
Larix potaninii var. potaninii clone 5 AY188544.1
Larix potaninii var. potaninii clone 8 AY188545.1
Larix potaninii var. potaninii clone 10 AY188546.1
Larix potaninii voucher Q472 MH?703285.1
Larix sibirica AF041345
Larix sibirica clone 1 AY523450
Larix sibirica clone 4 AY523451
Larix sibirica clone 9 AY523452
Larix sibirica clone 15 AY523453
Larix sibirica clone 2 AY603173
Larix sibirica clone 3 AY603174
Larix sibirica clone 24 AY603176
Larix sibirica clone 2 AY603177
Larix sibirica clone 4 AY603178
Larix sibirica clone 6 AY603179
Larix sibirica clone 18 AY603180
Larix sibirica clone 23 AY603181
Larix sibirica clone 4 AY603175.1
Larix speciosa clone 4 AY523425.1
Larix speciosa clone 6 AYb523426.1
Larix speciosa clone 7 AY603162.1
Larix speciosa clone 8 AY603163.1
Larix speciosa clone 9 AYb523427.1
Larix speciosa clone 9 AY603166.1
Larix speciosa clone 10 AY603164.1




Larix speciosa clone 13

AY603167.1

Larix speciosa clone 16 AY603168.1
Larix speciosa clone 17 AY603169.1
Larix speciosa clone 18 AY523428.1
Larix speciosa clone 18 AY603170.1
Larix speciosa clone 19 AY603171.1
Larix speciosa clone 20 AY523429.1
Larix speciosa clone 23 AY603172.1
Larix speciosa clone 23 AY603165.1
Larix speciosa clone 25 AY523430.1
Picea glauca isolate 641512 AF136618
Picea glauca isolate 4941512 AF136619
Picea glauca isolate SAI5I2 AF136620
Picea glauca isolate VBI5SI2 AF136621
Picea glauca isolate AD3HK69 MF349026
Picea likiangensis MEF785498
Picea likiangensis voucher YLDP021A MH117817.1
Picea likiangensis voucher YLDP021B MH117818.1
Picea mariana isolate 631512 AF136614
Picea mariana isolate 42741512 AF136615
Picea mariana isolate 49621512 AF136616
Picea mariana isolate 50041512 AF136617
Picea mariana voucher JEM 150 MG216912.1
Picea meyeri voucher PS1349MT03 GQ463495
Picea meyeri voucher PS1349MT02 GQB865721
Picea rubens isolate 611512 AF136610
Picea rubens isolate 20321512 AF136612
Picea rubens isolate 25051512 AF136613
Picea sitchensis voucher CCDB-23395-F09 MG216825.1
Picea sitchensis voucher CCDB-23395-E09 MG216855.1
Picea wilsonii voucher PS1358MTO01 GQ463500
Picea wilsonii voucher PS1358MT02 GQ463501
Picea wilsonii isolate AD3H]J29 ME349087
Picea wilsonii voucher Q673 MH703339.1
Pinus albicaulis AF036983
Pinus albicaulis clone ITS2-08 AY430073.1
Pinus armandii AF036980
Pinus armandii isolate AD3HK68 MF349015
Pinus armandii clone ITS2-07 AY430072.1
Pinus armandii voucher HS5518012801 MH444827.1
Pinus armandii voucher H5518012802 MH444828.1
Pinus armandii voucher HS5518012803 MH444829.1
Pinus armandii voucher YLDP059B MH117820.1
Pinus armandii voucher HS518012804 MH444830.1
Pinus armandii voucher Q215 MH703240.1




Pinus armandii voucher YLDP059A MH117819.1
Pinus cembra AF036987
Pinus cembra clone 1 AF344002
Pinus cembroides AF036997
Pinus cembroides clone 3 AF343983
Pinus cembroides clone 2 AF343994
Pinus cembroides subsp. lagunae clone 1 AF343985
Pinus cembroides subsp. orizabensis clone 1 AF343982
Pinus contorta AF037014
Pinus contorta var. latifolia voucher CCDB-18346-D09 MG216817.1
Pinus contorta voucher ERM558 MG216868.1
Pinus contorta voucher ERM609 MG216850.1
Pinus culminicola AF036995
Pinus culminicola clone 1 AF343988
Pinus echinata AF037016
Pinus echinata AF367378
Pinus flexilis clone 1 AF344001
Pinus flexilis clone ITS2-10 AY430075.1
Pinus flexilis voucher CCDB-23395-B04 MG216873.1
Pinus flexilis voucher CCDB-23395-D04 MG216819.1
Pinus hwangshanensis voucher AHNU:P458 clone 16-5 JE8296
Pinus hwangshanensis voucher AHNU:P458 clone 16-6 JE829697
Pinus hwangshanensis voucher AHNU:P453 clone 47-17 JE829698
Pinus hwangshanensis voucher AHNU:P557 clone 93-30 JE829699
Pinus hwangshanensis voucher AHNU:P567 clone 35-7 JE829700
Pinus hwangshanensis voucher AHNU:P567 clone 35-12 JE829701
Pinus krempfii AF200521
Pinus krempfii AF305061
Pinus luchuensis voucher AHNU:P2904 clone 1-11 JF829702
Pinus luchuensis voucher AHNU:P2904 clone 1-20 JF829703
Pinus massoniana AF305063
Pinus massoniana voucher AHNU:P444 clone 126-K7 JE829704
Pinus massoniana voucher AHNU:P444 clone 126-K9 JE829705
Pinus massoniana voucher AHNU:P444 clone 126-K10 JE829706
Pinus massoniana var. massoniana voucher PS1356MT02 GQ463499.1
Pinus massoniana voucher MWS18012802 MH444832.1
Pinus maximartinezii AF036994
Pinus maximartinezii clone 2 AF343995
Pinus monophylla clone 2 AF343984
Pinus monophylla clone 1 AF343986
Pinus monticola AY619694
Pinus monticola voucher ERM764 MG216921.1
Pinus mugo isolate B40 MW816473
Pinus mugo isolate B41 MW816474
Pinus mugo isolate T6 MW816476




Pinus mugo isolate T1 MW816475
Pinus mugo voucher CCDB-24911-A01 MG216836.1
Pinus nelsonii AF037001
Pinus nelsonii clone 1 AF343998
Pinus nelsonii clone 2 AF343999
Pinus pinceana AF036998
Pinus pinceana clone 2 AF343996
Pinus quadrifolia clone 1 AF343990
Pinus quadrifolia clone 1 AF343991
Pinus remota clone 1 AF343980
Pinus remota clone 2 AF343989
Pinus remota clone 1 AF343992
Pinus rigida clone pcPR1_2 3 KC583358
Pinus rigida voucher MT00179249 MG216866.1
Pinus mugo subsp. rotundata isolate CB1 MW816477
Pinus mugo subsp. rotundata isolate CB20 MW816478
Pinus mugo subsp. rotundata isolate I1 MW816479
Pinus mugo subsp. rotundata isolate 121 MW816480
Pinus mugo subsp. rotundata isolate N4 MW816481
Pinus mugo subsp. rotundata isolate N5 MW816482
Pinus mugo subsp. rotundata isolate R1 MW816483
Pinus mugo subsp. rotundata isolate R12 MW816484
Pinus mugo subsp. rotundata isolate S18 MW816485
Pinus mugo subsp. rotundata isolate S20 MW816486
Pinus sylvestris AF037003
Pinus sylvestris voucher 06_1000_0008 MW816487
Pinus sylvestris isolate P2 MW816488
Pinus sylvestris voucher NMW6748 KX167937.1
Pinus sylvestris voucher RBGE188 KX167550.1
Pinus sylvestris voucher RBGE186 KX167559.1
Pinus sylvestris voucher RBGE187 KX167560.1
Pinus sylvestris voucher RBGE189 KX167551.1
Pinus tabuliformis var. henryi voucher AHNU:P1753

clone 58-50 JE829691
Pinus tabuliformis var. tabuliformis voucher PS1361MT04 GQ865727
Pinus tabuliformis var. tabuliformis voucher PS1361MT01 GQ463502.1
Pinus tabuliformis var. tabuliformis voucher PS1361MT02 GQ865725.1
Pinus tabuliformis var. tabuliformis voucher PS1361MT03 GQ865726.1
Pinus tabuliformis var. tabuliformis voucher PS1361MT05 GQ865728.1
Pinus taeda AF367379
Pinus taeda MK895659.1
Pinus thunbergii AF037025
Pinus thunbergii voucher PS1353MT01 GQ463496
Pinus thunbergii voucher PS1353MT02 GQ463497
Pinus thunbergii voucher HS18012801 MH444823.1




Pinus thunbergii voucher H518012802 MH444824.1
Pinus thunbergii voucher H518012803 MH444825.1
Pinus thunbergii voucher H518012804 MH444826.1
Pinus mugo subsp. rotundata isolate B36 MW816489
Pinus mugo subsp. rotundata isolate B37 MW816490
Pinus mugo subsp. rotundata isolate W7 MW816491
Pinus mugo subsp. rotundata isolate W14 MW816492
Pinus virginiana AF037015
Pinus virginiana isolate AD7LH42 MF348972
Pinus x rhaetica isolate C18 MW816494
Pinus x rhaetica isolate C23 MW816495
Pseudotsuga sinensis AF041350
Pseudotsuga sinensis var. gaussenii voucher

AHNU:P2006 clone HD14-5 JF829695.1
Pseudotsuga wilsoniana AF041351
Tsuga canadensis isolate AD3HK27 MF349035
Tsuga canadensis voucher CCDB-18346-B09 MG216811.1
Tsuga chinensis clone 4 D(Q975358
Tsuga chinensis voucher Q541 MH703311.1




Table S3. List of individuals representing Pinus mugo complex taxa sequenced in this study.

No. Taxon name Origin Coordinates Accession number
1 Pinus mugo Tatra Mountains, Poland 49°14'30 N, MW816475
20°00'15 E
2 Pinus mugo Tatra Mountains, Poland 49°16'07 N, MW816476
20°02'41 E
3 Pinus uliginosa "Torfowisko pod Weglinicem" Nature 51°17'36 N, MW816491
Reserve, Poland 15°13'37 E
4 Pinus uliginosa "Torfowisko pod Wegliricem" Nature 51°17'37 N, MW816492
Reserve, Poland 15°13'34 E
5 Pinus x rhaetica "Bér nad Czerwonem" Nature Reserve, 50° 1542 N, MW816494
Poland 16°8'31E
6 Pinus x rhaetica "Bor nad Czerwonem" Nature Reserve, 50° 1542 N, MW816495
Poland 16°8' 31 E
7 Pinus uliginosa "Wielkie Torfowisko Batorowskie" Nature  50°27'30 N, MW816489
Reserve, Poland 16°22'57 E
8 Pinus uliginosa "Wielkie Torfowisko Batorowskie" Nature  50°27'30 N, MW816490
Reserve, Poland 16°22'57 E
9 Pinus mugo "Wielkie Torfowisko Batorowskie" Nature  50°49'51N, MW816473
Reserve, Poland 16°20'30 E
10 Pinus mugo "Wielkie Torfowisko Batorowskie" Nature  50°50'29 N, MW816474
Reserve, Poland 16°51'32 E
11 Pinus sylvestris Dendrological Garden, University of Life 52°25'32 N, MW816487
Sciences, Poland 16°53'39 E
12 Pinus sylvestris Morasko, Poland 52°28'02 N, MW816488
16°55'30 E
13 Pinus rotundata Ibacher Moor, Germany 47°43'38 N, MW816479
8°03'01 E
14 Pinus rotundata Ibacher Moor, Germany 47°43'38 N, MW816480
8°03'01 E
15 Pinus rotundata Rotmeer, Germany 47°51'53 N, MW816483
8°06'00 E
16 Pinus rotundata Rotmeer, Germany 47°51'53 N, MW816484
8°06'00 E
17 Pinus rotundata Steerenmoos, Germany 47°48'21 N, MW816485
8°12'00 E
18 Pinus rotundata Steerenmoos, Germany 47°48'20 N, MW816486
8°12'00 E
19 Pinus rotundata Novohtirecka slat, Czech Republik 49°09'18 N, MW816481




13°19'46 E

20 Pinus rotundata Novohiirecka slat, Czech Republik 49°09'19 N, MW816482
13°19'45 E

21 Pinus rotundata Cervené blato, Czech Republik 48°5126 N, MW816477
14°48'08 E

22 Pinus rotundata Cervené blato, Czech Republik 48°51'37 N, MW816478

14°4820 E




Table S4. Abundance of all intraspecific and all interspecific K2P pairwise distance in
Pinaceae.

Distances Intra-specific distance Inter-specific distance
<=0.0% 17,16 8,79
0.0% - 1.0% 46,04 14,74
1.0% - 2.0% 20,73 14,39
2.0% - 3.0% 3,01 9,71
3.0% - 4.0% 5,23 6,25
4.0% - 5.0% 1,44 2,75
5.0% - 6.0% 0 11,12
6.0% - 7.0% 0,22 5,59
7.0% - 8.0% 1,33 1,68
8.0% - 9.0% 0,55 4,86
9.0% - 10.0% 0,22 3,64
10.0% - 11.0% 0 2,62
11.0% - 12.0% 0 1,46
12.0% - 13.0% 0 1,74
13.0% - 14.0% 0 1,15
14.0% - 15.0% 0 0,25
15.0% - 16.0% 0 0,16
16.0% - 17.0% 0 0,15
17.0% - 18.0% 0 0,32
18.0% - 19.0% 0 0,6
19.0% - 20.0% 0 0,49
20.0% - 21.0% 0 0,42
21.0% - 22.0% 0 0,08
22.0% - 23.0% 0 0,04
23.0% - 24.0% 0 0,01
24.0% - 25.0% 0 0,02
25.0% - 26.0% 0 0
26.0% - 27.0% 0 0,01
27.0% - 28.0% 0 0,03
28.0% - 28.99% 0 0,09
28.99% - 30.0% 0 0,03
> 30.0% 4,01 3,37




Table S5. The results of species discrimination in seven genera of the Pinaceae family based
on the BLAST1 method.

Genera Correct Ambiguous Incorrect
Abies 43,81 51,43 4,76
Keteleeria 22,22 77,78 0,00
Tsuga 100,00 0,00 0,00
Larix 29,46 67,86 2,68
Pseudotsuga 0,00 100,00 0,00
Picea 8,33 66,67 25,00

Pinus 30,63 55,86 13,51




4.3. Publikacja 3

Weczesniejsze proby znalezienia markeréw DNA specyficznych gatunkowo dla Pinus
mugo, Pinus uliginosa i Pinus uncinata w oparciu o osiem chloroplastowych regionow
barkodowych, wykazatly brak zmiennos$ci zar6wno miedzy- jak 1 wewnatrzgatunkowej
w analizowanym zakresie (Celinski i in. 2017a). Podobnie zreszta jak proba identyfikacji
réznic na podstawie jadrowej sekwencji ITS2 (Sokotowska i in. 2022). Zwigkszenie zakresu
poszukiwan do prawie stu dwudziestu tysigcy nukleotydow w postaci kompletnych genomow
chloroplastowych (Celinski i in. 2017b, Sokotowska i in. 2021) pozwolitlo na wskazanie
potencjalnych réznic w Kilku regionach DNA u wyzej wymienionych taksonéw. Konieczne
jednak bylo poszerzenie badan o wigksza liczb¢ osobnikow z danego taksonu, w tym takze
taksonow pochodzacych z r6znych populacji.

W zwigzku z tym, W trzeciej czesci mojej rozprawy doktorskiej przeprowadzilam
analize relacji genetycznych i taksonomicznych w kompleksie Pinus mugo na podstawie
siedmiu zestawow danych wygenerowanych dzieki sekwencjonowaniu nowej generacji
I metodzie przeczesywania genomu, w tym: A) 57 kompletnych genow chloroplastowych;
B) 15 kompletnych genéow mitochondrialnych; C) 18 chloroplastowych regionow
miedzygenowych (ang. Intergenic Spacer, IGS); D) kompletnego jadrowego cistronu nrDNA;
E) sekwencji ITS (ang. Internal Transcribed Spacer, ITS); F) regionéw barkodowych matK
+ rbcl; G) 5 regionow hiperzmiennych (tzw. hotspotow) (Sikora i Celinski 2024).

W tej pracy zwrdcono szczegdlng uwage na poszukiwanie zestawu danych, za pomoca
ktorego bedzie mozna zidentyfikowaé rdznice miedzygatunkowe, poprawi¢ rozdzielczo$¢
filogenetyczng, a takze opisa¢ ogolng zmienno$¢ genetyczng w obregbie poszczegdlnych
populacji i taksonéw. ADby oceni¢ skuteczno$¢ wygenerowanych zestawow danych do
dyskryminacji taksonow z kompleksu Pinus mugo wykorzystano trzy rézne metody oparte na:
1) drzewie filogenetycznym, 2) odleglosciach genetycznych i 3) podobienstwie sekwencji
z wykorzystaniem algorytmu ASAP (ang. Assemble Species by Automatic Partitioning).
Zroznicowanie genetyczne wsrod populacji i taksonow z kompleksu Pinus mugo zostato
ocenione na podstawie analizy haplotypow i analizy PCoA (ang. Principal Coordinate
Analysis).

Zastosowanie metody przeczesywania genomu pozwolilo po raz pierwszy na uzyskanie
i scharakteryzowanie kompletnej sekwencji ITS (ang. Internal Transcribed Spacer)
i jadrowego cistronu NrDNA dla przedstawicieli kompleksu Pinus mugo. Jednakze pomimo

Znaczne osc1 (1. Z), Kompletny region charakteryzuje sie nis ZmiennoscCi
j dlugosci (tj. 2881 pz), kompletny region ITS charakteryzuje sie niska zmiennoscia
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I podobnie jak region ITS2, nie pozwala na skuteczng dyskryminacje tych blisko
spokrewnionych taksondw.

Uzyskane wyniki delimitacji taksondow przy uzyciu trzech réznych podejs¢ znaczaco si¢
od siebie roznity. Najwyzszy procent sukcesu w rozroznianiu taksonoéw osiggnigto przy
uzyciu metody opartej na odleglosci i zestawu ztozonego z regiondéw wysoce zmiennych (tzw.
hotspotow), tj. rpsl, rps2, rpsl4, ycf3-psaA i trnE-clpP. Z kolei, metoda ASAP (ang.
Assemble Species by Automatic Partitioning) miata najnizszy wskaznik sukcesu, niezaleznie
od uzytego zestawu danych.

Przeprowadzone analizy dostarczaja rowniez nowych danych na temat réznorodnosci
genetycznej sosny blotnej z terenow torfowiskowych Czech i Niemiec. Ujawniony wzor
zmiennos$Ci genetycznej oparty na genach mitochondrialnym wyraznie wskazuje na bardzo
unikalny i lokalny charakter analizowanych populacji Pinus rotundata, jak i na fakt, ze
polskie populacje Pinus uliginosa sa od nich odmienne, co moze by¢ zwigzane ze stosunkowo
dluga izolacjg przestrzenng jak i wskazywaé na zlozone tlo historyczne poszczegolnych
populacji. Wykazano rowniez, ze Pinus uncinata stanowi wyraznie odrebny klad
w obrgbie kompleksu Pinus mugo w przypadku wigkszos$ci zastosowanych metod i zestawow
danych genetycznych.

Co wiecej, uzyskane wyniki wskazuja, ze Pinus % rhaetica jest znacznie bardziej zblizona
genetycznie do Pinus sylvestris niz do taksonow nalezagcych do kompleksu Pinus mugo.
Wyniki te s3 w pelni zgodne z wczesniej przeprowadzonymi badaniami przy uzyciu
profilowania biatek nasion (Celinskii in. 2020) oraz analizy cytogenetycznej i cytometrii
przeptywowej (Celinski i in. 2019).

W é$wietle uzyskanych wynikow mozna skonkludowac, ze Pinus X rhaetica nie nalezy do
kompleksu Pinus mugo i nie powinna by¢ utozsamiana ani z Pinus uliginosa, ani z Pinus

rotundata. Co wigcej, nazw tych nie nalezy uzywac jako synonimow.

-78-



PUBLIKACJA 3

Sikora, J.; Celinski, K. Exploring taxonomic and genetic
relationships in the Pinus mugo complex using genome
skimming data. International Journal of Molecular Sciences
2024, 25, 10178.

https://doi.org/10.3390/ijms251810178

-79-


https://doi.org/10.3390/ijms251810178

~ International Journal of
Molecular Sciences

Article

Exploring Taxonomic and Genetic Relationships in the
Pinus mugo Complex Using Genome Skimming Data

Joanna Sikora

check for
updates

Citation: Sikora, J.; Celiniski, K.
Exploring Taxonomic and Genetic
Relationships in the Pinus mugo
Complex Using Genome Skimming
Data. Int. ]. Mol. Sci. 2024, 25, 10178.
https://doi.org/10.3390/
ijms251810178

Academic Editor: Luigi De Masi

Received: 21 August 2024
Revised: 19 September 2024
Accepted: 20 September 2024
Published: 22 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Konrad Celiniski *

Department of Genetics, Institute of Experimental Biology, Faculty of Biology, School of Natural Sciences,
Adam Mickiewicz University, Uniwersytetu Poznanskiego 6, 61-614 Poznan, Poland; joanna.sikora@amu.edu.pl
* Correspondence: konrad.celinski@amu.edu.pl

Abstract: Genome skimming is a novel approach that enables obtaining large-scale genomic infor-
mation based on high-copy DNA fractions from shallow whole-genome sequencing. The simplicity
of this method, low analysis costs, and large amounts of generated data have made it widely used
in plant research, including species identification, especially in the case of protected or endangered
taxa. This task is particularly difficult in the case of closely related taxa. The Pinus mugo complex
includes several dozen closely related taxa occurring in the most important mountain ranges in
Europe. The taxonomic rank, origin, or distribution of many of these taxa have been debated for
years. In this study, we used genome skimming and multilocus DNA barcoding approaches to
obtain different sequence data sets and also to determine their genetic diversity and suitability for
distinguishing closely related taxa in the Pinus mugo complex. We generated seven different data sets,
which were then analyzed using three discrimination methods, i.e., tree based, distance based, and
assembling species by automatic partitioning. Genetic diversity among populations and taxa was
also investigated using haplotype network analysis and principal coordinate analysis. The proposed
data set based on divergence hotspots is even twenty-times more variable than the other analyzed
sets and improves the phylogenetic resolution of the Pinus mugo complex. In light of the obtained
results, Pinus X rhaetica does not belong to the Pinus mugo complex and should not be identified
with either Pinus uliginosa or Pinus rotundata. It seems to represent a fixed hybrid or introgressant
between Pinus sylvestris and Pinus mugo. In turn, Pinus mugo and Pinus uncinata apparently played an
important role in the origins of Pinus uliginosa and Pinus rotundata.

Keywords: Pinus mugo complex; genome skimming; ntDNA; mitogenome; plastome; intergenic
spacer; next-generation sequencing

1. Introduction

The rapid development of both high-throughput sequencing and advanced bioinfor-
matics methods in recent years, combined with the decreasing costs of performing such
analyses, has enabled the widespread use of these advanced methods not only for medical
purposes but also in many fields of life sciences, including ecological studies [1-5]. With
the use of these powerful tools, it seems that the search for markers to distinguish and
identify species has become easier than ever. However, many works show that the use of
even the most modern and advanced approaches does not always guarantee an effective
solution to seemingly simple but fundamental problems in biological research, such as
species identification [6-8]. This task remains a major challenge, especially in the case
of closely related taxa (so-called complexes), regardless of the development of new and
sophisticated research methods.

The Pinus mugo complex from the Pinaceae family is a large (including 16 species,
91 varieties, and 19 other forms) and taxonomically demanding group of closely related
pines found in peat bogs and mountain areas in Central and Southern Europe, i.e., dwarf
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pine (Pinus mugo Turra), peat bog pine (Pinus uliginosa Neumann ex Wimmer/ Pinus rotun-
data Link), or mountain pine (Pinus uncinata Ramond ex DC) [9,10]. Taxa discrimination
and identification are problematic in this complex, mainly due to the lack of clarity regard-
ing the nomenclature of individual taxa (the presence of different synonyms in scientific
literature, i.e., Pinus rotundata as Pinus uliginosa) [9,11]; postulated gene flow (both within
this complex and with taxa outside it, i.e., Pinus sylvestris L. [12-18]; the formation of
interspecific hybrids, characterized by the high morphological and anatomical variability
of such individuals (i.e Pinus x rhaetica Briigger); or complex evolutionary history [19,20].
Although the pine complex is one of the best-studied complexes of closely related taxa,
including morphological [21-24], anatomical [21,25], biochemical [24,26-29], phytochem-
ical [30,31], as well as genetic and cytogenetic studies [32-35], the relationships between
these taxa are the subject of further research, but their delimitation has remained a major
challenge for scientists for many years. The clarification of these complicated relationships
is also hampered by the lack of variability at the DNA level observed in selected barcoding
regions of chloroplast [36] and nuclear DNA [37].

The latest research conducted on the Pinus mugo complex, which involved a com-
parative analysis of the complete chloroplast genome sequences of three representatives
of the Pinus mugo complex [38], showed the occurrence of potential genetic differences
between them. However, it is difficult to assess their species specificity due to the lack
of broader population studies in this area. Undoubtedly, the extension of the analyzed
sequences helped to identify these differences and showed that this is the right direction
for the analysis of these closely related taxa in future studies.

Genome skimming is a novel approach that allows obtaining large-scale genomic
information based on high-copy DNA fractions from shallow whole genome sequencing.
This method involves the extraction, assembling, and analysis of genomic DNA fractions
present in cells in multiple copies, i.e., nuclear ribosomal cistron (ntDNA), chloroplast DNA
(cpDNA), and mitochondrial DNA (mtDNA) [39]. This enables obtaining partial or even
complete organellar genomes (plastomes and mitogenomes) as well as large tandem repeats
of ribosomal DNA (rDNA) in plants [40]. The indisputable advantage of the method is the
generation of sequence sets without the necessity for primer design, PCR amplification,
electrophoresis, cloning, or Sanger sequencing. It is notable that genome skimming relies
on the analysis of numerous genetic regions, enabling the identification of hotspots and
novel, species-specific genetic markers. Given its simplicity and relatively low analysis
costs, this approach has been used in many plant studies, including plant systematics, plant
identification, DNA barcoding, phylogeny, and even the discovery of new markers [41-43].
The method was used also to distinguish species in many taxonomically challenging plant
groups, i.e., Theobroma [44], Araucaria [45], Diospyros [6], and Panax [46].

The European Mountain pines aggregate provides an ideal model to assess the use-
fulness of genome skimming and multilocus DNA barcoding approaches for improving
phylogenetic resolution and extended barcodes for taxa discrimination. Therefore, in this
study, by sampling multiple individuals of different members of the Pinus mugo com-
plex and closely related taxa, i.e., Pinus sylvestris and Pinus x rhaetica, we useda genome
skimming approach coupled with bioinformatic and statistic pipelines to: (1) obtain large
genomic data sets representing the most abundant mitochondrial, chloroplast, and nuclear
regions of the genome; (2) generate diverse sequence data sets and determine their genetic
variability and usefulness in studies of closely related pine taxa; (3) determine the effective-
ness of discriminating between analyzed taxa using different data sets and delimitation
methods; (4) reveal the genetic relationships of P. x rhaetica, P. rotundata, and P. ulignosa
to each other; and (5) screen the genetic diversity of taxa and populations of the Pinus
mugo complex.

The results of our study not only provide new and extensive genomic resources for
further studies on the Pinus mugo complex, but also allow us to answer the question about
the effectiveness and validity of using the genome skimming approach to perform analyses
of other complexes of closely related taxa.
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2. Results
2.1. DNA Sequencing, Assembly, and Annotation

Ion Torrent sequencing generated between 5,846,195 and 10,076,095 reads per sample.
In samples, fifty-seven complete chloroplast genes, eighteen plastid intergenic spacer
regions, and fifteen complete mitochondrial coding genes were identified using the genome
skimming approach and bioinformatics methods. Additionally, a complete ntDNA cistron
was also obtained, and this is the first report of it in representatives of the Pinus mugo
complex. The total length of the ntDNA sequence was 7848 bp. The lengths of the
individual parts were 1812 bp, 2482 bp, 158 bp, 241 bp, and 3155 bp for 18S, ITS1, 5.8S,
ITS2, and 26S, respectively. A set of five divergent regions, selected on the basis of their
significantly higher-than-average level of genetic variability, was also analyzed. A list of
analyzed sequences and accession numbers is provided in the Supplementary Materials
(Tables S2, S7-510).

2.2. Genetic Characterization of Diversity in Data Sets

In this study, seven different genetic data sets were analyzed, namely: plastid coding
genes (A), mitochondrial coding genes (B), plastid intergenic regions (C), ntDNA cistron
(D), ITS (E), matK + rbcL (F), and divergence hotspot regions (G). In each data set, all
sequences were concatenated, and then we determined the alignment length, variable sites,
and parsimony informative sites, as well as percentage of variable sites and parsimony
informative sites. For an easier comparison, these parameters are presented in two separate
tables. Table 1 includes the results for taxa from the Pinus mugo complex. Table S3 includes
the results obtained for Pinus x rhaetica and Pinus sylvestris. Seven data sets differed in
all the above-mentioned parameters. For the Pinus mugo complex, the longest data set
obtained was set A (45,467 bp) and the shortest was set G (1021 bp). The number of variable
sites varied between data sets from three for set E to 128 for set B. The highest number
of informative parsimony sites was found for set B (68) and the lowest (0) for data set E.
The highest percentage of variable sites was found for set G (1.959%) and it was almost
twenty-times higher than that observed in set E (0.104%), which was the least variable in
this parameter. The percentage of informative parsimony sites ranged from 0% for set E to
1.469% in set G. For Pinus x rhaetica and Pinus sylvestris, similar results were obtained to
those observed for the Pinus mugo complex. The longest data set was set A (45,467 bp) and
the shortest set G (1021 bp).

Table 1. Comparison of variability characteristics of seven data sets in the Pinus mugo complex.

Alignment Dét: dSeet Lflr; g)t h (E;afii?ble Sites Ilralif)srlrillla(;?‘?’e

P o divergence) Sites (%)
Plastid coding genes A 45,467 75 (0.165%) 17 (0.037%)
Mitochondrial coding genes B 8378 128 (1.528%) 68 (0.812%)
Plastid intergenic regions C 7092 59 (0.832%) 33 (0.465%)

nrDNA cistron D 7849 10 (0.127%) 2 (0.025%)

ITS E 2881 3 (0.104%) 0 (0.000%)

matK + rbcL F 2976 8 (0.269%) 1 (0.034%)
Divergence hotspot regions G 1021 20 (1.959%) 15 (1.469%)

The number of variable sites varied between data sets from 0 for sets E and F to 33 for
set B. There were no informative parsimony sites for Pinus x rhaetica and Pinus sylvestris
in the tree data sets analyzed (sets D, E, and F) (Table S3). The level of genetic variation
observed in Pinus X rhaetica and Pinus sylvestris was lower than that observed for the Pinus
mugo complex. Overall, data set B is characterized by the largest number of variable sites in
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both the Pinus mugo complex and Pinus x rhaetica + Pinus sylvestris. In percentage terms,
the G data set is the most variable in both cases considered.

The order of the data sets from most to least variable in percentage terms for the Pinus
mugo complex taxaisG>B>C>F>A>D>E.

2.3. Delimitation of Taxa
2.3.1. Tree-Based Method

In the phylogenetic analyses, a species was deemed successfully identified when
all individuals of the same species formed a monophyletic group with a support value
exceeding 50%. The results of the tree-based analyses performed with different input data
sets were not fully consistent or unambiguous.

When considering individual data sets, it can be seen that data set A, although the
longest in terms of the base pair, did not allow for the successful identification of the ana-
lyzed taxa, and the discrimination success using this data set was zero. The mitochondrial
coding genes (data set B) showed higher discriminatory power than plastid coding genes
(data set A) because two taxa could be distinguished, i.e., Pinus sylvestris and Pinus uncinata.
The remaining taxa did not form highly supported monophyletic groups. The data set
covering the plastid intergenic regions (data set C) allowed us to distinguish three taxa,
while set D identified only one taxon (Table 2). Data sets E and F did not extract any
taxon. The highest success of taxonomic discrimination was characterized by set G. Using
divergence hotspots, three taxa can be distinguished.

Table 2. Summary of the rate of taxa discrimination using seven data sets based on tree-based,
distance-based, and ASAP methods in combined Pinus mugo complex taxa, Pinus x rhaetica, and
Pinus sylvestris. *—Considering all individuals from one taxon in the same operational taxonomic
unit (OTU).

Data Set Tree-Based Distance-Based

Alignment Code Method Method ASAP*
Plastid coding genes A 0/6 (0.00%) 0/6 (0.0%) 0/6 (0.00%)
Mitochondrial coding genes B 2/6(33.33%) 2/6(33.33%) 0/6 (0.00%)
Plastid intergenic regions C 2/6 (33.33%) 2/6 (33.33%) 0/6 (0.00%)
nr DNA cistron D 1/6 (16.67%) 1/6 (16.67%) 0/6 (0.00%)
ITS E 0/6 (0.00%) 0/6 (0.00%) 0/6 (0.00%)
matK + rbcL F 0/6 (0.00%) 0/6 (0.00%) 0/6 (0.00%)
Divergence hotspot regions G 3/6 (50.00%) 3/6 (50.0%) 1/6 (16.67%)

Considering individual taxon in turn, P. mugo, P. uncinata, P. uliginosa, P. rotundata from
the Pinus mugo complex, as well as P. x rhaetica and P. sylvestris cannot be distinguished
using A, E, and F data sets (Figures S1, S4 and S5). All Pinus uncinata samples were
considered monophyletic and distinguished from other taxa of the Pinus mugo complex
using data sets B, C, D, and G with 63 to 95% bootstrap support (Figures 1, S2 and S3).
Similarly, all Pinus sylvestris individuals formed a monophyletic clade in data sets B, C,
and G with 56% to 98% bootstrap support. All Pinus mugo specimens were resolved as
monophyletic only with data set C (34% bootstrap support), and P. x rhaetica with data
set G (75% bootstrap support) (Figure 1). Pinus uliginosa and Pinus rotundata individuals
were not resolved as monophyletic for either the ITS, the broader ntDNA, or any of the
plastid and mitochondrial data sets. In turn, P. x rhaetica was placed on the maximum
likelihood phylogenetic tree between Pinus sylvestris individuals and taxa from the Pinus
mugo complex based on data set C, and in data set G in the same clade as Pinus sylvestris
(Figure 1).



Int. J. Mol. Sci. 2024, 25,10178 50f18

P.rotundata 21

P.rotundata 27 gﬂﬂﬁ:ﬂ:}: g?
P.uliginosa 9 P:mugo 1
P.rotundata 15 P.rotundata 18
P.uliginosa 8 P.uliginosa 7
P.uliginosa 6 P.rotundata 14
P.mugo 4 P.uliginosa 9
P.mugo 3 P.rotundata 13
P.mugo 1 P.mugo 3
P.mugo 2 P.mugo 4
P.uliginosa 5 P.mugo 2
P.uncinata 32 P.uliginosa 5
P.uncinata 31 P.rotundata 17
P.rotundata 23 P.uliginosa 6

P.rotundata 24
P.rotundata 22

P.rotundata 15

= P.rotundata 21

P.uliginosa 7 P.uliginosa 8
P.rotundata 18 P.rotundata 24
a1 I: P.rotundata 25 P.rotundata 27
P.rotundata 26 P.rotundata 26
P.rotundata 14 P.rotundata 25

P.rotundata 16
P.rotundata 19

P.rotundata 19
s P.rotundata 20

o P.rotundata 16 P.rotundata 23
— P.rotundata 13 P.rotundata 22
53— P.rotundata 17 P.rotundata 20

" P. x rhaetica 12
P. x rhaetica 11 :
E L P. x rhaetica 10 7 P. x thaetica 11

P. x rhaetica 12 ® P. x rhaetica 10

i P.sylvestris 30
P.sylvestris 28 i
P szlves[ris 30 5 P.sylvestris 28
* . 80 P.sylvestris 29

&3 P.sylvestris 29

Figure 1. Maximum likelihood trees based on the plastid intergenic regions data set C (left) and
divergence hotspot regions data set G (right).

2.3.2. Distance-Based Methods

In the distance analyses, a species was deemed successfully identified when its min-
imum interspecific distance exceeded its maximum intraspecific distance. The distance-
based method exhibited a trend similar to that of the tree-based method.

Seven data sets (A-G) differed in their success in discriminating taxa. Sets A, E, and F
did not differentiate taxa at all, while for sets D and B, C distinguished one (D) and two
taxa (B,C), respectively. The highest discriminatory success (50%) was provided by data set
G. It was possible to distinguish three taxa out of six analyzed. In data set G, the highest
values were observed for both interspecific and intraspecific distances, 0.00295 and 0.01285,
respectively (Table S4).

Considering individual taxa, for Pinus mugo, Pinus rotundata, and Pinus uliginosa, in
each data set, their maximum value of intraspecific variability exceeded the minimum
interspecific variability, making them impossible to delimit (Table S4). For Pinus uncinata,
the minimum interspecific value was higher than the maximum intraspecific value in four
of the seven data sets, i.e., B, C, D, and G, thus allowing the delimitation of this taxon.
Pinus x rhaetica can be distinguished using three data sets, i.e., B, C, and G, while Pinus
sylvestris can be distinguished only using data set G (Table S54).

2.3.3. Assembling Species by the Automatic Partitioning Method (ASAP)

In the case of the ASAP method, the obtained results differed significantly depending
on the input data set used (Figure 2 and Figures S6-510). For the plastid data (set A),
ASAP indicates the presence of three or two partitions. In the case of two partitions, all
Pinus sylvestris and Pinus X rhaetica individuals are in one partition and the rest of the
individuals constitute the second one, corresponding as it were to the Pinus mugo complex.
In the case of mitochondrial data, we observe a large fragmentation in the range of the
partitions. There are 27 of them in total and they include mostly single individuals. One
partition includes six individuals and contains representatives of Pinus uliginosa, Pinus
mugo, and Pinus X rhaetica—although these are not all analyzed individuals from these
taxa. The rest of the individuals representing these taxa occur in separate partitions. Set C
(plastid intergenic regions) is basically consistent with set A. We observe two partitions:
in one, 26 individuals of the Pinus mugo complex and, in the other, six individuals—all
analyzed individuals of Pinus sylvestris and Pinus X rhaetica. The cistron data show four
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partitions: one containing 29 individuals and three smaller partitions containing single
individuals—each consisting of representatives of a different taxon. The ASAP score for the
ITS data set is similar to the results obtained for cistron. Two partitions were distinguished:
one has 31 individuals and the other only one. In terms of the barcode sequences (data
set F), the lowest ASAP score was found for four partitions. The first partition contains
24 individuals from different taxa included in the Pinus mugo complex. The second largest
partition contains six individuals, and these are all representatives of Pinus sylvestris and
Pinus x rhaetica. Partitions three and four contain one individual each of Pinus rotundata
(sample no. 27 from the Czech Republic) and P. rotundata (sample no. 21 from Germany).
The divergence hotspots data indicate the presence of 23 partitions. Among them, three
partitions contained three individuals each. The most homogeneous partition was the
one composed exclusively of Pinus X rhaetica from “Bor na Czerwonem” (Poland) and
exclusively of Pinus rotundata from the “Cervené blato” population (Czech Republic).
The third three-individual partition was already mixed and contained representatives of
P. uliginosa, P. mugo, and P. rotundata.

Nb subsets/asap score [28/4.5] [26/6.5] [25/8.5] [23/9.0] [21/7.5] [20/13.5] [17/14.0] [11/13.5] [10/10.5] [2/1.0] Nb subsets/asap score [32/5.5] [26/20] [23/15] [19/4.0] [11/50] [5/6.5] [3/6.5] [2/6.0]
2 B] 5] 16 2] ) U] 8 [l 5 2 0 B3] 4 (8 7 (61
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Figure 2. Species delimitation by ASAP analysis for two data sets: the plastid intergenic regions
(left) and divergence hotspot regions (right). Graphical output showing the ten different delimitations:
each column represents a partition, and the colors represent the operational taxonomic units (OTUs).
Every field contains the number of individuals. Above the colorful bars, the coefficient asap-score (the
lower value) and number of species (the upper value) recognized for whole data sets are presented.

In summary, the results of the taxon delimitation using three different approaches
differ significantly from each other. The highest level of success in distinguishing taxa was
achieved using the distance-based method and the G data set. The ASAP method had the
lowest success rate, regardless of the input data used (Table 2).

2.4. Genetic Relationships of Taxa and Populations

Having a set of chloroplast data (set A) and mitochondrial data (set B), we determined
the mutual relationships between the analyzed taxa using a median-joining haplotype
network (Figure 3) constructed using PopArt [47]. Particular emphasis was placed on
Pinus x rhaetica because the results obtained from taxon delimitation showed
interesting trends.

This analysis revealed 26 chloroplast haplotypes (chlorotypes). Haplotype 9 is shared
by two individuals of Pinus mugo and Pinus rotundata. Haplotype 18 is common to one
individual of Pinus uliginosa and three individuals of Pinus rotundata. The highest ge-
netic distance expressed in the number of nucleotide differences was observed between
Pinus x rhaetica and Pinus sylvestris and the rest of the individuals belonging to the Pinus
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mugo complex. The analysis of the relationship of the Pinus mugo complex, Pinus X rhaetica,
and Pinus sylvestris based on complete mitochondrial genes (data set B) revealed the ex-
istence of 31 haplotypes (mitotypes). Two individuals of Pinus x rhaetica have the same
haplotype (haplotype 9). Interestingly, all mitochondrial haplotypes of Pinus rotundata, Pi-
nus uliginosa, and Pinus uncinata corresponded to the population from which the individuals
were collected. The list of detected chloro- and mitotypes is provided in Tables S5 and S6.
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Figure 3. Median-joining haplotype network of the 32 individuals analyzed based on chloroplast
protein coding genes (data set A) (upper) and based on mitochondrial protein coding genes (data set
B) (lower).

Principal coordinate analysis (PCoA) performed on the divergence hotspots regions
clearly distinguished taxa belonging to the Pinus mugo complex (larger group) from Pinus
sylvestris and Pinus x rhaetica (smaller group) (Figure 4). Within each of these groups,
two smaller subgroups can also be distinguished. Within this larger group, individuals of
Pinus uncinata clearly stand out, while individuals of Pinus mugo, Pinus rotundata, and Pinus
uliginosa form an extensive cloud. In a smaller group, differences between Pinus sylvestris
and Pinus x rhaetica are visible, the latter being clearly closer to Pinus sylvestris than to taxa
from the Pinus mugo complex.
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Figure 4. Results of PCoA analysis based on divergence hotspot regions. Abbreviations: MUG—Pinus
mugo; UNC—Pinus uncinata; ULI—Pinus uliginosa; ROT—Pinus rotundata; RHA—Pinus x rhaetica;
SYL—DPinus sylvestris.

The mean nucleotide divergence (Kimura 2-parameter) among the 13 samples ranged
from 0.00095 to 0.00997 for the plastid intergenic region (data set C) (Figure 5). The
largest genetic distance occurs between the Pinus rotundata from the “Rotmeer” Nature
Reserve (Germany) and Pinus sylvestris from the Dendrological Garden, University of Life
Sciences (US) (Poland). Conversely, the smallest genetic distance was observed between
the Polish population of Pinus uncinata (US—Dendrological Garden, University of Life
Sciences) and Pinus rotundata from the Czech Republic (NH—"Novohtrecka slat”). For
divergence hotspot regions (data set G), the genetic distances range from 0.000981 to
0.008882 (Figure 5). The largest genetic distance occurs between the P. rotundata population
from “Novohtrecka slat” (NH) (Czech Republic) and Pinus sylvestris from the Dendrological
Garden, University of Life Sciences (US) (Poland). The smallest genetic distance is between
the Polish populations of Pinus sylvestris (US—Dendrological Garden, University of Life
Sciences and MO—Morasko, Poznan).
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Figure 5. Heat map for pairwise genetic distances between populations. K2P genetic distance matrix

on the plastid intergenic and divergence hotspot regions of 13 samples of the Pinus mugo complex,

Pinus x rhaetica, and Pinus sylvestris taxa (the lower half of genetic distances belong to divergence

hotspot regions and the upper half of distances to the plastid intergenic regions). Genetic distance is

low to moderate: 0.0025 < x < 0.0050 (blue to purple); high: 0.0050 < x < 0.0075 (fandango to orange).
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3. Discussion

The aims of this work were to generate a large amount of genomic data from multiple
representatives of particular closely related taxa based on the genome skimming method
and use them to characterize the genetic variability present in different data sets. We
paid special attention to searching for a genetic data set in which one could try to identify
interspecific differences, improve the phylogenetic resolution, and also describe the overall
genetic variability present within individual populations and taxa. This task was a major
challenge because previous attempts to find species-specific DNA markers for Pinus mugo,
Pinus uliginosa, and Pinus uncinata based on eight selected chloroplast DNA barcoding
regions, including traditional core barcodes (matK + rbcL), candidate (trnH-psbA), or even
hypervariable regions (ycfl and ycf2) [36], showed that, in the case of these closely related
taxa from the taxa of the Pinus mugo complex, these regions are not variable and there are
no interspecific differences (at least in the analyzed area). Increasing the search area for
differences from over five-thousand nucleotides (the work mentioned above) to almost one-
hundred-and-twenty-thousand nucleotides, namely in the form of complete chloroplast
genomes [38,48], allowed us to identify some potential species differences in a few regions.
However, it is difficult to consider them as fully differentiating taxa because they were not
tested on a larger number of individuals. Due to the complexity of the relationships in
the Pinus mugo complex, there are few studies examining more than a few taxa in a multi-
population system [19,49]. Unfortunately, without such a broader sample and knowledge of
intraspecific variability, it is difficult to both search for and verify potential species-specific
markers. Therefore, in this work, we focused on the analysis of many individuals from
a given taxon in order to also determine the level of intraspecific variability and be able
to compare it with the level of interspecific variability (and thus determine, among other
things, the barcoding gap). We also wanted to understand the variability and relationships
not only at the species level, but also at the population level.

Genome skimming is a shallow whole-genome sequencing technique that usually
provides enough coverage for a complete assembly. In plants, this method often yields ade-
quate coverage of high-copy regions, enabling the recovery of complete or partial organellar
genomes and nuclear ribosomal DNA sequences. This method was used, among others, to
recover the complete plastomes of Theobroma spp. [44], Fargesia [50], Paris [51], Rhododen-
dron [52], Panax [46], Areca [53], Piper, as well as Peperomia [54] and Salix [55]. Numerous
publications have highlighted the value of data obtained through genome skimming in
relation to the valuable genomic resources archived in museums and herbaria [56,57].
Nevertheless, in complex plant groups like Panax [46] and Araucaria [45], the plastome
and nrDNA data did not significantly enhance the discriminatory power. The recent di-
versification of several lineages of the Panax bipinnatifidus species complex may result in
plant barcodes being shared with closely related species and thus not delimiting species
boundaries [44].

Genome skimming proved to be extremely helpful in our studies, as it allowed us to
obtain many very long regions representing the genomes of different organelles and to
generate seven data covering: plastid coding genes; mitochondrial coding genes; plastid
intergenic regions; ntDNA cistron; ITS; matK + rbcL; and divergence hotspot regions. The
same method was recently used to generate sequence data also for Cymbidium [8] and
Rhododendron [52]. In these studies, genetic diversity and species delimitation ability were
analyzed using different combinations of DNA regions, including complete plastomes
(superbarcoding approach), plastomes + ntDNA (ultrabarcoding approach), a mixture of
barcoding regions in a narrower sense, i.e., ntlDNA, ITS, rbcL, matK, trnH-psbA (core DNA
barcode regions), and, in a broader sense: matK + rbcL + trnH-psbA, ITS + matK + trnH-psbA,
and ITS + matK + rbcL + trnH-psbA. The level of observed genetic variation measured
by the percentage of divergence was highly variable and differed significantly within
individual taxa and regions. In Rhododedron species, the most variable region was the ITS
region (17.05% divergence) before the combination of ITS + matK + trnH-psbA (15.88%) [52].
In turn, in Cymbidium species [8], the most variable region was the matK region (16.65%
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divergence) before the combination of rbcL + matK + trnH-psbA (8.27% divergence). In
Panax [46] and Fargesia [50] species, the ITS region was also the most variable (12.25% and
10.60% divergence values, respectively). It is worth noting that the length of the ITS region
in all the species mentioned above is about 600 to 700 nt. These results confirm that the ITS
is a very good candidate for an interspecific marker, at least in these plants.

The analysis of the ITS region in conifers has been, to date, significantly hampered
by the size of the nuclear genome [58-60] and the length and complexity of the sequence
itself [61,62]. Therefore, there are not many works using this region in the analyses of
conifers [62-65]. However, the use of genome skimming in this study allowed us to
determine and characterize for the first time the complete ITS and nrDNA sequence for
representatives of the Pinus mugo complex.

Our results contradict previous literature reports of high ITS polymorphism in some
species [46,50,52]. Both ITS and the whole nrDNA in the case of the analysis of taxa in
the Pinus mugo complex were the regions with the lowest level of variability (0.104% and
0.127%, respectively) of all the data sets we analyzed. This is despite the fact that the ITS
and nrDNA regions were significantly longer in the Pinus mugo complex representatives
than in other taxa. The length of the ITS in the Pinus mugo complex was 2881 nucleotides,
and the length of the ntDNA was 7849 nucleotides. Previous studies of ITS2, which is
ten-times shorter than ITS1 [37], showed that ITS2 is quite good for identifying taxa in the
Pinaceae family, but only for some genera. In the case of the Pinus genus and the Pinus mugo
complex, this was not particularly the case. This region was simply too short and showed
too little variability in this group of plants. It was therefore suggested that perhaps ITS1, as
a longer fragment, would be better in this respect. Our results clearly indicate that neither
ITS1 nor ITS2 is sufficiently variable to be used for the analysis and differentiation of closely
related taxa in the Pinus mugo complex. Despite our observations, ITS2 still remains a very
good, or even ideal, barcode for many other plant groups than the Pinus genus, as it has
many advantages [50,66,67].

Compared to ITS, the nrDNA sequence had a slightly higher discrimination rate,
probably due to the larger number of parsimony information sites. However, neither ITS
nor ntDNA was able to distinguish all taxa. It therefore seems reasonable to continue
searching for other nuclear regions. Finding them would certainly be very helpful for
identifying hybrid individuals. Perhaps a good direction is the analysis of single copy
genes. Genome skimming can be difficult to use for this purpose because only well-
represented fragments are sequenced in this approach and there is not much pure nuclear
DNA in the sample. Probably with very high genome coverage there would be a chance to
capture single copy genes. Many studies indicate that single gene copies are an interesting
tool [68,69].

Chloroplast core DNA coding regions (matK + rbcL) analyzed in this work as set
F, similarly to ITS and nrtDNA, were characterized by a low level of variability (0.269%
divergence). Using a combination of these regions did not allow us to distinguish closely
related taxa from the Pinus mugo complex, and this was an expected result after our previous
analyses conducted in 2017 [36]. The reasons why these taxa cannot be distinguished using
these DNA markers may be many, ranging from incomplete lineage sorting (ILS) to gene
exchange (hybridization) or recent reticulate divergence/evolution [19]. In the Pinaceae
family, chloroplast DNA is assumed to be inherited from the paternal line, although
recent studies shed a slightly different light on this [70], which may also have influenced
our results.

Our results show that intergenic plastid and hotspot divergence regions (rps1, rps2,
rps14, ycf3-psaA, and trnE-clpP) discriminate between 33.3% and 50.0% of the analyzed taxa
using the tree-based and distance-based methods. Hotspot divergence regions, despite
having the shortest alignment length, had the highest evolutionary rate of all data sets.
This was the only data set in the ASAP method that was able to discriminate any species.
In contrast, mitochondrial coding genes showed greater discrimination power than plastid
coding genes, up to tenfold. Not surprisingly, the phylogenetic trees obtained from these
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data differ significantly. According to Wang [71], these discrepancies suggest a series of
mtDNA capture events during past range shifts of pine species, indicating that vertical and
horizontal inheritance have played a role in the evolution of mtDNA in Pinus.

Taxonomists have been using molecular methods for many years to differentiate
species more effectively. DNA barcoding in this regard is still a valuable method. However,
over time, instead of one or two core barcode regions, researchers have begun to analyze
several or a dozen of them (multilocus DNA barcoding) to improve the efficiency of
delimitation. Sometimes, a complete chloroplast genome sequence is also very helpful,
proposed as a so-called superbarcode [72]. Recently, very satisfactory results have been
obtained by using ultrabarcoding—a promising approach that solves many challenges
associated with currently common DNA barcoding methods. Ultrabarcoding involves
expanding from traditional DNA barcodes to entire plastomes and nuclear ribosomal DNA
(nrDNA) sequences [44]. This approach generates a significant amount of data and, as a
result, can provide information necessary to investigate variations below the species level.
In the case of the Pinus mugo complex, ultrabarcoding is unlikely to be useful because
nrDNA has poor discriminatory power. Although, of course, there are studies on other
plant species where this approach is effective [44,51].

The correct identification and differentiation of species are of great importance not
only for purely cognitive or scientific reasons, but also for practical reasons. Problems
with the unambiguous identification of protected or endangered taxa translate directly into
problems with the preparation, undertaking, and implementation of appropriate protective
measures. Closely related taxa, which are characterized by very similar morphologies
and a lack of clear species determinants, are usually grouped into larger taxonomic units
called complexes. They also pose a great challenge for researchers due to the complex or
unknown origin of individual taxa and the presence of many different synonymous names
in the literature. The Pinus mugo complex is one of many such complexes, but several
others are known and this is in the genus Pinus itself, e.g., [10,73,74]. Additionally, in
the case of sympatric populations of closely related taxa, hybridization and introgression
processes occur. The resulting hybrids and introgressants representing an intermediate
phenotype between the habit of the parent taxa make it even more difficult to correctly
identify individuals from individual taxa. Hence, it is so important to develop appropriate
methods and markers that would facilitate the reliable and unambiguous identification of
individuals, including hybrids, regardless of the morphological determinants that depend
on environmental conditions or require a specific developmental phase.

The Pinus mugo complex includes closely related taxa that occur in the most impor-
tant mountain ranges in Europe, such as the Pyrenees, the Alps, and the Carpathians [9].
These taxa fulfill very important ecological functions and are the basis of many moun-
tain ecosystems. At the same time, discussions have been ongoing for many years on
the taxonomic status, origin, and final number of taxa included in this complex. Some
researchers distinguish one main species, Pinus mugo, with two subspecies, Pinus mugo ssb.
mugo and Pinus mugo ssb. uncinata, which occur in the mountains of Central and Eastern
Europe and Western Europe, respectively [9]. Others, however, distinguish three main
species in this complex, i.e., Pinus mugo, Pinus uncinata, and Pinus uliginosa. The latter
taxon—Pinus uliginosa—is one of the most enigmatic and controversial taxa from the Pinus
mugo complex [48]. This pine was first described at a site in Wielki Torfowisko Batorowskie
in Poland in 1837 [75]. In Poland, this species represents one of the four native species of
pines (apart from Scots pine (Pinus sylvestris L.), dwarf mountain pine (Pinus mugo), and
Swiss pine (Pinus cembra)) and occurs only at four sites, mainly peat bogs or wetlands.
It is a protected species [76] and is threatened with extinction. The most serious threat
to the continuity of this species is primarily the poor health condition of the trees, poor
natural regeneration, and the risk of contamination of the gene pool of swamp pines due to
the uncontrolled gene exchange with Scots pine and dwarf pine that occurs at sympatric
sites [12,14].
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Pinus uliginosa, mugo, and uncinata are characterized by high morphological variability
on the one hand and genetic invariability on the other hand, which does not allow for
their effective and unambiguous distinction [36]. Another problem is the identification of
individuals of the protected peat bog pine and its postulated hybrids with dwarf mountain
pine. Effective protection of the peat bog pine in Poland is additionally complicated by
its legal status, because in the Regulation of the Minister of the Environment of October 9,
2014, the peat bog pine is listed under the name Pinus x rhaetica [76]. It is not clear whether
the name Pinus x rhaetica, which refers to peat bog pine, is identical to the name Pinus
uliginosa. The relationship between Pinus uliginosa and Pinus x rhaetica remains unclear.
It is also not known whether Pinus uliginosa is a separate species or, as some researchers
postulate, a hybrid of Scots pine (Pinus sylvestris L.) with dwarf mountain pine (Pinus mugo
Turra (as Pinus X rhaetica)) or a hybrid of mountain pine (Pinus uncinata Rammond) with
dwarf mountain pine (Pinus mugo Turra (Pinus uncinata x Pinus mugo)) [9]. The results of
our research rather confirm the latter hypothesis. Moreover, the results of the research on
Polish populations of the peat bog pine—Pinus uliginosa or Pinus x rhaetica—are difficult
to directly relate to the results of the research from abroad, especially from the Czech
Republic and Germany, because, in the scientific literature, peat bog pine is listed under
the name Pinus rotundata [11,77]. Therefore, one of the goals of this work was to conduct
a phylogenetic inference to confirm or exclude the hypothesis that Pinus uliginosa from
Poland is the genetic equivalent of Pinus rotundata from the Czech Republic and Germany,
and both names are synonyms referring to the same taxon.

There are many more questions regarding Pinus uliginosa/Pinus rotundata, e.g., did
it arise independently as a hybrid at different times and in different places (peat bogs in
Poland, Germany, and the Czech Republic), giving rise to a taxon with a similar habit and
genetic background, due to the similar parental composition? Perhaps it arose in one place
and then colonized further regions. Or, maybe, the currently observed populations are
relicts and represent the remains of an ancestral species with a wider range. To answer these
questions, it is necessary to conduct further research with geographically broader sampling.

The data obtained in this study indicate that Pinus X rhaetica is not identical to Pinus
uliginosa or any other analyzed taxon belonging to the Pinus mugo complex. These results
are in full accordance with the previously conducted research on Pinus mugo complex taxa
discrimination using seed storage protein profiling [29]. Celifiski et al. (2020) analyzed
the patterns of seed total proteins and showed that each of the closely related taxon from
this complex has a different and unique protein pattern. Moreover, based on the results
obtained, Pinus x rhaetica is much closer to Pinus sylvestris than to Pinus mugo and Pinus
uliginosa from the Pinus mugo complex. The distinctiveness of Pinus x rhaetica has also
been demonstrated previously in cytological studies using C-banding methods and flow
cytometric analysis [33]. This study showed that three closely related pines from the Pinus
mugo complex (Pinus mugo, Pinus uliginosa, and Pinus x rhaetica) differ in some karyotypical
features and DNA content. Celiniski et al. (2019) therefore postulated not to use the names
Pinus x rhaetica and Pinus uliginosa interchangeably as synonyms because these taxa differ
from each other.

Our work also presents new data on the genetic diversity of bog pines from the Czech
Republic and Germany. Knowledge regarding this subject is still relatively scarce because,
in many studies on the Pinus mugo complex, Pinus rotundata is omitted, and researchers
focus mainly on the Pinus mugo-Pinus uncinata system.

The revealed pattern of genetic variability based on the mitochondrial genome clearly
indicates the very unique, local, and isolated character of the analyzed populations from
the Pinus mugo complex. Attention is paid to both the peripheral location of the Czech and
German populations of Pinus rotundata and the fact that the Polish populations of Pinus
uliginosa show a different character. Such a result may indicate the relatively long spatial
isolation and the complex historical background of individual populations, especially
taking into account the phylogeographic structure of Pinus mugo or Pinus uncinata as
putative parent taxa of Pinus rotundata and Pinus ulignosa [20].
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4. Materials and Methods
4.1. Plant Material and DNA Extraction

In order to best represent the Pinus mugo complex, four taxa from the Pinus mugo
complex were analyzed: P. mugo, P. uncinata, P. uliginosa, and P. rotundata. Each of these
taxa was represented by several individuals from one to five populations. Three Pinus
sylvestris and three Pinus X rhaetica individuals were also included in this study as the
taxa most closely related to the Pinus mugo complex. A total of 32 pine-needle samples
was sequenced. Details of individual specimens are presented in Table S1 and the habitats
of selected taxa from the Pinus mugo complex are presented in Figure 6. Vouchers of the
analyzed individuals were deposited in the Natural History Collections, Faculty of Biology,
Adam Mickiewicz University, Poznan, Poland (Table S1).

Figure 6. The habitats of selected taxa from the Pinus mugo complex. (A) Pinus uliginosa—"Wielkie
Torfowisko Batorowskie” Nature Reserve (BA), Poland; (B) Pinus rotundata—"Novohtrecka slat”
(NH), the Czech Republic; (C) Pinus rotundata—"Kirchspielwald-Ibacher Moos” Nature and Forest
Reserve (IB), Germany.

Genomic DNA extraction was performed from 100 mg of fresh plant tissue (needles)
using the Genomic Mini AX Plant Spin Kit (A&A Biotechnology, Gdynia, Poland). Sample
DNA quality was assessed using the Agilent High-Sensitivity D1000 ScreenTape System
(Agilent Technologies, Inc., Waldbronn, Germany). Until analysis, the isolated DNA was
stored in a freezer at —20 °C.

4.2. DNA Sequencing, Assembly, and Annotation

Ion Torrent barcoded libraries with approximately 300 bp insert fragments were
constructed using the Ion Xpress™ Plus Fragment Library Kit and Ion Xpress™ Barcode
Adapters Kit (ThermoFisher Scientific, Waltham, MA, USA). Libraries were sequenced
using the Ion GeneStudio™ S5 System (Thermo Fisher Scientific, Waltham, MA, USA).
Adapters and low-quality reads were filtered using BBDuk Adapter/Quality Trimming V.
38.84 by Brian Bushnell implemented in Geneious Prime 2020.2.5 [78].

A genome skimming method was used to generate nucleotide sequences from the
chloroplast, mitochondrial, and nuclear genomes for Pinus mugo complex taxa, as well as
Pinus sylvestris and Pinus x rhaetica individuals. For this purpose, reads were assembled de
novo using Geneious Assembler on default settings. Resulting contigs were mapped to the
reference chloroplast genome of Pinus sylvestris (NC_035069.1), Pinus taeda mitochondrion
(NC039746), and Pinus sylvestris ntDNA cistron (MT735327) using Bowtie2 v.2.4.5 [79].
Then, the complete protein coding genes and intergenic spacer regions were extracted from
the resulting incomplete chloroplast genomes using Geneious Prime 2020.2.5 [78]. The
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internal transcribed spacer sequences (ITS1, 5.8S, and ITS2) were extracted from nrDNA
cistron in Geneious Prime 2020.2.5 [78].

4.3. Data Analysis
4.3.1. Genetic Characterization of Diversity in Data Sets

We constructed seven DNA data sets by concatenating different aligned regions,
including: (A) the concatenated plastid coding genes; (B) the concatenated mitochondrial
coding genes; (C) the plastid intergenic regions; (D) the complete nuclear ribosomal DNA
(nrDNA); (E) the internal transcribed spacer (ITS) consisting of ITS1-5.85-1TS2 sequences;
(F) core barcode regions matK + rbcL; and (G) divergence hotspot regions (rps1, rps2, rps14,
ycf3-psaA, and trnE-clpP). The alignment of each region was conducted using MAFFT
v7.490 [80,81]. MEGA11 [82] was used to calculate the alignment length, number of
variables, and parsimony informative sites, as well as the percentage of variable sites
and percentage of parsimony informative sites among representatives of the Pinus mugo
complex, Pinus x rhaetica, and Pinus sylvestris. The diversity thresholds, used to select
variable regions, were calculated by the sum of the average and double the standard
deviation [83].

4.3.2. Delimitation of Taxa

To evaluate the effectiveness of taxa discrimination, we performed analyses based
on the created seven data sets using three different delimitation methods. The tree-based
method was performed using the maximum likelihood method with the option of 1000 boot-
strap replicates conducted in MEGA 11 [82]. To estimate the best nucleotide substitution
model for each data set, the “Find Best Fit Substitution Model” option available in MEGA11
was used [84]. Phylogenetic trees were created for the 26 analyzed individuals belonging
to the Pinus mugo complex, 3 individuals of Pinus X rhaetica, and 3 individuals of Pinus
sylvestris. The distance-based method was performed using the pairwise distance calculated
in MEGA 11 [82] using the Kimura 2-parameter (K2P) model. The taxa with the larger
minimum interspecific distance than the maximum intraspecific distance were consider as
successfully identified. We also used the ASAP (Assemble Species by Automatic Partition-
ing) web server available at https:/ /bioinfo.mnhn.fr/abi/public/asap. The ASAP analysis
was conducted using the Kimura K80 substitution model (ts/tv = 2.0). ASAP employs
automatic partitioning algorithms to delineate species through hierarchical clustering based
on sequence similarity [85]. A lower ASAP score indicates a better partition of the data set.

4.3.3. Genetic Diversity of Taxa and Populations

To assess the taxon genealogy evolutionary lineages of the analyzed individuals,
haplotype networks were constructed based on the chloroplast and mitochondrial data
sets using the median-joining approach available in PopArt [47]. Genetic relationships
between samples at the taxon level were visualized using principal coordinate analysis
(PCoA) based on K2P distances and divergence hotspot data in the ggplot2 R package.
The Kimura two-parameter (K2P) model [86] with 1000 bootstrap replicates was used to
quantify divergence between populations of the Pinus mugo complex, as implemented in
MEGAT11 [82]. Average K2P distances were calculated from pairwise comparisons of all
sequences within and between populations.

5. Conclusions

Based on the obtained results, we can conclude that genome skimming is very useful
for the analysis of closely related taxa, as in the case of the Pinus mugo complex, because
it allows the generation of a large amount of sequence data. It allows the acquisition of
many (sometimes difficult in traditional sequencing) regions of mitochondrial, chloroplast,
and nuclear DNA. The ITS1 region for representatives of the Pinus mugo complex, fully
sequenced for the first time, although very long, is not too variable and, similarly to the
ITS2 region, does not allow for the effective delimitation of these closely related taxa. The
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most promising data set for further discrimination analysis of the Pinus mugo complex is the
divergence hotspot data set, which is nearly twenty-times more variable than traditional
core chloroplast or nuclear DNA barcodes. Pinus X rhaetica should not be considered a
synonym for Pinus uliginosa and Pinus rotundata because it differs significantly genetically
from these two taxa and most likely represents a fixed hybrid or introgressant between
Pinus sylvestris and Pinus mugo, as some previous studies have postulated. Pinus uliginosa
and Pinus rotundata, despite the different scientific names, origins, and population histories,
seem to have a similar genetic background, which is perhaps shaped by environmental
pressures and the adaptation to the specific habitat they occupy. Pinus uncinata represents a
clearly distinct clade within the Pinus mugo complex in most of the applied genetic data
sets and analytical methods. The analysis of the pattern of genetic differentiation at the
population level allows for a clear distinction of populations and taxa of the Pinus mugo
complex from Pinus sylvestris and Pinus X rhaetica.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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Table S1. Plant materials used in this study.

. Latitude (N), Population Sample size

Taxon Location Longitude (E)  code (individual code) Country Voucher
. . 49°14'30 N, POZG-V-0150537
Pinus mugo Tatra National Park 20°00'15 E ™ 2(1-2) Poland POZG-V-0150538
. . 49°16'06 N, POZG-V-0150539
Pinus mugo Tatra National Park 20°02'40F ™ 2 (3-4) Poland POZG-V-0150540
P : . s ” - POZG-V-0150541
Pinus uliginosa NTa (;ffVESkOrPOd Weglificem féggg 1; WG 3(5-7) Poland POZG-V-0150542
¢ meserve POZG-V-0150543
. .. “Wielkie Torfowisko 50°27'30 N, POZG-V-0150544
Pinus uliginosa gt orowskie” Nature Reserve 16°22'57 E BA 289 Poland POZG-V-0150545
. " R POZG-V-0150546
Pinus x rhaetica RBorr“ad Czerwonem” Nature ‘2‘30 ézngE BC 3 (10-12) Poland POZG-V-0150547
eserve POZG-V-0150548
L . j o POZG-V-0150549
Pinus rotundata NKltrChSple;V;ald'ltb;Cher Moos ‘;ZO;L%“;’SEN’ IB 3 (13-15) Germany POZG-V-0150550
ature and Forest Reserve POZG-V-0150551
47°5153 N POZG-V-0150552
Pinus rotundata “Rotmeer” Nature Reserve 8°06'00 E ’ RO 3 (16-18) Germany POZG-V-0150553
POZG-V-0150554
“Steerenmoos”, Fauna-flora- 4794871 N POZG-V-0150555
Pinus rotundata habitat area: “Valley of Schwarza, 8°12'00 E ’ ST 3 (19-21) Germany POZG-V-0150556
Mettma, Schliicht and the Steina” POZG-V-0150557
" . e & onar POZG-V-0150558
Pinus rotundata NNEVth‘Iﬂecrf slat”, Sumava ‘1120(1’3,}12 g NH 3 (22-24) Czech Republic POZG-V-0150559
atonatTa POZG-V-0150560
e . s o POZG-V-0150561
Pinus rotundata R(e::gj:e blato” National Nature ﬁi;gg S CB 3 (25-27) Czech Republic POZG-V-0150562
POZG-V-0150563

. ) Dendrological Garden, University = 52°25'32 N,

Pinus sylvestris of Life Scionces 16°53'39 E Us 1(28) Poland POZG-V-0150564
. . . 52°28'02 N, POZG-V-0150565
Pinus sylvestris Morasko, Poznan 16°55'30 E MO 2 (29-30) Poland POZG-V-0150566
. . Dendrological Garden, University =~ 52°25'32 N, POZG-V-0150567
Pinits uncinat £ ife Sciences, Poznan 16°53'39 E vu 2 (31-32) Poland POZG-V-0150568




Table S2. List of sequence names used in datasets A, B, C, G.

Intergenic

Plastid coding genes Mitochondrial coding regions of the Dlvergence.
No. (data set A) genes plastid hotspot regions
(data set B) (data set C) (data set G)
1 accD ATP4 accD-psal rpsl
2 atpA ATP6 rps2-atpl rps2
3 atpB ATPS clpP-rps12 rpsi4
4 atpF ATP9 petB-petD ycf3-psaA
5 atpH ccmB psaM-trnS trnE-clpP
6 atpl ccmC psb]-petA
7 ccsA cox3 psbL-psb]
8 cemA NAD3 trnS-psbZ
9 chlB NAD4L atpB-rbcL
10 chiL NAD6 rpoB-trnC
11 chIN rpl5 rrn4.5-rrnd
12 matK rpsl trnC-petN
13 petA rps2 trnD-psbM
14 petB rps14 trnE-clpP
15 petD rps19 trnL-trnF
16 petG trnM-ndhC
17 petN trnS-psaM
18 psaB ycf3-psaA
19 psaC
20 psbB
21 psbC
22 psbD
23 psbE
24 psbF
25 psbH
26 psbl
27 psb]
28 psbK
29 psbL
30 psbM
31 psbN
32 psbT
33 psbZ
34 rbcL
35 rpl2
36 rpl14
37 rpll6
38 rpl20
39 rpl22
40 pi23
41 rpl33
42 rpl36
43 rpoA
44 rpoB
45 rpoC1
46 rpoC2
47 rps2
48 rps3
49 rpsd




50 rps7
51 rpsil
52 rpsi4
53 rps15
54 rps18
55 rps19
56 ycf3
57 ycf4




Table S3. Comparison of characteristics of seven data sets in Pinus sylvestris and Pinus x rhaetica.

. . Parsimony
. Data set Variable sites . . .
Alignment Length (bp) ] informative sites
code (% divergence)
(%)
Plastid coding genes A 45,467 11 (0.024%) 2 (0.004%)
Mitochondrial coding genes B 8,378 33 (0.394%) 15 (0.179%)
Plastid intergenic regions C 7,092 22 (0.310%) 19 (0.268%)
nr DNA cistron D 7,849 5 (0.064%) 0 (0.000%)
ITS E 2,881 0 (0.000%) 0 (0.000%)
matK + rbcL F 2,976 0 (0.000%) 0 (0.000%)
Divergence hotspot regions G 1,021 3 (0.294%) 2 (0.196%)
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Figure S1. Maximum likelihood tree based on the plastid coding genes data set A.
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Figure S2. Maximum likelihood tree based on the mitochondrial coding genes data set B.
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Figure S3. Maximum likelihood tree based on the ntDNA cistron data set D.
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Figure S4. Maximum likelihood tree based on the ITS data set E.
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Figure S5. Maximum likelihood tree based on the matK + rbcL data set F.



Table S4. Minimum interspecific distance and maximum intraspecific distance for each taxa in the different data sets.

Data set
A D G
Taxon . . . . . . . . . . . . .. .
min_inte | max_intr min_inte max_intr min_inte max_intr min_inte max_intr min_inte max_intr min_inte max_intr min_inte | max_intr
r a r a r a r a r a r a r a
ZIZ;DS 0.00000 0.00009 0.00012 0.00143 0.00099 0.00227 0.00000 0.00013 0.00000 0.00000 0.00000 0.00000 0.00098 0.00294
Z;ZZOSH 0.00000 0.00015 0.00012 0.00227 0.00028 0.00170 0.00000 0.00013 0.00000 0.00000 0.00000 0.00000 0.00000 0.00591
ZZEZC; 0.00007 0.00015 0.00071 0.00060 0.00199 0.00099 0.00000 0.00013 0.00000 0.00000 0.00000 0.00000 0.00196 0.00000
Pinus
rotundat 0.00000 0.00106 0.00096 0.00491 0.00028 0.00355 0.00000 0.00064 0.00000 0.00000 0.00000 0.00236 0.00000 0.01285
a
fyl?vl;ztris 0.00004 0.00009 0.00131 0.00215 0.00085 0.00114 0.00000 0.00051 0.00000 0.00000 0.00000 0.00000 0.00196 0.00195
l:;nc;:ata 0.00004 0.00022 0.00060 0.00048 0.00029 0.00028 0.00040 0.00035 0.00000 0.00104 0.00000 0.00034 0.00295 0.00196

Note: the numbers colored by red represent the minimum interspecific distance larger than maximum intraspecific distance.
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Figure S6. Species delimitation by ASAP analysis based on plastid coding genes. Graphical output
showing the ten different delimitations; each column represents a partition, and the colors represent the
OTUs. Every field contains the number of individuals. Above the colorful bars, the coefficient asap-
score (the lower value) and number of species (the upper value) recognized for whole dataset are
presented.
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Figure S7. Species delimitation by ASAP analysis based on mitochondrial coding genes. Graphical
output showing the ten different delimitations; each column represents a partition, and the colors
represent the OTUs. Every field contains the number of individuals. Above the colorful bars, the
coefficient asap-score (the lower value) and number of species (the upper value) recognized for whole
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Figure S8. Species delimitation by ASAP analysis based on ntDNA cistron. Graphical output showing
the ten different delimitations; each column represents a partition, and the colors represent the OTUs.
Every field contains the number of individuals. Above the colorful bars, the coefficient asap-score (the
lower value) and number of species (the upper value) recognized for whole dataset are presented.
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Figure S9. Species delimitation by ASAP analysis based on the internal transcribed spacer (ITS).
Graphical output showing the ten different delimitations; each column represents a partition, and the
colors represent the OTUs. Every field contains the number of individuals. Above the colorful bars, the
coefficient asap-score (the lower value) and number of species (the upper value) recognized for whole
dataset are presented.
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Figure S10. Species delimitation by ASAP analysis based on matK + rbcL. Graphical output showing the
ten different delimitations; each column represents a partition, and the colors represent the OTUs. Every
field contains the number of individuals. Above the colorful bars, the coefficient asap-score (the lower
value) and number of species (the upper value) recognized for whole dataset are presented.



Table S5. Various haplotypes of Pinus mugo complex, P. sylvestris and P. x rhaetica taxa identified in the current study based on plastid coding genes.

Haplotype No. of sequences Taxa

Hap_1 1 P. sylvestris 29
Hap_2 1 P. x rhaetica 11
Hap_3 1 P. sylvestris 30
Hap_4 1 P. sylvestris 28
Hap_5 1 P. x rhaetica 10
Hap_6 1 P. x rhaetica 12
Hap_7 1 P.mugo1
Hap_8 1 P. uliginosa 7
Hap_9 4 P. mugo 4, P. mugo 2, P. rotundata 17, P. rotundata 23
Hap_10 1 P. uliginosa 5
Hap_11 1 P. uliginosa 8
Hap_12 1 P. uliginosa 9
Hap_13 1 P. uncinata 32
Hap_14 1 P. rotundata 14
Hap_15 1 P. rotundata 26
Hap_16 1 P. mugo 3
Hap_17 1 P. rotundata 18
Hap_18 4 P. rotundata 19, P. uliginosa 6, P. rotundata 15, P. rotundata 22
Hap_19 1 P. rotundata 24
Hap_20 1 P. rotundata 21
Hap_21 1 P. rotundata 27
Hap_22 1 P. rotundata 16
Hap_23 1 P. rotundata 25
Hap_24 1 P. uncinata 31
Hap_25 1 P. rotundata 13
Hap_26 1 P. rotundata 20




Table S6. Various haplotypes of Pinus mugo complex, P. sylvestris and P. x rhaetica taxa identified in the current study based on mitochondrial coding genes.

Haplotype No. of sequences Taxa

Hap_1 1 P. rotundata 14
Hap_2 1 P. rotundata 13
Hap_3 1 P. rotundata 15
Hap_4 1 P. rotundata 19
Hap_5 1 P. rotundata 21
Hap_6 1 P. rotundata 20
Hap_7 1 P. uliginosa 7
Hap_8 1 P. uliginosa 5
Hap_9 2 P. x rhaetica 11, P. x rhaetica 10
Hap_10 1 P.mugo 1
Hap_11 1 P. mugo 4
Hap_12 1 P. uncinata 32
Hap_13 1 P. uncinata 31
Hap_14 1 P. uliginosa 9
Hap_15 1 P. uliginosa 6
Hap_16 1 P. x rhaetica 12
Hap_17 1 P. mugo 2
Hap_18 1 P. mugo 3
Hap_19 1 P. uliginosa 8
Hap_20 1 P. sylvestris 30
Hap_21 1 P. rotundata 18
Hap_22 1 P. rotundata 17
Hap_23 1 P. rotundata 16
Hap_24 1 P. sylvestris 28
Hap_25 1 P. sylvestris 29
Hap_26 1 P. rotundata 25
Hap_27 1 P. rotundata 26
Hap_28 1 P. rotundata 27
Hap_29 1 P. rotundata 24
Hap_30 1 P. rotundata 22




Hap_31 1 P. rotundata 23




Table S7. List of accession numbers of complete ntDNA cistron sequences used in this study.

No. Taxa name Accession number
1 P.x rhaetica 10 PQ094679
2 P. x rhaetica 11 PQ094680
3 P. x rhaetica 12 PQ094699
4 P.mugo 1 PQ094688
5 P. mugo 2 PQ094692
6 P.mugo 3 PQ094691
7 P. mugo 4 PQ094687
8 P. rotundata 25 PQ094668
9 P. rotundata 26 PQ094694
10 P. rotundata 27 PQ094667
11 P. rotundata 13 PQ094676
12 P. rotundata 14 PQ094697
13 P. rotundata 15 PQ094675
14 P. rotundata 22 PQ094688
15 P. rotundata 23 PQ094689
16 P. rotundata 24 PQ094695
17 P. rotundata 16 PQ094674
18 P. rotundata 17 PQ094690
19 P. rotundata 18 PQ094673
20 P. rotundata 19 PQ094696
21 P. rotundata 20 PQ094672
22 P. rotundata 21 PQ094671
23 P. sylvestris 29 PQ094677
24 P. sylvestris 30 PQ094689
25 P. sylvestris 28 PQ094678
26 P. uliginosa 8 PQ094682
27 P. uliginosa 9 PQ094681
28 P. uliginosa 5 PQ094686
29 P. uliginosa 6 PQ094693
30 P. uliginosa 7 PQ094685
31 P. uncinata 31 PQ094698
32 P. uncinata 32 PQ094700




Table S8. List of accession numbers of complete mitochondrial genes used in this study.

No. Gene
ATP4 ATP6 ATPS ATP9 ccmB cemC COX3 NAD3 NAD4L NAD6 rpl5 rpsl rps2 rps14 rps19
Taxa

1 P. rotundata 13 PQ255545 | PQ255579 | PQ255613 | PQ255647 | PQ342009 | PQ342043 | PQ342077 | PQ342111 | PQ342145 | PQ342179 | PQ342213 | PQ342247 | PQ342281 | PQ342315 PQ342349
2 P. rotundata 14 PQ255546 | PQ255580 | PQ255614 | PQ255648 | PQ342010 | PQ342044 | PQ342078 | PQ342112 | PQ342146 | PQ342180 | PQ342214 | PQ342248 | PQ342282 | PQ342316 PQ342350
3 P. rotundata 15 PQ255547 | PQ255581 | PQ255615 | PQ255649 | PQ342011 | PQ342045 | PQ342079 | PQ342113 | PQ342147 | PQ342181 | PQ342215 | PQ342249 | PQ342283 | PQ342317 PQ342351
4 P. rotundata 19 PQ255548 | PQ255582 | PQ255616 | PQ255650 | PQ342012 | PQ342046 | PQ342080 | PQ342114 | PQ342148 | PQ342182 | PQ342216 | PQ342250 | PQ342284 | PQ342318 PQ342352
5 P. rotundata 20 PQ255549 | PQ255583 | PQ255617 | PQ255651 | PQ342013 | PQ342047 | PQ342081 | PQ342115 | PQ342149 | PQ342183 | PQ342217 | PQ342251 | PQ342285 | PQ342319 PQ342353
6 P. rotundata 21 PQ255550 | PQ255584 | PQ255618 | PQ255652 | PQ342014 | PQ342048 | PQ342082 | PQ342116 | PQ342150 | PQ342184 | PQ342218 | PQ342252 | PQ342286 | PQ342320 PQ342354
7 P. rotundata 16 | PQ255551 | PQ255585 | PQ255619 | PQ255653 | PQ342015 | PQ342049 | PQ342083 | PQ342117 | PQ342151 | PQ342185 | PQ342219 | PQ342253 | PQ342287 | PQ342321 PQ342355
8 P. rotundata 17 | PQ255552 | PQ255586 | PQ255620 | PQ255654 | PQ342016 | PQ342050 | PQ342084 | PQ342118 | PQ342152 | PQ342186 | PQ342220 | PQ342254 | PQ342288 | PQ342322 PQ342356
9 P. rotundata 18 | PQ255553 | PQ255587 | PQ255621 | PQ255655 | PQ342017 | PQ342051 | PQ342085 | PQ342119 | PQ342153 | PQ342187 | PQ342221 | PQ342255 | PQ342289 | PQ342323 PQ342357
10 P. rotundata 25 PQ255554 | PQ255588 | PQ255622 | PQ255656 | PQ342018 | PQ342052 | PQ342086 | PQ342120 | PQ342154 | PQ342188 | PQ342222 | PQ342256 | PQ342290 | PQ342324 PQ342358
11 P. rotundata 26 PQ255555 | PQ255589 | PQ255623 | PQ255657 | PQ342019 | PQ342053 | PQ342087 | PQ342121 | PQ342155 | PQ342189 | PQ342223 | PQ342257 | PQ342291 | PQ342325 PQ342359
12 P. rotundata 27 PQ255556 | PQ255590 | PQ255624 | PQ255658 | PQ342020 | PQ342054 | PQ342088 | PQ342122 | PQ342156 | PQ342190 | PQ342224 | PQ342258 | PQ342292 | PQ342326 PQ342360
13 P. rotundata 22 PQ255557 | PQ255591 | PQ255625 | PQ255659 | PQ342021 | PQ342055 | PQ342089 | PQ342123 | PQ342157 | PQ342191 | PQ342225 | PQ342259 | PQ342293 | PQ342327 PQ342361
14 P. rotundata 23 PQ255558 | PQ255592 | PQ255626 | PQ255660 | PQ342022 | PQ342056 | PQ342090 | PQ342124 | PQ342158 | PQ342192 | PQ342226 | PQ342260 | PQ342294 | PQ342328 PQ342362
15 P. rotundata 24 PQ255559 | PQ255593 | PQ255627 | PQ255661 | PQ342023 | PQ342057 | PQ342091 | PQ342125 | PQ342159 | PQ342193 | PQ342227 | PQ342261 | PQ342295 | PQ342329 PQ342363
16 P. uliginosa 9 PQ255560 | PQ255594 | PQ255628 | PQ255662 | PQ342024 | PQ342058 | PQ342092 | PQ342126 | PQ342160 | PQ342194 | PQ342228 | PQ342262 | PQ342296 | PQ342330 PQ342364
17 P. uliginosa 7 PQ255561 | PQ255595 | PQ255629 | PQ255663 | PQ342025 | PQ342059 | PQ342093 | PQ342127 | PQ342161 | PQ342195 | PQ342229 | PQ342263 | PQ342297 | PQ342331 PQ342365
18 P. uliginosa 6 PQ255562 | PQ255596 | PQ255630 | PQ255664 | PQ342026 | PQ342060 | PQ342094 | PQ342128 | PQ342162 | PQ342196 | PQ342230 | PQ342264 | PQ342298 | PQ342332 PQ342366
19 P. uliginosa 5 PQ255563 | PQ255597 | PQ255631 | PQ255665 | PQ342027 | PQ342061 | PQ342095 | PQ342129 | PQ342163 | PQ342197 | PQ342231 | PQ342265 | PQ342299 | PQ342333 PQ342367
20 P. uliginosa 8 PQ255564 | PQ255598 | PQ255632 | PQ255666 | PQ342028 | PQ342062 | PQ342096 | PQ342130 | PQ342164 | PQ342198 | PQ342232 | PQ342266 | PQ342300 | PQ342334 PQ342368
21 P. x rhaetica 10 PQ255565 | PQ255599 | PQ255633 | PQ255667 | PQ342029 | PQ342063 | PQ342097 | PQ342131 | PQ342165 | PQ342199 | PQ342233 | PQ342267 | PQ342301 | PQ342335 PQ342369
22 P. x rhaetica 11 PQ255566 | PQ255600 | PQ255634 | PQ255668 | PQ342030 | PQ342064 | PQ342098 | PQ342132 | PQ342166 | PQ342200 | PQ342234 | PQ342268 | PQ342302 | PQ342336 PQ342370
23 P. x rhaetica 12 PQ255567 | PQ255601 | PQ255635 | PQ255669 | PQ342031 | PQ342065 | PQ342099 | PQ342133 | PQ342167 | PQ342201 | PQ342235 | PQ342269 | PQ342303 | PQ342337 PQ342371
24 P.mugo 1 PQ255568 | PQ255602 | PQ255636 | PQ255670 | PQ342032 | PQ342066 | PQ342100 | PQ342134 | PQ342168 | PQ342202 | PQ342236 | PQ342270 | PQ342304 | PQ342338 PQ342372
25 P. mugo 2 PQ255569 | PQ255603 | PQ255637 | PQ255671 | PQ342033 | PQ342067 | PQ342101 | PQ342135 | PQ342169 | PQ342203 | PQ342237 | PQ342271 | PQ342305 | PQ342339 PQ342373
26 P. mugo 3 PQ255570 | PQ255604 | PQ255638 | PQ255672 | PQ342034 | PQ342068 | PQ342102 | PQ342136 | PQ342170 | PQ342204 | PQ342238 | PQ342272 | PQ342306 | PQ342340 PQ342374
27 P. mugo 4 PQ255571 | PQ255605 | PQ255639 | PQ255673 | PQ342035 | PQ342069 | PQ342105 | PQ342139 | PQ342171 | PQ342205 | PQ342239 | PQ342273 | PQ342307 | PQ342343 PQ342375
28 P. uncinata 31 PQ255574 | PQ255608 | PQ255642 | PQ255676 | PQ342038 | PQ342072 | PQ342106 | PQ342140 | PQ342174 | PQ342208 | PQ342242 | PQ342276 | PQ342310 | PQ342344 PQ342378
29 P. uncinata 32 PQ255575 | PQ255609 | PQ255643 | PQ255677 | PQ342039 | PQ342073 | PQ342107 | PQ342141 | PQ342175 | PQ342209 | PQ342243 | PQ342277 | PQ342311 | PQ342345 PQ342379
30 P. sylvestris 30 PQ255576 | PQ255610 | PQ255644 | PQ255678 | PQ342040 | PQ342074 | PQ342108 | PQ342142 | PQ342176 | PQ342210 | PQ342244 | PQ342278 | PQ342312 | PQ342346 PQ342380
31 P. sylvestris 28 PQ255577 | PQ255611 | PQ255645 | PQ255679 | PQ342041 | PQ342075 | PQ342109 | PQ342143 | PQ342177 | PQ342211 | PQ342245 | PQ342279 | PQ342313 | PQ342347 PQ342381
32 P. sylvestris 29 PQ255578 | PQ255612 | PQ255646 | PQ255680 | PQ342042 | PQ342076 | PQ342110 | PQ342144 | PQ342178 | PQ342212 | PQ342246 | PQ342280 | PQ342314 | PQ342348 PQ342382




Table S9. List of accession numbers of complete chloroplast genes used in this study.
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1 accD PQ342383 | PQ342384 | PQ342385 | PQ165116 | PQ342386 | PQ342387 | MZ333466 | PQ165118 | PQ342388 PQ165119 PQ165117 | MZ333465 | PQ342389 | MZ333464 | PQ342390 | PQ342391
2 atpA PQ342708 | PQ342709 | PQ342710 | PQ165116 | PQ342711 | PQ342712 | MZ333466 | PQ165118 | PQ342713 PQ165119 PQ165117 | MZ333465 | PQ342714 | MZ333464 | PQ342715 | PQ342716
3 a th PQ342408 | PQ342409 | PQ342410 | PQI165116 | PQ342411 | PQ342412 | MZ333466 | PQ165118 | PQ342413 PQ165119 PQ165117 | MZ333465 | PQ342414 | MZ333464 | PQ342415 | PQ342416
4 atp F PQ342733 | PQ342734 | PQ342735 | PQI165116 | PQ342736 | PQ342737 | MZ333466 | PQ165118 | PQ342738 PQ165119 PQ165117 | MZ333465 | PQ342739 | MZ333464 | PQ342740 | PQ342741
5 atpH PQ342758 | PQ342759 | PQ342760 | PQ165116 | PQ342761 | PQ342762 | MZ333466 | PQ165118 | PQ342763 PQ165119 PQ165117 | MZ333465 | PQ342764 | MZ333464 | PQ342765 | PQ342766
6 ath PQ342558 | PQ342559 | PQ342560 | PQ165116 | PQ342561 | PQ342562 | MZ333466 | PQ165118 | PQ342563 PQ165119 PQ165117 | MZ333465 | PQ342564 | MZ333464 | PQ342565 PQ34256
7 CcsA PQ342783 | PQ342784 | PQ342785 | PQI165116 | PQ342786 | PQ342787 | MZ333466 | PQ165118 | PQ342788 PQ165119 PQ165117 | MZ333465 | PQ342789 | MZ333464 | PQ342790 | PQ342791
8 cemA PQ342808 | PQ342809 | PQ342810 | PQ165116 | PQ342811 | PQ342812 | MZ333466 | PQ165118 | PQ342813 PQ165119 PQ165117 | MZ333465 | PQ342814 | MZ333464 | PQ342815 | PQ342816
9 chlB PQ342833 | PQ342834 | PQ342835 | PQ165116 | PQ342836 | PQ342837 | MZ333466 | PQ165118 | PQ342838 PQ165119 PQ165117 | MZ333465 | PQ342839 | MZ333464 | PQ342840 | PQ342841
10 chlL PQ342858 | PQ342859 | PQ342860 | PQ165116 | PQ342861 | PQ342862 | MZ333466 | PQ165118 | PQ342863 PQ165119 PQ165117 | MZ333465 | PQ342864 | MZ333464 | PQ342865 | PQ342866
11 chIN PQ342883 | PQ342884 | PQ342885 | PQ165116 | PQ342886 | PQ342887 | MZ333466 | PQ165118 | PQ342888 PQ165119 PQ165117 | MZ333465 | PQ342889 | MZ333464 | PQ342890 | PQ342891
12 matK PQ342908 | PQ342909 | PQ342910 | PQ165116 | PQ342911 | PQ342912 | MZ333466 | PQ165118 | PQ342913 PQ165119 PQ165117 | MZ333465 | PQ342914 | MZ333464 | PQ342915 | PQ342916
13 pet A PQ342483 | PQ342484 | PQ342485 | PQ165116 | PQ342486 | PQ342487 | MZ333466 | PQ165118 | PQ342488 PQ165119 PQ165117 | MZ333465 | PQ342489 | MZ333464 | PQ342490 | PQ342491
14 pet B PQ342433 | PQ342434 | PQ342435 | PQ165116 | PQ342436 | PQ342437 | MZ333466 | PQ165118 | PQ342438 PQ165119 PQ165117 | MZ333465 | PQ342439 | MZ333464 | PQ342440 | PQ342441
15 pet D PQ342433 | PQ342434 | PQ342435 | PQ165116 | PQ342436 | PQ342437 | MZ333466 | PQ165118 | PQ342438 PQ165119 PQ165117 | MZ333465 | PQ342439 | MZ333464 | PQ342440 | PQ342441
16 petG PQ342933 | PQ342934 | PQ342935 | PQ165116 | PQ342936 | PQ342937 | MZ333466 | PQ165118 | PQ342938 PQ165119 PQ165117 | MZ333465 | PQ342939 | MZ333464 | PQ342940 | PQ342941
17 petN PQ342533 | PQ342534 | PQ342535 | PQ165116 | PQ342536 | PQ342537 | MZ333466 | PQ165118 | PQ342538 PQ165119 PQ165117 | MZ333465 | PQ342539 | MZ333464 | PQ342539 | PQ342539
18 psaB PQ342958 | PQ342959 | PQ342960 | PQ165116 | PQ342961 | PQ342962 | MZ333466 | PQ165118 | PQ342963 PQ165119 PQ165117 | MZ333465 | PQ342964 | MZ333464 | PQ342965 | PQ342966
19 psaC PQ342983 | PQ342984 | PQ342985 | PQ165116 | PQ342986 | PQ342987 | MZ333466 | PQ165118 | PQ342988 PQ165119 PQ165117 | MZ333465 | PQ342989 | MZ333464 | PQ342990 | PQ342991
20 psbB PQ343008 | PQ343009 | PQ343010 | PQ165116 | PQ343011 | PQ343012 | MZ333466 | PQ165118 | PQ343013 PQ165119 PQ165117 | MZ333465 | PQ343014 | MZ333464 | PQ343015 | PQ343016
21 PSbC PQ343033 | PQ343034 | PQ343035 | PQ165116 | PQ343036 | PQ343037 | MZ333466 | PQ165118 | PQ343038 PQ165119 PQ165117 | MZ333465 | PQ343039 | MZ333464 | PQ343040 | PQ343041
22 prD PQ343058 | PQ343059 | PQ343060 | PQ165116 | PQ343061 | PQ343062 | MZ333466 | PQ165118 | PQ343063 PQ165119 PQ165117 | MZ333465 | PQ343064 | MZ333464 | PQ343065 | PQ343066
23 prE PQ343083 | PQ343084 | PQ343085 | PQ165116 | PQ343086 | PQ343087 | MZ333466 | PQ165118 | PQ343088 PQ165119 PQ165117 | MZ333465 | PQ343089 | MZ333464 | PQ343090 | PQ343091
24 prF PQ343108 | PQ343109 | PQ343110 | PQ165116 | PQ343111 | PQ343112 | MZ333466 | PQ165118 | PQ343113 PQ165119 PQ165117 | MZ333465 | PQ343114 | MZ333464 | PQ343115 | PQ343116
25 prH PQ343133 | PQ343134 | PQ343135 | PQ165116 | PQ343136 | PQ343137 | MZ333466 | PQ165118 | PQ343138 PQ165119 PQ165117 | MZ333465 | PQ343139 | MZ333464 | PQ343140 | PQ343141
26 psbl PQ343158 | PQ343159 | PQ343160 | PQ165116 | PQ343161 | PQ343162 | MZ333466 | PQ165118 | PQ343163 PQ165119 PQ165117 | MZ333465 | PQ343164 | MZ333464 | PQ343165 | PQ343166
27 psb] PQ342483 | PQ342484 | PQ342485 | PQ165116 | PQ342486 | PQ342487 | MZ333466 | PQ165118 | PQ342488 PQ165119 PQ165117 | MZ333465 | PQ342489 | MZ333464 | PQ342490 | PQ342491
28 psb K PQ343183 | PQ343184 | PQ343185 | PQ165116 | PQ343186 | PQ343187 | MZ333466 | PQ165118 | PQ343188 PQ165119 PQ165117 | MZ333465 | PQ343189 | MZ333464 | PQ343190 | PQ343191
29 psb L PQ342483 | PQ342484 | PQ342485 | PQ165116 | PQ342486 | PQ342487 | MZ333466 | PQ165118 | PQ342488 PQ165119 PQ165117 | MZ333465 | PQ342489 | MZ333464 | PQ342490 | PQ342491
30 psb M PQ342608 | PQ342609 | PQ342610 | PQ165116 | PQ342611 | PQ342612 | MZ333466 | PQ165118 | PQ342613 PQ165119 PQ165117 | MZ333465 | PQ342614 | MZ333464 | PQ342615 | PQ342616
31 prN PQ343208 | PQ343209 | PQ343210 | PQ165116 | PQ343211 | PQ343212 | MZ333466 | PQ165118 | PQ343213 PQ165119 PQ165117 | MZ333465 | PQ343214 | MZ333464 | PQ343215 | PQ343216
32 psb T PQ343233 | PQ343234 | PQ343235 | PQ165116 | PQ343236 | PQ343237 | MZ333466 | PQ165118 | PQ343238 PQ165119 PQ165117 | MZ333465 | PQ343239 | MZ333464 | PQ343240 | PQ343241




33 psb Z PQ342508 | PQ342509 | PQ342510 | PQ165116 | PQ342511 PQ342512 | MZ333466 | PQ165118 | PQ342513 PQ165119 PQ165117 | MZ333465 | PQ342514 | MZ333464 | PQ342515 | PQ342516
34 rbcL PQ342408 | PQ342409 | PQ342410 | PQ165116 | PQ342411 PQ342412 | MZ333466 | PQ165118 | PQ342413 PQ165119 PQ165117 | MZ333465 | PQ342414 | MZ333464 | PQ342415 | PQ342416
35 rpl2 PQ343258 | PQ343259 | PQ343260 | PQ165116 | PQ343261 | PQ343262 | MZ333466 | PQ165118 | PQ343263 PQ165119 PQ165117 | MZ333465 | PQ343264 | MZ333464 | PQ343265 | PQ343266
36 rpl14 PQ343283 | PQ343284 | PQ343285 | PQ165116 | PQ343286 | PQ343287 | MZ333466 | PQ165118 | PQ343288 PQ165119 PQ165117 | MZ333465 | PQ343289 | MZ333464 | PQ343290 | PQ343291
37 rpll6 PQ343308 | PQ343309 | PQ343310 | PQ165116 | PQ343311 | PQ343312 | MZ333466 | PQ165118 | PQ343313 PQ165119 PQ165117 | MZ333465 | PQ343314 | MZ333464 | PQ343315 | PQ343316
38 rpl20 PQ343333 | PQ343334 | PQ343335 | PQ165116 | PQ343336 | PQ343337 | MZ333466 | PQ165118 | PQ343338 PQ165119 PQ165117 | MZ333465 | PQ343339 | MZ333464 | PQ343340 | PQ343341
39 rpl22 PQ343358 | PQ343359 | PQ343360 | PQ165116 | PQ343361 | PQ343362 | MZ333466 | PQ165118 | PQ343363 PQ165119 PQ165117 | MZ333465 | PQ343364 | MZ333464 | PQ343365 | PQ343366
40 rpl23 PQ343383 | PQ343384 | PQ343385 | PQ165116 | PQ343386 | PQ343387 | MZ333466 | PQ165118 | PQ343388 PQ165119 PQ165117 | MZ333465 | PQ343389 | MZ333464 | PQ343390 | PQ343391
41 rpl33 PQ343408 | PQ343409 | PQ343410 | PQ165116 | PQ343411 | PQ343412 | MZ333466 | PQ165118 | PQ343413 PQ165119 PQ165117 | MZ333465 | PQ343414 | MZ333464 | PQ343415 | PQ343416
42 rpl36 PQ343433 | PQ343434 | PQ343435 | PQ165116 | PQ343436 | PQ343437 | MZ333466 | PQ165118 | PQ343438 PQ165119 PQ165117 | MZ333465 | PQ343439 | MZ333464 | PQ343440 | PQ343441
43 rpoA PQ343458 | PQ343459 | PQ343460 | PQ165116 | PQ343461 | PQ343462 | MZ333466 | PQ165118 | PQ343463 PQ165119 PQ165117 | MZ333465 | PQ343464 | MZ333464 | PQ343465 | PQ343466
44 rpoB PQ342533 | PQ342534 | PQ342535 | PQ165116 | PQ342536 | PQ342537 | MZ333466 | PQ165118 | PQ342538 PQ165119 PQ165117 | MZ333465 | PQ342539 | MZ333464 | PQ342539 | PQ342539
45 rpoCI PQ343483 | PQ343484 | PQ343485 | PQ165116 | PQ343486 | PQ343487 | MZ333466 | PQ165118 | PQ343488 PQ165119 PQ165117 | MZ333465 | PQ343489 | MZ333464 | PQ343490 | PQ343491
46 TpOCZ PQ343508 | PQ343509 | PQ343510 | PQ165116 | PQ343511 PQ343512 | MZ333466 | PQ165118 | PQ343513 PQ165119 PQ165117 | MZ333465 | PQ343514 | MZ333464 | PQ343515 | PQ343516
47 TpSZ PQ342558 | PQ342559 | PQ342560 | PQ165116 | PQ342561 PQ342562 | MZ333466 | PQ165118 | PQ342563 PQ165119 PQ165117 | MZ333465 | PQ342564 | MZ333464 | PQ342565 PQ34256
48 rps3 PQ343533 | PQ343534 | PQ343535 | PQ165116 | PQ343536 | PQ343537 | MZ333466 | PQ165118 | PQ343538 PQ165119 PQ165117 | MZ333465 | PQ343539 | MZ333464 | PQ343540 | PQ343541
49 rps4 PQ343558 | PQ343559 | PQ343560 | PQ165116 | PQ343561 PQ343562 | MZ333466 | PQ165118 | PQ343563 PQ165119 PQ165117 | MZ333465 | PQ343564 | MZ333464 | PQ343565 | PQ343566
50 rps7 PQ343583 | PQ343584 | PQ343585 | PQ165116 | PQ343586 | PQ343587 | MZ333466 | PQ165118 | PQ343588 PQ165119 PQ165117 | MZ333465 | PQ343589 | MZ333464 | PQ343590 | PQ343591
51 rpsl1l PQ343608 | PQ343609 | PQ343610 | PQ165116 | PQ343611 | PQ343612 | MZ333466 | PQ165118 | PQ343613 PQ165119 PQ165117 | MZ333465 | PQ343614 | MZ333464 | PQ343615 | PQ343616
52 rps14 PQ343633 | PQ343634 | PQ343635 | PQ165116 | PQ343636 | PQ343637 | MZ333466 | PQ165118 | PQ343638 PQ165119 PQ165117 | MZ333465 | PQ343639 | MZ333464 | PQ343640 | PQ343641
53 rpsl5 PQ343658 | PQ343659 | PQ343660 | PQ165116 | PQ343661 | PQ343662 | MZ333466 | PQ165118 | PQ343663 PQ165119 PQ165117 | MZ333465 | PQ343664 | MZ333464 | PQ343665 | PQ343666
54 rps18 PQ343683 | PQ343684 | PQ343685 | PQ165116 | PQ343686 | PQ343687 | MZ333466 | PQ165118 | PQ343688 PQ165119 PQ165117 | MZ333465 | PQ343689 | MZ333464 | PQ343690 | PQ343691
55 rps] 9 PQ343708 | PQ343709 | PQ343710 | PQ165116 | PQ343711 PQ343712 | MZ333466 | PQ165118 | PQ343713 PQ165119 PQ165117 | MZ333465 | PQ343714 | MZ333464 | PQ343715 | PQ343716
56 yef3 PQ342658 | PQ342659 | PQ342660 | PQ165116 | PQ342661 | PQ342662 | MZ333466 | PQ165118 | PQ342663 PQ165119 PQ165117 | MZ333465 | PQ342664 | MZ333464 | PQ342665 | PQ342666
57 ny4 PQ343733 | PQ343734 | PQ343735 | PQ165116 | PQ343736 | PQ343737 | MZ333466 | PQ165118 | PQ343738 PQ165119 PQ165117 | MZ333465 | PQ343739 | MZ333464 | PQ343740 | PQ343741
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1 accD PQ342392 PQ342393 PQ342394 PQ342395 PQ342396 PQ342397 PQ342398 PQ342399 PQ342400 PQ342401 PQ342402 PQ342403 PQ342404 PQ342405 PQ342406 PQ342407
2 atp A PQ342717 | PQ342718 PQ342719 PQ342720 PQ342721 PQ342722 PQ342723 PQ342724 PQ342725 PQ342726 PQ342727 | PQ342728 PQ342729 PQ342730 PQ342731 PQ3427232
3 ath PQ342417 | PQ342418 PQ342419 PQ342420 PQ342421 PQ342422 PQ342423 PQ342424 PQ342425 PQ342426 PQ342427 | PQ342428 PQ342429 PQ342430 PQ342431 PQ342432
4 ath PQ342742 PQ342743 PQ342744 PQ342745 PQ342746 PQ342747 PQ342748 PQ342749 PQ342750 PQ342751 PQ342752 PQ342753 PQ342754 PQ342755 PQ342756 PQ342757
5 atp H PQ342767 | PQ342768 PQ342769 PQ342770 PQ342771 PQ342772 PQ342773 PQ342774 PQ342775 PQ342776 PQ342777 | PQ342778 PQ342779 PQ342780 PQ342781 PQ342782
6 atp [ PQ342567 | PQ342568 PQ342569 PQ342570 PQ342571 PQ342572 PQ342573 PQ342574 PQ342575 PQ342576 PQ342577 | PQ342578 PQ342579 PQ342580 PQ342581 PQ342582
7 ccsA PQ342792 PQ342793 PQ342794 PQ342795 PQ342796 PQ342797 PQ342798 PQ342799 PQ342800 PQ342801 PQ342802 PQ342803 PQ342804 PQ342805 PQ342806 PQ342807




8 cemA PQ342817 | PQ342818 PQ342819 PQ342820 | PQ342821 | PQ342822 PQ342823 PQ342824 | PQ342825 | PQ342826 | PQ342827 | PQ342828 | PQ342829 | PQ342830 | PQ342831 PQ342832
9 chiB PQ342842 | PQ342843 PQ342844 PQ342845 | PQ342846 | PQ342847 PQ342848 PQ342849 | PQ342850 | PQ342851 | PQ342852 | PQ342853 | PQ342854 | PQ342855 | PQ342856 PQ342857
10 chiL PQ342867 | PQ342868 PQ342869 PQ342870 | PQ342871 | PQ342872 PQ342873 PQ342874 | PQ342875 | PQ342876 | PQ342877 | PQ342878 | PQ342879 | PQ342880 | PQ342881 PQ342882
11 chIN PQ342892 | PQ342893 PQ342894 PQ342895 | PQ342896 | PQ342897 PQ342898 PQ342899 | PQ342900 | PQ342901 | PQ342902 | PQ342903 | PQ342904 | PQ342905 | PQ342906 PQ342907
12 matK PQ342917 | PQ342918 PQ342919 PQ342920 | PQ342921 | PQ342922 PQ342923 PQ342924 | PQ342925 | PQ342926 | PQ342927 | PQ342928 | PQ342929 | PQ342930 | PQ342931 PQ342932
13 petA PQ342492 | PQ342493 PQ342494 PQ342495 | PQ342496 | PQ342497 PQ342498 PQ342499 | PQ342500 | PQ342501 | PQ342502 | PQ342503 | PQ342504 | PQ342505 | PQ342506 PQ342507
14 petB PQ342442 | PQ342443 PQ342444 PQ342445 | PQ342446 | PQ342447 PQ342448 PQ342449 | PQ342450 | PQ342451 | PQ342452 | PQ342453 | PQ342454 | PQ342455 | PQ342456 PQ342457
15 petD PQ342442 | PQ342443 PQ342444 PQ342445 | PQ342446 | PQ342447 PQ342448 PQ342449 | PQ342450 | PQ342451 | PQ342452 | PQ342453 | PQ342454 | PQ342455 | PQ342456 PQ342457
16 petG PQ342942 | PQ342943 PQ342944 PQ342945 | PQ342946 | PQ342947 PQ342948 PQ342949 | PQ342950 | PQ342951 | PQ342952 | PQ342953 | PQ342954 | PQ342955 | PQ342956 PQ342957
17 petN PQ342542 | PQ342543 PQ342544 PQ342545 | PQ342546 | PQ342547 PQ342548 PQ342549 | PQ342550 | PQ342551 | PQ342552 | PQ342553 | PQ342554 | PQ342555 | PQ342556 PQ342557
18 psaB PQ342967 | PQ342968 PQ342969 PQ342970 | PQ342971 | PQ342972 PQ342973 PQ342974 | PQ342975 | PQ342976 | PQ342977 | PQ342978 | PQ342979 | PQ342980 | PQ342981 PQ342982
19 psaC PQ342992 | PQ342993 PQ342994 PQ342995 | PQ342996 | PQ342997 PQ342998 PQ342999 | PQ343000 | PQ343001 | PQ343002 | PQ343003 | PQ343004 | PQ343005 | PQ343006 PQ343007
20 psbB PQ343017 | PQ343018 PQ343019 PQ343020 | PQ343021 | PQ343022 PQ343023 PQ343024 | PQ343025 | PQ343026 | PQ343027 | PQ343028 | PQ343029 | PQ343030 | PQ343031 PQ343032
21 psbC PQ343042 | PQ343043 PQ343044 PQ343045 | PQ343046 | PQ343047 PQ343048 PQ343049 | PQ343050 | PQ343051 | PQ343052 | PQ343053 | PQ343054 | PQ343055 | PQ343056 PQ343057
22 psbD PQB343067 | PQ343068 PQ343069 PQ343070 | PQ343071 | PQ343072 PQ343073 PQ343074 | PQ343075 | PQ343076 | PQ343077 | PQ343078 | PQ343079 | PQ343080 | PQ343081 PQ343082
23 psbE PQ343092 | PQ343093 PQ343094 PQ343095 | PQ343096 | PQ343097 PQ343098 PQ343099 | PQ343100 | PQ343101 | PQ343102 | PQ343103 | PQ343104 | PQ343105 | PQ343106 PQ343107
24 psbF PQ343117 | PQ343118 PQ343119 PQ343120 | PQ343121 | PQ343122 PQ343123 PQ343124 | PQ343125 | PQ343126 | PQ343127 | PQ343128 | PQ343129 | PQ343130 | PQ343131 PQ343132
25 psbH PQ343142 | PQ343144 PQ343145 PQ343146 | PQ343147 | PQ343148 PQ343149 PQ343150 | PQ343151 | PQ343151 | PQ343152 | PQ343153 | PQ343154 | PQ343155 | PQ343156 PQ343157
26 psbl PQ343167 | PQ343168 PQ343169 PQ343170 | PQ343171 | PQ343172 PQ343173 PQ343174 | PQ343175 | PQ343176 | PQ343177 | PQ343178 | PQ343179 | PQ343180 | PQ343181 PQ343182
27 psb] PQ342492 | PQ342493 PQ342494 PQ342495 | PQ342496 | PQ342497 PQ342498 PQ342499 | PQ342500 | PQ342501 | PQ342502 | PQ342503 | PQ342504 | PQ342505 | PQ342506 PQ342507
28 psbK PQ343192 | PQ343193 PQ34319%4 PQ343195 | PQ343196 | PQ343197 PQ343198 PQ343199 | PQ343200 | PQ343201 | PQ343202 | PQ343203 | PQ343204 | PQ343205 | PQ343206 PQ343207
29 psbL PQ342492 | PQ342493 PQ342494 PQ342495 | PQ342496 | PQ342497 PQ342498 PQ342499 | PQ342500 | PQ342501 | PQ342502 | PQ342503 | PQ342504 | PQ342505 | PQ342506 PQ342507
30 psbM PQ342617 | PQ342618 PQ342619 PQ342620 | PQ342621 | PQ342622 PQ342623 PQ342624 | PQ342625 | PQ342626 | PQ342627 | PQ342628 | PQ342629 | PQ342630 | PQ342631 PQ342632
31 psbN PQ343217 | PQ343218 PQ343219 PQ343220 | PQ343221 | PQ343222 PQ343223 PQ343224 | PQ343225 | PQ343226 | PQ343227 | PQ343228 | PQ343229 | PQ343230 | PQ343231 PQ3432232
32 psbT PQ343242 | PQ343243 PQ343244 PQ343245 | PQ343246 | PQ343247 PQ343248 PQ343249 | PQ343250 | PQ343251 | PQ343252 | PQ343253 | PQ343254 | PQ343255 | PQ343256 PQ343257
33 psbZ PQ342517 | PQ342518 PQ342519 PQ342520 | PQ342521 | PQ342522 PQ342523 PQ342524 | PQ342525 | PQ342526 | PQ342527 | PQ342528 | PQ342529 | PQ342530 | PQ342531 PQ342532
34 rbcL PQ342417 | PQ342418 PQ342419 PQ342420 | PQ342421 | PQ342422 PQ342423 PQ342424 | PQ342425 | PQ342426 | PQ342427 | PQ342428 | PQ342429 | PQ342430 | PQ342431 PQ342432
35 rpl2 PQ343267 | PQ343268 PQ343269 PQ343270 | PQ343271 | PQ343272 PQ343273 PQ343274 | PQ343275 | PQ343276 | PQ343277 | PQ343278 | PQ343279 | PQ343280 | PQ343281 PQ343282
36 rpl14 PQ343292 | PQ343293 PQ343294 PQ343295 | PQ343296 | PQ343297 PQ343298 PQ343299 | PQ343300 | PQ343301 | PQ343302 | PQ343303 | PQ343304 | PQ343305 | PQ343306 PQ343307
37 rpll6 PQ343317 | PQ343318 PQ343319 PQ343320 | PQ343321 | PQ343322 PQ343323 PQ343324 | PQ343325 | PQ343326 | PQ343327 | PQ343328 | PQ343329 | PQ343330 | PQ343331 PQ343332
38 rpl20 PQ343342 | PQ343343 PQ343344 PQ343345 | PQ343346 | PQ343347 PQ343348 PQ343349 | PQ343350 | PQ343351 | PQ343352 | PQ343353 | PQ343354 | PQ343355 | PQ343356 PQ343357
39 rpl22 PQB43367 | PQ343368 PQ343369 PQ343370 | PQ343371 | PQ343372 PQ343373 PQ343374 | PQ343375 | PQ343376 | PQ343377 | PQ343378 | PQ343379 | PQ343380 | PQ343381 PQ34332

40 rpl23 PQ343392 | PQ343393 PQ343394 PQ343395 | PQ343396 | PQ343397 PQ343398 PQ343399 | PQ343400 | PQ343401 | PQ343402 | PQ343403 | PQ343404 | PQ343405 | PQ343406 PQ343407
41 rpl33 PQ343417 | PQ343418 PQ343419 PQ343420 | PQ343421 | PQ343422 PQ343423 PQ343424 | PQ343425 | PQ343426 | PQ343427 | PQ343428 | PQ343429 | PQ343430 | PQ343431 PQ343432
42 rpl36 PQ343442 | PQ343443 PQ343444 PQ343445 | PQ343446 | PQ343447 PQ343448 PQ343449 | PQ343450 | PQ343451 | PQ343452 | PQ343453 | PQ343454 | PQ343455 | PQ343456 PQ343457
43 rpoA PQ343467 | PQ343468 PQ343469 PQ343470 | PQ343471 | PQ343472 PQ343473 PQ343474 | PQ343475 | PQ343476 | PQ343477 | PQ343478 | PQ343479 | PQ343480 | PQ343481 PQ343482
44 rpoB PQ342542 | PQ342543 PQ342544 PQ342545 | PQ342546 | PQ342547 PQ342548 PQ342549 | PQ342550 | PQ342551 | PQ342552 | PQ342553 | PQ342554 | PQ342555 | PQ342556 PQ342557
45 rpoC1 PQ343492 | PQ343493 PQ343494 PQ343495 | PQ343496 | PQ343497 | PQ3434938 | PQ343499 | PQ343500 | PQ343501 | PQ343502 | PQ343503 | PQ343504 | PQ343505 | PQ343506 PQ343507
46 rpoC2 PQ343517 | PQ343518 PQ343519 PQ343520 | PQ343521 | PQ343522 PQ343523 PQ343524 | PQ343525 | PQ343526 | PQ343527 | PQ343528 | PQ343529 | PQ343530 | PQ343531 PQ343532
47 rps2 PQ342567 | PQ342568 PQ342569 PQ342570 | PQ342571 | PQ342572 PQ342573 PQ342574 | PQ342575 | PQ342576 | PQ342577 | PQ342578 | PQ342579 | PQ342580 | PQ342581 PQ342582




48 rps3 PQ343542 | PQ343543 PQ343544 PQ343545 | PQ343546 | PQ343547 PQ343548 PQ343549 | PQ343550 | PQ343551 | PQ343552 | PQ343553 | PQ343554 | PQ343555 | PQ343556 PQ343557
49 rps4 PQ343567 | PQ343568 PQ343569 PQ343570 | PQ343571 | PQ343572 PQ343573 PQ343574 | PQ343575 | PQ343576 | PQ343577 | PQ343578 | PQ343579 | PQ343580 | PQ343581 PQ343582
50 rps7 PQ343592 | PQ343593 PQ3435%4 PQ343595 | PQ343596 | PQ343597 PQ343598 PQ343599 | PQ343600 | PQ343601 | PQ343602 | PQ343603 | PQ343604 | PQ343605 | PQ343606 PQ343607
51 rps1l PQ343617 | PQ343618 PQ343619 PQ343620 | PQ343621 | PQ343622 PQ343623 PQ343624 | PQ343625 | PQ343626 | PQ343627 | PQ343628 | PQ343629 | PQ343630 | PQ343631 PQ343632
52 rps14 PQ343642 | PQ343643 PQ343644 PQ343645 | PQ343646 | PQ343647 PQ343648 PQ343649 | PQ343650 | PQ343651 | PQ343652 | PQ343653 | PQ343654 | PQ343655 | PQ343656 PQ343657
53 rps15 PQ343667 | PQ343668 PQ343669 PQ343670 | PQ343671 | PQ343672 PQ343673 PQ343674 | PQ343675 | PQ343676 | PQ343677 | PQ343678 | PQ343679 | PQ343680 | PQ343681 PQ343682
54 rps18 PQ343692 | PQ343693 PQ343694 PQ343695 | PQ343696 | PQ343697 PQ343698 PQ343699 | PQ343700 | PQ343701 | PQ343702 | PQ343703 | PQ343704 | PQ343705 | PQ343706 PQ343707
55 rps19 PQ343717 | PQ343718 PQ343719 PQ343720 | PQ343721 | PQ343722 PQ343723 PQ343724 | PQ343725 | PQ343726 | PQ343727 | PQ343728 | PQ343729 | PQ343730 | PQ343731 PQ343732
56 yef3 PQB42667 | PQ342668 PQ342669 PQ342670 | PQ342671 | PQ342672 PQ342673 PQ342674 | PQ342675 | PQ342676 | PQ342677 | PQ342678 | PQ342679 | PQ342680 | PQ342681 PQ342682
57 ycf4 PQ343742 | PQ343743 PQ343744 PQ343745 | PQ343746 | PQ343747 PQ343748 PQ343749 | PQ343750 | PQ343751 | PQ343752 | PQ343753 | PQ343754 | PQ343755 | PQ343756 PQ343757




Table S10. List of accession numbers of plastid intergenic regions used in this study.

No.
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Q Q ] 3 3 2 3 Ty 5y 5y B B 5 -5 $ 8
= = = s s s g = = = = = S 2 % N;
x x x oy R R & = = = = = S =S @ 2
Intergenic ~ ~ A - A A &~ B ~ A ~ ~
spacer
1 accD-psal PQ342383 | PQ342384 | PQ342385 | PQ165116 | PQ342386 | PQ342387 | MZ333466 | PQ165118 | PQ342388 | PQ165119 | PQ165117 | MZ333465 | PQ342389 | MZ333464 | PQ342390 | PQ342391
2 rps2-atpl PQ342558 | PQ342559 | PQ342560 | PQ165116 | PQ342561 | PQ342562 | MZ333466 | PQ165118 | PQ342563 | PQ165119 | PQ165117 | MZ333465 | PQ342564 | MZ333464 | PQ342565 PQ34256
3 clpP-rps12 PQ343758 | PQ343759 | PQ343760 | PQ165116 | PQ343761 | PQ343762 | MZ333466 | PQ165118 | PQ343763 | PQ165119 | PQ165117 | MZ333465 | PQ343764 | MZ333464 | PQ343765 | PQ343766
4 pgtB_pgtD PQ342433 | PQ342434 | PQ342435 | PQ165116 | PQ342436 | PQ342437 | MZ333466 | PQ165118 | PQ342438 | PQ165119 | PQ165117 | MZ333465 | PQ342439 | MZ333464 | PQ342440 | PQ342441
5 psaM-trnS PQ342458 | PQ342459 | PQ342460 | PQ165116 | PQ342461 | PQ342462 | MZ333466 | PQ165118 | PQ342463 | PQ165119 | PQ165117 | MZ333465 | PQ342464 | MZ333464 | PQ342465 | PQ342466
6 psb]-petA PQ342483 | PQ342484 | PQ342485 | PQ165116 | PQ342486 | PQ342487 | MZ333466 | PQ165118 | PQ342488 | PQ165119 | PQ165117 | MZ333465 | PQ342489 | MZ333464 | PQ342490 | PQ342491
7 psbL-psb] PQ342483 | PQ342484 | PQ342485 | PQ165116 | PQ342486 | PQ342487 | MZ333466 | PQ165118 | PQ342488 | PQ165119 | PQ165117 | MZ333465 | PQ342489 | MZ333464 | PQ342490 | PQ342491
8 trnS-psbZ PQ342508 | PQ342509 | PQ342510 | PQ165116 | PQ342511 | PQ342512 | MZ333466 | PQ165118 | PQ342513 | PQ165119 | PQ165117 | MZ333465 | PQ342514 | MZ333464 | PQ342515 | PQ342516
9 atpB-rbcL PQ342408 | PQ342409 | PQ342410 | PQ165116 | PQ342411 | PQ342412 | MZ333466 | PQ165118 | PQ342413 | PQ165119 | PQ165117 | MZ333465 | PQ342414 | MZ333464 | PQ342415 | PQ342416
10 rpoB-trnC PQ342533 | PQ342534 | PQ342535 | PQ165116 | PQ342536 | PQ342537 | MZ333466 | PQ165118 | PQ342538 | PQ165119 | PQ165117 | MZ333465 | PQ342539 | MZ333464 | PQ342539 | PQ342539
11 rrnd.5-rrnb PQ342583 | PQ342584 | PQ342585 | PQ165116 | PQ342586 | PQ342587 | MZ333466 | PQ165118 | PQ342588 | PQ165119 | PQ165117 | MZ333465 | PQ342589 | MZ333464 | PQ342590 | PQ342591
12 trnC-pgtN PQ342533 | PQ342534 | PQ342535 | PQ165116 | PQ342536 | PQ342537 | MZ333466 | PQ165118 | PQ342538 | PQ165119 | PQ165117 | MZ333465 | PQ342539 | MZ333464 | PQ342539 | PQ342539
13 trnD-pst PQ342608 | PQ342609 | PQ342610 | PQ165116 | PQ342611 | PQ342612 | MZ333466 | PQ165118 | PQ342613 | PQ165119 | PQ165117 | MZ333465 | PQ342614 | MZ333464 | PQ342615 | PQ342616
14 trnE-clpP PQ343758 | PQ343759 | PQ343760 | PQ165116 | PQ343761 | PQ343762 | MZ333466 | PQ165118 | PQ343763 | PQ165119 | PQ165117 | MZ333465 | PQ343764 | MZ333464 | PQ343765 | PQ343766
15 trnL-trnF PQ343783 | PQ343784 | PQ343785 | PQl65116 | PQ343786 | PQ343787 | MZ333466 | PQ165118 | PQ343788 | PQ165119 | PQ165117 | MZ333465 | PQ343789 | MZ333464 | PQ343790 | PQ343791
16 trnM-ndhC PQ342633 | PQ342634 | PQ342635 | PQ165116 | PQ342636 | PQ342637 | MZ333466 | PQ165118 | PQ342638 | PQ165119 | PQ165117 | MZ333465 | PQ342639 | MZ333464 | PQ342640 | PQ342641
17 trnS-png PQ342683 | PQ342684 | PQ342685 | PQ165116 | PQ342686 | PQ342687 | MZ333466 | PQ165118 | PQ342688 | PQ165119 | PQ165117 | MZ333465 | PQ342689 | MZ333464 | PQ342690 | PQ342691
18 ycf3-psaA PQ342658 | PQ342659 | PQ342660 | PQ165116 | PQ342661 | PQ342662 | MZ333466 | PQ165118 | PQ342663 | PQ165119 | PQ165117 | MZ333465 | PQ342664 | MZ333464 | PQ342665 | PQ342666
No. Taxa © ITe) © N I3} <t T} o ) < © ~ © o o —
IS S\ N [\ — — — S\ IS\ N — — — — I3 o~
2 S S s s s s s s s s s s s s s
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Intergenic g = = = = = = = = = = = = = = =
spacer
1 ach—psaI PQ34239 PQ34239 PQ342394 | PQ342395 | PQ342396 | PQ342397 | PQ342398 | PQ342399 | PQ342400 | PQ342401 | PQ342402 | PQ342403 | PQ342404 | PQ342405 | PQ342406 PQ342407
2 3
2 rpsZ—ath PQ34256 PQ34256 PQ342569 | PQ342570 | PQ342571 | PQ342572 | PQ342573 | PQ342574 | PQ342575 | PQ342576 | PQ342577 | PQ342578 | PQ342579 | PQ342580 | PQ342581 PQ342582
7 8
3 clpP-rps12 PQ34376 PQ34376 PQ343769 | PQ343770 | PQ343771 | PQ343772 | PQ343773 | PQ343774 | PQ343775 | PQ343776 | PQ343777 | PQ343778 | PQ343779 | PQ343780 | PQ343781 PQ343782
7 8




4 petB-petD PQ34244 PQ34244 | PQ342444 | PQ342445 | PQ342446 | PQ342447 | PQ342448 | PQ342449 | PQ342450 | PQ342451 | PQ342452 | PQ342453 | PQ342454 | PQ342455 | PQ342456 PQ342457
2 3

5 psaM-trnS PQ34246 PQ34246 | PQ342469 | PQ342470 | PQ342471 | PQ342472 | PQ342473 | PQ342474 | PQ342475 | PQ342476 | PQ342477 | PQ342478 | PQ342479 | PQ342480 | PQ342481 PQ342482
7 8

6 psb]-petA PQ34249 PQ34249 | PQ342494 | PQ342495 | PQ342496 | PQ342497 | PQ342498 | PQ342499 | PQ342500 | PQ342501 | PQ342502 | PQ342503 | PQ342504 | PQ342505 | PQ342506 PQ342507
2 3

7 psbL-psb] PQ34249 PQ34249 | PQ342494 | PQ342495 | PQ342496 | PQ342497 | PQ342498 | PQ342499 | PQ342500 | PQ342501 | PQ342502 | PQ342503 | PQ342504 | PQ342505 | PQ342506 PQ342507
2 3

8 trnS-psbZ PQ34251 PQ34251 PQ342519 | PQ342520 | PQ342521 | PQ342522 | PQ342523 | PQ342524 | PQ342525 | PQ342526 | PQ342527 | PQ342528 | PQ342529 | PQ342530 | PQ342531 PQ342532
7 8

9 atpB-rbcL PQ34241 PQ34241 PQ342419 | PQ342420 | PQ342421 | PQ342422 | PQ342423 | PQ342424 | PQ342425 | PQ342426 | PQ342427 | PQ342428 | PQ342429 | PQ342430 | PQ342431 PQ342432
7 8

10 rpoB-trnC PQ34254 PQ34254 | PQ342544 | PQ342545 | PQ342546 | PQ342547 | PQ342548 | PQ342549 | PQ342550 | PQ342551 | PQ342552 | PQ342553 | PQ342554 | PQ342555 | PQ342556 PQ342557
2 3

11 rrn4.5-rrn5 PQ34259 PQ34259 | PQ342594 | PQ342595 | PQ342596 | PQ342597 | PQ342598 | PQ342599 | PQ342600 | PQ342601 | PQ342602 | PQ342603 | PQ342604 | PQ342605 | PQ342606 PQ342607
2 3

12 trnC-petN PQ34254 PQ34254 | PQ342544 | PQ342545 | PQ342546 | PQ342547 | PQ342548 | PQ342549 | PQ342550 | PQ342551 | PQ342552 | PQ342553 | PQ342554 | PQ342555 | PQ342556 PQ342557
2 3

13 trnD-psbM PQ34261 PQ34261 PQ342619 | PQ342620 | PQ342621 | PQ342622 | PQ342623 | PQ342624 | PQ342625 | PQ342626 | PQ342627 | PQ342628 | PQ342629 | PQ342630 | PQ342631 PQ342632
7 8

14 trnE-clpP PQ34376 PQ34376 | PQ343769 | PQ343770 | PQ343771 | PQ343772 | PQ343773 | PQ343774 | PQ343775 | PQ343776 | PQ343777 | PQ343778 | PQ343779 | PQ343780 | PQ343781 PQ343782
7 8

15 trnL-trnF PQ34379 PQ34379 | PQ343794 | PQ343795 | PQ343796 | PQ343797 | PQ343798 | PQ343799 | PQ343800 | PQ343801 | PQ343802 | PQ343803 | PQ343804 | PQ343805 | PQ343806 PQ343807
2 3

16 trnM-ndhC PQ34264 PQ34264 | PQ342644 | PQ342645 | PQ342646 | PQ342647 | PQ342648 | PQ342649 | PQ342650 | PQ342651 | PQ342652 | PQ342653 | PQ342654 | PQ342655 | PQ342656 PQ342657
2 3

17 trnS-psaM PQ34269 PQ34269 | PQ342694 | PQ342695 | PQ342696 | PQ342697 | PQ342698 | PQ342699 | PQ342700 | PQ342701 | PQ342702 | PQ342703 | PQ342704 | PQ342705 | PQ342706 PQ342707
2 3

18 ycf3-psaA PQ34266 PQ34266 | PQ342669 | PQ342670 | PQ342671 | PQ342672 | PQ342673 | PQ342674 | PQ342675 | PQ342676 | PQ342677 | PQ342678 | PQ342679 | PQ342680 | PQ342681 PQ342682
7 8




W niniejszej rozprawie doktorskiej po raz pierwszy dokonano szczegdlowej analizy
porownawczej kompletnych sekwencji genomow chloroplastowych trzech glownych
przedstawicieli kompleksu Pinus mugo, tj. Pinus mugo, P. rotundata i P. uncinata. WynikKi
ukazaly wysoka konserwatywno$¢ genomow chloroplastowych pod wzgledem dhugosci,
struktury 1 liczby genow. Analiza poréwnawcza kompletnych plastoméw ujawnita
wystepowanie  kilku wysoce zmiennych rejonow  (tzw. hotspotow) oraz loci
mikrosatelitarnych, potencjalnie przydatnych do identyfikacji poszczegdlnych taksonow
z kompleksu Pinus mugo. Wnioskowanie filogenetyczne potwierdzito bliskie relacje
genetyczne pomigdzy analizowanymi taksonami i wykazalo, ze sosny z kompleksu Pinus
mugo tworzg jedng odrgbng grupe w obrebie rodzaju Pinus z silnym wsparciem.

Wyodrebnione sekwencje jadrowego regionu ITS2 (ang. Internal Transcribed Spacer 2)
postuzyly do oceny jego przydatno$ci do dyskryminacji taksonéw drzew iglastych
i wnioskowania filogenetycznego u Pinaceae, w tym takze dla kompleksu Pinus mugo.
Pomimo iz, ITS2 posiada cechy idealnego regionu barkodowego DNA, to jego przydatnos¢
do rozrdzniania taksonow wsrod rodziny Pinaceae jest mocno ograniczona. Wykazano, ze
warto$ci podstawowych parametrow opisujacych zmienno$¢ genetyczng byly najnizsze na
poziomie blisko spokrewnionych taksonéw, tj. kompleksu Pinus mugo, u ktorego nie
zaobserwowano zadnej zmienno$ci w obrebie analizowanej sekwencji, a najwyzsze na
poziomie rodziny. Skuteczna identyfikacja taksonow w rodzinie Pinaceae z wykorzystaniem
regionu ITS2 jest mozliwa wylacznie dla tych taksondow, ktore sa filogenetycznie odlegle
I reprezentuja raczej odmienne rodzaje niz gatunki.

Na podstawie wynikow uzyskanych przez analiz¢ siedmiu wygenerowanych zestawow
sekwencji  nukleotydowych  pochodzacych z  trzech genomdéw  organellowych,
wywnioskowano, ze nazwa Pinus * rhaetica nie powinna by¢ uzywana jako synonim Pinus
uliginosa i Pinus rotundata, poniewaz rézni si¢ 0od nich znacznie pod wzgledem genetycznym
i najprawdopodobniej jest mieszancem lub introgresantem, pomigdzy Pinus sylvestris i Pinus
mugo, jak postulowaty niektore wczesniejsze badania. Co wigcej, Pinus uliginosa i Pinus
rotundata, pomimo réznych nazw, pochodzenia i historii populacji, posiadaja zblizone tto
genetyczne, ktore jest prawdopodobnie ksztaltowane przez presje srodowiskowa i1 adaptacje
do zajmowanego przez nie siedliska. Pinus uncinata stanowi wyraznie odrebny klad
w obrebie kompleksu Pinus mugo w wiekszosci zastosowanych metod i zestawoéw danych

genetycznych. Analiza zréznicowania genetycznego na poziomie populacji pozwala na
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wyrazne rozroznienie populacji i taksonéw z kompleksu Pinus mugo od Pinus sylvestris
I Pinus x rhaetica.

Podsumowujac, zastosowanie sekwencjonowania nowej generacji (ang. next-generation
sequencing, NGS) i metody przeczesywania genomu (ang. genome skimming) umozliwito
uzyskanie bardzo duzej ilosci danych sekwencyjnych, ktore pozwolily na wieloregionowsa
i wielogenomowa charakterystyke zmiennosci w obrebie kompleksu Pinus mugo. Wyniki
uzyskane przy pomocy tej metody zwickszajag wiedzg na temat roznorodnosci genetycznej,
jak rowniez filogenezy kompleksu Pinus mugo i zapewniaja cenng genomiczng podstawe dla
przysztych badan nad historig ewolucji 1 ochrong tej wysoce polimorficznej grupy, a takze
rodziny Pinaceae. Wskazujg rowniez, ktore regiony moga by¢ przydatne w poszukiwaniu
diagnostycznych markerow DNA dla przedstawicieli kompleksu Pinus mugo i wyznaczaja

punkt odniesienia w ochronie zasobow genetycznych jego zagrozonych taksonow.
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Mgr Joanna Sikora przygotowujgc powyzsza publikacje, zaplanowata metodologie, zebrala
material badawczy i przeprowadzita eksperymenty laboratoryjne, przeprowadzita analizy
danych i dokonala interpretacji wynikow, brata udzial w zlozeniu kompletnych sekwencji
ITS2 przedstawicieli kompleksu Pinus mugo, przestala kompletne sekwencje ITS2 do
GenBank, zredagowala manuskrypt, wspoldziatata przy jego korekcie i odpowiedzi na
recenzje.

Moj wkiad w powstanie artykutu polegat na koordynacji pracy doktorantki, w tym udziale
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Mgr Joanna Sikora przygotowujac powyzszg publikacje, zaplanowata badania, zebrata
material badawczy, wykonala wigkszos¢ eksperymentow laboratoryjnych, przeprowadzita
analizy danych, zinterpretowata wyniki, zlozyta kompletne sekwencje pochodzace z genomu
chloroplastowego, mitochondrialnego i jadrowego przedstawicieli kompleksu Pinus mugo,
przesfata kompletne sekwencje do GenBank, zredagowala manuskrypt, brata udziat w jego
korekcie 1 odpowiedzi na recenzje.
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Oswiadczenie okreslajgce wklad wspolautorow w powstanie artykulu

Niniejszym os$wiadczam, ze jestem wspétautorem artykutu, bedacego czescig cyklu
publikacji, wchodzacych w sktad rozprawy doktorskiej mgr Joanny Sikory:

Sokotowska, J.; Fuchs, H.; Celinski, K. New Insight into Taxonomy of European Mountain
Pines, Pinus mugo Complex, Based on Complete Chloroplast Genomes Sequencing. Plants
2021, 10, 1331. https://doi.org/10.3390/plants10071331.

Mgr Joanna Sikora przygotowujac powyzsza publikacje, zaplanowata badania i opracowata
metodologi¢, zebrala material badawczy, wykonata wigkszo$¢ eksperymentow
laboratoryjnych, przeprowadzila analizy danych i interpretacje wynikoéw, wspoldziatata
w zlozeniu kompletnych genoméw chloroplastowych trzech przedstawicieli kompleksu Pinus
mugo, przestala kompletne genomy chloroplastowe do GenBank, zredagowata manuskrypt,
wspdldzialata przy jego korekcie i odpowiedzi na recenzje.

Moj wklad w powstanie artykulu polegal na wspotudziale w zlozeniu trzech kompletnych
genoméw chloroplastowych przedstawicieli kompleksu Pinus mugo, tj. Pinus mugo subsp.
mugo, Pinus mugo subsp. rotundata, Pinus mugo subsp. uncinata.
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Niniejszym o$wiadczam, ze jestem wspolautorem artykulu, bedgcego czescig cyklu
publikacji, wchodzacych w sktad rozprawy doktorskiej mgr Joanny Sikory:

Sokotowska, J.; Fuchs, H.; Celinski, K. Assessment of ITS2 Region Relevance for Taxa
Discrimination and Phylogenetic Inference among Pinaceae. Plants 2022, 11, 1078.
https://doi.org/10.3390/plants11081078.

Mgr Joanna Sikora przygotowujac powyzszg publikacje, zaplanowala metodologi¢, zebrata
material badawczy i przeprowadzita eksperymenty laboratoryjne, przeprowadzila analizy
danych i dokonala interpretacji wynikow, brata udzial w ztozeniu kompletnych sekwencji
ITS2 przedstawicieli kompleksu Pinus mugo, przestata kompletne sekwencje ITS2 do
GenBank, zredagowala manuskrypt, wspotdziatala przy jego korekcie i odpowiedzi na
recenzje.

M¢j wklad w powstanie artykutu polegal na wspoétudziale w ztozeniu kompletnych sekwencji
ITS2 (ang. internal transcribed spacer 2) przedstawicieli kompleksu Pinus mugo i udziale
w przeprowadzeniu analizy danych.
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