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Abstract. The genus Phytophthora plays an important role not only in agriculture but also in forest ecosystems. As the number of
known Phytophthora species continues to grow, identifying new isolates in this genus has become increasingly challenging even
by DNA sequencing. Therefore, the development of proper techniques for detection and identification is crucial for monitoring and
control of these pathogens in the forestry sector. In recent years, new molecular methods using innovative approaches have indeed
been developed. However, the majority of these methods was designed to detect single Phytophthora species. Techniques that are
able to target multiple species would offer advantages, especially for the assessment of Phytophthora diversity in the environment.
This paper describes a multiplex assay for the identification of eight Phytophthora isolates, down to the species level, based on
a Fluidigm platform employing pyrosequencing. The obtained results showed that for an accurate determination of the species, it is
sufficient to know the sequence of two markers, ITS and COX1. The sensitivity of this test is sufficient to identify Phytophthora in
a pure culture. Unfortunately, analysis based on a pyrosequencing platform does not provide enough data to simultaneous identify
multiple Phytophthora species in samples collected in the field. This problem could be resolved in the future by sequencing using

more efficient platforms like [llumina or IonTorrent.
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1. Wstep

Od szeregu lat gatunki rodzaju Phytophthora sa przyczyna
znacznych strat w szkotkach drzew ozdobnych i lesnych oraz
w drzewostanach. Gatunki chorobotwodrcze rodzaju Phytop-
hthora naleza do glebowych patogenoéw charakteryzujacych
si¢ wysokim stopniem pasozytnictwa w stosunku do ro$lin
zywicielskich. Stanowig one znaczne zagrozenie dla mto-
dych uszkodzonych oraz nieuszkodzonych tkanek roslinnych
(Oszako 2005; Oszako et al. 2007), powodujac zgnilizne
podstawy pedu i korzeni oraz zaraze wierzchotkow pedow.
Analiza strat powodowanych przez gatunki Phytophthora
w uprawie roslin w szkétkach pojemnikowych wykazata,
ze mogg one dochodzi¢ nawet do 80%. Phytophthora byta
przyczyng zgnilizny korzeni oraz zgnilizny podstawy pedu
lub pnia (Orlikowski, Ptaszek 2010; Orlikowski et al. 2012).

Patogeniczne lggniowce z rodzaju Phytophthora stanowia
duze zagrozenie dla szeroko rozumianej produkcji roslinne;j,
zardwno rolnej, jak i le$nej. Obecnie formalnie opisano 142
gatunki Phytophthora, a 43 z nich otrzymalo tymczasowe
nazwy (Cook et al. 2000; Yang et al. 2017). Wczesna de-
tekcja i doktadna identyfikacja czynnika chorobotworczego
jest niezastgpiona w skutecznej ochronie roslin, szczegdlnie
na poziomie produkcji materiatu szkotkarskiego (Oszako et
al. 2007). Dziatania prewencyjne umozliwiajg bowiem nie-
dopuszczenie do infekcji poprzez dobdr ptodozmianu roslin
odpornych lub tolerujacych choroby powodowane przez fi-
topatogeny. Taka strategia jest zgodna z aktami prawnymi
Unii Europejskiej o integrowanej ochronie roslin: dyrektywa
Parlamentu Europejskiego i Rady 2009/128/WE (Dyrekty-
wa 2009) oraz rozporzadzeniem Parlamentu Europejskiego
i Rady 1107/2009/WE (Rozporzadzenie 2009).
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Wyniki wielu badan prob srodowiskowych wykazaty, ze
czgsto w danej probce wystepuje wigcej niz jeden gatunek
patogeniczny; jednakze wiele obecnie uzywanych technik
analiz DNA nie jest w stanie zidentyfikowaé mieszanki ga-
tunkéw Phytophthora (Hulvey et al. 2010). Ponadto mole-
kularne metody identyfikacji oparte jedynie na podstawie
lancuchowej reakcji polimerazy (PCR) zostaty opracowane
gtéwnie dla najwazniejszych z ekonomicznego punktu wi-
dzenia gatunkow Phytophthora, jak: P. infestans (Mont.) de
Bary, P. ramorum Werres, De Cock & Man in ,t Veld, P
cactorum (Lebert & Cohn) J. Schrot. (Martin, Tooley 2004;
Schena et al. 20006), P. megasperma Drechsler, P. plurivora
T. Jung and T.I. Burgess, P. pseudosyringae T. Jung & Dela-
tour, P. quercina T. Jung and T.I. Burgess (Nowakowska et
al. 2017), P. multiformis Brasier & S.A. Kirk, P. hungarica
Szabo & Lakatos (Nowakowska et al. 2016), podczas gdy
dla wielu innych gatunk6éw nadal brak specyficznych metod
detekcji. Ze wzgledu na bliskie pokrewienstwo wielu gatun-
kéw Phytophthora niemozliwa jest skuteczna identyfikacja
tychze patogenow na podstawie tylko i wylacznie jednej
sekwencji np. fragmentu ITS, co stanowi duzy problem me-
todyczny (Riddell et al. 2019). Znacznie wigksze mozliwo-
$ci identyfikacji stwarzaja platformy analityczne, takie jak
m.in. mikromacierze (Sikora et al. 2012) lub sekwencjono-
wanie nowej generacji (NGS) (Vettraino et al. 2012; Mora-
-Sala et al. 2019; Morris et al. 2019).

Celem niniejszych badan bylo opracowanie skutecznej
metody identyfikacji gatunkéw Phytophthora w oparciu
o markery jadrowe: ITS (internal transcribed spacer) i czyn-
nik elongacji 1 o (TEF1) oraz markery mitochondrialne: gen
pierwszej podjednostki oksydazy cytochromowej (COX1)
i gen pierwsze] podjednostki dehydrogenazy (NADH).
Analiz¢ prowadzono na platformie Fluidigm, ktéra dzigki
dotaczaniu unikatowych sekwencji, umozliwia amplifika-
cje wielu markerow w mieszaninie réoznych probek DNA
jednoczesnie, w potaczeniu z pirosekwencjonowaniem na
platformie 454.

2. Material i metody

Fragmenty zainfekowanych tkanek (nekroz) wyktadano
na podloze selektywne V8-PARP, po czym szalki Petriego
inkubowano przez 2—3 dni w 22°C w ciemnosci (tab. 1). Na-
stepnie wyrastajace strzgpki przenoszono na state podloze
hodowlane V8A i inkubowano w takich samych warunkach
przez kolejne 7 dni (Ivors 2015). Po uzyskaniu czystych kultur
pobierano strzepki patogendw i zaszczepiano ptynne podtoze
hodowlane V8, a po uptywie 5 dni hodowli z uzyskanego my-
celium ekstrahowano DNA za pomocg zestawu odczynnikoéw
GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich,
Waltham, USA) wedtug wskazoéwek producenta.

Probki gleby pobierano szpadlem wokot drzew wykazuja-
cych symptomy chorobowe w koronach (zamieranie pedow)
w odleglosci okoto 1 m od pni drzew, z glebokosci 20 cm
w dwodch miejscach (okoto 0,5 kg) i mieszano razem (tab 2).
Namnazanie selektywne patogendow z gleby przeprowadzono

Tabela 1. Wyniki analizy prébek z czystych kultur metoda Real
Time PCR
Table 1. Results of pure culture sample analysis on Real Time PCR

Numer Wartos¢
proby Pochodzenie Gatunek C
Sample Provenance Species ¢, Vatlue
no
1* Konstantynowo  Phytophthora cactorum 20,00
2% Piaski Phytophthora quercina 19,77
3* Konstantynowo Phytophthora alni 23,18
4% Brzeg Phytophthora gallica 17,73
5* Brzeg Phytophthora lacustris 18,23
6* Oborniki Phytophthora 25,66
bilorbang
7% Legnica Phytophthora 21,03
gonapodyides
P
g Oborniki hytophthora 23,57
gonapodyides
9 Oborniki Phytophthora lacustris 23,42
10 Oborniki Phytophthora 20,43
gonapodyides
11 Oborniki Phytophthora sp. 21,14
12 Oborniki Phytophthora 21,58
bilorbang
13 Oborniki Phyiophihora 2134
gonapodyides
14 Wolow Phytophthora 19,06
bilorbang
15 Oborniki Phytophthora sp. 20,95
16 Brzeg Phytophthora sp. 17,41
17 Krotoszyn Phytophthora quercina 19,13
18 Piaski Phytophthora quercina 24,79

19 Konstantynowo  Phytophthora cactorum 18,69

20 Konstantynowo  Phytophthora plurivora 21,69

21 Konstantynowo  Phytophthora plurivora 22,93

22 Konstantynowo  Phytophthora quercina 22,95

23 Konstantynowo  Phytophthora cactorum 19,91

24 Konstantynowo  Phytophthora plurivora 22,27

*probki wybrane do analizy na platformie Fluidigm / samples selected
for analysis on Fluidigm platform
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Table 2. Results of soil sample analysis on Real Time PCR

Numer

Panujacy gatunek

proby Pochodzenie drzewa Wa(rjtoéé

Sample Provenance Dominant tree '
no species Cyvalue
25% Koscian Fraxinus excelsior 35,27
26%* Koscian Fraxinus excelsior 33,14
27%* Koscian Fraxinus excelsior 36,10
28* Karczma Borowa Quercus petraea 39,42
29* Karczma Borowa Quercus petraea 39,67
30% Karczma Borowa Quercus petraea 37,25
31%* Karczma Borowa Quercus petraea 39,26
32% Krotoszyn Quercus robur 39,07
33% Krotoszyn Quercus robur 38,56
34* Krotoszyn Quercus robur 38,48
35 Koscian Fraxinus excelsior 38,18
36 Koscian Fraxinus excelsior 36,16
37 Koscian Fraxinus excelsior 35,75
38 Karczma Borowa Quercus petraea >40
39 Karczma Borowa Quercus petraea >40
40 Karczma Borowa Quercus petraea 39,81
41 Karczma Borowa Quercus petraea >40
42 Karczma Borowa Quercus petraea 39,55
43 Karczma Borowa Quercus petraea >40
44 Karczma Borowa Quercus petraea >40
45 Karczma Borowa Quercus petraea >40
46 Krotoszyn Quercus robur 38,23
47 Krotoszyn Quercus robur >40
48 Krotoszyn Quercus robur 38,84
49 Krotoszyn Quercus robur 38,44
50 Szkotka Alnus glutinosa 38,02
51 Szkotka Alnus glutinosa 36,07

*probki wybrane do analizy na platformie Fluidigm / samples selected

for analysis on Fluidigm platform

na pozywce selektywnej PB-PARP (PeaBroth PARP) z dodat-
kiem mieszaniny antybiotykéw oraz PCNB wedtug protokotu
opisanego przez Kubiak i in. (2012). DNA ekstrahowano za
pomoca zestawu PowerSoil DNA Isolation Kit (MoBio, Carls-

bad, USA) wedlug wskazowek producenta. Stgzenie DNA
mierzono na spektrofotometrze NanoDrop 2000 (Thermo-
Fisher Scientific, Waltham, MA, USA).

Identyfikacja Phytophthora za pomoca Real Time PCR

Obecnos$¢ materiatu genetycznego Phytophthora w prob-
kach DNA wydzielonych z czystych kultur oraz probek
gleby potwierdzono na podstawie tancuchowej reakcji poli-
merazy w czasie rzeczywistym (Real Time PCR). W reakcji
zastosowano startery uniwersalne dla rodzaju Phytophthora
FITS_15Ph i RITS 279Ph oraz sond¢ molekularng All_Phy-
tophthora typu TagMan (Kox et al. 2007). Mieszanina re-
akcyjna zawierata: 1 x bufor reakcyjny (TaKaRa, Kusatsu,
Shiga, Japan), 250 nM kazdego ze starteréw, 83 nM sondy,
barwnik referencyjny ROX oraz 1 ng DNA. Profil termiczny
reakcji: denaturacja wstgpna w 94°C, 3 min; amplifikacja (40
cykli) — denaturacja w 94°C, 5 sek., przylaczanie starterow
i amplifikacja w 60°C, 1 min. Odczyt fluorescencji naste-
powat po kazdym etapie amplifikacji. W celu stwierdzenia
obecnosci patogenu okreslano warto$¢ cyklu progowego
(C), w ktérym sygnat fluorescencji osiagnie warto$¢ granicz-
ng pozwalajaca na jego wykrycie. Wartos¢ ta jest odwrotnie
proporcjonalna do ilosci DNA badanego patogenu w probce
(Dorak 2007). Na podstawie wartosci fluorescencji sondy
TagMan (C,) stwierdzono obecno$¢ Phytophthora, a takze
wybrano probki do analizy na platformie Fluidigm.

Przygotowanie bibliotek amplikonow
do pirosekwencjonowania

Do analizy sktadu gatunkowego przygotowano bibliote-
ki sktadajace si¢ z amplikonoéw ITS, COX1, TEF i NADHI.
W tym celu przeprowadzono dwuetapowa amplifikacje mar-
keréw. W pierwszym etapie amplifikowano markery z odpo-
wiednimi dla danego regionu starterami: ITS (White et al.
1990), COX1 (Martin et al. 2003), TEF i NADH1 (Kroon et
al. 2004). W drugim etapie wykonano amplifikacje miesza-
niny produktéw PCR otrzymanych w pierwszym etapie ze
starterami oflankowanymi sekwencjami unikatowymi (ang.
barcode) umozliwiajacymi przypisanie sekwencji do prob-
ki oraz niezb¢dnymi do pirosekwencjonowania: 5’-ACA-
CTGACGACATGGTTCTACA-3’ do starterow wiodacych
oraz 5’-TACGGTAGCAGAGACTTGGTCT-3’ do starterow
wstecznych. Amplifikacj¢ przeprowadzono na aparacie Flu-
idigm Biomark HD (Fluidigm, San Francisco, CA, USA)
w Plant Research Institute, Wageningen, Holandia.

Pirosekwencjonowanie

Produkty amplifikacji zmieszano w réwnych propor-
cjach, pobierajac po 4 pl kazdej z reakcji. Tak przygotowa-
ng mieszanke amplikonow rozdzielono w zelu agarozowym
o stezeniu 1%. Z zelu agarozowego wycinano odpowiedniej
dhugosci produkty PCR i oczyszczano za pomoca zestawu
odczynnikow QIAquick (Qiagen, Hilden, Germany) zgod-
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nie z instrukcja producenta. Oczyszczone DNA pirosekwen-
cjonowano w Greenomics Plant Research International BV,
na Uniwersytecie Wageningen w Holandii na sekwenatorze
Roche/454 Titanium. Otrzymane sekwencje analizowano
w programie CLC Genomics Workbench (Qiagen, Hilden,
Germany). Identyfikacj¢ gatunkowa przeprowadzono na pod-
stawie poréwnania otrzymanych sekwencji DNA z sekwen-
cjami zdeponowanymi w internetowej bazie National Center
for Biotechnology Information (NCBI) www.ncbi.nlm.nih.
gov oraz Q-bank https://gbank.eppo.int (Bonants et al. 2013)

3. Wyniki i dyskusja

W ciagu ostatnich dwoch dekad réznorodno$é gatunkoéw
Phytophthora byta szeroko badana poprzez analiz¢ zarowno
jadrowego, jak i mitochondrialnego DNA. Do najczesciej
stosowanych markerow naleza ITS i COX1 (Martin, Tooley
2004). Rzadziej w badaniach stosowano B-tubuling (Villa et
al. 2006), czynnik elongacji 1 a (Van’t Klooster et al. 2000),
czy dehydrogenaz¢ NADH1 (Kroon et al. 2004).

Analiza DNA wydzielonego z czystych kultur wykazata
obecno$¢ Phytophthora we wszystkich 24 izolatach (tab. 1).
Warto$¢ cyklu progowego (C,) wynosita od 18,23 do 25,66.
Obecnos¢ Phytophthora stwierdzono rowniez w 21 z 28 ana-
lizowanych probek gleby, ale mialy one znacznie wyzsza
warto$¢ C,, ktora wynosita od 33,14 od 39,67, co $wiadczy
o mniejszej ilosci DNA pochodzacej od Phytophtora (tab. 2).

Wiegkszo$¢ metod opartych na reakcjach PCR wykrywa
pojedyncze gatunki w probce i nie nadaje si¢ do badania
réznorodno$ci gatunkowej Phytophthora w prébkach $ro-
dowiskach (Schena et al. 2008). Perspektywiczne sa nato-
miast metody sekwencjonowania nowej generacji (NGS).
W wyniku pirosekwencjonowania otrzymano od 1 do 475
sekwencji w analizowanych probkach (tab. 3). Najwigcej
sekwencji (2-475) otrzymano dla ITS, znacznie mniej (1—
36) dla pozostatych genéw. Szczegodlnie wyraznie widaé to
w przypadku analizy probek gleby, gdzie dla ITS otrzymano
od 17 do 474 sekwencji, natomiast dla NADH od 0 do 12,
a dla COX1 od 0 do 2 sekwencji. Sekwencjonowanie TEF
w probkach gleby bylo nieskuteczne. Duza liczba otrzyma-
nych sekwencji ITS moze by¢ uwarunkowana wysoka licz-
ba sekwencji ITS w genomie Phytophthora. W genomie P.
cactorum jest 376 kopii tDNA (Yang et al. 2018). Mozna
przypuszczaé, ze u innych gatunkoéw Phytophthora liczba
kopii tDNA, w ktorego sktad wchodza ITS1 i ITS2, moze
by¢ rowniez duza.

Analiza otrzymanych sekwencji w BLAST wykazala, ze
do okreslenia przynaleznosci gatunkowej (identyczno$¢ sek-
wencji >97%) P. cactorum réwnie skutecznie mozna stoso-
wa¢ ITS, COX1 lub NADH. Wszystkie otrzymane sekwencje
tych gendéw zostaly poprawnie przypisane do gatunkow. Geny
ITS i COX1 pozwalaja rowniez poprawnie identyfikowac P,
quercina, natomiast w przypadku P. alni Brasier & S.A. Kirk
poprawne przypisanie do gatunku zapewnia tylko COX1. Po-
prawng identyfikacj¢ P. bilorbang i P. gonapodyides (H.E. Pe-
tersen) Buisman zapewniaja geny COX1 i TEF.

Regiony ITS jadrowego rybosomalnego DNA (rDNA)
sa najczesciej sekwencjonowane u Phytophthora, poniewaz
wystepuja w wysokiej liczbie kopii, maja wysokg zmien-
no$¢, a do ich amplifikacji wzglednie tatwo dobrac starte-
ry. Niestety zmienno$¢ ITS jest nie zawsze wystarczajaca
do identyfikacji gatunkowej Phytophthora (Cooke et al.
2000; Kroon et al. 2004). Byta ona niewystarczajaca do po-
prawnego przypisania sekwencji do gatunku Phytophthora
alni, P. bilorbang i1 P. gonapodyides. Dla tych gatunkow
skutecznym genem byt COX1. Analiza sekwencji dwoch
markeréw ITS i COX1 pozwolita okresli¢ przynalezno$é
gatunkowg kazdej probki. Otrzymane wyniki sg zgodne
z wynikami Yang i Hong (2018), ktorzy sugeruja sekwen-
cjonowanie dwoch markeréw do identyfikacji gatunkowe;j
Phytophthora.

W prébkach DNA wydzielonych z gleby pobranej w drze-
wostanach zidentyfikowano zaréwno patogeny nalezace do

Tabela 3. Liczba sekwencji z badanych préobek po pirosekwen-
cjonowaniu
Table 3. Number of obtained sequences after samples pyrosequencing

Numer Gen / Gene
proby ITS COX1 TEF NADHI
No of
sample Czysta kultura / Pure culture
1 38 6 2 3
2 23 16 1 2
3 0 0 0 0
4 40 19 23 0
5 39 11 36 1
6 5 21 3 0
7 2 1 0 0
8 16 26 23 0
Gleba / Soil
25 211 2 0 0
26 17 0 0 0
27 475 1 0 0
28 255 0 0 0
29 287 0 0 12
30 239 0 0 0
31 259 1 0 0
32 114 0 0 1
33 151 0 0 0
34 161 0 0 0
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rodzajow Cryptococcus, Cylindrocarpon, Fusarium czy Ne-
onectria, jak i ich antagonistow z rodzaju Trichoderma czy
inne niepatogeniczne dla roslin saprotrofy jak Mortierella,
plesnie: Mucor i Penicilium (p¢dzlaki) czy jamkoéwke Fi-
broporia (z rodziny zagwiowatych). Pirosekwencjonowanie
nie wykryto obecnos$ci Phytophthora w zadnej probee gleby,
pomimo pozytywnego wyniku otrzymanego w reakcji Real
Time PCR. Wskazuje to na nizszg czuto$¢ sekwencjonowania
na platformie 454 w poréwnaniu do Real Time PCR. Ilos¢
Phytophthora w poréwnaniu do iloci innych organizmow
w probkach gleby jest mniejsza. Roznica wartosci C, dla
probek DNA wydzielonych z gleby w stosunku do probek
z czystych kultur wynosita 7,48-21,34 cykli PCR. Ilo$¢ ma-
trycy w probce jest odwrotnie proporcjonalna do wartosci C,,
aw kazdym cyklu PCR ilo$¢ amplikonu w przyblizeniu dwu-
krotnie si¢ zwicksza, co oznacza, ze ilo$¢ Phytophthora byta
ponizej 1% (1/27478=0,056). Otrzymane wyniki sugeruja, ze
do analizy obecno$ci Phytophthora w probkach srodowisko-
wych potrzebne sa bardziej wydajne niz pirosekwencjonowa-
nie platformy, np. [llumina czy lonTorrent (Catala et al. 2015;
Aguayo et al. 2018; Burgess et al. 2018; Riddel et al. 2019).
Molekularne analizy DNA sa wysoce przydatne jako meto-
dy wezesnego i szybkiego ostrzegania przed groznymi gatun-
kami grzybow i legniowcodw (Phytophthora, Pythium) w glebie
i wodzie pochodzacych ze szkotek, upraw i drzewostanow les-
nych (Kox et al. 2007; Nowakowska et al. 2016; Nowakowska
et al. 2017). Szczegodlnie weryfikacja zdrowotnosci sadzonek
wysadzanych na uprawy leSne ma zasadnicze znaczenie dla
trwato$ci 1 réznorodnosci biologicznej przysztych lasow.

4. Whnioski

Multipleksowa analiza sekwencji utatwia identyfikacje
patogenoéw z rodzaju Phytophthora, szczegdlnie w przypad-
kach, gdy bliskie pokrewienstwo uniemozliwia analize tylko
na podstawie jednego markera. Stwierdzono, ze do identy-
fikacji gatunku wystarcza analiza dwoch markerow: ITS
1 COX1.

Wydajnos¢ sekwencjonowania platformy Roche/454 Tita-
nium nie jest wystarczajgca do multipleksowej identyfikacji
gatunkoéw Phytophthora w probkach glebowych.

Konflikt interesow

Autorzy deklaruja brak potencjalnych konfliktow.

Zrodlo finansowania badan

W pracy wykorzystano wyniki badan Instytutu Badawczego
Lesnictwa sfinansowanych ze §rodkéw Lasow Panstwowych.
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Abstract: The genus Phytophthora plays an important role not only in agriculture but also in forest ecosystems. As the number of
known Phytophthora species continues to grow, identifying new isolates in this genus has become increasingly challenging even
by DNA sequencing. Therefore, the development of proper techniques for detection and identification is crucial for monitoring
and control of these pathogens in the forestry sector. In recent years, new molecular methods using innovative approaches have
indeed been developed. However, the majority of these methods was designed to detect single Phytophthora species. Techniques
that are able to target multiple species would offer advantages, especially for the assessment of Phytophthora diversity in the
environment. This paper describes a multiplex assay for the identification of eight Phytophthora isolates, down to the species
level, based on a Fluidigm platform employing pyrosequencing. The obtained results showed that for an accurate determination
of the species, it is sufficient to know the sequence of two markers, ITS and COX1. The sensitivity of this test is sufficient to
identify Phytophthora in a pure culture. Unfortunately, analysis based on a pyrosequencing platform does not provide enough
data to simultaneous identify multiple Phytophthora species in samples collected in the field. This problem could be resolved in
the future by sequencing using more efficient platforms like [llumina or IonTorrent.

Keywords: forest soil, oomycetes, oak dieback, pathogens, next generation sequencing

1. Introduction

For several years now, species of the genus Phytophthora
have been the cause of significant losses in ornamental tree
nurseries and forest stands. The pathogenic species of the
genus Phytophthora belong to soil pathogens characterised
by a high degree of parasitism in their host plants. They pose
a significant threat to young, damaged and undamaged plant
tissues (Oszako 2005; Oszako et al. 2007), causing rot of
the shoot base and roots and shoot tip blight. An analysis
of losses caused by Phytophthora species in the cultivation
of plants in container nurseries showed that they can reach
up to 80%. Phytophthora was the cause of root and shoot
base or stem rot (Orlikowski, Ptaszek 2010; Orlikowski et
al. 2012).
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Pathogenic oomycetes of the genus Phytophthora constitu-
te a great threat to broadly understood plant production, both
agricultural and forest. Currently, 142 species of Phytophtho-
ra are formally described, and 43 of them have been given
temporary names (Cook et al. 2000; Yang et al. 2017). Early
detection and accurate pathogen identification is irreplaceable
in effective plant protection, especially at the level of produ-
cing nursery material (Oszako et al. 2007). Preventive measu-
res make it possible to avoid infection by selecting plants for
crop rotation that are resistant or tolerate diseases caused by
phytopathogens. Such a strategy is in line with the legal acts
of the European Union on integrated plant protection: Direc-
tive 2009/128/EC of the European Parliament and of the Co-
uncil (Directive 2009) and Regulation 1107/2009/EC of the
European Parliament and of the Council (Regulation 2009).
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The results of many tests of field samples have shown that
often more than one pathogenic species is present in a given
sample; however, many of the DNA analysis techniques cur-
rently in use are unable to identify the Phytophthora species
mix (Hulvey et al. 2010). Furthermore, molecular identifica-
tion methods based solely on the polymerase chain reaction
(PCR) have been developed mainly for the economically
most important Phytophthora species such as: Phytophthora
infestans (Mont.) de Bary, Phytophthora ramorum Werres,
De Cock & Man in ‘t Veld, Phytophthora cactorum (Lebert
& Cohn) J. Schrot. (Martin, Tooley 2004; Schena et al. 2006),
Phytophthora megasperma Drechsler, Phytophthora plurivo-
ra T. Jung and T.I. Burgess, Phytophthora pseudosyringae T.
Jung & Delatour, Phytophthora quercina T. Jung and T.I. Bur-
gess (Nowakowska et al. 2017), Phytophthora multiformis
Brasier & S.A. Kirk, Phytophthora hungarica (Nowakowska
et al. 2016), while there are still no specific detection methods
for many other species. Due to the close relationship of many
Phytophthora species, it is impossible to effectively identify
these pathogens on the basis of only one sequence, e.g. the ITS
fragment, which is a major methodological problem (Riddell
et al. 2019). Analytical platforms such as microarrays (Sikora
et al. 2012) or next-generation sequencing (NGS) (Vettraino
et al. 2012; Mora-Sala et al. 2019; Morris et al. 2019) provide
much greater possibilities for identification.

The aim of this study was to develop an effective method
of Phytophthora species identification based on nuclear mar-
kers: ITS (internal transcribed spacer) and the elongation fac-
tor 1 a (TEF1), as well as mitochondrial markers: the gene of
cytochrome oxidase subunit 1 (COX1) and the gene of de-
hydrogenase subunit 1 (NADH). The analysis was conducted
using the Fluidigm platform, which, thanks to the addition
of unique sequences, enables the simultaneous amplification
of multiple markers in a mixture of different DNA samples,
combined with pyrosequencing using the 454 platform.

2. Material and methods

Fragments of infected tissues (necrosis) were placed on
V8-PARP selective medium, after which the Petri dishes
were incubated for 2—-3 days at 22°C in the dark (Table 1).
Then the growing strands were transferred to V8A selective
medium and incubated under the same conditions for another
7 days (Ivors 2015). After pure cultures were obtained, the
pathogen strands were collected and inoculated into the V8
liquid culture medium, and after 5 days of culture, DNA was
extracted from the obtained mycelium using the GenElute
Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, Wal-
tham, MA, USA) according to manufacturer’s instructions.

Soil samples were taken with a spade around trees showing
symptoms of disease in the crowns (shoot dieback) at a distan-

Table 1. Results of pure culture sample analysis on Real Time PCR

Sample Provenance Species C
no value
1* Konstantynowo  Phytophthora cactorum  20.00
2% Piaski Phytophthora quercina 19.77
3* Konstantynowo Phytophthora alni 23.18
4% Brzeg Phytophthora gallica 17.73
5* Brzeg Phytophthora lacustris 18.23
6* Oborniki Phytophthora 25.66

bilorbang
7% Legnica Phytophthora 21.03
gonapodyides
g* Oborniki Phytophthora 2357
gonapodyides
9 Oborniki Phytophthora lacustris 2342
10 Oborniki Phytophthora 2043
gonapodyides
11 Oborniki Phytophthora sp. 21.14
12 Oborniki Phytophthora 2158
bilorbang
13 Oborniki Phytophthora 2134
gonapodyides
14 Wolow Phytophthora 19.06
bilorbang
15 Oborniki Phytophthora sp. 20.95
16 Brzeg Phytophthora sp. 17.41
17 Krotoszyn Phytophthora quercina 19.13
18 Piaski Phytophthora quercina ~ 24.79
19 Konstantynowo  Phytophthora cactorum — 18.69
20 Konstantynowo  Phytophthora plurivora ~ 21.69
21 Konstantynowo  Phytophthora plurivora ~ 22.93

22 Konstantynowo  Phytophthora quercina ~ 22.95

23 Konstantynowo  Phytophthora cactorum 19.91

24 Konstantynowo  Phytophthora plurivora  22.27

*samples selected for analysis on Fluidigm platform
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Table 2. Results of soil sample analysis on Real Time PCR

1 Dominant tr
Sample Provenance ornlna.n ee C, value
no species
25% Koscian Fraxinus excelsior 35.27
26* Koécian Fraxinus excelsior 33.14
27* Koscian Fraxinus excelsior 36.10
28* Karczma Borowa Quercus petraea 39.42
29* Karczma Borowa Quercus petraea 39.67
30* Karczma Borowa Quercus petraea 37.25
31* Karczma Borowa Quercus petraea 39.26
32% Krotoszyn Quercus robur 39.07
33* Krotoszyn Quercus robur 38.56
34%* Krotoszyn Quercus robur 38.48
35 Koscian Fraxinus excelsior 38.18
36 Koscian Fraxinus excelsior 36.16
37 Koscian Fraxinus excelsior 35.75
38 Karczma Borowa Quercus petraea >40
39 Karczma Borowa Quercus petraea >40
40 Karczma Borowa Quercus petraea 39.81
41 Karczma Borowa Quercus petraea >40
42 Karczma Borowa Quercus petraea 39.55
43 Karczma Borowa Quercus petraea >40
44 Karczma Borowa Quercus petraea >40
45 Karczma Borowa Quercus petraea >40
46 Krotoszyn Quercus robur 38.23
47 Krotoszyn Quercus robur >40
48 Krotoszyn Quercus robur 38.84
49 Krotoszyn Quercus robur 38.44
50 Szkotka Alnus glutinosa 38.02
51 Szkotka Alnus glutinosa 36.07

*samples selected for analysis on Fluidigm platform

ce of about 1 m from the tree trunks, from a depth of 20 cm in
two places (about 0.5 kg) and mixed together (Table 2). The
selective multiplication of pathogens from the soil was conduc-

ted in PB-PARP (PeaBroth PARP) selective medium with the
addition of a mixture of antibiotics and PCNB according to the
protocol described by Kubiak et al. (2012). DNA was extrac-
ted using the PowerSoil DNA Isolation Kit (Mo Bio, Carlsbad,
USA) according to the manufacturer’s instructions. The DNA
concentration was measured on the NanoDrop 2000 spectro-
photometer (ThermoFisher Scientific, Waltham, MA, USA).

Identification of Phytophthora with real-time PCR

The presence of Phytophthora’s genetic material in DNA
samples extracted from the pure culture and soil samples was
confirmed on the basis of real-time PCR. The reaction used
the FITS 15Ph and RITS 279Ph universal primers for Phy-
tophthora and the TagMan-type All_Phytophthora molecular
probe (Kox et al. 2007). The reaction mixture contained: 1 x re-
action buffer (TaKaRa, Kusatsu, Shiga, Japan), 250 nM of each
primer, 83 nM of probe, ROX reference dye and 1 ng DNA.
The reaction thermal profile: pre-denaturation at 94°C, 3 min;
amplification (40 cycles) — denaturation at 94°C, 5 s, primer an-
nealing and amplification at 60°C, 1 min. fluorescence reading
followed each amplification step. In order to determine the pre-
sence of the pathogen, a threshold cycle value (Ct) was deter-
mined, in which the fluorescence signal reaches the limit for its
detection. This value is inversely proportional to the amount of
DNA of the tested pathogen in the sample (Dorak 2007). Based
on the TagMan probe’s fluorescence value (Ct), the presence
of Phytophthora was confirmed and samples were selected for
analysis using the Fluidigm platform.

Preparation of amplicon libraries for pyrosequencing

Libraries consisting of ITS, COX1, TEF and NADH1 am-
plicons were prepared for species composition analysis. For
this purpose, a two-stage marker amplification was perfor-
med. In the first stage, markers with region-specific starters
were amplified: ITS (White et al. 1990), COX1 (Martin et al.
2003), TEF and NADH1 (Kroon et al. 2004). In the second
stage, the mixture of PCR products obtained in the first stage
was amplified with barcoded primers, enabling sequences to
be assigned to the sample and needed for the pyrosequencing:
5’-ACACTGACGACATGGTTCTACA-3’ for the forward
primers and 5’-TACGGTAGCAGAGACTTGGTCT-3’ for
the reverse primers. Amplification was performed in the Flu-
idigm Biomark HD (Fluidigm, San Francisco, CA, USA) at
the Plant Research Institute, Wageningen, the Netherlands.

Pyrosequencing

Amplification products were mixed in equal proportions, ta-
king 4 pl of each from the reaction. The mixture of amplicons
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prepared in this way was separated in 1% agarose gel. PCR pro-
ducts were cut out from the agarose gel to a suitable length and
cleaned with a set of QIAquick reagents (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. The puri-
fied DNA was pyrosequenced at Greenomics Plant Research
International BV, University of Wageningen in the Netherlands
on a Roche/454 Titanium sequencer. The obtained sequences
were analysed in the CLC Genomics Workbench program
(Qiagen, Hilden, Germany). Species identification was perfor-
med on the basis of comparing the obtained DNA sequences
with those deposited in the National Centre for Biotechnology
Information (NCBI) — www.ncbi.nlm.nih.gov — and Q-bank —
https://gbank.eppo.int (Bonants et al. 2013).

3. Results and discussion

Over the last two decades, the diversity of Phytophthora
species has been extensively studied by analysing both nuc-
lear and mitochondrial DNA. ITS and COX1 are among the
most commonly used markers (Martin, Tooley 2004). B-tu-
bulin (Villa et al. 2006), elongation factor 1 a (Van’t Klo-
oster et al. 2000) or NADH1 dehydrogenase (Kroon et al.
2004) are more rarely used in studies.

The analysis of the DNA extracted from the pure cultu-
res showed the presence of Phytophthora in all 24 isolates
(Table 1). The threshold cycle value (Ct) ranged from 18.23
to 25.66. The presence of Phytophthora was also found in 21
out of 28 analysed soil samples, but they had a much higher
Ct value, from 33.14 to 39.67, which indicates less Phyto-
phtora-derived DNA (Table 2).

Most PCR-based methods detect individual species in a
sample and are not suitable for testing Phytophthora spe-
cies diversity in field samples (Schena et al. 2008). NGS
methods are promising. The pyrosequencing resulted in 1
to 475 sequences in the analysed samples (Table 3). Most
sequences (2—475) were obtained for ITS, much less (1-36)
for the remaining genes. This is particularly clear in the case
of the soil sample analysis, where 17 to 474 sequences were
obtained for ITS, 0 to 12 for NADH and 0 to 2 sequences
for COX1. TEF sequencing of the soil samples was inef-
fective. The large number of obtained ITS sequences may
be conditioned by the high number of ITS sequences in the
Phytophthora genome. The Phytophthora cactorum genome
has 376 copies of rDNA (Yang et al. 2018). It can be assu-
med that other Phytophthora species may also have a high
number of rDNA copies, which includes ITS1 and ITS2.

The analysis of the obtained sequences in BLAST sho-
wed that ITS, COX1 or NADH can be used equally effec-
tively to determine the species Phytophthora cactorum (the
sequence was identical for > 97%). All obtained sequences
of these genes were correctly assigned to the species. ITS

and COX1 genes also allow for the correct identification of
Phytophthora quercina, while only COX1 ensures the cor-
rect species assignment for Phytophthora alni Brasier &
S.A Kirk. COX1 and TEF genes ensure the correct identifi-
cation of Phytophthora bilorbang and Phytophthora gona-
podyides (H.E. Petersen) Buisman.

The ITS regions of nuclear ribosomal DNA (rDNA) are
most often sequenced for Phytophthora because they have
a high number of copies, high variability and primers are
relatively easy to select for their amplification. Unfortuna-
tely, ITS variability is not always sufficient to identify Phy-
tophthora species (Cooke et al. 2000; Kroon et al. 2004).
It was insufficient to correctly assign sequences to the spe-
cies Phytophthora alni, Phytophthora bilorbang and Phy-

Table 3. Number of obtained sequences after samples
pyrosequencing

Gene
;:gsli ITS COX1 TEF NADHI
Pure culture
1 38 6 2 3
2 23 16 1 2
3 0 0 0 0
4 40 19 23 0
5 39 11 36 1
6 5 21 3 0
7 2 1 0 0
8 16 26 23 0
Soil
25 211 2 0 0
26 17 0 0 0
27 475 1 0 0
28 255 0 0 0
29 287 0 0 12
30 239 0 0 0
31 259 1 0 0
32 114 0 0 1
33 151 0 0 0
34 161 0 0 0




K. Sikora et al. / Le$ne Prace Badawcze, 2020, Vol. 81 (4): 161-166 165

tophthora gonapodyides. For these species, COX1 was the
effective gene. Analysis of the sequence of two markers, ITS
and COXI, allowed the species in each sample to be de-
termined. The results obtained are consistent with those of
Yang and Hong (2018), who suggest sequencing two mar-
kers for Phytophthora species identification.

In the DNA samples extracted from the soil taken in the
stands, pathogens belonging to the genera Cryptococcus,
Cylindrocarpon, Fusarium and Neonectria were identified,
as well as their antagonists from the genus Trichoderma and
other saprotrophs that are not plant pathogens, such as Mor-
tierella, the moulds Mucor and Penicillium or Fibroporia
(from the family Fomitopsidaceae). Pyrosequencing did not
detect the presence of Phytophthora in any soil sample, de-
spite the positive result obtained in the real-time PCR. This
indicates a lower sequencing sensitivity in the 454 platform
compared to real-time PCR. The amount of Phytophthora
compared to other organisms in the soil samples is lower. The
difference in Ct values for DNA samples extracted from soil
compared to pure culture samples was 7.48-21.34 PCR cyc-
les. The amount of template in the sample is inversely pro-
portional to the Ct value, and in each PCR cycle, the amount
of amplicon approximately doubles, which means that the
amount of Phytophthora was below 1% (1/27:478=0.056).
The results obtained suggest that more efficient platforms
are needed than the pyrosequencing platform, e.g. Illumina
or Jon Torrent, to analyse the presence of Phytophthora in
field samples (Catala et al. 2015; Aguayo et al. 2018; Bur-
gess et al. 2018; Riddel et al. 2019).

Molecular DNA analyses are highly useful as early and
rapid warning methods for dangerous fungi and oomycete
species (Phytophthora, Pythium) in the soil and water of nur-
series, crops and forest stands (Kox et al. 2007; Nowakowska
et al. 2016; Nowakowska et al. 2017). In particular, verifying
the health of seedlings planted for forest crops is essential for
the sustainability and biodiversity of future forests.

4. Conclusions

Multiplex sequence analysis facilitates the identification
of pathogens of the Phytophthora genus, especially in cases
where close relationships prevent analysis on the basis of
only one marker. It was found that the analysis of two mar-
kers: ITS and COX1 sufficed to identify species.

The sequencing efficiency of the Roche/454 Titanium
platform is not sufficient for the multiplex identification of
Phytophthora species in soil samples.
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