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Streszczenie

Polska jest jednym z kluczowych producentow truskawki na §wiecie - w 2020 roku
powierzchnia pod uprawe tego owocu zajmowata ponad 30 000 hektarow i1 byla mniejsza
jedynie od tej w Chinskiej Republice Ludowej. Polska produkuje niemal 200 000 ton owocoéw
truskawek rocznie, ustepujac w Europie jedynie Hiszpanii i plasujac si¢ zaraz przed Niemcami.
Co warto rowniez zauwazy¢, Polska jest liderem w produkcji ekologicznej truskawki w Europie
1 na Swiecie.

Rolnictwo ekologiczne nabiera w ostatnich latach coraz wigkszego znaczenia - Unia
Europejska przedstawita w 2020 roku strategie ‘od pola do stotu’ (ang. Farm to Fork Stategy),
ktora wehodzi w sktad Europejskiego Zielonego Ladu (ang. European Green Deal). Strategia
ta zaklada znaczne zmniejszenie zuzycia chemicznych srodkéw ochrony ro$lin, w tym
fungicydow 1 pestycydow, przy jednoczesnym zwigkszeniu udzialu rolnictwa ekologicznego.
Nalezy jednak pamietaé, ze ekologiczny sposdb produkciji zywnosci wymaga wykluczenia
wielu nawozow mineralnych i $rodkow ochrony ro$lin, co znacznie utrudnia utrzymanie
zdrowej plantacji, jak i wysokich plonéw. Dodatkowo, owoce truskawki charakteryzujg si¢
delikatng $ciang komorkowa, ktora moze by¢ w tatwy sposdb spenetrowana przez patogeny, co
przyczynia si¢ do obnizenia plondéw i ich jakosci. Dlatego tez, niezbednym dziataniem
w rolnictwie jest szybkie i skuteczne monitorowanie upraw pod katem wystepowania
patogenicznych mikroorganizméw, w celu uzycia wycelowanych dzialan ochronnych, jeszcze
przed rozprzestrzenieniem si¢ chordb na plantacji. Dodatkowo, scharakteryzowanie roznic
pomiedzy zdrowymi oraz porazonymi plantacjami, pozwoli na opracowanie skutecznych
rozwigzan, w tym biopreparatow oraz strategii produkcji, ktore moga zwigkszy¢ zdrowotnosé
i produktywnos$¢ upraw owocow migkkich w zrownowazony sposob.

Klasyczne metody identyfikacji czynnika patogennego atakujacego plantacje owocow,
skupiaja si¢ glownie wokot rozpoznania objawow chorobowych na roslinach, badz obserwacji
cech morfologicznych czystych szczepéw wyizolowanych z porazonych czesci roslin
patogenow na pozywkach mikrobiologicznych oraz pod mikroskopem. Co wazne, identyfikacja
czynnika chorobotworczego przeprowadzona w taki sposob, jest czasochtonna oraz w duzej
czesci przypadkoéw niedoktadna i moze powodowaé wdrozenie nieodpowiednich $srodkow
ochrony plantacji, co niepotrzebnie obcigza srodowisko i jest niekorzystne ekonomicznie.

W niniejszej rozprawie doktorskiej zebrano najwazniejsze informacje dotyczace
charakterystyki, opracowanych wczesniej, obecnych w §wiatowej literaturze naukowej, metod
molekularnej detekcji kluczowych patogenéw truskawek - grzybow Botrytis cinerea,
Colletotrichum acutatum, Verticillium spp. oraz grzybopodobnych lggniowcow z rodzaju
Phytopthtora, oraz zagrozen dla rolnictwa i produkcji zywno$ci powodowanych przez te
fitopatogeny.

W dalszej czesci badan zoptymalizowano oraz wykazano przydatno$¢ molekularnych
metod detekcji wymienionych kluczowych patogenéw truskawki w celu rozpoznania czynnika
chorobotworczego na plantacjach ekologicznych. W tym celu opracowano oraz
zoptymalizowano metody oparte o techniki tancuchowej reakcji polimerazy z detekcja w czasie
rzeczywistym - real-time Polymerase Chain Reaction (real-time PCR) oraz izotermicznej
reakcji amplifikacji wykorzystujacej zapetlanie - Loop-Medaited Isothermal Amplification
(LAMP), do ktoérych zaprojektowano sekwencje odpowiednich markeréw molekularnych,
zoptymalizowano stezenia odczynnikow reakcji oraz profil temperaturowy, zapewniajac
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optymalny przebieg reakcji i skuteczng detekcje. Metody te zwalidowano na materiale
genetycznym pochodzgcym zarowno z czystych szczepoéw patogendéw, wyizolowanych
z porazonych cze$ci ro$lin truskawki, jak rowniez na catkowitym DNA wyizolowanym
Z probek srodowiskowych (gleba, czg¢sci nadziemne roslin oraz owoce). Dla opracowanej
reakcji real-time PCR limit detekcji wynosit 39 fg/uL dla patogenéw z rodzaju Botrytis oraz
Verticillium, natomiast dla Colletotrichum spp. - 156 fg/uL. Z kolei limit detekcji opracowanej
reakcji LAMP wynosit 3 pg/uL dla Phytophthora spp. oraz 300 fg/ uL dla Phytophthora
cactorum, co $wiadczy o wysokiej czutosci zoptymalizowanych metod.

W kolejnym etapie niniejszych badan wykorzystano réwniez sekwencjonowanie
nastgpnej generacji lllumina Sequencing-by-Synthesis (SBS) oraz analizy bioinformatyczne
przeprowadzone w jezykach programowania R, Python oraz C++, ktére pozwolily na
scharakteryzowanie mykobiomu gleby, ryzosfery, korzeni oraz cz¢sci nadziemnych truskawki
oraz na okreslenie roznic w strukturze mikroorganizméow grzybowych plantacji zdrowych oraz
porazonych.

stowa kluczowe: rolnictwo ekologiczne, metody detekcji fitopatogenow, reakcja tancuchowa
polimerazy z detekcja w czasie rzeczywistym, izotermiczna reakcja polimerazy wykorzystujaca
zapetlanie, sekwencjonowanie Illumina dzigki syntezie, mykobiom



Abstract
Poland is one of the key strawberry producers in the world - in 2020, the area under

cultivation of this fruit occupied over 30,000 hectares in the country and was smaller only than
the area in China. Poland produces almost 200,000 tonnes of this fruit annually, second only to
Spain and just before Germany. It is also worth noting that Poland is the leader in organic
strawberry production in Europe and in the world.

Organic farming is becoming more and more important in recent years - the European
Union presented in 2020 the Farm to Fork Strategy, which is the heart of the European Green
Deal. The strategy calls for a significant reduction in the use of chemicals including fungicides
and pesticides, while increasing the share of organic farming. However, it should be
remembered that the organic way of food production requires the exclusion of many mineral
fertilizers and plant protection agents, which makes it much more difficult to maintain a healthy
plantation and high yields. In addition, strawberry fruits have a delicate cell wall, which can be
easily penetrated by pathogens, which contributes to a decrease in yield and quality of fruits.
Therefore, it is essential to monitor the crop quickly and effectively for pathogenic
microorganisms in order to use targeted protection measures before the spread of diseases in
the plantation. In addition, characterizing the differences of microbiome between healthy and
diseased crops will lay a foundation for the development of effective solutions, including
biopreparations and production strategies that will increase the health and productivity of soft
fruit crops in a sustainable way.

Classical methods of identifying the pathogen that attacks fruit plantations centre mainly
around the recognition of disease symptoms on plants, or the observation of morphological
characteristics of pure strains of the pathogen isolated from symptomatic plants on microbial
media and under a microscope. Importantly, identification of the pathogen carried out in this
manner is time-consuming and often inaccurate, and may result in the implementation of
inappropriate chemical plant protection products, which unnecessarily burdens the environment
and is economically disadvantageous.

In the present doctoral thesis, the most important information concerning
characterization, molecular detection methods that were developed so far against key pathogens
of strawberry - fungi Botrytis cinerea, Colletotrichum acutatum, Verticillium spp. and fungus-
like oomycete Phytophthora spp. were collected. Moreover, the thesis includes the international
scientific literature review concerning threats to agriculture and food production caused by
these phytopathogens.

In the further part of the study, the usefulness of molecular methods of detection of the
mentioned key pathogens of strawberry was optimized and demonstrated in order to identify
the pathogen in organic plantations. For this purpose, methods based on real-time Polymerase
Chain Reaction (real-time PCR) and Loop-Mediated Isothermal Amplification (LAMP)
techniques were developed, for which sequences of appropriate molecular markers were
designed, reaction reagent concentrations and temperature profile were optimized, ensuring
optimal reaction and efficient detection. The methods were tested on genetic material from both,
pure pathogen strains isolated from symptomatic strawberry plants, and total DNA isolated
from environmental samples (soil, plant parts and fruits). For the developed real-time PCR
reaction, the detection limit was 39 fg/uL for the pathogens belonging to the genera of Botrytis
and Verticillium, while for Colletotrichum spp. - 156 fg/uL. On the other hand, the detection
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limit of the developed LAMP reaction was 3 pg/uL for Phytophthora spp. and 300 fg/uL for
Phytophthora cactorum, indicating the high sensitivity of the optimized methods.

In the next stage of the present study, Illumina Sequencing-by-Synthesis (SBS) next-
generation sequencing and bioinformatical analyses performed in R, Python and C++
programming languages were also used to characterize the mycobiome of soil, rhizosphere,
roots, and shoots of strawberry and to determine differences in the fungal microbial structure
of healthy and infested plantations.

keywords: organic farming, phytopathogen detection methods, real-time Polymerase Chain
Reaction (real-time PCR), Loop-Mediated Isothermal Amplification (LAMP), Illumina
Sequencing-by-synthesis (Illumina SBS), mycobiome



SPIS SYMBDOIT ... -12 -

Lista publikacji stanowigcych podstawe rozprawy doktorski€j ........ccccveveviiieiiiiniiinenninn. -14 -
1. WWPFOWAAZENIE ..ot bbbttt n bbbt -16 -
1.1. Polska jako producent owocOW miKKICH...........ccooiiiiiiiiiiiic -16 -
1.2. Zagrozenia dla produkcji zywnos$ci w rolnictwie ekologicznym............cccccvueenee. -16 -

1.3. Wybrane metody detekcji patogenicznych mikroorganizméw wykorzystywane

W TOIMICEWIE .o -17 -
1.3.1. Reakcja tancuchowa polimerazy z odczytem w czasie rzeczywistym .......... -18 -
1.3.2. Metoda izotermicznej reakcji wykorzystujacej zapetlanie ..........cccoocvevveennen. -21-

1.4. Sekwencjonowanie markerow molekularnych mikroorganizméw wykorzystywane w

FOINTCEWEE ... -23-
1.4.1. Wysokoprzepustowe sekwencjonowanie poprzez Synteze..........ccoovevverveene. -25-

1.4.2. Wybrane metody bioinformatyczne wykorzystywane w analizie danych

sekwencjonowania WySOKOPIrZEPUSIOWEGO .......cceeiveeieiierieeieseesie e seesre e esre e - 27 -
Hipotezy badawcze oraz cel rozprawy doKtorskie] .........cccvvevveveiieveeiieieeie e - 36 -
Omowienie wynikéw publikacji oraz badan uzupetiajacych .........cccocevviiiiiiinnns -38 -

3.1. Publikacja P.1 (Alternative Molecular-Based Diagnostic Methods of Plant Pathogenic
Fungi Affecting Berry Crops—=A REVIEW) .......ccuciiiieiieieeic et -38 -

3.2.  Publikacja P.2 (Triplex Real-Time PCR Approach for the Detection of Crucial Fungal

Berry Pathogens—Botrytis spp., Colletotrichum spp. and Verticillium spp..) ................ -41 -
3.2.1.  Mikroorganizmy fitOpatOgENICZNE........ccveieiiirieriesierie e -41 -
3.2.2. Opracowanie sekwencji starteréw oraz sond molekularnych........................ -42 -
3.2.3.  Okreslenie limitu deteKcji r€akCii......vviveiriiiiiieiiiieseeece e -42 -
3.2.4. Detekcja w sztucznie kontaminowanych probkach ............cccocceiviiiiiiniennns -42 -
3.2.5. Walidacja reakcji na probkach srodowiskowych.........cccccvviiiiiiiiiiiicninnns -43 -

3.3.  Publikacja P.3 (“Shining a LAMP” (Loop-Mediated Isothermal Amplification) on the
Molecular Detection of Phytopathogens Phytophthora spp. and Phytophthora cactorum in
SErAWDEITY FIEIAS) ...t et -43 -

3.3.1. Uzyskanie czystych izolatow patogendw ze Srodowiska ...........ccocvviviiinnne -43 -



3.3.2. Projektowanie starterow oraz optymalizacja warunkow reakcji ...........c....... -44 -

3.3.3.  LIMITAELEKC]I ... s -44 -
3.3.4.  Podejscie KOlOTYMEIIrYCZNE ......coivviiiiiiiiiciiiiciee e -44 -
3.3.5. Walidacja metody na probkach srodowiskowych .........cccccviiiiiiiiiiiniinnns -45 -

3.4. Badania uzupehniajace (Charakterystyka zbiorowisk mikroorganizmow grzybowych

na zdrowych i1 porazonych plantacjach ekologicznej truskawki) .......ccccvcvvviiiiiiiiinnnnnnn, -45 -
B o I N VA () o SO OTRPR -45 -
3.4.2.  Materialy 1 MEtOAY .....ceviiiiiiiie ittt -46 -
3.4.3. Wstgpna charakterystyka wynikow sekwencjonowania...........c.ceevivriinnne -48 -
3.4.4. Alfa oraz beta r6znorodno$¢ zbiorowisk grzybowych ...........cccoovviiiiiiiinnns -49 -
345, GruPY trOFICZINE ..o s -51-
3.4.6.  MyKODIOM FAZENIOWY .....c.eiiiiiiiiiiieeee s -52 -
3.4.7.  Analiza r0Znicowe] licZebNOSCI .....c.vvviiiiiiiiiiiicii e -53-

3.4.8. Sieci grzybowych powigzan w mykobiomie zdrowych i porazonych plantacji

EFUSKAWWKI ...ttt et - 59 -
3.4.9.  POGSUMOWENIE ......cviuiiiiieiieiiiteiet sttt -61 -
WWVINHOSKI ...ttt et - 63 -

o TEKStY PUBITKACTT. ... e - 65 -
5.1, PUBIKACIA PL.....oceiiiiieiiii et - 65 -
5.2, PUBIKACIA P2 -90 -
5,21, TekSt PUBIIKAC]I.......cueiieiiiee e -90 -
5.2.2.  Materialy dodatkOWe .........ccoiiiiiiiiiiii - 107 -
5.3 PUBLIKACIA P3.....ociecece ettt -137 -
5.3.1.  ADStrakt grafiCZNny.......ccccceiieiieii e -137 -
5.3.2.  TeKSt PUDIKACH....uveivieiiiieiie ittt -138 -
5.3.3.  Materiaty uzupehniajace.........ccoviiiiiiiiiiii -153 -
5.4.  Manuskrypt publiKacji P4 ...........oooiiiiiiee e - 166 -
5.4.1.  ADSIrakt grafiCZny........ccoocoiiiiiiiiiiee e - 166 -



8.
9.

5.4.2.  Tekst ManUSKIYPIU P4 ......coiiiiiiiiee et

5.4.3. Materiaty

Bibliografia..........
Protokoty..............

UZUPEINIAJGCE ..ot

7.1, Protokol 1zolacji DINA........coiiiiiiiiiiiie et

7.2.  Protokot potrojnej detekeji real-time PCR........oovoiiiiiiic

7.3.  Protokol detekcji LAMP ......cooiiiiiiiiicee e

Oswiadczenia WSPOTAULOTOW .......c.eeiueiiiiiiiiiiiie ettt

Zyciorys naukowy

-11 -



Spis symboli

SKkrét Rozwiniecie w jezyku angielskim Polskie thumaczenie
PCR Polymerase Chain Reaction Reakcja tancuchowa polimerazy
DNA deoxyribonucleic acid Kwas deoksyrybonukleinowy
RNA ribonucleic acid Kwas rybonukleinowy
LAMP Loop-Mediated Isothermal Reakcja polimerazy
Amplification wykorzystujaca zapetlanie
SBS Sequencing-by-Synthesis Sekwencjonowanie poprzez
synteze
NGS Next-Generation Sequencing Sekwencjonowam? nastepne]
generacji
HTS High Throughput Sequencing V\S/flis(\ol\{(eonpcrjzoenpol}lg'?o r\l/lvi
QIIME Quantitative Insights Into Microbial N?fjggi@g;ﬁg?{gagglzggi ido
Ecology ! 2
mikroorganizmow
dNTP deoxynucleotide triphosphates trifosforany deoksynukleotydoéw
dUTP deoxyuridine triphosphate trifosforan deoksyurydyny
dATP deoxyadenosine triphosphate trifosforan deoksyadenozyny
dTTP deoxythymidine triphosphate trifosforan deoksytymidyny
dGTP deoxyguanosine triphosphate trifosforan deoksyguanozyny
dCTP deoxycytidine triphosphate trifosforan deoksycytydyny
ddNTP dideoxynucleotide triphosphates trifosforany dideoksynukleotydow
ddUTP dideoxyuridine triphosphate trifosforan dideoksyurydyny
ddATP dideoxyadenosine triphosphate trifosforan dideoksyadenozyny
ddTTP dideoxythymidine triphosphate trifosforan dideoksytymidyny
ddGTP dideoxyguanosine triphosphate trifosforan dideoksyguanozyny
ddCTP dideoxycytidine triphosphate trifosforan dideoksycytydyny
SMRT Single Molecule, Real-Time Sekwencjonowanie pojednycznej
Sequencing Sequencing czasteczki w czasie rzeczywistym
ONT Oxford Nanopore Technologies Technologie Oxford Nanopore
HNB Hydroxy naphthol blue btekit hydroksynaftolowy
ENS Effective Number of Species Efektywna liczba gatunkow
FRET Forster Resonance Energy Transfer bezpromienisty rezonansowy
transfer energii
UNG Uracil N-Glycosylase Uracyl-N-glikozylaza
SNP Single Nucleotide Polymorphism polimorfizm pojedynczego
nukleotydu
PCoA Principal Coordinate Analysis analiza gtéwnych wspétrzednych
MDS multidimensional scaling skalowanie wielowymiarowe
ASV Amplicon Sequence Variant Wariant sekwencji amplikonu
OoTU operating taxonomic units Operacyjne J?anStk'
taksonomiczne
ROX carboxyrhodamine Rodamina B
Analysis Of Differential Abundance Analiza obfitosci réoznicowej z
ALDEXx2 Taking Sample Variation Into uwzglednieniem zmiennosci

Account

probki

-12 -



Multivariable Association

Wielozmiennowe odkrywanie

MaSLin2 Discovery in Population-scale asocjacji w badaniach meta-
Meta-omics Studies omicznych w skali populacyjnej
Empirical Analysis of Digital Gene Empiryczna analiza cyfrowych
edgeR . . - ,
Expression Data in R danych o ekspresji genow w R
Analysis of compositions of Analiza sktadu mikrobiomu z
ANCOM-BC . : o :
microbiomes with bias correction korekta btedu systematycznego
Differential gene expression Analiza r6znicowej ekspresji
DESeq2 analysis based on the negative genow w oparciu o negatywny
binomial distribution rozktad dwumianowy
ITS1 Internal Transcribed Spacer 1 Pierwsza wewngtrzna sekwencja
transkrybowana
ITS2 Internal Transcribed Spacer 2 Druga wewngtrzna sekwencja
transkrybowana
PERMANOVA Permutational mul_tlvarlate analysis Permutacyma Wlelc_)czy_r_mlkowa
of variance analiza wariancji
MDS Multidimensional scaling Skalowanie wielowymiarowe
PCoA Principal Coordinates Analysis Analiza gtownych wspotrzednych
NMDS Nonmetric multidimensional scaling Niemetryczne skalowanie

wielowymiarowe

-13-



Lista publikacji stanowiacych podstawe rozprawy doktorskiej

Niniejsza rozprawa doktorska oparta jest na cyklu trzech recenzowanych publikacji

skupiajacych si¢ wokot ponizszej tematyki:

»Opracowanie metod detekcji wybranych patogenow owocow mie¢kkich

z wykorzystaniem technik biologii molekularnej”:

P.1: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., 2019. Alternative Molecular-Based
Diagnostic Methods of Plant Pathogenic Fungi Affecting Berry Crops—A Review. Molecules
24, 1200.

Czasopismo umieszczone w bazie ISI Journal Citation Reports,

wskaznik Impact Factorzo19: 3,267,

5-letni Impact Factore21: 5,110;

punktacja MEIN: 140 punktow.

P.2: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., 2020. Triplex Real-Time PCR
Approach for the Detection of Crucial Fungal Berry Pathogens—Botrytis spp.,
Colletotrichum spp. and Verticillium spp.. International Journal of Molecular Sciences 21,
8469.

Czasopismo umieszczone w bazie 1SI Journal Citation Reports

wskaznik Impact Factorzozo: 5,924

5-letni Impact Factorzo21: 6,628

punktacja MEIN: 140 punktow.

P.3: Siegieda D., Panek J., Frac M., 2021. “Shining a LAMP” (Loop-Mediated Isothermal
Amplification) on the Molecular Detection of Phytopathogens Phytophthora spp. and
Phytophthora cactorum in Strawberry Fields. Pathogens 10, 1453.

Czasopismo umieszczone w bazie 1SI Journal Citation Reports

wskaznik Impact Factorzo21: 4,531

5-letni Impact Factore21: 4,580

punktacja MEIN: 100 punktow.

Uzupehieniem wynikow badan przedstawionych w wymienionych publikacjach jest

zastosowanie metody sekwencjonowania wysokoprzepustowego Illumina SBS na platformie

-14 -



MiSeq oraz opracowanie odpowiednich potokow bioinformatycznych do scharakteryzowania
struktury mikroorganizméw grzybowych obecnych w ekologicznych plantacjach truskawek
w celu okreslenia kluczowego mykobiomu rdéznicujacego plantacje zdrowe oraz porazone
chorobami. Wyniki zostaly przygotowywane do publikacji i przedstawione w niniejszej
rozprawie doktorskiej jako badania uzupelniajace obejmujace manuskrypt publikacji

zatytulowane;j:

P4: Siegieda D., Panek J., Fragc M., Plant and soil health in organic plantations of strawberry -

mycobiome biodiversity, fungal trophic modes and networks.
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1. Wprowadzenie

1.1. Polska jako producent owocéw miekkich

Polska nalezy do $wiatowych lideréw w produkcji owocow, a w szczegdlnosci truskawek
(“FAOSTAT” 2022). Ponadto, wcigz rosnacy popyt na ekologiczne produkty w Europie
doprowadzil do sytuacji, w ktérej agroekologia nabiera w naszym kraju coraz wigkszego
znaczenia (Sahota 2018). Jednakze, nalezy pamigtaé, ze ekologiczny system uprawy roslin,
a w szczegolnosci owocdHw migkkich, wigze si¢ ze zwickszong podatnoscig upraw oraz plonow
na choroby powodowane przez patogeniczne mikroorganizmy. Ten problem jest zwiazany
z faktem, ze w rolnictwie ekologicznym do uzytku dopuszczonych jest niewiele §rodkow
ochrony roslin o zadowalajacej skuteczno$ci (Pylak, Oszust, and Frac 2020). Dodatkowo,
owoce migkkie charakteryzuja si¢ delikatng $ciang komodrkowa oraz faktem, ze wzrastaja
w niewielkiej odlegtosci od wilgotnej gleby, ktora jest siedliskiem wielu patogenow (Cybulska
et al. 2022). W zwigzku z tym, choroby powodowane przez mikroorganizmy patogeniczne
nalezg do podstawowych przyczyn zmniejszenia plondw oraz uzyskiwania plonoéw

0 niezadawalajacej jakoSci w rolnictwie na $wiecie (Dean et al. 2012; Prusky 1996).

1.2. Zagrozenia dla produkcji zywnosci w rolnictwie ekologicznym

Choroby ro$lin powodowane przez grzyby i grzybopodobne legniowce s3a jednym
Z najwazniejszych problemow w rolnictwie, powodujgc straty si¢gajace nawet az 50% (Mertely
etal. 2007; Prokkola and Kivijarvi 2007). Problem komplikuje fakt, iz objawy tego typu chorob
moga ujawni¢ si¢ na plantacji na dowolnym etapie produkcji zywnosci - od wzrostu na polu,
poprzez zbior, przechowywanie w chtodni, wystawe w sklepie, po znalezienie si¢ na stole
konsumenta. Wynika to z faktu, ze wzrost grzyba/legniowca na owocu rozpoczyna si¢ dopiero
w momencie napotkania przez niego odpowiednich warunkow do rozwoju. Dlatego tez, brak
widocznych objawow infekcji na plantacji nie moze by¢ gwarancja odpowiedniej jakoSci
plonéw, wolnych od chorobotworczych patogenow. Tradycyjne metody identyfikacji
mikroorganizmow, wykorzystujace klasyczne hodowle na podlozach agarowych w ptytkach
Petriego, sa dtugotrwate i czgsto niejednoznaczne w interpretacji, poniewaz rézne gatunki
mikroorganizmow moga posiadac trudne do rozréznienia cechy morfologiczne w obserwacjach
makro- i mikroskopowych (Arbefeville, Harris, and Ferrieri 2017). Z kolei molekularne metody
identyfikacji organizméw charakteryzuja si¢ znacznie krotszym czasem niezbednym do
uzyskania wynikow oraz wigksza skutecznos$cig w identyfikacji rodzajowej i gatunkowe;j.

Dodatkowo, takie metody pozwalaja na wykrycie patogenicznych mikroorganizmoéw na dtugo
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przed ujawnieniem si¢ objawow choroby na plantacji (Arbefeville, Harris, and Ferrieri 2017).
Tylko szybkie i skuteczne zidentyfikowanie czynnika patogenicznego pozwala na wdrozenie
odpowiednich, celowanych srodkéw ochrony roslin, ktore umozliwiajg ograniczenie, a nawet
wyeliminowanie strat w produkcji ro§linne;.

Opracowanie skutecznych metod detekcji i identyfikacji grzybowych oraz
grzybopodobnych patogenéw obecnych na plantacjach owocow migkkich jest zgodne
Z zalozeniami strategii Komisji Europejskiej ,,od pola do stotu” (ang. Farm to Fork Strategy).
Projekt ten zostat przedstawiony 20 maja 2020 roku i jest jednym z kluczowych dziatan w
ramach Europejskiego Zielonego Ladu (ang. European Green Deal) (European Commission
2019). Priorytetem tej strategii jest bezpieczenstwo zywnosciowe, ktore moze by¢ osiggnigte
dzieki zréwnowazonej produkcji ZywnoS$ci, oraz poprzez znaczne ograniczenie stosowania
pestycydow, srodkow przeciwdrobnoustrojowych oraz zwigkszeniu produkcji ekologicznej. W
celu ograniczenia chorob i strat powodowanych przez fitopatogeniczne mikroorganizmy, a co
za tym idzie ograniczenia stosowania chemicznych $rodkéw ochrony roslin, niezbgdne jest
skuteczne wykrywanie i identyfikacja patogenow, ktore moga stanowi¢ zagrozenie dla upraw,

wystepujacych w danym gospodarstwie.

1.3. Wybrane metody detekcji patogenicznych mikroorganizméw
wykorzystywane w rolnictwie

Klasyczne metody identyfikacji patogenéw wystepujacych na plantacjach ros$lin uprawnych
opierajg si¢ o obserwacje widocznych objawow chorobowych na roslinach, badZz na
wyizolowaniu  czystego  szczepu  mikroorganizmu  patogenicznego,  a nastgpnie
przyporzadkowanie identyfikacji taksonomicznej uzyskanego izolatu na podstawie cech
morfologicznych obserwowanych makro- oraz mikro-skopowo. Niestety, takie metody
identyfikacji czynnika patogenicznego na plantacjach sa niedoktadne, a dodatkowo sposob
plytkowy jest dtugotrwaty (trwa nawet do kilku tygodni), poniewaz w celu precyzyjnej
identyfikacji konieczne jest uzyskanie zarodnikow i innych struktur tworzonych przez
mikroorganizmy, umozliwiajgcych okreslenie przynaleznosci rodzajowej lub gatunkowe;.
Niekiedy hodowla mikroorganizméw musi spetni¢ pewne specyficzne warunki, aby szczepy
mogly wytworzy¢ konidia, co moze powodowac¢ dodatkowe niedogodnosci w pracy
laboratoryjnej oraz wydluzenie czasu oczekiwania na identyfikacje (Narayanasamy 2011;
Larkin, Ristaino, and Campbell 1995; Frac, Jezierska-Tys, and Yaguchi 2015). Rozpoznawanie
objawow infekcji wywotywanych przez patogeniczne grzybowe oraz grzybopodobne

mikroorganizmy na ich roslinnych zywicielach moze by¢ takze wykorzystywane do
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identyfikacji patogenu, jednak zdecydowana wigkszo$¢ gatunkéw nie jest specyficzna dla
gospodarza, a ros§liny moga by¢ zasiedlane przez wiele réoznych patogendow, wywotujacych
podobne objawy chorobowe. Brak specyficznego zywiciela i réznice w objawach miedzy
roslinami wystepujacymi na réznych szerokosciach geograficznych sprawiaja, ze jednoznaczna
identyfikacja na podstawie jedynie morfologii jest bardzo trudna, lub wrgcz niemozliwa.
Ponadto, interpretacja morfologii patogenu jest subiektywna i w duzym stopniu zalezy od
doswiadczenia danego specjalisty. Czynnik ludzki moze prowadzi¢ do niewlasciwej
identyfikacji patogenu, powodujac btedne i wrgcz szkodliwe dziatania w zakresie ochrony
roslin.

W ostatnich latach molekularne metody detekcji sa coraz chetniej wykorzystywane przez
badaczy w wielu dziedzinach. Sg one rowniez szeroko stosowane w celu identyfikacji chorob
powodowanych przez grzybowe oraz grzybopodobne mikroorganizmy, a takze w celu
charakterystyki i opisu populacji patogenow wystepujacych w danym Srodowisku.
Identyfikacja mikroorganizméw chorobotworczych jest faktycznie doktadniejsza w przypadku
zastosowania marker6w molekularnych, w porownaniu do identyfikacji wykonanej jedynie na
podstawie cech morfologicznych podczas obserwacji makro- i mikro-skopowych (Arbefeville,
Harris, and Ferrieri 2017; Panek and Frac 2018). Co wigcej, zoptymalizowane molekularne
metody detekcji moga by¢ stosowane przez personel laboratoryjny bez specjalistycznej wiedzy
taksonomicznej, co znacznie ogranicza wptyw czynnika ludzkiego na interpretacje uzyskanych

wynikow (Capote et al. 2012).
1.3.1. Reakcja lancuchowa polimerazy z odczytem w czasie rzeczywistym

Lancuchowa reakcja polimerazy z detekcjg w czasie rzeczywistym (real-time PCR) jest
zmodyfikowang technika oparta na jednej z podstawowych i najczgséciej wykorzystywanych
metod detekcji patogenéw - tancuchowej reakcji polimerazy (ang. Polymerase Chain
Reaction). Real-time PCR umozliwia dodatkowo obserwacj¢ wynikow amplifikacji w czasie
rzeczywistym oraz ilosciowe oznaczenie materialu genetycznego w probce (Higuchi et al.
1992, 1993). Ta reakcja ma wiele zalet w porownaniu z klasyczng metodg PCR. Real-time PCR
nie wymaga dodatkowej elektroforezy po zakonczeniu reakcji w celu odczytania wyniku
detekcji, poniewaz =zastosowane w niej techniki umozliwiaja obserwacj¢ przyrostu
intensywnosci sygnatu fluorescencyjnego, ktory jest proporcjonalny do ilosci amplifikowanego
DNA, co pozwala na posredni odczyt wynikow detekcji i natychmiastowg oceng wystgpowania
patogenow w danej probce. Technika real-time PCR pozwala rowniez na jednoczesng analize

96, a nawet 384 probek, poniewaz moze by¢ przeprowadzana na ptytkach wielodotkowych
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(Capote et al. 2012). Co wigcej, uzycie wielu sond fluoroscencyjnych typu hydrolitycznego w
jednej mieszaninie reakcyjnej pozwala na jednoczesne wykrywanie kilku réznych patogenow
w tym samym czasie (Livak et al. 1995; Malarczyk, Panek, and Frac 2020), co dodatkowo
ulatwia oraz poszerza diagnostyke i skraca czas uzyskania wynikow detekcji wielu roznych
patogendéw W jednej probce. Co wazne, porownanie klasycznej metody PCR z real-time PCR
przeprowadzone w 2009 roku wykazato, ze reakcja real-time PCR jest 100 razy bardziej czuta
w porownaniu z PCR, w przypadku gdy zastosowano t¢ metode do identyfikacji ro§linnych
grzybow patogenicznych na owocach truskawki (Garrido et al. 2009).

Do techniki real-time PCR wykorzystywana jest mieszanina reakcyjna sktadnikow
uzywanych w klasycznej metodzie PCR takich jak: polimeraza DNA, trifosforany
deoksyrybonukleozydow (dTTP, dATP, dCTP, dGTP), bufor 10-20 mM Tris-HCI oraz jedno-
i dwu-warto$ciowe kationy 50 mM K*/Na*, 1-4 mM Mg?*, jednoniciowa matryca DNA oraz
startery oligonukleotydowe (van Pelt-Verkuil, van Belkum, and Hays 2008; Saiki et al. 1988).

Dodatek barwnika fluorescencyjnego badz specyficznych sond molekularnych
z przytaczonymi fluoroforami, ktore sg dodatkowo stosowane w metodzie real-time PCR,
pozwala na detekcje produktu reakcji w czasie rzeczywistym. Barwniki fluorescencyjne, ktore
wigza si¢ do mniejszej bruzdy dwuniciowej helisy DNA (np. SYBR Green, EVA Green)
podczas trwania reakcji amplifikacji, majg wielokrotnie wigksza fluorescencje niz wolny
barwnik zawieszony w roztworze (Higuchi et al. 1993, 1992; Schena et al. 2004; Ginzinger
2002). Natomiast sondy molekularne posiadajg w swojej strukturze fluorofory oraz wygaszacz,
ktory na drodze FRET wytlumia fluorescencj¢ fluoroforéw. Podczas amplifikacji produktow
reakcji, polimeraza DNA hydrolizuje sondy molekularne przytaczone do komplementarnego
fragmentu amplifikowanego DNA, na skutek aktywnosci egzonukleazy 5° = 3’ , co powoduje
zwigkszenie odleglosci pomiedzy fluoroforem a wygaszaczem, a w rezultacie emisje
fluorescencji, ktora jest proporcjonalna do ilosci produktu reakcji w mieszaninie reakcyjnej
(Forster 1948; Mackay 2004).

Niektére termocyklery typu real-time, w tym uzywany w badaniach w niniejszej
rozprawie Applied Biosystems 7500 Fast, wymagaja dodatku barwnika referencyjnego ROX,
ktory nie zaktoca reakcji amplifikacji, a kompensuje fluktuacje fluorescencji pomigdzy
dotkami, wynikajace z niedoktadnosci pipet, koncowek do pipet, czy btedu ludzkiego.

Kolejng mozliwa modyfikacja reakcji real-time PCR jest uzycie mieszaniny reakcyjnej
zawierajacej dUTP (trifosforan deoksyurydyny), zastepujacych czesciowo dTTP. Pozwala to
na uzycie dodatkowego enzymu UNG (uracyl N-glikozylazy), aby zapobiec przenoszeniu

zanieczyszczen z poprzednich reakcji. Enzym ten degraduje zanieczyszczenia w postaci
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produktéw poprzednich reakcji amplifikacji, poprzez katalizowanie uwalniania uracylu

Z pojedynczych oraz podwojnych nici DNA, co sprawia, ze te fragmenty sa podatne na

hydrolize w podwyzszonej temperaturze poczatkowej denaturacji reakcji PCR, w ktorej to

enzym jest takze inaktywowany.
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Rysunek 1. Schematyczny przebieg reakcji real-time PCR, mechanizm fluorescencji sondy molekularnej oraz
przyktadowy wykres wynikow detekcji. Schemat przygotowany z wykorzystaniem oprogramowania BioRender.

Przebieg typowej reakcji PCR sktada si¢ z powtarzalnych cykli, o $cisle okre§lonym profilu

temperaturowym w kazdym z wymienionych etapow trwania reakcji (Rys. 1):

denaturacja (topnienie) - rozdzielenie podwodjnej helisy DNA, ktore nastepuje
w temperaturze powyzej 80°C, kiedy to wigzania wodorowe pomig¢dzy nukleotydami
ulegaja rozpadowi (Breslauer et al. 1986; SantaLucia, Allawi, and Seneviratne 1996);
annealing  (przytaczanie) - hybrydyzacja starterow  oligonukleotydowych,
specyficznych do jednoniciowej matrycy DNA, zachodzaca w S$cisle okreslonej
temperaturze dla danej pary starterow (Owczarzy et al. 1997; Breslauer et al. 1986;
Allawi and SantaLucia 1997);

elongacja (wydtuzanie) - synteza dwuniciowego DNA przeprowadzana dzigki
polimerazie DNA, czas tego etapu jest zalezny od dtugosci amplifikowanego
fragmentu, za$ temperatura - od zastosowanej polimerazy (Chien, Edgar, and Trela
1976; Lawyer et al. 1993).
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Odczyt fluorescencji w reakcji real-time PCR odbywa si¢ po kazdym cyklu reakcji, a jej
intensywnos$¢ jest wprost proporcjonalna do stezenia produktu reakcji w probcee, ktore
w idealnych warunkach podwaja si¢ po kazdym cyklu. W poczatkowych cyklach reakcji sygnat
fluorescencji sond lub barwnikow przytaczonych do produktéw reakcji jest nizszy niz tto
(fluorescencja sondy przytaczonej do sondy lub barwnika zawieszonego w mieszaninie).
Dopiero po kilku badz kilkunastu cyklach reakcji, fluorescencja produktow jest wigksza od
sygnatu tta i moze by¢ odczytana, a cykl, w ktorym to nast¢puje, jest nazywany cyklem
progowym (Ct). Podstawa do obliczenia warto$ci Ct rozni si¢ w zalezno$ci od producenta
oprogramowania termocyklera, lecz zwykle opiera si¢ 0 maksimum drugiej pochodnej funkcji

zalezno$ci fluorescencji od cyklu reakcji (Ginzinger 2002; Mackay 2004).
1.3.2. Metoda izotermicznej reakcji wykorzystujacej zapetlanie

Kolejng metoda wykorzystujaca polimeraze DNA, ktéra jest uzywana do detekcji
patogenéw wystepujacych w uprawach roslinnych jest izotermiczna amplifikacja
wykorzystujaca zapgtlanie (Loop-mediated Isothermal Amplification, LAMP). Do amplifikacji
specyficznych fragmentow DNA wykorzystuje si¢ modyfikowang polimeraz¢ z aktywnoS$cia
zamiany nici oraz dwie do trzech par specyficznych starterow oligonukleotydowych (Notomi
et al. 2000). LAMP charakteryzuje si¢ czterema gtéwnymi zaletami w poréwnaniu z innymi
technikami molekularnymi stosowanymi do wykrywania patogenow:

e reakcja przebiega w stalej temperaturze i nie wymaga drogiego termocyklera, a do
przeprowadzenia detekcji wystarczajace jest uzycie prostego termobloku;

o w celu wizualizacji wynikow reakcji i obserwacji bez specjalistycznego sprzgtu (‘gotym
okiem’) mozliwe jest dodanie do mieszaniny reakcyjnej barwnika fluorescencyjnego
takiego jak SYBR Green lub biekit hydroksy naftolowy (HNB) (Siegieda, Panek, and
Frac 2021);

e LAMP jest 10-100 razy bardziej czuty niz klasyczny PCR (Tomlinson, Dickinson, and
Boonham 2010) i wymaga mniejszych ilosci wejsciowego DNA;

e reakcja jest mato wrazliwa na inhibitory (Kaneko et al. 2007).

Z drugiej strony, gtdéwng wadg tej techniki jest fakt, ze zaprojektowanie sekwencji
starterow jest skomplikowane, co ogranicza opracowanie i optymalizacje metody dla
konkretnego patogenu tylko do specjalistow (Le and Vu 2017). Dodatkowo, metoda ta jest
mniej uniwersalna niz PCR - produkt reakcji nie moze by¢ bezposrednio zsekwencjonowany,
a projektowanie reakcji detekcji dla wielu roznych patogendéw (reakcja typu multiplex) jest

znaczgco utrudnione. Niemniej, technika ta moze by¢ z tatwoscig wykorzystywana przez osoby
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niebedace biologami molekularnymi. O przydatnosci tej techniki swiadczy rowniez fakt, ze
dzigki zastosowaniu prostego termobloku i barwnika fluorescencyjnego, test ten mozna
stosowa¢ poza dobrze wyposazonym laboratorium, w tym takze w warunkach terenowych
(Wilisiani et al. 2019). Metoda LAMP jest wysoce specyficzna dzigki obecnosci wigkszej
liczby starterow niz w przypadku klasycznego PCR, co sprawia, ze reakcja jest niewrazliwa na
zanieczyszczenie niespecyficznym DNA (Notomi et al. 2000). LAMP moze by¢ weryfikowany
bezposrednio poprzez badanie zmiany koloru probek lub poprzez elektroforeze (Capote et al.
2012), a reakcja nie zawsze wymaga izolacji DNA i moze by¢ wykonywana bezposrednio
z probki srodowiskowej (Francois et al. 2011).
Reakcja LAMP zachodzi w statych warunkach temperaturowych, wynoszacych okoto
65°C, a amplifikacja zachodzi dzigki uzyciu 3 par starterow:
e F3 (Forward Primer) oraz B3 (Backward Primer) sg komplementarne do zewnetrznych
fragmentow markera;
e FIP (Forward Inner Primer) oraz BIP (Backward Inner Primer) s3 komplementarne do
dwoch odlegtych miejsc markera na nici sensownej i antysensownej;
e LoopF oraz LoopB sa komplementarne do regiondéw struktury startowej pomigdzy
regionami F1 i F2 oraz B1 i B2.
Schematyczny przebieg reakcji LAMP przedstawia Rysunek 2.
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Rysunek 2. Przebieg reakcji LAMP. Schemat przygotowany z wykorzystaniem oprogramowania BioRender.

1.4. Sekwencjonowanie markerow
mikroorganizméw wykorzystywane w rolnictwie

molekularnych

Sekwencjonowanie materialu genetycznego mikroorganizmdw patogenicznych jest
identyfikacji

patogenicznego, powodujacego straty na plantacjach. Popularyzacja tego typu metod nastgpita

wykorzystywane w rolnictwie najcze$ciej do jednoznacznej czynnika
wraz ze zautomatyzowaniem sekwencjonowania metoda Sangera. Zwykle, identyfikacja
taksonomiczna z wykorzystaniem markerow genetycznych jest przeprowadzana po uprzednim
pozyskaniu czystego szczepu mikroorganizmu z porazonej rosliny oraz zamplifikowaniu
specyficznego identyfikacyjnego markera genetycznego. Nastgpnie, tak otrzymana sekwencja
jest porownywana z sekwencjami tego markera obecnymi w bazach bioinformatycznych, co
pozwala na skuteczng identyfikacje czynnika chorobotworczego. Taka metoda identyfikacji
jest bardziej skuteczna od tych opartych o cechy morfologiczne szczepu, jednak nie pozwala
na rozpoznanie duzej czgsci mikroorganizméw, ktorych izolacja na podiozach
mikrobiologicznych i hodowla w warunkach laboratoryjnych nie jest mozliwa (Arbefeville,

Harris, and Ferrieri 2017). Dlatego tez, wraz z rozwojem technik pozwalajacych na
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zwielokrotnienie odczytow sekwencji, techniki te sg coraz ch¢tniej wykorzystywane do analizy
struktury mikroorganizméw w probkach srodowiskowych. Jedng z szeroko wykorzystywanych
metod takiego sekwencjonowania, nazywanego czesto sekwencjonowaniem drugiej generacji,
jest metoda Illumina SBS (ang. Sequencing-by-Synthesis), ktora pozwala na otrzymywanie
setek tysiecy sekwencji markerow genetycznych w jednej reakcji i dziesiatek tysiecy sekwencji
Z jednej probki, co pozwala, po analizach bioinformatycznych, na scharakteryzowanie catego
mikrobiomu obecnego w danej probce. Jednak metoda ta umozliwia odczytywanie jedynie
relatywnie krotkich fragmentow materiatu genetycznego (technicznie do 2x300 pz, w praktyce
do 500 pz), co umozliwia sekwencjonowanie jedynie fragmentéw markeréw molekularnych
(Kulski 2016; Schmidt et al. 2013) i nie pozwala na jednoznaczng identyfikacje
mikroorganizméw do poziomu gatunku.

Ciagte doskonalenie i rozwdj technik biologii molekularnej pozwolit w ostatnim czasie
na rozw6j sekwencjonowania trzeciej generacji, do ktérego naleza technologia Oxford
Nanopore Technologies (ONT) (Kong et al. 2021) oraz Single Molecule, Real-Time (SMRT)
Sequencing (Sekwencjonowanie pojedynczych czasteczek w czasie rzeczywistym) wdrozone
przez PacBio (Dirks and Jackson 2020). Technologie te umozliwiaja odczytywanie
wielokrotnie dluzszych sekwencji materialu genetycznego niz metody pierwszej oraz drugiej
generacji, co pozwala na poznawanie catych sekwencji genow markerowych, a nie jedynie ich
fragmentow, dopuszcza doktadniejszg identyfikacje mikroorganizméw grzybowych oraz
bakteryjnych obecnych w probkach, nawet do poziomu gatunku. Co wazne, dodatkowo metoda
PacBio HiFi Reads, ktora odczytuje dany tancuch DNA wielokrotnie dzigki jego zapetleniu,
pozwala na rozroznianie pojedynczych SNP w sekwencji markera (Graf et al. 2021).
Sekwencjonowanie z wykorzystaniem terminacji fancucha

Sekwencjonowanie metoda Sangera zostato opracowane w 1977 roku (Sanger, Nicklen,
and Coulson 1977), a po usprawnieniach i automatyzacji jest z powodzeniem wykorzystywane
do dzisiaj do celow taksonomicznych, filogenetycznych, diagnostycznych, czy do wykrywania
mutacji w materiale genetycznym. Metoda ta opiera si¢ na klasycznej metodzie PCR
z wykorzystaniem tylko jednego startera oligonukleotydowego, a przebiega w mieszaninie
reakcyjnej zawierajacej trifosforany deoksyrybonukleozydow (dNTP) i znakowane
fluorescencyjnie trifosforany dideoksyrybonukleozydéw (ddNTP), oraz polimeraze
umozliwiajacg wykorzystanie ddNTP jako substratu reakcji, ktore przylaczajac si¢ do nici
DNA, terminuja powstawanie produktu. Produkty powstajace w wyniku reakcji
sekwencjonowania réznig si¢ dlugoscia 1 pary zasad, a kazdy z 4 rodzajow ddNTP jest

wyznakowany innym fluoroforem, ktory posiada maksimum emisji fluorescencji przy innej
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dhugosci fali, co pozwala na rozpoznanie deoskyrybonukleotydu oraz na odczyt sekwencji
markera po przeprowadzonej elektroforezie kapilarnej w srodowisku denaturujacego polimeru
i wzbudzeniu laserem (Kieleczawa 2006). Oprogramowanie sekwenatora, basecaller, pozwala
na identyfikacje sygnatu jako poszczegdlny deoskyrybonukleotyd i1 ztozenie sekwencji
markera. Nastgpnie, taka nowo odczytana sekwencja moze by¢ porownania z sekwencjami
zdeponowanymi w bazach bioinformatycznych, co pozwala na identyfikacje mikroorganizmu

(Rysunek 3).

Produkty reakcji réznigce sie

@ Przylaczanie startera i taricuchowe @ Przytaczanie ddNTP i terminacja @ dtugoscia 1 pz, wyznakowane
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Rysunek 3. Schemat reakcji sekwencjonowania Sangera. Schemat przygotowany z wykorzystaniem
oprogramowania BioRender.

1.4.1. Wysokoprzepustowe sekwencjonowanie poprzez synteze

Opracowanie  wysokoprzepustowego sekwencjonowania, czesto nazywanego
sekwencjonowaniem nastgpnej generacji (ang. Next-Generation Sequencing), pozwolito na
zwielokrotnienie zachodzacych 1 odczytywanych reakcji sekwencjonowania w tym samym
czasie. Swiatowym liderem wykorzystujacym takie podejscie jest firma Illumina, ktéra nabyta
wraz z tworcami technologii - firmg Solexa, mechanizm sekwencjonowania poprzez synteze
(ang. Sequencing-by-Sythesis) W zastosowaniu zardGwno catogenomowym,
metataksonomicznym oraz metogenomowym. Technika Illumina SBS pozwala na
odczytywanie krotkich fragmentow sekwencji DNA, co umozliwia odczyt setek tysigcy

réznych sekwencji nukleotydowych obecnych w probee i zlozenie z fragmentow sekwencji
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catlego genomu, badz scharakteryzowanie metataksonomiczne catego mikrobiomu, badz

mykobiomu.
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Rysunek 4. Schematyczny przebieg sekwencjonowania metataksonomicznego Illumina MiSeq SBS. Schemat
przygotowany z wykorzystaniem oprogramowania BioRender.

W podejsciu metataksonomicznym lllumina SBS do sekwencjonowania mozemy
wyréznic¢ 4 gtoéwne etapy (Rysunek 4):

e przygotowanie bibliotek poprzez amplifikacje markera (dla mikroorganizmow
grzybowych zwykle jest to region ITS1 badz ITS2) z uzyciem primeréw zawierajacych
fragment typu overhang - syntetycznego DNA tworzacego fragment komplementarny
do sekwencji starterow indeksujacych w kolejnym etapie oraz indeksowanie markera,
ktore polega na przytaczeniu adapterow komplementarnych zaréwno do uzyskanego
w amplikonu, jak i do oligonukleotydow obecnych na komorce przeptywowej (ang.
flowcell), na ktorej zachodzi reakcja sekwencjonowania;

e amplifikacja mostkowa na komorce przeptywowej;

e sekwencjonowanie bibliotek;

e odczyt sekwencji oraz analiza bioinformatyczna.

Nieodlacznym, niezwykle istotnym elementem sekwencjonowania
metataksonomicznego jest odpowiednia obrobka otrzymanych danych, dalsza analiza

bioinformatyczna oraz wizualizacja wynikow.
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1.4.2. Wybrane metody bioinformatyczne wykorzystywane

w analizie danych sekwencjonowania wysokoprzepustowego

Bioinformatyka jest interdyscyplinarng dziedzing nauki, wykorzystujacag metody
informatyczne potrzebne do zrozumienia obszernych danych biologicznych. Wykorzystywanie
technik biologii molekularnej, a w szczegodlnosci technik sekwencjonowania drugiej oraz
trzecie] generacji sprawilo, ze wykorzystywanie oraz opracowywanie metod
bioinformatycznych stato si¢ nieodzownym eclementem analizy danych. W toku analizy
wynikow sekwencjonowania metaksonomicznego, czesto wykorzystywanym sposobem jest
opracowywanie niestandardowych potokéw danych bioinformatycznych, wykorzystujacych
ogoblnodostepne narzedzia bioinformatyczne na licencji GNU (ang. General Public License,
pol. Powszechna Licencja Publiczna). Co warto zauwazy¢, analiza danych bioinformatycznych,
ktora jest opracowywana dla kazdego typu probek indywidualnie, pozwala na bardziej

szczegotowe opracowanie wynikow.
1.4.2.1. Wstepna obrobka i przygotowanie danych

W wyniku sekwencjonowania metataksonomicznego metodg Illumina SBS
otrzymywane sg surowe sekwencje fragmentu markerowego wszystkich organizméw obecnych
w probce. Sekwencje te, w kolejnych etapach analizy bioinformatycznej, nalezy poddac
odpowiednim obrobkom, aby wynik analizy byl miarodajny. W analizach bioinformatycznych
wynikéw sekwencjonowania metataksonomicznego najczesciej wykorzystywane sa komputery
o wysokiej wydajnos$ci z powtoka uniksowg Linux (Bash) oraz srodowiska bioinformatyczne
QIIME2 (Bolyen et al. 2019), badZz mothur (Schloss et al. 2009). Wstepna obrobka danych
sekwencjonowania markeréw grzybowych moze by¢ podzielona na nastepujace etapy (na
podstawie srodowiska QIIME2 oraz analizy przeprowadzonej w ramach niniejszej rozprawy
doktorskiej):

e import surowych danych do $rodowiska bioinformatycznego

e usunigcie sekwencji starterow

e usuwanie btedow sekwenatora, usuwanie sekwencji chimerowych

e laczenie sekwencji forward oraz reverse

e przyporzadkowanie wariantow sekwencji amplikonu (ang. Amplicon Sequence

Variant, ASV) lub operacyjnych jednostek taksonomicznych (OTU)

e tworzenie drzewa filogenetycznego (niepolecane przy sekwencjonowaniu markera ITS,
jako ze charakteryzuje si¢ r6zng dtugoscia tego fragmentu u r6znych mikroorganizmow

grzybowych) (Bellemain et al. 2010)
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¢ identyfikacja taksonomiczna sekwencji.

W wyniku tak przeprowadzonej obrobki danych, otrzymuje si¢ tabele z iloScia
odczytow danego ASV/OTU w poszczegdlnych probkach oraz tabelg przyporzadkowujaca
identyfikator ASV/OTU do taksonomii, ktére wykorzystuje si¢ wraz z tabelg z metadanymi
w dalszej analizie wynikow.

Taka dalsza analize i wstepng wizualizacj¢ wynikéw sekwencjonowania mozna
przeprowadzi¢ w S$rodowisku QIIME2, ktore pozwala np. na przedstawienie sktadu
mikrobiomu za pomoca wykreséw stlupkowych, analiz¢ o oraz § r6znorodnosci, czy badanie
zroznicowania liczebnosci przy uzyciu metody statystycznej ANCOM (Mandal et al. 2015)
(ang. analysis of composition of microbiomes, pol. analiza sktadu mikrobiomu).

Drugim najbardziej popularnym sposobem na analiz¢ wynikow jest wykorzystanie
jezyka programistycznego R (R Core Team 2021), ktore pozwala na wigksza elastyczno$¢ oraz
dodatkowe analizy statystyczne. R jest srodowiskiem wolnego oprogramowania typu open-
source, dostgpnym na licencji GNU GPL, znajdujacych zastosowanie migdzy innymi
w bioinformatyce. Uzytkownicy tego jezyka moga tworzy¢ wilasne, ogolnodostepne pakiety,
ktore rozszerzaja jego funkcje iulatwiajg analizy w konkretnych tematykach. Jego
zastosowanie w bioinformatyce zostato spopularyzowane dzigki stworzeniu przez Roberta
Gentlemana otwartego repozytorium Bioconductor (Gentleman et al. 2004), zbierajacego
pakiety bioinformatyczne. Schematyczny przebieg przygotowania danych sekwencjonowania

metataksonomicznego oraz ich analizy zostat przedstawiony na Rysunku 5.
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Rysunek 5. Schematyczny przebieg analizy danych sekwencjonowania metataksonomicznego, przygotowany na
podstawie analiz przeprowadzonych w niniejszej rozprawie. Kolorem fioletowym przedstawiono etapy
przeprowadzone w Srodowisku Qiime2, a kolorem zielonym etapy przeprowadzone w RStudio. Schemat
przygotowano w programie BioRender.

1.4.2.2. Analiza wynikow sekwencjonowania w jezyku R

Najczgsciej stosowanym przez naukowcow narzedziem wykorzystywanym do metod
analizy danych sekwencjonowania metataksonomicznego przy pomocy jezyka R jest pakiet
phyloseq (McMurdie and Holmes 2013). Biblioteka ta jest narzedziem pozwalajagcym na
importowanie, przechowywanie, analizowanie i graficzne wyswietlanie skomplikowanych
danych sekwencjonowania, ktore zostaly juz pogrupowane w ASV/OTU. Pakiet ten umozliwia
importowanie danych pochodzacych z wielu popularnych $rodowisk 1 potokow
bioinformatycznych (np. QIIME2, mothur), przeprowadzenie az 44 analiz podobienstwa
i odlegtosci (np. UniFrac, Jensen-Shannon), jak tez wykorzystanie pakietu ggplot2 (Wickham
2008) w wizualizacji wykresow przedstawiajacych sktad mikrobiomu. Co wazne, dane sa
importowane do $rodowiska R, a nastepnie tworzony jest obiekt phyloseq, scalajacy tabele
z metadanymi, tabele z odczytami danego ASV/OTU w poszczegdlnych probkach, tabele
przyporzadkowujaca ASV/OTU do taksonomii, istnieje rowniez mozliwo$¢ dotaczenia

odczytow sekwencji markerowych oraz drzewa filogenetycznego.
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1.4.2.3. Krzywa rozrzedzenia

Krzywa rozrzedzenia (rarefakcji) zostata opracowana w 1968 roku (Sanders 1968) do
okreslenia bogactwa gatunkowego mikroorganizméw w probkach, jednak obecnie rowniez jest
czesto wykorzystywana w celu weryfikacji, czy proces sekwencjonowania przebiegt pomyslnie
I faktyczna réznorodnos$¢ mikroorganizmow w wystarczajacym stopniu zostata pokryta iloscig
odczytow sekwencji markerowych. Krzywa ta w takich zastosowaniach jest wykresem liczby
ASV/OTU w funkgji liczby probek. Krzywe rarefakcji na ogot szybko wzrastajg na poczatku,
gdy znajdowane sg najcz¢stsze taksony i osiggaja plateau kiedy jedynie najrzadsze taksony
pozostaja w probkach. W przypadku wyptaszczenia wykreséw (osiggnigcia plateau) dla kazde;j
z analizowanych probek, przyjmuje si¢, ze sekwencjonowanie przebieglto pomyslnie (Heck,
van Belle, and Simberloff 1975; McMurdie and Holmes 2014).

Bibliotekg jezyka R, ktora moze by¢é wykorzystana do wizualizacji krzywych
rarefakacji jest ‘vegan’ (https://github.com/vegandevs/vegan) z poleceniem rarecurve.

Ogolny sktad taksonomiczny mikroorganizmow

Jedng z podstawowych analiz i sposobow wizualizacji wynikow sekwencjonowania
metataksonomicznego jest przedstawienie struktury zidentyfikowanych mikroorganizméw za
pomocg wykresow stupkowych. Taki sposob przedstawienia wynikdw pozwala na wstepne
zapoznanie si¢ ze sktadem taksonomicznym mikroorganizmow, jednak nalezy pamigtaé, ze
wykresy stupkowe maja ograniczong czytelno$¢ w przypadku przedstawienia mikrobiomu
sktadajacego si¢ z wigcej niz kilku réznych taksonow. Z tego powodu, wykresy takie dla
bogatych w mikroorganizmy probek srodowiskowych gleby czy roslin (zawierajacych
w swoim sktadzie kilkadziesiagt, a nawet kilkaset ro6znych taksonow) beda czytelne jedynie
w przypadku przedstawienia wynikéw wysokich pozioméw taksonomicznych - tj. dla typow
badz klas. Mozna rowniez przedstawi¢ za pomocg wykresow stupkowych jedynie pewng czes¢
(zwykle najbardziej liczng) nizszych taksonéw w celu zwigkszenia czytelnosci tak
przygotowanych wykresow.

Bibliotekami jezyka R, ktore moga by¢ uzyte do tego celu sg np. ‘MicrobiotaProcess’
(S. Xu and Yu 2022) z poleceniem ggbartax, badZz biblioteka ‘phyloseq’ (McMurdie and
Holmes 2013) i polecenie plot_bar.

Innym sposobem przedstawienia sktadu mikrobioty, jest wykres cieplny
(ang. heatmap), w ktorym to kolory komorek w macierzy odpowiadaja liczebnosci
poszczegdlnego taksonu w danej probce. Taki sposoéb przedstawienia liczebnosci

mikroorganizmoéw nie zmniejsza powaznie czytelnosci wynikow, jak ma to miejsce
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w przypadku wykresow stupkowych. Biblioteka, ktéra wykorzystuje obiekt phyloseq do

utworzenia mapy cieplnej jest np. pakiet microbiome z poleceniem heat.
14.24. Alfaréznorodnos¢

W ekologii, alfa roznorodnos¢ charakteryzuje r6znorodnos¢ gatunkéw w skali lokalne;.
Termin ten zostal zaproponowany przez Whittakera (Whittaker 1972), a Magurran (Magurran
1988) podzielita miary roznorodnos$ci na trzy kategorie: wskazniki bogactwa gatunkowego;
wskazniki oparte na proporcjonalnej liczebnosci gatunkoéw, ktdére mozna podzieli¢ w zaleznosci
od tego, czy wigkszy wplyw maja na nie zmiany parzystosci czy dominacji; oraz modele
liczebnosci gatunkow. Najczesciej wykorzystywanymi wskaznikami alfa ro6znorodnosci
w badaniach mikrobiomu sa:

e Dbogactwo gatunkow (ang. species richness, S) — liczba taksonéw wystepujacych
W probcee, ktora nie bierze pod uwagg liczebnosci poszczegdlnych taksonow;

e indeks Shannona-Weinera (H’) (Shannon 1948) - miara ilo$ci informacji (entropii)
W systemie, wyrazona w ujemnej sumie liczebnosci kazdego ASV/OTU pomnozonej
przez logarytm jego proporcjonalnej liczebno$ci; nadaje wicksza wage taksonom
rzadkim niz pospolitym,;

e indeks Simpsona (D) (Simpson 1949) - prawdopodobienstwo, ze dwa dowolne osobniki
wylosowane z nieskonczenie duzego zbiorowiska nalezg do réznych gatunkéw; jest
silnie ukierunkowany na najliczniejsze gatunki wystepujace w probce;

e odwrotny indeks Simpsona (1/D) - jest to efektywna liczba rodzajow, ktorg otrzymuje
sie, gdy wazona $rednia arytmetyczna jest stosowana do ilosciowego okreslenia sredniej
proporcjonalnej obfitosci rodzajow w okreslonym zbiorze danych;

e wspdtczynnik Giniego - prawdopodobienstwo spotkania migdzygatunkowego,
tj. prawdopodobienstwo, ze dwie jednostki reprezentuja roézne rodzaje;

e Chaol (Colwell and Coddington 1994) - nieparametryczny asymptotyczny estymator
bogactwa gatunkowego (liczby gatunkéw w populacji);

o cfektywna liczba gatunkow (ang. effective numer of species) (Jost et al. 2010) - odnosi
si¢ do liczby jednakowo obfitych gatunkéw potrzebnych do tego, aby S$rednia
proporcjonalna obfito$§¢ gatunkow byla rowna tej obserwowanej w zbiorze danych
bedacym przedmiotem zainteresowania (gdzie wszystkie typy moga nie by¢ jednakowo

obfite).
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Pakietem jezyka R, ktory pozwala na obliczenie alfa réznorodnosci probek jest
phyloseq z poleceniem estimate.richness, ktore tworzy tabele z indeksami alfa roznorodnosci,

badz plot_richness, ktore rysuje wykresy z podziatem na grupy.
1.4.2.5. Betaroznorodnos$¢

Beta roznorodnos$¢ to termin wprowadzony przez Whittakera (Whittaker 1972) i wyraza
stosunek pomig¢dzy regionalng a lokalng roznorodnoscig gatunkéw. Do obliczenia macierzy
dystansow pomiedzy probkami, najcze$ciej wykorzystywanymi metodami w badaniach
mikrobiologicznych sa:

e Bray-Curtis (Bray and Curtis 1957) - statystyka stosowana do ilosciowego okre$lenia
zrdéznicowania sktadu mikroorganizmoéw pomi¢dzy dwoma ré6znymi miejscami, oparta
na sumach w kazdym z tych miejsc;

e wazony dystans UniFrac (Lozupone and Knight 2005) - wykorzystuje drzewo
filogenetyczne do obliczenia dystansu pomigdzy probkami, jest metodg ilo§ciowa;

e niewazony dystans UniFrac - od wazonego dystansu UniFrac rozni si¢ faktem, ze jest
metoda jakosciowa;

e indeks Jaccarda (wspotczynnik podobienstwa Jaccarda) - mierzy podobienstwo
pomigdzy skonczonymi zbiorami probek i jest zdefiniowany jako liczba wspolnych
gatunkow podzielona przez wielko$¢ wszystkich gatunkdéw; przyjmuje wartosci od 0 do
1 - im blizej 0, tym zbiory sg od siebie bardziej rdzne.

Biblioteka jezyka R, ktéra uzywa obiektu phyloseq do obliczenia dystanséw pomig¢dzy
probkami jest np. phyloseq z poleceniem ordinate.

Kolejnym etapem analizy jest wizualizacja wynikéw w dwoch lub w trzech wymiarach
za pomocg metod ordynacji, takich jak:

e MDS/PCoA (skalowanie wielowymiarowe/analiza gléwnych wspotrzednych) (Ter
Braak and Prentice 1988);

e NMDS (niemetryczne skalowanie wielowymiarowe) (Ter Braak and Prentice 1988).
Metody te pozwalaja na sprowadzenie skomplikowanych zalezno$ci pomigdzy

probkami do mniejszej liczby wymiarow, co znacznie utatwia interpretacje wynikow. Probki
moga skupia¢ si¢ w widoczne na wykresie grupy, kiedy istnieje ukryta zmienna kategoryczna.
Klastry moga prowadzi¢ do uproszczenia danych, ale rowniez moga pojawia¢ si¢ w wyniku
obecnosci artefaktow, co jest niepozadanym zjawiskiem.

Wykresy PCoA sg mozliwe do wizualizacji np. za pomocg funkcji plot_ordination

z pakietu phyloseq.
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W nastepnym kroku przeprowadza si¢ analiz¢ statystyczng PERMANOVA, ktora
testuje grupy pod wzgledem lokalizacji centroidu. Jesli warto$§¢ p jest mniejsza od 0,05,
mozemy wnioskowac, ze zmienno$¢ wewngetrzna grup probek jest nizsza niz zmiennos¢ probek

pomi¢dzy dwoma grupami.

1.42.6. Predykcja poziomoéw troficznych  mikroorganizméow

grzybowych

Sekwencjonowanie metataksonomiczne pozwala na poznanie struktury niemal
wszystkich mikroorganizméw obecnych w danej probcee, jednak naukowcy spotykaja trudnosci
w podzieleniu dziesiatek tysigcy zidentyfikowanych mikroorganizmoéw na grupy o znaczeniu
ekologicznym. Pojecie grupy funkcjonalnej w ekologii zostalo zaproponowane w 1902 roku
(Schimper and Franz 1902) i oznacza grupe gatunkow, spokrewnionych badz nie,
wykorzystujacych w podobny sposob t¢ samg klas¢ zasobow srodowiskowych (Root 1967).
Grupowanie mikroorganizmoéw w grupy troficzne pozwala na porownywanie srodowisk nawet
w przypadku, kiedy konkretne taksony nie pokrywaja si¢ pomiedzy tymi §rodowiskami.

Narzegdziem, ktére pozwala na przyporzadkowanie mikroorganizméw do konkretnych
poziomow troficznych w zautomatyzowany sposob jest FUNGuild (Nguyen et al. 2016), gdzie
mikroorganizmy grzybowe sg podzielone na 3 grupy:

e patotrofy - otrzymujace sktadniki odzywcze dzigki uszkadzaniu komoérek gospodarza

(w tym réwniez fagotrofy);

e symbiotrofy - otrzymujgce skladniki odzywcze poprzez wymiang zasobow

Z komorkami gospodarza;

e saprotrofy - otrzymujace sktadniki odzywcze poprzez rozktadanie martwych komorek
gospodarza.

Po przyporzadkowaniu mikroorganizméw grzybowych do odpowiednich grup
troficznych, mozliwe sa dalsze analizy statystyczne, ktore pozwalaja na zweryfikowanie, czy

wystepuja istotne roznice w strukturze grup troficznych pomiedzy grupami probek.
1.4.2.7. Mikroorganizmy rdzeniowe

Z duza doza pewnosci mozna stwierdzi¢, ze mikroorganizmy, ktore sg obecne w kazde;j
probcee nalezacej do danej grupy probek, analizowanych w do§wiadczeniu, petnig wazng role
w funkcjonowaniu danej grupy. Dlatego tez, analiza czg¢sto wykorzystywang
w sekwencjonowaniu danych metataksonomicznych jest okreslenie mikroorganizméow

rdzeniowych w obrebie danej grupy probek (Neu, Allen, and Roy 2021).
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Wylonienie mikroorganizméw rdzeniowych moze by¢ przeprowadzone na trzy
sposoby:

e jedynie na podstawie wystgpowania danego taksonu w probkach w obrebie danej grupy;

e napodstawie jedynie wzglednej liczebnosci danego mikroorganizmu - mikroorganizmy
najczesciej wystepujace w danej grupie probek;

e na podstawie zaroOwno wystepowania oraz liczebnosci mikroorganizmu w probkach
nalezacych do danej grupy - na poczatek ustala si¢ minimalng wzgledna liczebnos¢,
ktora muszg spetnia¢ mikroorganizmy, a nastgpnie procent probek, w ktorych powinny
wystepowac; to podejscie jest najbardziej konserwatywne.

W tych analizach nie nalezy bagatelizowa¢ wagi glebokosci przeprowadzonego
sekwencjonowania (ilosci sekwencji odczytanych z jednej probki). Wiele badan,
wykorzystujacych  glebokie = sekwencjonowanie  uwypuklilo  obecno$¢  rzadkich
mikroorganizmow, ktore nie byly wykryte podczas ptytszego sekwencjonowania (Sogin et al.
2006; Gibbons et al. 2013). Dlatego tez, nalezy pamigta¢ o tym, ze maksymalizowanie
glebokosci sekwencjonowania jest waznym aspektem w przypadku, kiedy zalezy nam na

okresleniu mikroorganizmow rdzeniowych w danym $rodowisku.
1.4.2.8. Mikroorganizmy o zréznicowanej obfito$ci

Innym z zadan podczas analiz metataksonomicznych moze by¢ okreslenie taksonow,
ktorych liczebno$¢ pomiedzy grupami rézni si¢ istotnie statystycznie. Taka analiza moze by¢
przeprowadzona na dowolnym poziomie identyfikacji taksonomicznej i pozwala na wylonienie
biomarkerow. Do tej pory zostalo zaproponowanych wiele podejs¢ do wylonienia
mikroorganizméw roznicujacych, jednak wcigz nie ma konsensusu, ktory sposob jest
najskuteczniejszy. Pakietami R, ktore mogg by¢ wykorzystywane do takich analiz sg, m.in.:

e ALDEx2 (ang. Analysis Of Differential Abundance Taking Sample Variation Into
Account, pol. Analiza obfitosci réznicowej z uwzglgdnieniem zmienno$ci probki)
(Fernandes et al. 2013, 2014);

e Limma-Voom (Law et al. 2014, Ritchie et al. 2015);

e MaSLin2 (ang. Multivariable Association Discovery in Population-scale Meta-omics
Studies, pol. Wielozmiennowe odkrywanie asocjacji w badaniach meta-omicznych
w skali populacyjnej) (Mallick et al. 2021);

e edgeR (ang. Empirical Analysis of Digital Gene Expression Data in R, pol. Empiryczna
analiza cyfrowych danych o ekspresji genow w R) (Robinson, McCarthy, and Smyth
2009);
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ANCOM-BC (ang. Analysis of compositions of microbiomes with bias correction, pol.
Analiza sktadu mikrobiomu z korektg btedu systematycznego) (Lin and Peddada 2020);
DESeq2 (ang. Differential gene expression analysis based on the negative binomial
distribution, pol. Analiza réznicowej ekspresji genow w oparciu o negatywny rozktad
dwumianowy) (Love, Huber, and Anders 2014).

Duza czg$¢ metod statystycznych wykorzystywana do wylonienia mikroorganizméw
zroznicowanych liczebnoscia byla poczatkowo zaproponowana do analizy danych
sekwencjonowania RNA 1 wylonienia roéznicujacej ekspresji genéw. Jednak zar6wno
metody opracowane specjalnie do danych mikrobiologicznych, jak i te opracowane dla
danych z RNA-seq moga by¢ z powodzeniem wykorzystywane do wyszukiwania

mikroorganizméw réznigcych si¢ licznoscia.
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2. Hipotezy badawcze oraz cel rozprawy doktorskiej

Hipotezy badawcze

1. Wykorzystanie techniki biologii molekularnej — real-time PCR pozwala na opracowanie
skutecznych metod detekcji patogenow grzybowych nalezacych do rodzajow: Botrytis,
Colletotrichum i Verticillium, bedacych kluczowymi patogenami upraw truskawek.

2. Mozliwe jest opracowanie metody potrojnej detekcji real-time PCR, pozwalajacej na
wykrywanie trzech patogenow truskawek z rodzajow Botrytis, Colletotrichum
oraz Verticillium w tym samym czasie w jednej mieszaninie reakcyjnej.

3. Wykorzystanie techniki biologii molekularnej — LAMP pozwala na opracowanie
skutecznych metod detekcji grzybopodobnych lggniowcoéw: Phytophthora spp. oraz
Phytophthora cactorum, ktore naleza do kluczowych patogenow upraw truskawek.

4. Wykorzystanie wysokoprzepustowej metody sekwencjonowania metodg Illumina
MiSeq pozwoli na detekcj¢ kluczowych patogenow grzybowych znajdujacych si¢
na ekologicznych plantacjach truskawek.

5. Na ekologicznych plantacjach truskawek wystepuje zrdéznicowanie pomiedzy
mykobiomem gleby i rosliny plantacji zdrowych oraz chorych.

6. Alfa-réznorodno$¢ porazonych roslin truskawki jest istotnie nizsza niz alfa-
r6znorodno$¢ roslin zdrowych.

7. Rosliny truskawki z widocznymi objawami choroby réznig si¢ ogdlnym skladem
mikobiomu od zdrowych truskawek, a gtownymi czynnikami sg grzyby nalezace do

trybu troficznego patotrofow.
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Cel rozprawy doktorskiej
Glownym celem badawczym rozprawy doktorskiej jest opracowanie molekularnych
metod detekcji czterech fitopatogenicznych grzybéw 1 grzybopodobnych lggniowcow,

wystepujacych na ekologicznych plantacjach truskawek.

Cele szczegotowe rozprawy doktorskiej obejmujg:

1. Opracowanie metody wielokrotnej reakcji tancuchowej polimerazy z detekcja w czasie
rzeczywistym (multiplex real-time PCR) do wykrywania grzybow z rodzaju: Botrytis,
Colletotrichum i Verticillium;

2. Opracowanie metody izotermicznej amplifikacji wykorzystujacej zapetlanie (LAMP)
do detekcji patogenow Phytophthora spp. i Phytophthora cactorum;

3. Charakterystyke zbiorowisk grzybow, wystepujacych na ekologicznych plantacjach
truskawek, w tym okreslenie zréznicowania mykobiomu gleby, ryzosfery, czesci
nadziemnych i korzeni ro$lin, plantacji zdrowych oraz z objawami chorobowymi,
z wykorzystaniem wysokoprzepustowego sekwencjonowania technologia Illumina

SBS za pomoca aparatu MiSeq,
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3. Omoéwienie wynikéw publikacji oraz badan uzupekiajacych

W publikacjach P1, P2, P3 oraz materiatach uzupetniajagcych P4 podjeto probe
scharakteryzowania gtownych fitopatogenéw grzybowych oraz grzybopodobnych, jak réwniez
zebrania informacji dotyczacych opracowanych do tej pory oraz obecnych w migdzynarodowe;j
literaturze naukowej metod molekularnej detekcji (PCR, real-time PCR, LAMP) kluczowych
patogendéw grzybowych oraz grzybopodobnych (Botrytis cinerea, Colletotrichum acutatum,
Verticillium spp. oraz Phytophthora spp.), ktore powodujg najwicksze straty na plantacjach
ekologicznych truskawek. Na podstawie tego zestawienia wyselekcjonowano do opracowania
w dalszych etapach prac dwie metody detekcji - real-time PCR oraz LAMP, do ktorych
opracowano sekwencje starterowe, stezenia sktadnikéw mieszanin reakcyjnych oraz profile
temperaturowe, pozwalajace na skuteczng detekcje gtownych fitopatogendw, wystepujacych
na polskich plantacjach truskawek. Metody te opracowano w taki sposob, aby byta mozliwa
jednoczesna detekcja 3 patogenow: Botrytis spp., Colletotrichum spp., oraz Verticillium spp.
W jednej mieszaninie reakcyjnej w tym samym czasie za pomocg metody real-time PCR
z probek srodowiskowych. Dodatkowo, metoda LAMP zostata zoptymalizowana w taki
sposob, aby mozliwe byto jej wykorzystanie w prostym termobloku oraz z barwnikiem
pozwalajacym na interpretacje wynikdw bez uzycia specjalistycznego sprzgtu, czyli ‘gotym
okiem’.

Waznym aspektem niniejszej pracy bylo rowniez scharakteryzowanie mykobiomu 4 typow
probek (gleba, gleba ryzosferowa, korzen, czesci nadziemne roslin) oraz okreslenie kluczowych
réznic w ich strukturze pomigdzy plantacjami zdrowymi oraz z widocznymi objawami chorob,
przy wykorzystaniu metody sekwencjonowania amplikonéw Illumina SBS oraz analiz
bioinformatycznych z wykorzystaniem $rodowiska QIIME2 oraz za pomoca skryptow

bioinformatycznych, napisanych w jezyku R.

3.1. Publikacja P.1 (Alternative Molecular-Based Diagnostic
Methods of Plant Pathogenic Fungi Affecting Berry Crops—A
Review)
Malarczyk D. (obecnie: Siegieda), Panek J., Frgc M., (2019). Alternative Molecular-Based
Diagnostic Methods of Plant Pathogenic Fungi Affecting Berry Crops—A Review. Molecules
24, 1200
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Celem pierwszej publikacji przegladowej bylo szczegotowe zebranie i podsumowanie
wynikow dotychczas przeprowadzonych na $wiecie badan dotyczacych charakterystyki,
wystepowania, wilasciwosci, zagrozenia dla rolnictwa ekologicznego oraz opracowanych
metod wykrywania kluczowych grzybowych i grzybopodobnych patogenow, atakujacych
plantacje owocow migkkich, glownie truskawek, nalezacych do rodzaju Botrytis,
Colletotrichum, Verticillium oraz Phytophthora. Szczegétowy przeglad literatury w zakresie
molekularnych metod detekcji wymienionych organizméw patogenicznych dotyczyt technik:

e PCR,

e real-time PCR,

e multiplex real-time PCR,

e LAMP,

e dodatkowo, zebrano rowniez informacje dotyczace liczby zsekwencjonowanych catych

genomoOw poszczegodlnych patogendw, nalezacych do opisywanych rodzajow (na rok

2019).

Popularnos$¢ rolnictwa ekologicznego na §wiecie nieustannie rosnie, a niemal jedna
czwarta §wiatowe] powierzchni wykorzystywanej w tym celu, nalezy do centralnej czesci
Europy. Co warto rowniez zaznaczy¢, Europa produkuje poltowe $wiatowej produkcji
truskawek, jagdd oraz malin. W 2016 roku, niemal 20% owocow migkkich bylo produkowane
metoda ekologiczna, a rynek rolnictwa ekologicznego rowniez nieustannie wzrasta w ostatnich
latach. Polska, wraz z Wegrami, posiadaja relatywnie niewielkie rynki, jednak charakteryzuja
si¢ duza produkcja zywnosci ekologicznej, co czyni je waznymi eksporterami.

Uprawy roslinne, a szczegolnie te, na ktorych stosowana jest uprawa ekologiczna, sa
szczegOlnie narazone na patogeniczne mikroorganizmy, z powodu ograniczenia stosowania na
nich chemicznych $rodkéw ochrony roslin. Co wigcej, Europa Centralna charakteryzuje si¢
cieplym i wilgotnym klimatem, a owoce migkkie, takie jak truskawki posiadajg cienkg $ciang
komorkowa oraz wzrastajg w bliskiej odleglo$ci od gleby, ktora czesto jest siedliskiem
chorobotworczych mikroorganizmow. Te wszystkie fakty sprawiaja, ze zagrozenie upraw
ekologicznych owocoéw miegkkich, a szczegélnie truskawek, zlokalizowanych w Europie,
spowodowanych przez fitopatogeny jest realnym problemem, powaznie obnizajacym plony
oraz jakos¢ ptodow rolnych.

Najczestszymi mikroorganizmami patogenicznymi, powodujacymi straty w uprawach
truskawki sg grzyby - Verticillium spp., Botrytis cinerea oraz Colletotrichum acutatum oraz

grzybopodobne legniowce Phytophthora spp.
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Roézne fitopatogeniczne gatunki grzybow nalezace do rodzaju Verticillium nie sa
specyficzne dla roslinnego gospodarza, powodujac chorobe zwang werticilioza (ang.
Verticillium Wilt). Jej objawy rdznig sie¢ pomiedzy roslinami-gospodarzami, co utrudnia
identyfikacje czynnika chorobotworczego sposobami klasycznymi. Mikroorganizm jest
Z tatwoscig przenoszony z zakazonym materiatem roslinnym, gleb¢ oraz narzgdzia, a w glebie
potrafi przetrwa¢ nawet ponad 25 lat. Patogen degraduje $ciany komorkowe gospodarza,
wykorzystujac do tego celu wiele r6znych enzymow, ktore produkuje, a jednym z nich jest
poligalakturonaza, ktorej wielkos¢ produkcji jest zwigzany ze stopniem patogennosci grzyba.
Najskuteczniejszym sposobem zwalczania choroby jest eliminacja zakazonych roélin z pola,
dlatego szybka i skuteczna identyfikacja patogenu jest niezbg¢dna w celu uzyskania plonéw
0 satysfakcjonujacej jakosci.

Botrytis cinerea, powodujacy szara plesn, atakuje nie tylko truskawki i maliny, ale
réwniez ponad 500 réznych gatunkow roslin, co czyni ja drugim najpowazniejszym patogenem
w biologii molekularnej w 2012 roku. Co wazne, grzyb moze rozprzestrzeniac si¢ na owocach
w temperaturach ponizej zera, co jest powaznym problemem przechowywania chlodniczego.
Zakazenie plantacji badZ plonéw patogenem moze pozosta¢ bezobjawowe, az do pojawienia
si¢ odpowiednich warunkéw s$rodowiskowych, sprzyjajacych rozwojowi grzyba, co
szczegollnie utrudnia zabiegi zapobiegawcze.

Colletotrichum acutatum powoduje chorobg zwang antraknoza, ktora moze powodowac
straty ploné6w nawet do 100%. Rozprzestrzenianie si¢ konididw w uprawie moze sigga¢ nawet
niemal 2 metrow, co jest mozliwe dzigki rozchlapywaniu wody, a sprawia, ze choroba szybko
dotyczy catej plantacji. Grzyb jest zdolny do zimowania w glebie przez co najmniej dwa sezony
z temperaturg plasujaca si¢ ponizej 0°C, co umozliwia rozwinigcie si¢ choroby w uprawie
nawet w kolejnych latach po jej wykryciu.

Legniowce z rodzaju Phytophthora atakuja truskawki, powodujac skorzasta zgnilizng
oraz zgnilizng¢ korony truskawki. Objawy choroby na roslinach sg czesto mylone z tymi
powodowanymi przez Colletotrichum acutatum oraz Verticillium dahliae, co utrudnia
skuteczng identyfikacj¢ patogenu. Podczas izolacji czystych szczepoéw ze Srodowiska, uzywa
si¢ dodatku antybiotyku do podloza, aby zahamowaé¢ wzrost bakterii konkurujacych
0 substancje odzywcze.

W pracy omowiono oraz wymieniono wyzwania stojagce przed metodami detekcji
patogenow, ktore sa wykorzystywane w rolnictwie. Klasyczne metody identyfikacji
mikroorganizméw chorobotworczych sa czasochlonne i niejednokrotnie niejednoznacznie

identyfikuja czynnik chorobotworczy, dlatego coraz szerzej wykorzystywane do tego celu sa
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metody molekularne, takie jak omowione w niniejszej pracy PCR, real-time PCR, multiplex
real-time PCR oraz LAMP.

W niniejszej pracy zebrano informacje dotyczace molekularnych metod detekcji oraz
dotychczas wykorzystywanych markeréw molekularnych, ktore zostalty do tej pory
zastosowane w metodach PCR, real-time PCR, multiplex real-time PCR oraz LAMP, ich zalet

w wykorzystywaniu w rolnictwie oraz ograniczen.

3.2. Publikacja P.2 (Triplex Real-Time PCR Approach for the
Detection of Crucial Fungal Berry Pathogens—Botrytis spp.,
Colletotrichum spp. and Verticillium spp..)

Malarczyk D. (obecnie: Siegieda), Panek J., Frqc M., (2020). Triplex Real-Time PCR
Approach for the Detection of Crucial Fungal Berry Pathogens—Botrytis spp.,
Colletotrichum spp. and Verticillium spp.. International Journal of Molecular Sciences 21,
8469

Celem przeprowadzonych i opisanych w publikacji P.2 badan, bylo opracowanie metody
real-time PCR do wykrywania fitopatogenicznych grzybow Botrytis spp, Colletotrichum spp.
oraz Verticillium spp. z wykorzystaniem nowo zaprojektowanych uniwersalnych starterow
amplifikujacych rézne fragmenty rDNA - regionu D2 duzej podjednostki rybosomalnego DNA.
Dodatkowym celem bylo rowniez zaprojektowanie trzech multipleksowalnych sond
hydrolizujacych typu TagMan, specyficznych dla wybranych grzybow w tym regionie oraz
przetestowanie opracowanej metody na probkach srodowiskowych.

W publikacji P.2 przedstawiono wyniki przeprowadzonej w trakcie badan izolacji czystych
szczepOw patogendw grzybowych oraz grzybopodobnych z ekologicznych plantacji truskawek,
z wykorzystaniem szeregu metod mikrobiologicznych.

3.2.1. Mikroorganizmy fitopatogeniczne

Pierwszy etap badan obejmowat izolacje patogenicznych szczepow grzybowych oraz
grzybopodobnych z ekologicznych plantacji truskawek. Izolacja fitopatogenéw zostata
przeprowadzona na podtoze PDA, a fragmenty porazonych korzeni oraz lisci byly inkubowane
w 22°C przez 10 dni. Identyfikacja mikroorganizmoéw zostala przeprowadzona za pomoca
sekwencjonowania markera D2LSU, po izolacji materiatu genetycznego zestawem PrepMan
Ultra Sample Preparation Reagent (Applied Biosystems by Thermo Fisher Scientific, Waltham,
MA, USA). Wykazano, ze patogeny nalezgce do rodzajow Botrytis, Colletotrichum,
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Verticillium oraz Phytophthora tworzyty grupe 44% rodzajow mikroorganizméw grzybow oraz
legniowcow, wyizolowanych z symptomatycznych roslin truskawek z plantacji ekologicznych.
Pozostate zidentyfikowane mikroorganizmy nalezaty do rodzajow: Alternaria (9%), Fusarium
(8%), Pilidium (6%), Mucor (5%), Phialophora (4%), Gnomoniopsis (3%), Pestalotiopsis
(3%), Cladosporium (2%), Phoma (2%), Mycosphaerella (2%) oraz do innych rodzajow (12%).

3.2.2. Opracowanie sekwencji starterow oraz sond molekularnych

Na potrzeby zaprojektowania sekwencji starterow oraz sond molekularnych, uzyto
odczytanych sekwencji D2LSU rDNA 38 patogenoéw, nalezacych do rodzajow Botrytis,
Colletotrichum oraz Verticillium. Startery zaprojektowano w taki sposob, aby byty
komplementarne do sekwencji wszystkich trzech patogenéw, natomiast 3 rézne sondy
molekularne byty specyficzne do kazdego z patogenow indywidualnie, zapewniajac mozliwos¢
wykorzystania sond w reakcji typu multipleks.

W celu walidacji specyficznosci reakcji, kazda z sond zostala przetestowana na pozostatych
dwoch patogenach, gdzie nie uzyskano amplifikacji, co potwierdza specyficzng hybrydyzacje

sond jedynie do zaplanowanych celow detekcji.
3.2.3. Okreslenie limitu detekcji reakeji

Publikacja obejmuje rowniez okreslenie czuloSci metody w oparciu o czyste szczepy
grzybow. W tym celu przygotowano DNA wyizolowane z czystych szczepow fitopatogenow
0 stezeniu 5 pg/uL, ktore nastepnie zostato seryjnie rozcienczane dwukrotnie, az do st¢zenia
39 fg/uL. Reakcje byty powtarzane trzykrotnie, wraz z negatywna proba, do ktorej zamiast
rozcienczen DNA uzyto wody wolnej od nukleaz. Czutos¢ opracowanych metod detekcji
zostata ustalona na poziomie 39 fg/uL dla grzybow Botrytis spp. oraz Verticillium spp.,
natomiast dla grzyba Colletotrichum spp. wynosita 156 fg/uL.

3.2.4. Detekcja w sztucznie kontaminowanych probkach

Opracowang reakcje przetestowano na sztucznie zakazanych probkach gleby oraz
owocow truskawki. W tym celu zostaly przygotowane wodne roztwory zarodnikéw grzyboéw
w ilosci 10000, 5000, 1000 oraz 500 na 1 ml wody, ktére zostaly dodane do 1 grama gleby,
a DNA zostato wyizolowane po 24 oraz 48 godzinach. Natomiast 1 gram owocow truskawki
zostal zakazony 1 ml wody, zawierajacej 100000, 10000, 1000 oraz 100 zarodnikéw
Botrytis sp., a DNA wyizolowano natychmiast po zakazeniu oraz po 72 godzinach. 1zolacje
przeprowadzono zestawem FastDNA Spin Kit for Feces (MP Biomedicals, Solon, OH, USA),

a reakcja multiplex wykazata obecno$¢ materialu genetycznego grzybow Botrytis spp. oraz
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Verticillium spp. we wszystkich testowanych probkach po 24 oraz 48 godzinach. Obecno$é¢

Colletotrichum spp. wykazano w dwoch testowanych probkach.
3.2.5. Walidacja reakcji na probkach srodowiskowych

Opracowang metode multiplex real-time PCR przetestowano rowniez na 244 probkach
srodowiskowych ryzosfery, gleby, korzeni, owocow oraz czg¢éci nadziemnych roslin ktore
zebrano na ekologicznych plantacjach truskawek. Osiem roéznych odmian truskawki byto
uprawianych na réznych typach gleby. Detekcja wykazata, ze Botrytis spp. znajdowaly si¢ we
wszystkich probkach przebadanych owocow, ponadto byty najliczniejsze we wszystkich typach
testowanych probek. Colletotrichum spp. zostaly wykryte w 2% probek korzeni oraz 19%

probek owocow, natomiast Verticillium spp. w 3% probek owocow.

3.3. Publikacja P.3 (“Shining a LAMP” (Loop-Mediated
Isothermal Amplification) on the Molecular Detection of
Phytopathogens Phytophthora spp. and Phytophthora cactorum
in Strawberry Fields)

Siegieda D., Panek J., Frgc M., (2021). “Shining a LAMP” (Loop-Mediated Isothermal
Amplification) on the Molecular Detection of Phytopathogens Phytophthora spp. and

Phytophthora cactorum in Strawberry Fields. Pathogens 10, 1453

Publikacja P.3 dotyczyta opracowania oraz optymalizacji metod detekcji Phytophthora spp.
oraz Phytophthora cactorum z uzyciem LAMP. Sposob wykrywania patogendow objat badania
na materiale genetycznym wyizolowanym z czystych szczepéw mikroorganizméow,
z wykorzystaniem termocyklera pozwalajacego na interpretacje wynikow w czasie
rzeczywistym. Dodatkowo w tej publikacji zwalidowano opracowane techniki na prostym

termobloku z dodatkiem odczynnika pozwalajacego na odczytanie wynikow gotym okiem.
3.3.1. Uzyskanie czystych izolatéw patogenéw ze sSrodowiska

Pierwszym etapem przeprowadzonych badan bylo wuzyskanie czystych izolatow
fitopatogenicznych legniowcow Phytophthora. Porazone czg¢$ci roslin truskawek, uprawianych
metoda ekologiczng byly wyktadane na podloze CA oraz PDA oraz uzyto rowniez metody
putapki jabtkowej. W celu identyfikacji szczepow, DNA wyizolowano zestawem PrepMan
Ultra Sample Preparation Reagent (Applied Biosystems by Thermo Fisher Scientific, Waltham,

MA, USA), oraz przeprowadzono sekwencjonowanie markera D2LSU metoda Sangera.
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3.3.2. Projektowanie starteréw oraz optymalizacja warunkéw reakcji

W celu opracowania metody detekcji dla Phytophthora cactorum oraz Phytophthora spp.,
markerem wybranym do identyfikacji zostal gen EFla, a sekwencje 3 par starteréw zostaly
wytypowane przy pomocy programu LAMP Designer v. 1.13. Startery zewngtrzne
Psp_Efla F3oraz Psp_Efla B3 zostaty uzyte do obydwu celéw - Phytophthora cactorum oraz
Phytophthora spp.

Opracowany sktad mieszaniny reakcyjnej zawieral: po 0,2 uM starterow F3 oraz B3,
0,8 uM starterow FIP oraz BIP 1 0,4 uM starterow LoopB i LoopF, a reakcja zostala
przeprowadzana w 65°C.

Aby upewnié si¢ co do specyficznosci detekcji dla wybranych celow, obydwa zestawy
starterow zostaly przetestowane z uzyciem DNA wyizolowanym z 19 szczepoéw
Phytophthora spp., oraz na 5 szczepach Botrytis spp, 5 izolatach DNA pozyskanych z czystych
kultur Colletotrichum spp. oraz 5 izolatach uzyskanych z Verticillium spp. Reakcje zostaly
przeprowadzone w termocyklerze typ real-time, a odczyt fluorescencji byt przeprowadzany po
kazdej minucie reakcji.

Nie wykazano amplifikacji w probkach, gdzie do mieszaniny reakcyjnej znajdowato si¢
DNA wyizolowane z mikroorganizméw, ktoére nie byly celem detekcji, co potwierdzito

specyficznos¢ reakcji.
3.3.3. Limit detekcji

Kolejnym etapem badan byto okreslenie limitu detekcji opracowanych metod - w tym celu
przygotowano 10-krotne rozcienczenia DNA czystych szczepéw Phytophthora spp.,
0 stezeniach 300 pg/ulL, 30 pg/ulL, 3 pg/uL, 300 fg/ulL, 30 fg/ul oraz 3 fg/uL. Odczyt
fluorescencji podczas trwania reakcji w termocyklerze typu real-time byt przeprowadzony po
kazdej minucie reakcji, nastgpnie przeprowadzono rowniez elektroforez¢ na zelu agarozowym.

Czuto$¢ opracowanych metod detekeji wynosita 3 pg/uL dla reakcji zaprojektowanej dla
Phytophthora spp. oraz 300 fg/uL dla reakcji detekcji Phytophthora cactorum.

3.3.4. Podejscie kolorymetryczne

W celu przetestowania uzytecznosci reakcji poza laboratorium biologii molekularnej,
przeprowadzono rowniez reakcje¢ detekcji na prostym termobloku, z dodatkiem barwnika
SYBR-Green |. Wyniki detekcji zostaty rowniez zobrazowane w $wietle lampy UV oraz na
zelu agarozowym. Po 30 minutach w 65°C, do eppendorféw dodano po 1,5 uL barwnika SYBR

Green |, a reakcje pozytywne natychmiastowo zmienily zabarwienie z pomaranczowego na
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z60lty, skuteczno$¢ reakcji zostala réwniez potwierdzona na zelu agarozowym, gdzie

W pozytywnych reakcjach widoczne byty charakterystyczne wzory przypominajace drabing.
3.3.5. Walidacja metody na prébkach srodowiskowych

W ostatnim etapie, przetestowano opracowane metody, wykonujac reakcje detekcji na
348 probkach srodowiskowych ryzosfery, gleby, korzeni oraz lisci truskawek, ktore byty
uprawiane na plantacjach ekologicznych. Obecno$¢ patogenu Phytophthora cactorum wykryto
w 13 probkach, a Phytophthora spp. w 1% testowanych probek.

3.4. Badania uzupelniajace (Charakterystyka zbiorowisk
mikroorganizmow grzybowych na zdrowych i porazonych
plantacjach ekologicznej truskawki)

3.4.1. Wstep

Jak wielokrotnie udowodniono, rosliny z pewnoscig nie sg organizmami jalowymi
(Fotios et al. 2021; De Souza et al. 2016; C. Xiong et al. 2021; J. Xu et al. 2018), a mikrobiom
zasiedlajacy zar6wno wewnetrzng, jak 1 zewnetrzng powierzchni¢ organéw roslinnych odgrywa
wazng role w zapewnieniu rownowagi pomigdzy rosling a $rodowiskiem, oddziatujac na
gospodarza na wiele sposobow (Bushy et al. 2017; Lazcano et al. 2021). Wptyw bakterii
i grzybow na rosliny rolnicze byt juz badany dla wielu waznych gatunkéw (Hannula et al. 2021;
Neupane et al. 2021), a niektore z badan sugeruja, ze struktura mykobioty - spoleczno$ci
grzybow oddziatujacych z rosling - moze by¢ dobrym predyktorem zdrowia roslin (Frac et al.
2018, 2021; Schlatter et al. 2022). Niestety, zrozumienie wptywu grzybow na rosliny byto
badane tylko w minimalnym stopniu w poréwnaniu z bakteriami w naukach rolniczych, co
moze by¢ spowodowane faktem, ze protokoly sekwencjonowania 16S udostgpniono juz w 2010
roku (Gilbert, Jansson, and Knight 2014), a dla ITS - wiele lat pozniej, w 2018 (Smith et al.
2018), a naukowcy w wigkszosci przypadkow tego typu badan korzystaja z gotowych
rozwigzan.

Postawiono hipotezy, ze (1) alfa-réznorodnos¢ porazonych roslin truskawki jest istotnie
nizsza niz alfa-réznorodnos¢ roslin zdrowych, (2) rosliny truskawki z widocznymi objawami
choroby réznig si¢ ogdlnym sktadem mikobiomu od zdrowych truskawek, a gléwnymi
czynnikami sg grzyby nalezace do trybu troficznego patotrofow. Zbadano 3 odmiany (Aprica,
Dipred, Honeoye) zdrowych i symptomatycznych ekologicznych plantacji truskawek,
zatozonych na réznych typach gleb (ptowa, cigzka mada nadsanska, gleba piaszczysta zwigzta,

piaszczysta luzna i brunatna) 1 w r6znych lokalizacjach (13 plantacji). Plantacje podzielono
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réwniez na rézne systemy uprawy: na zagonach podwyzszonych z agrowtokning oraz metoda
sadzenia na ptask w gruncie bez agrowtokniny i z mulczem ze stomy oraz plantacje, ktore byly
wyposazone w automatyczny system nawadniania oraz bez takiego systemu. Do oceny sktadu
zbiorowiska grzybow wykorzystane zostalo wysokoprzepustowe Ssekwencjonowanie
amplikonowe regionu ITS1 na platformie Illumina MiSeq oraz narzedzia bioinformatyczne

takie jak QIIME?2 i analizy statystyczne przeprowadzone w RStudio.
3.4.2. Materialy i metody

Zebrano probki gleby, ryzosfery, korzeni oraz cze$ci nadziemnych roslin pochodzacych
z ekologicznych plantacji truskawek zlokalizowanych w potudniowo-wschodniej Polsce.
Plantacje, na ktorych widoczne byty objawy chorobowe, tj. zazdtcenie i usychanie roslin, byty
zakwalifikowane do plantacji porazonych, a te, gdzie nie byty widoczne takie objawy - do
plantacji zdrowych. Probki czesci roslinnych oraz gleby do czasu izolacji catosciowego DNA
przechowywano w temperaturze -75°C.

Izolacje DNA z probek przeprowadzono zmodyfikowang metodg izolacji DNA (rozdziat
10), wykorzystujaca zestaw FastDNA Spin Kit for Feces kit (MP Biomedicals, Solon, OH,
USA), natomiast biblioteki przygotowano w oparciu o zmodyfikowany protokoét Fungal
Metagenomic Sequencing Demonstrated Protocol (Illumina 2019). Zamplifikowano grzybowy
marker ITS1 z wykorzystaniem starterow zawierajacych sekwencje “overhangowe” bedace
syntetycznym — sztucznie wprowadzonym DNA, ktore stanowi komplementarng matryce dla
starterow indeksujacych wykorzystanych w dalszych etapach. Nastgpnie przeprowadzono
reakcje indeksowania, ktora miata na celu zintegrowanie z amplikonami unikalnych
syntetycznych sekwencji, ktore umozliwia identyfikacje bioinformatyczng
sekwencjonowanych probek. Ponadto, na tym etapie, do amplikonow dotgczane byty fragmenty
komplementarne do oligonukleotydow naniesionych na komoérke przeptywowa uzywana
podczas sekwencjonowania oraz do starterow uzywanych podczas sekwencjonowania. Do
indeksowania sekwencji wykorzystano zestaw Nextera XT Index Kit v2, za$
sekwencjonowanie wykonano zestawem MiSeq Reagent Kit v3 (600 cycle).

Nastepnie, otrzymane sekwencje amplikonéw przetworzono w srodowisku QIIME2 - na
poczatku usunigto sekwencje starterow z wykorzystaniem 1TSxpress (Rivers et al. 2018),
usuni¢to artefakty oraz chimery i przyporzadkowano warianty sekwencji amplikonu
z wykorzystaniem dada2 (Callahan et al. 2016). W koncowym etapie przyporzadkowano
taksonomi¢ w oparciu o bazg UNITE 8.2 (Nilsson et al. 2019; Koljalg et al. 2020)
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z wykorzystaniem classify-sklearn (Pedregosa et al. 2011). Dodatkowo, uzyto roéwniez
narzedzia FunGuild w celu taksonomicznego podziatu grzybdéw na gildie ekologiczne.

Do dalszej analizy tak przygotowanych danych w jezyku R (werjsa 4.1.2) (R Core Team
2021) w programie RStudio (wersja 2021.09.2) uzyto biblioteki phyloseq, z wykorzystaniem
ktoérej utworzono specyficzny obiekt typu phyloseq, ktory zintegrowat nastepujace dane: tabelg
liczebnosci ASV, tabele przyporzadkowujaca poszczegdlne ASV do odpowiednich poziomow
taksonomicznych oraz tabelg¢ zbierajacg metadane poszczegdlnych probek. Obliczono oraz
porownano alfa bioréznorodno$¢ pomiedzy zdrowymi i porazonymi probkami za pomocg
odpowiednich testow statystycznych, w oparciu o wskaznik ENS (Effective Number of Species,
pol. Efektywna liczba gatunkoéw). Nastepnie obliczono, czy indeks ten ro6zni si¢ pomiedzy
zdrowymi i porazonymi probkami dla wszystkich typéw probek i kazdego typu probki (gleba,
ryzosfera, korzenie, czg¢sci nadziemne roslin) indywidualnie. Dla grup, w ktorych wartos¢ ENS
probek zdrowych i porazonych charakteryzowat si¢ rozktadem normalnym (weryfikowanym
testem Shapiro-Wilka) i brakiem réznic w wariancjach (test F) (wszystkie probki razem,
korzenie, probki gleby), zastosowano niesparowany dwupunktowy test T. Dla préobek
z ryzosfery, gdzie zatozenie o rownych wariancjach ENS pomigdzy probkami zdrowymi
| porazonymi zostato naruszone, wykonano test ANOVA. Natomiast, dla probek czesci
nadziemnych, gdzie nie stwierdzono rozktadu normalnego w obrgbie zdrowych i porazonych
probek, zastosowano test Wilcoxona. Gdy ostateczny wynik wartosci p < 0,05, strwiedzono
istotne roznice pomigdzy warto$cig ENS w probkach zdrowych i porazonych patogenami.

Nastepnie, uzyto analizy glownych wspotrzednych/skalowania wielowymiarowego
W oparciu 0 przygotowang macierz odmiennosci Braya-Curtisa do analizy beta r6znorodnos$ci
oraz odpowiednich testow statystycznych. Przeprowadzono permutacyjng wielowymiarowa
analiz¢ wariancji (PERMANOVA) z 9999 permutacjami, aby oceni¢ rdéznice beta-
réznorodno$ci pomigdzy typem probki a stanem zdrowia dla wszystkich typoéw probek zbiorczo
oraz kazdego typu probki osobno. Zbadano homogeniczno$¢ wariancji pomiedzy grupami oraz
przeprowadzono test PERMANOVA parami (9999 permutacji, metoda korekcji jednoczesnego
testowania wielu hipotez Benjaminiego oraz Hochberga) (Benjamini and Hochberg 1995) do
ujawnienia roznic mi¢dzy kazda parg typow probek.

Nastegpnie porownano mediany liczebnos$ci trybow troficznych pomiedzy zdrowymi oraz
porazonymi grupami dla wszystkich typow probek tacznie, jak rowniez dla kazdego typu probki
indywidualnie za pomoca testu Kruskala-Wallisa i1 skorygowano wartosci p metoda

Benjaminiego & Hochberga.
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Do wykrywania taksondow rdéznie obfitych w oparciu o rozktad ujemny dwumianowy
(Gamma-Poison) wykorzystano pakiet DESeq2 z testami istotnosci Wald i1 parametrycznym
typem dopasowania dyspersji do $redniej intensywnosci.

W celu wykrycia gatunkéw rdzeniowych dla probek zdrowych i1 niezdrowych w kazdym
typie probki wykorzystano obiekt phyloseq zagregowany do poziomu gatunku oraz polecenie
'core_memebers' z pakietu microbiome z detekcja ustawiong na 0,001 i prewalencja na 95%.

Wyniki
3.4.3. Wstepna charakterystyka wynikow sekwencjonowania

Otrzymane po sekwencjonowaniu oraz wstepnej obrobce bioinformatycznej tabele
ASV, taksonomii oraz metadane zaimportowano do RStudio oraz utworzono obiekt phyloseq,
na ktorym przeprowadzano kolejne analizy. Po usuni¢ciu odczytéw zidentyfikowanych do
innych krélestw niz Grzyby oraz klady Stramenopiles dwoch probek, w ktorych otrzymano
mniej niz 1 000 odczytow, otrzymano 9 085 062 odczytow (Srednio: 60 164,5 odczytéw na
probke oraz 607 412 odczytow na ASV), zebranych 14 957 ASV w 151 probkach. Plateau
krzywych rozrzedzenia zostal osiagnicty we wszystkich probkach, co sugeruje, ze

roéznorodnos¢ grzybow zostala pokryta w wystarczajagcym stopniu (Rysunek 6).
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Rysunek 6. Krzywe rozrzedzenia utworzone dla wszystkich sekwencjonowanych probek.

Generalnie mykobiom badanych probek sktadat sie glownie z przedstawicieli typu
Ascomycota ($rednia: 69,22% zakres: 34,6% - 93,53%) 1 Basidiomycota ($rednia: 22,43%,
zakres: 3,53% - 63,27%), co byto zgodne z wynikami uzyskanymi przez inne zespoly (Huang

i in., 2018; Mirmajlessi i in., 2018). Za tymi dwoma dominujgcymi typami uplasowaly sie
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Morteriellomycota ($rednia: 5,53%, zakres: 0% - 24,58%), grzyby nalezace do
niezidentyfikowanego typu ($rednia: 1,9%, zakres: 0% - 12,79%), Chytridiomycota (Srednia:
0,41%, zakres: 0% - 4,64%) i Mucoromycota ($rednia: 0,22%, zakres: 0% - 5,24%), a pozostate
typy, ktore stanowily 4,29% wzglednej liczebnosci w analizowanych probkach to:
Rozellomycota, = Glomeromycota, = Zoopagomycota, = Oomycota,  Kickxellomycota,
Basidiobolomycota, Olpidiomycota, Aphelidiomycota, Monoblepharomycota,

Blastocladiomycota, Entomophthoromycota, niesklasyfikowane Stramenopiles i Ochrophyta.
3.4.4. Alfa oraz beta réznorodnos¢ zbiorowisk grzybowych

Niektore badania sugeruja, ze wysoka réznorodno$¢ mikrobiologiczna poprawia
stabilno$¢ zbiorowiska (Delgado-Baquerizo et al. 2016; Lefcheck et al. 2015). W niniejszych
badaniach do okre$lenia réznorodnosci mikrobiologicznej wykorzystano miarg efektywnej
liczby gatunkow (ang. Effective Number of Species-ENS), gdyz najczesciej stosowane
w mikrobiologii glebowej indeksy charakteryzujg si¢ istotng wada - sa to entropie, a nie
zréznicowania, a ich matematyczne zachowanie zwykle nie odpowiada teoretycznej lub
intuicyjnej koncepcji roznorodnosci wérod biologéw (Jost 2006).

Sprawdzono, jak status zdrowotny truskawki wptywa na réznorodnos$¢ mikrobiologiczna,
poréwnujac ENS we wszystkich probach i w kazdym typie proby niezaleznie (Rysunek 7A).
Analiza statystyczna wykazata, ze status zdrowotny nie mial wptywu na alfa réznorodnosé
zbiorowisk grzybow, gdy wszystkie probki byty rozpatrywane razem (p > 0,05), jak réwniez
dla probek ryzosfery (p > 0,05) 1 czgéci nadziemnych (p > 0,05) (nawet jesli objawy choroby
byly widoczne na roslinie) i te wyniki byty spdjne z wynikami badan przeprowadzonych na
zdrowej i chorej ryzosferze pomidora (W. Xiong et al. 2020). Niemniej, miara o r6znorodnosci
byla istotnie nizsza w probkach porazonych korzeni (p < 0,05). Co zaskakujace, alfa
réznorodnos¢ byla istotnie wyzsza w porazonych probkach gleby (Rysunek 7 p < 0,05), co jest
przeciwienstwem tego, co stwierdzono w uprawie arbuza zaatakowanego przez Fusarium
(Wang et al. 2019). Kiedy wszystkie probki byly rozpatrywane lacznie w analizie beta-
roéznorodnosci, wykres PCoA oraz analiza PERMANOVA parami ujawnity, ze probki
ryzosfery i gleby zgrupowaly si¢ w jeden klaster odpowiadajacy typom probek (gleba
ryzosferowa oraz gleba, korzenie i czgsci nadziemne roslin) (Rysunek 7B). Co wazne, wykres
PCoOA nie ujawnil wyraznych zgrupowan pod katem zdrowotnosci probek (Rysunek 7C).
Nastepnie, 0ceniono istotno$¢ statystyczng obserwowanego sktadu zbiorowos$ci za pomocag
analizy PERMANOVA. W rezultacie potwierdzono statystyczng réznicg pomiedzy typami

probek i1 stanem zdrowia, ktore wyjasniaty odpowiednio 24,7% 1 4,9% wariancji danych.
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Nastepnie wykonano wykresy PCoA dla kazdego typu probki indywidualnie, wedlug stanu
zdrowia. Analiza PERMANOVA wykazata, ze we wszystkich grupach probek - w glebie
ryzosferowej, cz¢$ciach nadziemnych, korzeniach i glebie pozaryzosferowej, sktad
zbiorowiska grzybow rdznit sie pomiedzy zdrowymi i porazonymi probkami i wyjasniat

odpowiednio 4,7%, 4,9%, 3,6% i 5,2% zmiennosci probki. Jednak tylko probki pedow i korzeni

wykazywaty jednorodne dyspersje grupowe pomigdzy stanem zdrowotnym (Rysunek 7D).
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Rysunek 7. Alfa oraz B réznorodnos¢ zbiorowisk grzybowych badanych probek. A - a-réznorodno$¢ (wyrazona
w efektywnej liczbie gatunkow) pomigdzy zdrowymi i porazonymi plantacjami truskawek razem dla wszystkich
probek i dla 4 typow probek osobno. Zielone i czerwone kropki wskazuja probki, poziome linie wskazuja mediany
w obrebie grup; zmiennos$¢ probek na osi x jest losowa i dodana w celu wizualizacji rozktadu wszystkich probek;
n.s.. nieistotne statystycznie, *: istotne statystycznie na poziomie istotno$ci p<0,05. B-D - Wykresy PCoA
mykobiomu plantacji truskawek, w zaleznosci od typu probki i statusu zdrowotnego (zdrowy vs porazony) oraz
typu probki dla wszystkich probek tacznie i kolejnych typoéw probek. Wykresy wykonano przy uzyciu pakietow
vegan, phyloseq i microbiome w RStudio.
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3.4.5. Grupy troficzne

Nastepnie zbadano réznice w medianach wzglednych obfitosci mikroorganizmow
grzybowych przypisanych do 6 tryboéw troficznych: symbiotrof, saprotrof-symbiotrof,
saprotrof, patotrof-symbiotrof, patotrof-saprotrof-symbiotrof, patotrof-saprotrof i patotrof
pomiedzy zdrowymi i porazonymi probkami truskawek (Rysunek 8), wykorzystujac baze
danych FUNGuild (Nguyen et al. 2016). Z analizy odrzucono wszystkie ASV, do ktorych nie
udato sie przyporzadkowac poziomu troficznego i uzyto tylko ASV, ktore zostaty zaliczone do
kategorii prawdopodobne (Probable) i wysoce prawdopodobne (Highly Probable), zgodnie

zZ zaleceniami twoércy bazy danych.
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Rysunek 8. Sktad trybow troficznych zbiorowisk grzybow pomiedzy zdrowymi i porazonymi probkami gleby,
ryzosfery, korzeni oraz czgéci nadziemnych truskawek. Kropki oznaczajg mediany liczebnosci, a poziome linie
pokazuja 0,95 przedzialy ufnosci. Istotne réznice pomigdzy stanem zdrowia w obrgbie grup oznaczono gwiazdka
(p. skorygowane < 0,05). Wykres zostat wykonany za pomoca pakietu tidyverse w RStudio.

Kiedy wszystkie typy probek byly brane pod uwage tacznie, tylko mediana wzglednej
liczebnosci taksondéw patotrofow-symbiotrofow byta nizsza w probkach zdrowych (p-value <
0,05). W przypadku probek ryzosfery, korzeni i li§ci nie odnotowano istotnych réznic pomigdzy
probkami zdrowymi i porazonymi. W probkach gleby zdrowej taksony zaklasyfikowane jako
patotrof-symbiotrof i patotrof-saprotrof-symbiotrof byly mniej liczne w pordéwnaniu
z probkami gleby porazonej (p-value < 0,05). Stwierdzono, ze sytuacja ta byta spowodowana
wigksza liczebnoscig mieszanych trybow troficznych grzybow: patotrof-symbiotrof i patotrof-
saprotrof-symbiotrof Jest

W porazonych probkach gleby. prawdopodobne, ze te

mikroorganizmy dziataly gtoéwnie jako patotrofy w tych probkach gleby.
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3.4.6. Mykobiom rdzeniowy

Ustalenie rdzeniowych taksonéw grzybow w skomplikowanych zbiorowiskach
mikrobiomu ro$lin jest kluczowe dla lepszego zrozumienia krytycznych sktadnikow tych
zbiorowisk. W ramach przeprowadzonych badan zidentyfikowano rdzen mikrobiomu
grzybowego zdrowych i porazonych probek kazdego typu (gleba, ryzosfera, korzenie, czesci
nadziemne) indywidualnie. Gatunki rdzeniowe zdefiniowano jako gatunki obecne w co
najmniej 95% probek 1 tworzace 0,1% wzglednej liczebnosci w probee. Dla probek ryzosfery
zidentyfikowano 1, 14 oraz 13 ASV zaklasyfikowanych do poziomu gatunku,
charakterystycznych odpowiednio dla probek zdrowych, porazonych oraz wspoélnych dla
probek zdrowych i porazonych (Rysunek 9). W probkach czgsci nadziemnych zdrowych roslin
truskawki wystepowato 5 gatunkéw wspolnych, 3 gatunki w roslinach porazonych i 12
wspolnych gatunkéw dla zdrowych i niezdrowych ro$lin. Ponadto, w probach zdrowych
korzeni wystepowaty 2 wspdlne gatunki grzybdéw, w porazonych 4, a 8 gatunkéw bylo
wspolnych dla zdrowych i porazonych plantacji. W probach gleby nie zidentyfikowano
gatunkow rdzeniowych na plantacjach zdrowych, niemniej jednak 27 gatunkéw byto typowych
dla plantacji porazonych, a 12 stanowito taksony wspoélne dla zdrowych i porazonych plantacji.

Stwierdzono, ze porazone probki ryzosfery, korzeni, gleby i wszystkie probki tacznie
miaty wigcej taksonéw nalezacych do spotecznosci rdzeniowej, podobnie jak w badaniach
przeprowadzonych na grochu (Hossain et al. 2021). Poprzednie badania wykazaty, ze taksony
rdzeniowe sg zgodne z taksonami dominujagcymi w zbiorowiskach mikrobiomu (Yang et al.
2020), ale badania przeprowadzone w ramach niniejszej rozprawy doktorskiej sugeruja, ze nie
jest tak w przypadku mikrobiomu grzybowego truskawki. Mimo, ze czg¢$¢ taksondw najliczniej
wystepujacych nalezata do taksonow rdzeniowych, nie dotyczylo to niektorych
mikroorganizmow, co sugeruje, Ze mniej obfite grzyby sa réwniez bardzo waznymi czynnikami
ksztattujacymi zbiorowiska grzybowe 1 nie moga by¢ pomijane przy ich analizie. Z drugiej
strony, wazny takson stanowig grzyby nalezace do rodzaju Cladosporium, ktéry byt jednym
z 20 najobficiej wystepujacych gatunkow i taksonem podstawowym zaréwno na plantacjach
zdrowych, jak i porazonych oraz w kazdym typie probki. Co warto zauwazy¢, takson ten zostat
réwniez odnotowany jako grzyb rdzeniowy innych gatunkow roslin (Hamonts et al. 2018), co
sugeruje, ze jest on kluczowym cztonkiem mykobiomu roslin. Jesli chodzi o rézne taksony
rdzeniowe, zidentyfikowano rowniez szereg grzybow, ktore nie moglty by¢ przypisane do

nizszych poziomow taksonomicznych - mikobiom truskawki sktadat si¢ zaréwno z taksonow
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dobrze znanych, jak i taksondéw stabo scharakteryzowanych lub nawet nieznanych, co jest

zgodne z wynikami badan literaturowych (De Souza et al. 2016; Hamonts et al. 2018).
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Rysunek 9. Wykresy Venna przedstawiajace taksony rdzeniowe dla kazdego typu probek z osobna, dla probek
zdrowych i porazonych. Wykres zostat wykonany przy uzyciu pakietow phyloseq, microbiome, metagMisc i eulerr
w RStudio.

3.4.7. Analiza roznicowej liczebnosci

Po okresleniu mykobiomu rdzeniowego, przeprowadzono analize réznicowg obfitosci
pomigdzy zdrowymi i porazonymi plantacjami dla kazdego typu probki indywidualnie
(Rysunek 10). W préobkach ryzosfery zidentyfikowanych zostato 19 réznych rodzajow, ktore
roznity si¢ liczebno$cig pomiedzy zdrowymi 1 porazonymi probkami. Osiem z nich zostalo
scharakteryzowanych jako patotrofy (Conocybe sp., Lecanicillium sp., Acremonium sp.,
Coniochaeta sp., Mucor sp., Paraphaeospaeria sp., Trichoderma sp., Pseudozyma sp.), 16 byto
liczniejszych w probach zdrowych, a 3 w porazonych. Zidentyfikowany zostat rowniez jeden
takson, ktory w literaturze rozpoznawany jest jako typowy patogenem truskawki - Mucor sp.
(Feliziani and Romanazzi 2016), ale byt on bardziej liczny w zdrowych probach. Te wyniki
moga sugerowac, ze grzyb ten moze by¢ odpowiedzialny za kolonizacje korzeni truskawek jako
pozyteczny grzyb endofityczny, ktorego oddziatywanie z rosling zostato potwierdzone
w badaniach interakcji migdzy Arabidopsis thaliana i Mucor sp. (Rozpadek et al. 2018).
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Stwierdzono, ze rodzaje Niesslia i Gyoerfyella, ktore uczestnicza w rozkladzie materii
organicznej (Gams et al. 2019; Purahong et al. 2016) byly znacznie mniej liczne w probkach
pochodzacych z plantacji porazonych. Odnotowano roéwniez szereg rodzajow, ktore sg znane
jako grzyby antagonistyczne wobec patogendéw roslinnych i byly mniej obfite w probkach
z plantacji porazonych. Naukowcy donosza, ze Acrostalagmus luteoalbus ma aktywnos¢
przeciwgrzybiczg wobec Alternaria alternata, Fusarium oxysporum i Phytophthora drechsleri
(Lv et al. 2019). Szereg gatunkow nalezacych do rodzaju Talaromyces jest znana jako
mikroorganizmy antagonistyczne przeciwko patogenom grzybowym roslin (Thambugala et al.
2020), ale rowniez gatunki odporne na ciepto, jak T. flavus, ktére moga Stanowi¢ istotne
zagrozenie dla produkcji zywno$ci (Panek and Frac 2018). Z kolei grzyby z rodzaju
Cladorrhinum, wykorzystywane jako czynniki biokontrolne, znane sa ze zdolnosci znaczaco
ograniczajacych fuzarioz¢ pomidora (Martin et al. 2019). Przeprowadzone badania wykazaty
réwniez, ze dwa gatunki z rodzaju Mortierella, ktore sa gatunkami promujgcymi wzrost roslin
(Ozimek and Hanaka 2021) byly réowniez mniej obfite w roslinach porazonych. Analiza
wynikéw wykazata, ze przedstawiciele rodzaju Naganishia byty mniej obfite w porazonej
ryzosferze truskawki, co potwierdza rezultaty dotyczace gleb, w ktorych rozwingta si¢ choroba
zgnilizny korzeni jabtoni, wskazujgce na bardziej obfite wystepowanie tych grzybow (Yang et
al. 2020).

W Kkorzeniach truskawek zidentyfikowano taksony rdéznigce si¢ liczebnoscig, ktore
nalezaty do 25 roéznych rodzajow i nalezaly do typow Ascomycota, Basidiomycota
I Mucoromycota. 22 gatunki byly mniej liczne w probkach porazonych niz zdrowych, a 3 byty
bardziej liczne w probkach porazonych. Podobnie jak w ryzosferze, zidentyfikowano jeden
takson bedacy typowym patogenem truskawki - Rhizoctonia sp., oraz 8 innych taksonow
nalezacych do patotrofow (Volutella sp., Acremonium sp., Thanatephorus sp., Flagelloscypha
sp., Lecanicillium sp., Cyphellophora sp., Clonostachys sp.). Porazone korzenie truskawek
mialy mniejsza liczebnos¢ Sebacinales, a przeprowadzone badania (Lee and Hawkes 2021)
sugeruja, ze Sebacinales mogg by¢ komplementarne do grzybow mykoryzowych
wystepujacych w korzeniach ro$lin. Inne rodzaje grzybow, ktore byly mniej liczne
w korzeniach porazonych ro$lin truskawki, a ktore wydajg si¢ odgrywa¢ wazng role
w utrzymaniu zdrowotnosci i rozwoju roslin to przedstawiciele Hymenoscyphus, ktore z jednej
strony sa potencjalnie patogeniczne dla maliny (Oszust and Frac 2021), ale takze uznane sg za
czynnik kontrolny przeciwko zgniliznie korzeni powodowanej przez Pythium m.in.
Hyaloscypha sp., H. variabilis (Marian et al. 2022), oraz wykazuja mechanizmy

antagonistyczne przeciwko nicieniom m.in. Dactylella sp. (Topalovi¢, Hussain, and Heuer
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2020). Przeprowadzone badania wykazaly roéwniez, ze Chaetosphaeria, ktore potencjalnie
pelnig wazng role¢ w rozwoju roslin i tolerancji na choroby trzciny cukrowej (Tayyab et al.
2021), byty bardziej obfite w porazonych korzeniach truskawek.

Co ciekawe, w probkach czeSci nadziemnych roslin truskawki zidentyfikowano
najmniejszg liczbe taksonow réznigcych si¢ liczebnoscig - tylko 7 rodzajow byto bardziej
obfitych w probkach zdrowych, a jeden, ktory jest typowym patogenem truskawki -
Verticillium sp. byt bardziej obfity w probkach pochodzgcych z plantacji porazonych. Ponadto,
3 kolejne taksony zostaty zaklasyfikowane jako patotrofy (Claviceps sp., Xenoramularia sp.,
Taphrina sp.).

W probkach gleby zidentyfikowano 14 réznych rodzajoéw, ktére charakteryzowaty sig
zroznicowang obfitoscig pomigdzy zdrowymi i porazonymi probkami, z ktorych 8 byto bardziej
obfitych w zdrowych probkach, a 6 byto bardziej obfitych w probkach porazonych, 10 byto
patotrofami  (Coniochaeta sp, Coprinellus sp., Volutella sp., Acremonium sp.,
Paraphaeoshaeria sp., Trichoderma sp., Pseudozyma sp., Dactylaria sp.,), a 2 - Rhizoctonia
sp. i Alternaria sp. nalezaty do typowych patogenéow truskawki (Garrido et al. 2011). Mniej
obfite w porazonych cze$ciach nadziemnych roslin truskawki drozdze saprotroficzne
Dioszegia sp. odnotowano rowniez w liSciach roslin poddanych dzialaniu fungicydow
(Karlsson et al. 2014). Rowniez mniej obfite grzyby z rodzaju Talaromyces odnotowano jako
organizmy antagonistyczne wobec patogenow grzybowych roslin (Thambugala et al. 2020).
Przeprowadzone badania wykazaty, ze przedstawiciele Phaeosphaeria byty mniej obfite
w prébkach pochodzacych z plantacji porazonych, a rezultaty innych naukowcow pokazaty, ze
byly rowniez negatywnie skorelowane z wystgpowaniem gatunkéw grzybow produkujgcych
aflatoksyne w ryzu w Chinach, dlatego moglyby mie¢ potencjalne zastosowanie

w kontrolowaniu obfitosci toksynotworczych patogenéw grzybowych (Qi et al. 2022).
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Rysunek 10. Analiza réznicowa gatunkow wystepujacych na zdrowej i porazonej plantacji truskawek. Kazdy
takson zostat zidentyfikowany do poziomu rodzaju. Pokazano tylko wyniki istotne, z p. skorygowanym <0,05.
Wykres zostat wykonany przy uzyciu pakietow phyloseq i DESeq2 w RStudio.

W wyniku przeprowadzonych badan stwierdzono, ze populacje niektorych taksonéw
rdzeniowych dla probek pochodzacych =ze zdrowych Ilub porazonych plantacji
charakteryzowatly si¢ r6zng obfitoscia miedzy probkami o rdéznym statusie zdrowotnym.
W szczegodlnosci - Acremonium sp. byt taksonem rdzeniowym dla zdrowych i porazonych
probek gleby i ryzosfery, a jednoczesnie byl znaczaco mniej liczny w probkach ryzosfery,
korzeni i gleby pochodzacych z plantacji porazonych. W innych badaniach wykazano réwniez,
ze takson ten jest potencjalnym czynnikiem hamujacym rozwdj choréb (Liu et al. 2021). Rozne
badania wykazaty rowniez, ze grzyby z rodzaju Acremonium promuja wzrost ro$lin, poniewaz
opierajg si¢ patogenom przenoszonym przez glebe (Breen 1994; Zheng et al. 2017). Grzyby
zrodzaju Mortierella réwniez byly identyfikowane jako taksony rdzeniowe zdrowych
| porazonych probek ryzosfery i gleby, a takze nalezaty do najbardziej obfitych w tych dwoch
typach probek. Co wigcej, odkryto, ze takson ten byl mniej liczny w zdrowych probkach
ryzosfery i korzeni. Grzyby te zostaly rowniez opisane jako wazne mikroorganizmy promujace
wzrost ro$lin, co podkresla ich znaczenie w ksztattowaniu zdrowego mykobiomu (Ozimek and
Hanaka 2021; Qin et al. 2017; Toju, Tanabe, and Sato 2018), ktory moze rowniez bra¢ udzial
w kontroli nicieni (Topalovi¢, Hussain, and Heuer 2020). Co ciekawe, jesli chodzi o probki
korzeniowe, stwierdzono, ze jeden z najobficiej wystepujgcych taksondéw, ktory byt rowniez
znacznie mniej liczny w probkach porazonych - Dactylonectria sp., powodujacy czarng
zgnilizne korzeni truskawki w Chinach (Chen et al. 2021), jest rowniez patogenem winorosli

(Bleach et al. 2021) i wykazal negatywna korelacje ze wzrostem roslin truskawki w réznych
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badaniach (Soppelsa et al. 2021). Wyniki uzyskane w niniejszej rozprawie doktorskiej sa
odmienne i mogg by¢ spowodowane faktem, ze w korzeniach truskawek Dactylonectria sp.
moze funkcjonowac jako niepatogenny endofit, wyst¢pujgcy rowniez W trawach i winorosli
(Gramaje et al. 2020). Waznym taksonem wydaje si¢ by¢ rowniez ASV nalezacy do rzedu
Trechisporales, ktory zostal zidentyfikowany jako jeden z najliczniejszych taksonow, znacznie
mniej liczny w probach korzeni pochodzacych z roslin porazonych. Rowniez w cze$ciach
nadziemnych roslin truskawki zidentyfikowano wazny, ale stabo rozpoznany takson, ktory byt
jednym z najliczniejszych, rowniez w grupie rdzeniowych mikroorganizmow zdrowych probek
- niesklasyfikowany do rodzaju ASV nalezacy do rodziny Mycosphaerellaceae. Obecnos¢ tych
dwoch stabo rozpoznanych taksonow przypomina, ze niektdre mikroorganizmy, ktore sg
waznymi czynnikami zdrowia roslin, sg niewystarczajaco opisane. Dalsza analiza danych
wykazata, ze w glebie wystepowaty dwa bardzo wazne grzyby, ktore ksztaltowaty zbiorowisko
i nalezaty do najliczniejszych taksonow - Acremonium sp. i Alternaria sp., ktore rowniez byty
odpowiednio mniej i bardziej liczne w probach pochodzacych z plantacji porazonych. Drugi
takson rowniez nalezal do taksonow rdzeniowych probek gleby pobranych z plantacji
porazonych i jest znany jako patogen truskawki (Dwiastuti et al. 2021; Nishikawa and
Nakashima 2019).

Okreslenie roznie obfitych taksonow grzybéw pomiedzy ro$linami zdrowymi
a porazonymi moze pomoc wskaza¢ gtowne czynniki powodujace wystepowanie chorob roslin.
Badane probki pochodzace z ekologicznych plantacji truskawek posiadaty taksony
zdefiniowane jako mniej obfite w porazonych probkach, co kontrastuje z badaniami zespotu
Hossaina przeprowadzonymi na grochu, w ktorych zdrowe probki charakteryzowaty si¢
wigkszg obfitoscig taksonow wskaznikowych niz porazone (Hossain et al. 2021).
Przeprowadzone badania wykazaty obecnos¢ we wszystkich rodzajach probek szeregu
grzybow patogennych dla roslin, w tym typowych patogenow truskawki. Jednakze tylko rodzaj
Verticillium byt bardziej obfity w probkach roslinnych. Chociaz grzyby z rodzaju Alternaria,
atakujace uprawy truskawki wystepowaty liczniej w probkach gleby z plantacji porazonych, to
byty rowniez jednym z najliczniejszych taksono6w w probkach ryzosfery, korzeni i czeSci
nadziemnych roslin, w tym nalezaty do gtéwnych taksonow ryzosfery i korzeni pochodzacych
z plantacji porazonych. Jednoczesnie obfito§¢ przedstawicieli tego rodzaju w czesciach
nadziemnych roslin truskawki byta wysoka, co mogto by¢ spowodowane faktem, ze atakuja
one system korzeniowy, powodujac stopniowe zamieranie catych roslin. Badania wykazaty, ze
w przeciwienstwie do grzybow z rodzaju Verticillium sp., ktére prosperowaty w probkach lisci,

obfitos¢ innych typowych patogendéw truskawki, nalezacych do rodzaju Mucor (Feliziani and
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Romanazzi 2016) i Rhizoctonia (Avilés et al. 2019; Guarnaccia et al. 2022) byla mniejsza
W probkach cze$ci nadziemnych porazonych ro$lin truskawek, co moze wskazywa¢ na
konkurencje miedzy grzybami z rodzaju Verticillium i tymi patogenami.
Mikroorganizmy wystepujace najliczniej a mikroorganizmy rdzeniowe oraz rdznicujace

W wyniku przeprowadzonych badan ostatecznie ustalono 20 najliczniej wystepujacych
rodzajow we wszystkich typach probek i polaczono te informacje z taksonami rdzeniowymi
oraz analizg roznicowg liczebnos$ci (Tabela 1). W ryzosferze stwierdzono obecno$¢ rodzaju
Acremonium i 2 ASV nalezace do rodzaju Mortierella, ktore rowniez nalezaty do taksonow
rdzeniowych stwierdzonych w probkach pobranych z plantacji zdrowych i porazonych.
W korzeniach wystgpowaly przedstawiciele rodzaju Dactyloneria i niesklasyfikowane do
rodzaju taksony reprezentujace rzad Trechisporales. W czgéciach nadziemnych roslin
truskawki stwierdzono obecno$¢ niesklasyfikowanych do rodzaju przedstawicieli rodziny
Mycosphaerellaceae (rowniez wystgpujacych w mykobiomie rdzeniowym zdrowych plantacji);
a w glebie przedstawicieli rodzaju Acremonium (charakteryzujacego si¢ rézng liczno$cia
w probkach pochodzacych z plantacji zdrowych i porazonych) i Alternaria, wchodzacych

w sktad mykobiomu rdzeniowego probek pochodzacych z plantacji porazonych.

Tabela 1. Dwadziescia najliczniejszych ASV (zidentyfikowanych do rodzaju) we wszystkich probkach tacznie
i w kazdym typie probki indywidualnie. Czarnym kotkiem (®) zaznaczono rodzaje, ktore byly roznie obfite
w kazdym typie probek pomigdzy plantacjami zdrowymi i porazonymi. Zielonym trojkatem (») zaznaczono
rodzaje, ktore stanowily mykobiom rdzeniowy dla zdrowych plantacji w kazdym typie probek. Czerwonym
kwadratem (m) zaznaczono rodzaje, ktore byly glownym sktadnikiem mikobiomu grzybowego dla probek
porazonych w kazdym typie probki. Brak symbolu wskazuje na rodzaje, ktore nie byly zréznicowane pod
wzgledem liczebno$ci w obu typach probek, ani nie nalezaty do taksonow rdzeniowych dla plantacji zdrowych
i porazonych.

ryzosfera korzenie czesSci nadziemne gleba
Cadophora sp. Cadophora sp. Cadophora sp. Cadophora sp.
> > m » u
nieskl. Nectriaceae Cadophora sp. nieskl. Mycosphaerellaceae nieskl. Nectriaceae
] > = > o > =
Fusarium sp. Dactylonectria sp. Gnomoniopsis sp. Fusarium sp.
> ° u u
Exophiala sp. Fusarium sp. Exophiala sp.
> m . Plectosphaerella sp. > m
nieskl. Chaetomiaceae Gnomoniopsis sp. Alternaria sp. nieskl. Chaetomiaceae
> = > > = > =
Botryotrichum sp. Plectosph:lerella sp. nieskl. C:p:odlales Acremo:uum sp.
Acremonium sp. Alternaria sp. Cladosporium sp. Alternaria sp.
> me > > m me
Alterna.na P nieskl. Capnodiales Clad05£or.|um P nieskl. Capnodiales
nieskl. Capnodiales Cladosporium sp. Filobasidium sp. Cladosporium sp.
> m > m > m
Cladosporium sp. Cladosporium sp. Sporobolomyces sp. Cladosporium sp.
> m >u > m
CIadosEor.lum P nieskl. Grzyb Symmetrospora sp. nieskl. Grzyb
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nieskl. Grzyb nieskl. Ceratobasidiaceae Vlshnlaioz.yma SP- Tauso.nla SP-
Tausonia sp. Vishniacozyma sp. Vishniacozyma sp. Saitozyma sp.
> =m > =m
Saitozyma sp. nieskl. Trechisporales Didymella sp. Solicoccozyma sp.
u ° u > =
Solicoccozyma sp. . Epicoccum sp. Solicoccozyma sp.
> Didymella sp. > m > u
Sollcocioz.yma P nieskl. Didymellaceae nieskl. Didymellaceae nieskl. Didymellaceae
Mortierella sp. nieskl. Sclerotiniaceae Paraphoma. s Mortierella sp.
> me > =m P - > =
Mortierella sp. nieskl. Helotiales nieskl. Chactomellaceae Mortierella sp.
> me [ > =
nieskl. Sclerotiniaceae Dactylaria sp. Podosphaera sp. nieskl. Scle.rotmlaceae
Tetracladium sp. Tetracladium sp. nieskl. Sclerotiniaceae Tetracladium sp.
> > m
3.4.8. Sieci grzybowych powiazan w mykobiomie zdrowych i porazonych

plantacji truskawki

Mikroorganizmy grzybowe, ktore zyja w bezposredniej bliskosci roslin waznych
z punktu widzenia rolnictwa, tworza skomplikowane sieci zalezno$ci miedzy innymi grzybami,
ale réwniez z gospodarzem roslinnym. Zrozumienie tych zaleznosci, ktore sg charakterystyczne
nie tylko dla ryzosfery, gleby pozaryzosferowej, korzeni i czesci nadziemnych roslin, ale takze
dla zdrowych i porazonych chorobowo plantacji, moze przyblizy¢ nas do wypracowania
nowych rozwigzan dla zrownowazonego rolnictwa.

Badania obejmowaty poréwnanie sieci powigzan, ktore tworza grzyby na zdrowych
i chorych plantacjach truskawek, po zsekwencjonowaniu regionu ITS1 na platformie lllumina
MiSeq. Uzyskana taksonomia grzybow, oparta na bazie danych UNITE 8.3, zostata
przetworzona z wykorzystaniem bibliotek phyloseq oraz NetCoMi w programie RStudio, co
pozwolito na analize sieci powigzan grzybowych i r6znic migdzy nimi.

Wykazano, ze probki pochodzace z porazonych chorobowo plantacji charakteryzowaty
si¢ bardziej rozproszonymi Klastrami w obrgbie sieci i wykazywaly mniej negatywnych
korelacji pomiedzy nimi. Natomiast, w probkach pobranych ze zdrowych plantacji wykazano
wigcej potaczen migdzy klastrami i wytrzymato$¢ sieci, co wskazuje, ze sieci grzybow ze
zdrowej gleby, ryzosfery, korzeni i czgéci nadziemnych ekologicznej truskawki sg bardziej

stabilne niz sieci grzybowe plantacji porazonych chorobowo (Rysunek 11).
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Rysunek 11. Sieci roznicowe zdrowych i niezdrowych probek gleby truskawek, zebranych z plantacji
ekologicznych probek gleby (A), ryzosfery (B), korzeni (C) i czg¢$ci nadziemnych roslin (D). Kolory weztow
reprezentuja skupiska, kolory krawedzi reprezentuja oszacowana korelacje Pearsona pomigdzy ASV - zielony
pozytywna, czerwony negatywna. Pokazano tylko taksony, ktorych suma odczytdéw wynosi co najmniej 200.
Wykresy wykonano za pomoca pakietow phyloseq, genefilter i NetCoMi w RStudio.
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3.4.9. Podsumowanie

Zrozumienie interakcji zachodzacych w zbiorowiskach grzybow na plantacjach
zdrowych i porazonych oraz rozpoznanie taksonéw grzybowych, ktore najbardziej wptywaja
na zdrowotno$¢ upraw truskawek, otwiera mozliwosci opracowania ekologicznych rozwigzan,
takich jak biostymulanty, biopreparaty i inokula mikrobiologiczne zawierajace starannie
wyselekcjonowane mikroorganizmy, ktére w naturalny sposéb stymuluja odpowiedz roslin na
patogeny i uodporniaja je na choroby. Ponadto, poznanie mykobiomu gleby, na ktorej
wystepuja zdrowe 1 porazone rosliny jest bardzo wazne i moze doprowadzi¢ do opracowania
strategii produkcji owocoOw poczawszy od etapu zakladania plantacji, dajac wskazowki
praktyczne, dotyczace zdrowotno$ci danego siedliska. W konsekwencji moze to pomoc
W rozwoju zréwnowazonego rolnictwa z wykluczeniem chemicznych pestycydoéw oraz
przyczyni si¢ do zachowania r6znorodnosci mikrobiologicznej, tak waznych w uprawie roslin.
Co ciekawe, zgodnie z postawiong w niniejsze pracy hipotezg, wykazano, ze alfa roznorodnosé¢
zbiorowisk grzybow byta nizsza tylko w probkach korzeni w odpowiedzi na infekcje roslin, ale
wyzsza w glebie. Ta wyzsza roznorodnos$¢ w glebie byta zwigzana z wigkszg liczba mieszanych
patogenicznych trybow troficznych grzybow obecnych w tych probach. Przeprowadzone
badania wykazaty rowniez, ze liczba taksoné6w wchodzacych w sktad mykobiomu rdzeniowego
w probach pochodzacych z plantacji zdrowych i porazonych pokrywata si¢, ale wigcej
mikroorganizméw nalezato do taksonéw rdzeniowych w pochodzacych z porazonych plantacji
probach ryzosfery, korzeni, gleby i wszystkich probach tacznie. Najbardziej obfite taksony
zidentyfikowane w testowanych probkach byly waznymi komponentami mikrobiomu
grzybowego, poniewaz nalezaty rowniez do rdzenia taksonow réznicowo obfitych. Co jednak
istotne, nie tylko taksony charakteryzujace si¢ najwigksza obfitoscig, rdzeniowe i réznicujace
ksztattowaty mikrobiom grzybowy. Uzyskane wyniki sugeruja, ze rzadkie mikroorganizmy sa
réwniez waznymi cztonkami spolecznosci 1 nie mozna poming¢ ich roli w ksztaltowaniu
srodowiska wzrostu ro$lin.

Chociaz w niniejszej pracy rozrézniono zdrowy i porazony chorobowo mikrobiom
w ekologicznych uprawach truskawek, na zdrowie rosliny wptywa nie tylko jeden takson
grzybow, ale wiele mikroorganizmoéw, ktore tworza skomplikowane sieci wspdlnych powiazan.
Niestety, klasyczne metody identyfikacji biologicznego markera zdrowia roslin w uprawie,
takie jak znalezienie kluczowych mikroorganizméw 1 identyfikacja taksonow obficie
wystepujacych w zdrowych 1 porazonych roslinach, nie moga prowadzi¢ do wyboru jednego

biomarkera. Do przewidywania, czy dana gleba moze by¢ odpowiednia do zatozenia nowej
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plantacji, warto przetestowa¢ nowoczesne metody bioinformatyczne, takie jak techniki uczenia
maszynowego. Przeprowadzone analizy bioinformatyczne uzyskanych wynikow dowiodty, ze
mykobiom plantacji porazonych chorobowo charakteryzowal si¢ bardziej rozproszonymi
klastrami w obrebie sieci, natomiast dla zdrowych plantacji wykazywat wigcej potaczen migdzy
klastrami i wytrzymato$¢ sieci. Uzyskane rezultaty wskazuja, ze sieci grzybow ze zdrowej
gleby, ryzosfery, korzeni i cze$ci nadziemnych ekologicznej truskawki sg bardziej stabilne niz
sieci grzybowe plantacji porazonych chorobowo, co moze wyjasnia¢ ich wiekszg odpornos¢ na
infekcje. Wdrozenie nie tylko najnowoczesniejszych technik sekwencjonowania mikrobiomu,
aby najpierw scharakteryzowa¢ mikroorganizmy obecne w plantacjach, ale nastepnie rowniez
zastosowanie nowoczesnych statystycznych metod modelowania w ustalaniu najbardziej
odpowiedniej gleby dla danej rosliny, przyblizy nas do zrbwnowazonego rolnictwa o obnizone;j

zawartoS$ci pestycydow.
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4. \WniosKi

W s$wietle przedstawionych wynikéw badan, opublikowanych w czasopismach

tematycznie zwigzanych =z problematyka wystgpowania fitopatogenow grzybowych

I grzybopodobnych na plantacjach ekologicznych truskawki, hipotezy badawcze zatozone na

wstepie niniejszej rozprawy zostaly zwalidowane. Na podstawie wynikow przeprowadzonych

badan, mozna wyciggna¢ nastepujgce wnioski:

1.

Opracowane metody detekcji real-time PCR moga by¢ wykorzystywane w celu detekcji
patogendéw grzybowych nalezacych do rodzajow Botrytis, Colletotrichum i Verticillium,
bedacych kluczowymi patogenami truskawek.

Opracowane metody detekcji real-time PCR dla kluczowych patogendow truskawek
moga by¢ wykonywane w tym samym czasie, tworzac detekcj¢ potrojnej real-time PCR,
co znaczgco skraca czas otrzymania wynikow.

Opracowana metoda potrojnej detekcji real-time PCR moze by¢é wykonywana na
materiale genetycznym wyizolowanym wprost z probek srodowiskowych (gleba, czesci
rosliny), co znaczaco skraca czas oczekiwana na wyniki detekcji.

Opracowana metoda detekcji wykorzystujaca technikg LAMP do wykrywania
patogenéw z rodzaju Phytophthora moze by¢ wykorzystywana na materiale
genetycznym wyizolowanym wprost z probek srodowiskowych.

Opracowana metoda detekcji wykorzystujaca technike LAMP do wykrywania patogenu
Phytophthora cactorum moze by¢ przeprowadzana na DNA wyizolowanym wprost ze
srodowiska (gleba, czesci roslin).

Wykorzystanie wysokoprzepustowej metody sekwencjonowania metodg Illumina
MiSeq pozwala na okreslenie sktadu taksonomicznego mikroorganizméw i detekcje
kluczowych patogendéw grzybowych znajdujacych si¢ na ekologicznych plantacjach
truskawek.

Na ekologicznych plantacjach truskawek wystepuje zroznicowanie pomigdzy
mykobiomem gleby i rosliny plantacji zdrowych oraz chorych.

Alfa-r6znorodno$¢ korzeni roslin truskawki jest statystycznie wigksza w roslinach

zdrowych, a mniejsza w probkach gleby.

. Pomigdzy alfa-r6znorodnoscia wyrazong w efektywnej liczbie gatunkéw w ryzosferze

I czgéciach nadziemnych roslin chorych i zdrowych nie wystepuja roznice istotne

statystycznie.
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10.

11.

12.

13.

[lo$¢ mikroorganizméw nalezacych do mieszanych poziomow troficznych patotrofow
(patotrof-symbiotrof oraz patotrof-saprotrof-symbiotrof) w probkach pobranych
z plantacji chorych jest statystycznie wigksza w glebie.

Nie wykazano roznic statystycznych w ilo$ci wystepowania mikroorganizmow
nalezacych do poszczegdlnych trybow troficznych w badanych probkach ryzosfery,
korzeni oraz czgsci nadziemnych roslin pochodzacych z plantacji ekologicznej
truskawki pomiedzy probkami zebranymi z plantacji zdrowych oraz chorych.

Wiele taksonow stanowigcych mykobiom rdzeniowy dla probek pochodzacych ze
zdrowych i porazonych plantacji pokrywato sig, jednak wigcej mikroorganizmow
nalezato do mykobiomu rdzeniowego w chorych probkach ryzosfery, korzeni, gleby
| wszystkich probek tacznie.

Mykobiom plantacji porazonych chorobowo charakteryzowal si¢ bardziej
rozproszonymi klastrami w obrebie sieci, natomiast dla zdrowych plantacji wykazywat
wiecej potaczen miedzy klastrami i wytrzymatos¢ sieci, wskazujac na ich wigksza
stabilno$¢ w poréwnaniu do plantacji porazonych chorobowo, co moze wyjasnia¢ ich

wieksza odpornos¢ na infekcje.
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Abstract: Increasing consumer awareness of potentially harmful pesticides used in conventional
agriculture has prompted organic farming to become notably more prevalent in recent decades.
Central European countries are some of the most important producers of blueberries, raspberries and
strawberries in the world and organic cultivation methods for these fruits have a significant market
share. Fungal pathogens are considered to be the most significant threat to organic crops of berries,
causing serious economic losses and reducing yields. In order to ameliorate the harmful effects of
pathogenic fungi on cultivations, the application of rapid and effective identification methods is
essential. At present, various molecular methods are applied for fungal species recognition, such as
PCR, qPCR, LAMP and NGS.

Keywords: Colletotrichum acutatunt; Verticillium spp.; Phytophthora spp.; Botrytis cinerea; PCR; qPCR;
molecular identification; phytopathogenic fungi; strawberry; organic agriculture

1. Introduction

Organic fruit production has been increasing constantly in recent decades and has also increased
its market share in the production of food worldwide. Strawberry, blueberry and raspberry fruits are
important products of Central Europe and increasing consumer demand to introduce organic methods
of fruit cultivation is a major reason to seek alternative ways to reduce losses. The main concerns
of food producers are diseases caused by fungi, these pathogens attack plants and fruits from the
early stages of sowing to the moment of market sale, thereby causing the unpredictable spoilage of
products. The crucial plant pathogens discussed in this review are those from the genera Verticillium
and Phytophthora as well as species such as Colletotrichum acutatum and Botrytis cinerea.

For many years, morphological methods of identification have been applied for the purposes
of recognizing the causal agents of soil-borne diseases. However, these traditional methods are time
consuming, error-prone and occasionally inaccurate. Because of these disadvantages, more efficient
methods, such as adopting analytical techniques which function at the molecular level are being used
more frequently. Polymerase chain reaction (PCR) based methods allow for the multiplication of
targeted fragments of DNA over a short periods of time in order to obtain enough genetic material
for further research. The purpose of this review is to gather together the most important information
concerning the molecular methods of identifying important berry pathogens.

2. Organic Plantations and Fungal Pathogens

The area of land under organic cultivation worldwide has increased fivefold since 1999. Since then,
this area has increased from 11 to nearly 58 billion hectares in 2016, and the area has increased in
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every continent. As of 2016, Central Europe had more than a billion hectares increase in organic
arable land area in comparison to 2007 which is [1]. Almost one-quarter of the organic lands on the
globe [1]. Europe has nearly half of the worlds harvesting area of strawberry, blueberry and raspberry
fruit [2] and Central European countries produce big share of those fruits with 335,000, 113,500 and
30,000 tones berries produced in 2017, respectively. What is more, this region holds quarter of the
world’s raspberry harvesting area [2]. Europe noted 320% increase in production of strawberries,
blueberries and raspberries from 2007 to 2016 [2]. Eleven percent of worlds strawberry farmlands in
2016 was organic and what is more, in European Union, nearly 20% of berries were grown in organic
agricultures [3]. In addition to an increase in the land area of organic farming activity in Europe, the
sales market for organic farm produce is also growing significantly. The enlargement of the market in
the years 2000-2015 was more than 300% in both areas. The main reason for the higher sales indicator
from 2005 to 2014, was the constant increase in the consumption of ecological foods [4]. Poland and
Hungary, as two Central European countries, have relatively small markets. Yet, they produce a
large share of the organic crops in the free trade area and that makes them important exporters of
ecological products [5]. Poland alone was the 3rd biggest exporter of prepared fruits in the world
with 429,600 tonnes of fruits exported in 2015. Strawberries and fruit juices are also important export
products with 16,500 and 79,000 tonnes, respectively, being exported in 2015. In 2016, Poland was also
the 3rd biggest fruit exporter in the world [2].

Fields cultivated using organic methods are particularly exposed to pathogens due to the exclusion
of chemical spraying for the purposes of disease management. Central Europe countries have a
relatively warm and humid climate [6], which are ideal conditions for the development of fungal
diseases. Berries are especially vulnerable to the harmful effects of fungal pathogens due to their thin
cell walls, growth close to the wet soil surface and exposure to rainfall. Fungal diseases can lower the
yields even down to 50%, even with application of appropriate chemical sprayings [7,8]. The optimal
treatment is even more difficult due to the fact that diseases can remain dormant even for many years,
waiting for optimal conditions to attack theirs hosts [9-12]. The pathogens which repeatedly attack
cultivations of soft fruits, as well the fruit harvest in cold storage, are typically various species of
fungi. The most common and threatening fungi in Central Europe are those of the Verticillium and
Phytophthora genera, as well as Botrytis cinerea and Colletotrichum acutatum that are involved in yield
and quality losses of soft berry fruits. The abandonment of conventional fungicides creates the need
for early and effective detection methods of causal agents of plant diseases to prevent the spread of
disease to the entire crop during current and future growing seasons.

3. Fungal Pathogens—Characteristics, Occurrence, Properties and Threats to Organic Farming

3.1. Verticillium spp.

Fungi belonging to Verticillium spp. attack various species of fruits, vegetables, flowers and
forest trees, including many species of soft fruits. Theirs host range includes: strawberry
(Fragaria x ananassa Duchesne), red raspberry (Rubus idaeus), black raspberry (Rubus occidentalis),
thimbleberry (Rubus parviflorus) and some cultivars of blackberry (Rubus ursinus). Only 5 families of
plants, such as: Cactaceae, Gramineae, Gymnospermae, Monocotyledoneae and Polypodiaceae; are reported to
be resistant or immune to soil-borne disease called Verticillium wilt [13-15]. V. dahliae and V. albo-atrum
are two species with the most significant pathogenicity amongst the 10 which have been distinguished
recently: V. albo-atrum, V. alfalfa, V. dahliae, V. isaacit, V. klebahnii, V. longisporum, V. nonalfalfae, V. nubilum,
V. tricorpus and V. zaregamsianum [16]. Most of Verticillium species are not host-specific, and symptoms
of infection vary between carriers, thus there are no universal signs of the disease on the plant. Some of
the species of the genus may easily be distinguished by the shape of their microsclerotia and the length
of the conidia they form on hosts and potato dextrose agar (PDA) [16]. Hyaline colonies formed on agar
plates are whitish, turning darker with time (Figure 1), and they produce bountiful conidia [17-20].
The fungus degrades the cell walls of the host with several enzymes, which causes necrosis and other
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symptoms [21]. One of these enzymes is polygalacturonase [22] and its production level is related to
the degree of fungus pathogenicity [23]. Moreover, Verticillium wilts are easily spread via contaminated
plant material, soil and equipment. The conidia-producing specimen—V. albo-atrum is spread via
air currents. When the wilt is securely situated in soil, it can survive for more than 25 years [9,15].
As a result of infection, the probability of the infected plant producing fruit is vastly reduced [15].
The plant often becomes infected through wounds in the roots [24]. The most effective way to control
the disease is through the elimination of contaminated plants from the field [21], thus the rapid and
efficient identification of the pathogen is obligatory.

Figure 1. Verticillium sp. isolated on PDA medium from ecological strawberry plantation after 10 days
of incubation in 22 °C.

3.2. Phytophthora spp.

The Phytophthora genus includes at least 124 described species [25]. The pathogen infects a wide
variety of plants worldwide, and its introduction to a new continent can damage the whole ecosystem.
In Victoria, Australia, Phytophthora cinnamomi, as well as 13 other species in the taxa is a leading
pathogen which has been discovered in the soil. The fungus is an important threat to native plants on
the continent and can harm fruit plantations [26]. European and American strawberry and raspberry
plantations are also attacked by Phytophthora, causing crown and leather rot, resulting in the dieback of
plants and severe harvest reduction. Fungi occurring in the soil, belonging to the Phytophthora spp.,
are not host specific, and are a threat for both, strawberry and red raspberry. Disease manifestations
on fruits are similar to those caused by Colletotrichum acutatum or Verticillium dahliae and are often
misdiagnosed. In a study from 2018, Wilcox’s team proved that the main raspberry pathogen present in
soil was Phytophthora rubi and that it was the main causative late-summer symptom of disease [27-30].
The selective media utilized for Phytophthora sp. isolation are V8 juice agar (V8) and cornmeal agar
(CMA) with the addition of various antibiotics. Antibiotics and specific antifungal agents are added
to inhibit the development of bacteria and other than Phytophthora sp. fungi competing for resources.
The morphological identification of colonies may be difficult because random mutations and the
different growth conditions present in nature may lead to a variability in the phenotype of the species.
An overlap of morphological features of the genus also impedes accurate identification. Nevertheless,
the size of the sporangium and papilla, as well as the appearance of sporangia are commonly considered
for the classification of the fungus (Figure 2) [31].
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Figure 2. Phytophthora sp. isolated on PDA medium from ecological strawberry plantation after 10 days
of incubation in 22 °C.

3.3. Botrytis cinerea

Botrytis cinerea, which causes gray mold, is an important necrotrophic fungus infecting more

than five hundred species of plants [32-35], including strawberry and raspberry [10,34,36,37].

When considering the impact of fungus on fruit production, it took second place in the list of top
ten fungal pathogens of molecular plant biology in 2012 [38]. The susceptibility of strawberry plants
to the fungus is known to severely decrease harvests, even down to 50% [36]. The presence of the
pathogen may remain hidden. In that case necrotrophic disease may be triggered by outside conditions,
such as rainfall, a relative humidity higher than 80% for at least 4 hours, and an appropriate ambient
temperature of 2-28 °C [10,11,35,39]. The pathogen can propagate on harvested strawberry, raspberry,
blueberry and blackberry fruits at temperatures above freezing, which is a significant problem for the
cold storage of soft fruits [40]. The disease may occur on fruits at any time from seedling to sale, what
makes it difficult to predict and effectively counteract [38,41]. However, it is known that ripe fruits are
most susceptible to infection [42]. In order to infect the host, spores are produced and spread, mainly
conidia distributed by wind, rain and insects [43,44]. Fungus germ tubes and appresorias may produce
an extracellular matrix, which helps them to attach to the cell walls of hosts and degrades them with

enzymes [45]. In some cases, pathogens may penetrate the cuticle without the secretion of enzymes [46].

Invasions through wounds and blossoms are also often detected [40,47]. Pollinating insects such as
honey bees have the potential to disperse disease in a similar fashion [48]. B. cinerea colonies grown
for 7 days at room temperature on a PDA medium produces abundant whitish mycelium, which
becomes darker with time (Figure 3). However, some of the isolates may have diminutive mycelium

and produce a yellow pigment on PDA, which is undeveloped on other commonly used medias [49,50].

Conidia, ovoid or ellipsoid and one-celled, are on average 8-13 um in length and 4-7 pum in width and
are dispersed by the air [50].
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Figure 3. Botrytis cinerea isolated on PDA medium from ecological strawberry plantation after 10 days
of incubation in 22 °C.

3.4. Colletotrichum acutatum

Anthracnose is a disease caused by Colletotrichum acutatum. The fungus attacks a wide range

of plant species around the world [51] and is known mainly as a pathogen of strawberries.
Colletotrichum spp. have been evaluated as the 8th most important fungal pathogen in plant biology [38].
Infection may remain dormant until the fruit is stored, and then cause losses of up to 100% [37].

The fungus is necrotrophic lifestyle, and causes black spots to form on strawberry fruits, additionally
attacking roots, crowns and leaves [52-55]. The colonies of the pathogen isolated on PDA are whitish

at first, becoming gray with time and the reverse of the Petri dish is pink or pale orange (Figure 4).

Conidia, observed under a light microscope, are 8-16 x 2.5-4 pm in size, one-celled, straight, but
pointed at the end (fusiform). Conidial appresoria are grey and globular in shape [54,56]. The fungus is
mainly dispersed by rain, and can enter the host via any plant tissue. Dispersal of conidia can reach as
far as 1.75 m through splashing and the infection of one plant in the field by the pathogen proceeds to
the whole cultivation [57]. Most frequently C. acutatum infects strawberries through the crown, as there
is a humid microclimate [58]. The fungus is capable of wintering in the soil for at least two winters

with temperatures falling below 0 °C, this causes anthracnose to develop in subsequent years [12,59].

This is the reason why optimal treatment for the disease is necessary not only for the harvest in the
current year, but also for consecutive seasons.

Figure 4. Colletotrichum acutatum isolated on PDA medium from ecological strawberry plantation after
10 days of incubation in 22 °C.
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4. Detection Methods of Plant Pathogenic Fungal Species

4.1. Traditional Methods

Traditional methods of fungal pathogen identification include experienced scientists studying
their morphological attributes such as colony appearance and the production of asexual structures on
microbiological media or on the host. Samples isolated on adequate agar media may be observed using
a light microscope to track the presence of the slightest structures. This method is time consuming
and only mature colonies may be evaluated. Occasionally colonies have to meet certain conditions to
produce conidia and this may cause inconvenience in laboratory work-flow [60-62]. Selective medias
have been proposed and used for identification, for example Botrytis Selective Media (BSM) for
Botrytis cinerea [63]. The recognition of external infection symptoms induced by fungi on theirs hosts
can also be used to verify the pathogen, although most species are not host specific and plants may
be inhabited by many fungi. The lack of carrier specificity and symptom differences between plant
populations at different latitudes makes an accurate identification based only on the morphology of the
colonies very difficult or even impossible. Furthermore, interpretations of the pathogen’s morphology
are subjective and highly reliant on one’s experience. The human factor may lead to an incorrect
identification of the pathogen, causing misguided plant protection activities.

4.2. Molecular Methods

In recent years, molecular methods are being more and more willingly used by researches in
many fields. They are also widely applied in order to identify fungal diseases or for recognition of
new fungal species and the description of pathogen populations. The identification of fungi is in fact
more accurate when molecular markers are applied, compared with assignment to the species based
only on morphology [64,65] and the technique may be used by personnel without specific taxonomic
expertise [66].

The polymerase chain reaction (PCR) process includes the in-vitro amplification of targeted
genes from previously isolated DNA [67]. After the reaction, an electrophoresis is performed on the

agarose gel of the fragments produced which are stained with EtBr (Ethidium bromide) or SYBR Green.

The occurrence of a fragment of specific length confirms the presence of a pathogen. Further sequencing
of the products may also be performed to ensure the specificity of the obtained amplicon.

The modification of the method, allowing the observation of the amplification results in real-time
and the quantification of the genetic material in the sample is quantitative PCR (qPCR) [68,69]. An assay
has many advantages in comparison with PCR. The reaction does not require further electrophoresis,
as the analytical techniques used in the reaction allows for the observation of the size of the fluorescent
signal which is proportional to the amount of amplified DNA. The qPCR technique also allows for the
analysis of from 96 to 386 samples simultaneously as it is performed on plates [66]. A comparison of
PCR with qPCR by Garrido’s team demonstrated that the qPCR reaction is 100 times more sensitive
compared with PCR when it is applied to the identification of plant pathogenic fungi on strawberry
fruit [70].

Loop-mediated isothermal amplification (LAMP) is another method utilizing DNA polymerase,
with the distinction of a constant temperature throughout the whole reaction and the utilization of
two or three sets of primers. The assay is highly specific due to the presence of a larger number of
primers in comparison with PCR. For the same reason, the reaction is insensitive to contamination with
non-specific DNA [71]. LAMP can be verified directly through the examination of a color change in the
samples or by electrophoresis [66]. What is more, Bst polymerase which are often used in the reaction
are less susceptible to inhibitors compared with Tag polymerase. Therefore, LAMP does not always
require DNA isolation and may be performed directly from the environmental sample [72]. Also,
due to the constant temperature character of the reaction LAMP doesn’t require specialist equipment
such as a thermocycler [73].
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Next-generation sequencing (NGS) belongs to the methods that were developed after automated
Sanger assays—first generation’ for sequencing genetic material. The most important advantage
of NGS is the ability to sequence billions of nucleotides during one run, thus sequencing whole
genomes has become available for academic uses [74,75]. Table 1 presents the data concerning genome
assemblies of fungal pathogens described in this paper. Although most of the genomes have already
been deposited in the international bioinformatics database, the information is not sufficient to describe

all features and functions of these organisms and still there are a lot of work to get to know them well.

Table 1. Sequenced genomes of fungal pathogens from NCBI genome database.

Targeted Organism Genohr:lem:sesre:blies T::gl:;: J\;:)l Median Protein Count Median GC%
Verticillium dahliae 11 33.2952 10393 55.6
Verticillium alfalfae 2 32.7521 10237 554

Verticillium tricorpus 2 35.5915 nd 57.4

Verticillium nonalfalfae 2 32,9671 9431 548
Verticillium albo-atrum 1 36.4685 nd 56.5
Verticillium longisporum 2 99.8546 20932 53.05

Verticillium isaacii 1 35.6909 nd 575
Verticillium zaregamsianum 1 37.1319 nd 57.5
Verticillium klebahnii 1 36.0824 nd 57.6
Verticillium nubilum 1 379116 nd 53.7
Phytophthora infestans 2 190.329 17797 36.9
Phytophthora capsici 7 56.0343 nd 499
Phytophthora ramorum 23 40.7668 nd 54
Phytophthora nicotianae 3 71414 13910 50.2
Phytophthora cactorum 2 63.5331 24172 49.65
Phytophthora rubi 2 76.9186 nd 53.15
Phytophthora fragariae 2 76.4756 nd 53.2
Phytophthora cinnamomi 4 58.3834 nd 54
Phytophthora parasitica 9 54.2899 27003 49.6
Phytophthora kernoviae 11 38.1112 9990 50.3
Phytophtora lateralis 5 49.0253 nd 53.3
Phytophthora palmivora 1 107.773 24271 48.7
Phytophthora sojae 1 82.5976 26489 544
Phytophthora litchii 1 38.2009 nd 492
Phytophthora colocasiae 1 56.5926 nd nd
Phytophthora agathidicida 2 37.2895 nd 52.6
Phytophthora pluvialis 2 53.178 nd 542
Phytophthora multivora 2 40.1961 nd 51.9
Phytophthora pinifolia 1 94.6173 nd 549
Phytophthora cryptogea 1 63.8393 nd 519
Phytophthora cambivora 1 230.616 nd 529
Phytophthora plurivora 1 40.4412 nd 51.7
Phytophthora megakarya 1 101.505 34804 48.7
Phytophthora x alni 1 236 nd 513
Phytophthora pisi 1 58.8567 nd 546
Botrytis cinerea 4 41.8726 13703 4226
Colletotrichum acutatum 2 48.5246 nd 50.8

nd.—no data present.

It is known that inter- and intra-specific variability are likely widespread in fungi. This fact has

implications for research on fungal taxonomy, phylogenetics, evolution, and population genetics.

However, described methods can be successfully used to portray intra- and inter-specific variability
of microorganisms occurring in the environment, in particular pathogenic fungi, but also the other
fungi. More specific approaches have been already developed, such as: Restriction Fragments Length
Polymorphism (RFLP), Random Amplification of Polymorphic DNA (RAPD), Terminal Restriction

Fragments Length Polymorphism (tRFLP) and Amplified Fragment Length Polymorphism (AFLP).

When planning the experiment, it is important to remember to take into account native strains of
fungi that are present in the habitat, as intra-specific variability can affect the analysis [76-78]. It is also
important to highlight that detection limits of the fungi reported in this work can only be treated as
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guidelines and not certainty, as those limits are dependent on numerous factors, including the type of
medium, age of the culture or isolation methods.

4.2.1. Verticillium spp.

Many studies have utilized a comparison with the ITS region in the phylogenic analysis of
Verticillium spp. [19,79]. Some of protein-coding genes were also used for distinguishing species,
such as: cytochrome c oxidase III (COX3), NADH dehydrogenase subunit I (NAD1), actin (ACT),
elongation factor 1-« (EF), glyceraldehyde-3-phosphate dehydrogenase (GPD) and tryptophan synthase
(TS) [16,19]. The detection of V. dahliae, V. tricorpus and V. albo-atrum in strawberry fields was performed
using five simplex loci, including ACT, EF, GPD, TS genes and ITS region. The discrimination between
the species was performed using multiplex PCR with listed markers with an irrefutable outcome [79].
The ITS region sequencing was again successfully used for the confirmation of V. dahliae as an olive tree
pathogen [20]. However, Yu's team was not able to distinguish between V. dahliae and V. longisporum
based only on the analysis of the ITS1-5.85 marker, thus COX3 and NAD1 genes were also included in
the study to make the analysis more specific [19].

Lievens’ team developed a real-time PCR assay for the identification and quantification of 3 species
linked to Verticillium wilt on tomato plants. The targeted marker was the ITS1 region. Primers were
specific to all three targeted species, those being V. albo-atrum, V. dahliae and V. tricorpus, and the
amplification did not occur with any of the additionally tested fungi [80]. The marker gene was
also used in a similar study to estimate the number of strawberry pathogens in the soil samples,
including Verticillium spp. The method was able to detect 17.7 pg of the V. dahline DNA [81]. The ITS
marker was also applied in the quantification of V. dahlise in affected strawberry roots and soil.
The detection limit for the fungus genetic material was 0.93/pL pg and the lowest amount of V. dahline
detected in soil equaled 10.48 pg/uL [82]. A different study, demonstrating differentiation between
V. dahliae and V. longisporum and the identification of V. tricorpus by qPCR was published in 2011.
The amplification of the ITS region of V. tricorpus was performed with specific primers and was able
to detect 0.1 microsclerotia/g of soil. V. dahliae and V. longisporum were distinguished based on the
sequence of the B-tubulin gene, and the assay was able to track as little as 0.5 fungus microsclerotia/g
of soil [83,84]. An analysis of the abovementioned p-tubulin primers, with the addition of an ITS
marker, were also used for the identification of V. longisporum oilseed rape in qPCR. The B-tubulin
primers were specific for the targeted specimen, however they did not detect 3 of the isolates. This may
confirm that the new taxonomy of fungi proposed by Inderbitzin is correct [16]. The ITS marker was
also highly specific to the genus, and detected 0.56 fg of fungal DNA. Despite that, the marker was
not able to distinguish V. longisporum from other species in the Verticillium genus used in the study.
Another disadvantage of the ITS primers was that they were also specific for B. cinerea and a few
Alternaria isolates [85]. The quantification of V. dahline in lettuce leaves was successfully performed by
Klosterman. The assay amplified the S-tubulin targeted gene and was able to detect 2.5 fg of fungal
DNA 21 days after the inoculation of the pathogen on the plant [86]. Another marker successfully
used in qPCR was an intergenic spacer of genomic DNA (IGS). The reaction was performed to
identify V. dahliae and V. tricorpus pathogens on various plants, including strawberry. Two pairs of
created primers were specific only to V. dahliae and V. tricorpus, and none of the non-targeted species
were amplified. Bilodeau’s team succeeded in detecting as little as 3 fg of fungus DNA with the
assay. Also, they estimated the number of copies of IGS in the pathogen genome, comparing the
amplification of the aforenamed region with the single-copy genes such as: endochitinase, p-tubulin
and glyceraldehyde-3-phosphate dehydrogenase (G3PD). They averaged the number of the IGS region
in different isolates to 46 copies in the haploid genome with the qPCR assay. In the study, an additional
specific primer pair of IGS for V. albo-atrum was designed, however, in an initial examination only
V. dahline was apparent in the samples. This is why only the first pair of primers was used in further
stages of research [87]. Another gene targeted for the detection of V. dahliae in potato crops was an
extracellular trypsin protease (VTP1). The PCR technique detected 25 pg of fungal DNA, but primers
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were also specific for V. longisporum. The qPCR technique was 10 times more sensitive than the
PCR technique with the same primers. Also, the duplex gPCR technique additionally targeting the
potato actin gene was developed and was able to detect as little as 0.25 pg of V. dahline DNA [88].
The multiplex approach was further investigated with the VTP1 gene of V. dahliae and the internal
control actin gene (ACT) of Solanum tuberosum. The assay was performed in field conditions with
remarkable reliability [89]. The quantification of soil-borne diseases on strawberry fruit was performed
with the application of ITS1 primers as described previously by Lieven's team [80,81]. In agreement
with their discoveries, in the Ozyilmaz study, the marker was specific for at least 5 of the Verticillium
species. The reaction detected 0.6 pg of pathogen DNA [81]. The identification of Verticillium species in
soil was also performed by the Tzelepis’ team using a qPCR assay with newly designed primers for
V. dahliae, V. longisporum, V. tricorpus and V. albo-atrum. The detection level equaled 5 and 6 fg DNA/g
of soil for V. longisporum and V. dahliae, respectively, and the last two fungi were not detected in the soil
samples [90]. The most important information described above are summarized in Table 2.

Table 2. Selected primers designed for molecular analysis of Verticillium spp.

Targeted Organism

(Number of Strains Assay Marker Primers Sequences 5’-3/ Primers Authors Primers Used in
Analyzed)
V. albo-atrum (5) ITs ! CCGGTCCATCAGTCTCTCTG
V. tricorpus (7) CTGTTGCCGCTTCACTCG
V. longisporum (42) AAGTGGAGCCCCGTATCTTGAAT
s 2 CAACTGGCAACAGGGCTTGAAT
V. isaacii (14) CGATGTCGCGATGACCTCG
1 CGGCAGCCTCCTAAACATGG
V. klebalmnii (7) ACATCCTGAGGCTGCTTGAGA
) CGGCAGCCTCCTAAACATGG
V. zaregam- sianum (10) GGTTTCCTCCCCTCACACG
- Hareg . 3 CCACCCTTGATGTGGGCGGA
multi-plex PCR GPD [79] [79]
V. lone, 42) CCCCGGCCTTGGTCTGAT
- ongieporin TGCCGGCATCGACCTTGG
V. alfalfae (7) TCATGCCCCCTTTGTTCATCGAT
: TGCCGGCATCGACCTTGG
V. albo-atrumm (5) GGCCTCGATAGCATCGCC
) ACT CTGGATGGAGACGTAGAAGGC

CGTGCTGTCTTCCGTAAGTTTG
CTGGATGGAGACGTAGAAGGC

CCTCGAAAAATCCACCAGCTCTA
TS5 GTGGTTGAGATCCTCACGCTTC

GGTCCCCCTCGTTCATGCAATC

V. tricorpus (5)

V. nonalfalfae (9)

V. nubiltim () GTGGTTGAGATCCTCACGCTTC
st GGA AGTAAAAGICGTAACAAGG o1l
TCCTCCGCTTATTGATATGC ‘
. TGATTTAGAGATST AATATCAGAAG .
V. dahlize (10) V. PCR COX3 CCGTGGAAACCTGTSCCAAAATA (9] [19]
longisporum (10)
ATGGCSAGTATGCAAAGAAGA
NAD17 GCATGTTC [92]
TGTCATAAASCCACTAAC
o CTTGGTCATTTAGAGGAAGTAA
& 1 2, 2
Verticillium spp. (7) qPCR ITS AAAGTTTTAATGGTTCGCTAAGA [80] [80]
) . CCGGTGTTGGGGATCTACT
V. tricorpurs (4) s GTAGGGGGTTTAGAGGCTG 1
V. dahliae (9) + V. R b GGCCAGTGCGTAAGITATICT
longisporum q Prtubulise ATCTGGTTACCCTGTTCATCC 831
V- longisporum (11 tubulin GCAAAACCCTACCGGGTTATG B4
- longisp ) F AGATATCCATCGGACTGTTCGTA
V. dahliae (1) + V. B CAGCGAAACGCGATATGTAG . "
longisporum (1) qPeR s GGCTTGTAGGGGGTTTAGA 031 31
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Table 2. Cont.

Targeted Organism

(Number of Strains Assay Marker Primers Sequences 5'-3" Primers Authors Primers Used in
Analyzed)
. CGTTTCCCGTTACTCTTCT
8
V- dahiine (1) fos GGATTTCGGCCCAGAAACT
Viir s (13) TAGTAGAATACTAGATARCTAG
s endochitinase AGCCTAGGTCTTTATAGCTAG
V. dahliae CTCGGAGGTGCCATGTACTG
: ACTGCCTGGCCCAGGTTC
qPCR 187] [871
p-tubulin GCGACCTTAACCACCTCGTT
CGCGGCTGGTCAGAGGA
V. dahl G3pPD? CACGGCGTCTTCAAGGGT
" dahline g

CAGTGGACTCGACGACGTAC
GCGGTGGCTGGTTCCTATCAAC
CAACGACTTCGCCATCTGGAAG
V. albo-atrum group 1 GCCCTCTTCCAGCCCTCCGTTCTC

(isolation from soil) qPCR actin TCGGCGTGGTTTIGTGGTGAG 571 [94]

CGTGTTTAGTGTATTTCACCCTTG

vrp1 10

V. albo-atrum group 2

. 8
(isolation from soil) qPeR 168 TCGCAGAGTAGTACGATTTCTC 4]
V. longisporum (isolation CGAGGAGTGAAAAGAAAACGGTTA
from soil) CGCGCCGAGGCTAGTCAC
V. dalliae (5) TCCTAGGCAGGCGAGCAG
o TAGGGCTGTCTGTCGGTGA
V. albo-atrumm (4) TTTCACGACCGATGAAAGCG
| o not explained CACATCGGCGAGGATCTGTC .
aPCR in the study 0] 01
B CACCCTCGGGCACACCAATA

V- tricopus (4) TCCGTGGAGGTTGAGCGCTAT

CGAGGAGTGAAAAGAAAACGGTTA
CGCGCCGAGGCTAGTCAC

V. longisporum (4)

1 internal transcribed spacer, 2 elongation factor 1-«, 3 glyceraldehyde-3-phosphate dehydrogenase, 4 actine, ®
tryptophan synthase, ® cytochrome oxidase subunit ITI, ” NADH dehydrogenase subunit 1, ® intergenic spacer of
genomic DNA, ? glyceraldehyde-3-phosphate dehydrogenase, 1 extracellular trypsin protease.

A LAMP assay with newly designed primers for the selection of previously established random
amplified polymorphic DNA (RAPD) makers was performed by Moradi’s team. The reaction was able
to detect as little as 50 f{g DNA from V. dahliae isolates, which was 10,000 times more sensitive than that
conducted by the team nested-PCR. What is more, none of non-targeted species were amplified in the
reaction, including other soil-borne pathogens and other Verticillium species [95].

The phylogenic analysis of Verticillium dahliae with the application of NGS was completed in 2013.
The team also acquired a draft genome sequence of the fungus [96]. As a continuation of the study,
Faino’s team assembled a complete and gapless genome of the pathogen [75,97]. Further genome
sequencing of V. dahline genetic material obtained from strawberry pathogenic strands resulted from c.
33 Mb assembly with 44-80-fold coverage [98]. With the de novo genome sequencing of V. nonalfalfae,
Jelen’s team additionally identified the mitochondrial genome of the fungus. The size of the acquired
mitochondrial sequence averaged 27% GC content and close to 26 kb of nucleotides [99]. The complete
V. longisporum genome assembly acquired in 2018 was estimated at 70 Mb, and the mitochondrial
genome equaled c. 27 kb [100].

4.2.2. Phytophthora spp.

In order to identify species in the Phytophthora genus, ITS1 and ITS2 were amplified using PCR
and sequenced. The variability of ITS2 was less significant in comparison with ITS1, but both of
the markers were useful in species identification within the genus [101]. Ristaino’s team developed
an assay for rapid identification within the genus. They amplified the ITS region, and for species
recognition, employed restrictions enzymes. Additionally, they developed a specific primer for P. capsici
(PCAP) [102]. Cooke’s team analyzed the ITS marker of various Phytophthora species, containing red
raspberry and strawberry pathogens for phylogenic purposes [103]. Also, they designed genus-specific
primers for the Phytophthora spp. with the application of the cytochrome oxidase I (COX1) gene
with high specificity. In order to establish a greater distinction between P. ramorum, P. nemorosa, and
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P. pseudosyringae, they used nested PCR with species-specific primers. The primers amplified targeted
species sufficiently and did not produce a sequence with any of the non-targeted species added in the
study [104]. The ITS marker was also used for the identification of the Phytophthora pathogen causing
rot of cranberry [105]. Further, the multilocus approach for the phylogenic analysis of the genus was
developed by Blair’s team. In the study, 27 loci were targeted, and 7 loci were successfully amplified:
28S ribosomal DNA, 60S ribosomal protein L10, S-tubulin, elongation factor 1 «, enolase, heat shock
protein 90 and the TigA gene fusion protein. The first two markers were both amplified within the

genus, but the second one was not long enough (496 bp) to deliver sufficient phylogenetic information.

B-tubulin, enolase and TigA loci provided satisfactory phylogenetic information among the Phytophthora
genus. Next, heat shock protein 90 and elongation factor 1 « produced a moderate level of information
among most clades [106]. In a continuation of the cited study, Martin’s team provided an additional
analysis of 4 mitochondrial loci within the genus. The markers used in the report: cytochrome c oxidase
subunit IT (COX2), NADH dehydrogenase subunit IX (NAD9), 40S ribosomal protein S10 (RPS10)
and protein translocase subunit SecY (SECY) loci, and the phylogenic tree was comparable with the
one constructed in the former study [25,106]. In a paper published in 2014, an analysis of the ITS
marker was once more applied to the identification of Phyfophthora spp. obtained from nursery plants,
irrigation water, and potting media. Sixteen species within the genus were identified, then isolates
from P. citricola complex were additionally sequenced with B-tubulin primers to ensure the specificity
of the obtained products [107].

The first employment of the qPCR assay for monitoring Phytophthora spp. in different host tissues
showed that the method may in fact be successfully used for this purpose. The assay contained the
design of new primers for P. infestans and P. citricola: specific GC rich nuclear satellite DNA with
unknown function, and ITS1, respectively. The reaction was able to detect 1 ug of P. infestans and
10 ng of P. citricola through template DNA in the sample [108]. The detection of Phytophthora spp.,
as well as the species-specific identification of P. ramorum was also further performed. Both pairs
of primers were targeted for the ITS gene. Also, primers for the detection of false-negatives were
used with the implementation of the COX gene. The genus-specific primers amplified all of the

Phytophthora species in the study, however, non-targeted isolates of Pythium were also amplified [109].

P. cactorum was one of the targeted species in the qPCR assay used for the identification of strawberry
pathogens in the soil. The fungus was successfully detected in the amount of 8.6 fg/uL through
the amplification of the ITS region with specific primers [81]. The ITS marker was also used for the
identification of strawbetry soil-borne pathogens. The qPCR assay detected 1 pg of P. cactorum’s DNA
per 1 g of soil [110]. The identification of the pathogen causing late-summer disease symptoms on
raspberry fruit was performed by Weiland’s team with the application of qPCR. Even though the
disease was first connected to the presence of Verticillium dahliae, diagnostic tests produced conflicting
results. Ultimately, qPCR indicated that the main cause of the late-summer symptoms of disease was
Phytophthora rubi [29]. The multilocus approach was performed for the identification of P. colocasiae
with the application of 3 markers: RAS-related protein (YPT1), G protein alpha-subunit (GPAT) and
phosphoribosylanthranilate isomerase (TRP1) genes. All of the amplifications were successful, thus the
best sensitivity was demonstrated by YPT1, with the detection of 12.5 fg of fungal DNA. The pathogen
was amplified using a qPCR assay 15 hours after the artificial infection of the plant; 3 hours earlier
than in PCR [111]. The simultaneous detection of two pathogens, P. nicotianae and P. cactorum from
strawberry tissues in the qPCR assay was also performed. The primers designed for the ITS region
and the YPT1 gene were utilized with sufficient results. The assay was able to detect 10 fg and 1 pg of
targeted DNA from P. nicotianae and P. cactorum, respectively [112]. The triple approach of detecting
Malus Miller pathogens using qPCR was also verified in a recent study. Three pairs of primers for
enolase (ENOL), ras-like protein YPT1 and HSP90 gene sequences were designed for P. hibernalis,
P. cambivora and P. syringae. The primers were capable of simultaneously detecting 20 pg of the two
first species and 0.2 pg of the third fungus genomic DNA [113]. Table 3 summarizes selected facts
containing the primer sequences used in the above-described papers.
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Table 3. Selected primers designed for molecular analysis of Phytophthora spp.

Targeled. Organism (No. Assay Marker Primers Sequences 5'-3 Primer Authors Primers Used in
of Strains Analyzed)
Plhytophthora spp. 1 GGAAGTAAAAGTCGTAACAAGG 1
(15in [101]; 14 in [102]) PCR s TCCTCCGCTTATTGATATGC 1 (oL102]
coxa? GCGTGGACCTGGAATGACTA
Plytophtiora spp. (51) PCR AGGTTGTATTAAAGTTTCGATCG
cox2® AAAAGAGAAGGTGTTTTTTATGGA
GCAAAAGCACTAAAAATTAAATATAA
e SITAMNCCIIATE s
sequences
P nemorasa . between the  AATAAAATTAATTTTAATATATAATTAG
' nested PCR COX 2 and TATGTTTAATATCTGTAAATAATAG
P pseudo- syrineae COXTgene ™ A GTTTCATTAGAAGATTATTTAC
P syring AAAATTGTTTGATTTTATTAAGTATC
60 ribosomal GCTAAGTGTTACCGTTTCCAG
protein L10 ACTTCTTGGAGCCCAGCAC
ubulin GCCAAGTTCTGGGARGTSAT
B GCCAAGTTCTGGGARGTSAT
Enolase CTTTGACTCGCGTGGCAAC
3 CCTCCTCAATACGMAGAAGC
Phytophthora spp. (82) PCR Heat shock GCTGGACACGGACAAGAACC [106] [106]
protein 90 CGTGTCGTACAGCAGCCAGA
TTCGTGGGCGGYAACTGG
TCGTGGGCGGYAAYTGGAA
1igA gene GCCTACATCACGGAGCARA
fusion TCGCYATCAACGGMTTCGG
CCGAAKCCGTTGATRGCGA
GCCCCACTCRTTGTCRTACCAC
- GGTCACCTGATCTACAAGTGC
CCTTCTTGTTCACCGACTTG
GC-rich nuclear
P infestans (1) satellite DNA GCCAT CAAGACGTGCGAGA
: with unknown GCAGGGATTCGGGCATA
oFCR function [108] [108]
P citricols (1) st TCAACCCTTTTAGTTGGGGGTC
' TTTAAAACAAAAAGCTACTAGCCCAGAC
Phytophthora spp. (71) qPCR st Tcg(égﬁéé(é‘? : gﬁéﬁéﬁiﬁ%gcc [109] [109]
YPTIS GGTGTGGACTTTGTGAGTTTCAG
AAGGGAGTTGGCACAACCATT
AGCGCCTTAACGCTCCCT
P colocasiae (49) qPCR TRP1© CACCCCTTGAACCACTTCGG [111] [111]
cpaz” TIGGTGGCGTGTAGICTGTG
AGCTTCCGGTTGATGGTAGC
[ ATGAACCCCGAATAGIRCGTGC
TGTTSACGTTCTCRCAGGCG
GAGGAGATCGCGGCGCAGCG
Phytophthora spp. (15) qPCR TRPI ¢ CCOCACATROCCACYTTOTC [115] [115]
cpar’ GGACTCTGTGCGTCCCAGATG
ATAATTGGTGTGCAGTGCCGC
P nicatiane (7) st CCTATCAAAAAAAAGGCGAACG
- eanar TACACGGAAGGAAGAAAGICAAG {12 [112]
JR—— qreR S CATGGCATTATCGTGGTGTA
e GCTCTTTTCCGTCGGC

1 internal transcribed spacer, 2 cytochrome oxidase subunit I, 3 cytochrome oxidase subunit II, 4 Elongation factor
1-a, ° RAS-related protein, ® phosphoribosylanthranilate isomerase, 7 G protein a-subunit.

The ITS marker in the LAMP assay was used for the detection of P. ramorum in plants. Despite the
lower sensitivity of LAMP compared to qPCR with the same marker, the reaction was successfully
used to detect small amounts of the pathogen’s DNA in the sample [116]. The YPT1 gene was used

in order to compare it to the effectiveness of the nested PCR and LAMP assays to identify P. melonis.

Consequently, both assays were c. 1 000 times more specific than PCR. The LAMP reaction was able to
detect 10 fg of fungal DNA, thus it may be utilized in the early stages of infection [117]. 5i Ammour’s
team confirmed this thesis, as they detected P. infestans with LAMP 24 hours after the artificial
inoculation of potato plants [118]. The efficiency of the marker in LAMP for P. infestans identification
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was reinforced by Khan’s team study. The team compared PCR with nested PCR, qPCR and LAMP
with the application of the YPT1 gene marker. LAMP was in fact the most sensitive reaction, being
10 times more sensitive than nested PCR and 100 times more sensitive than qPCR. What is more, the
team detected the pathogen as soon as one hour after inoculation on the plant [119]. Taking under
account the above mentioned results the detection limits of Phyfophthora sp. was ranged from 1ug to
10 fg depending on selected method and tested species.

Whole genome sequencing of a few Phytophthora species has already been performed. In 2006,
a draft of the genome sequences of P. sojae and P. ramorum were obtained. The genetic material of
the fungi had a 9-fold coverage of the 95 Mb and a 7-fold coverage of the 65 Mb of P. sojae and
P. ramorum genomes, respectively. The identification of a number of SNPs for both species was
also achieved [120]. P. infestans whole-genome sequencing was also achieved with a 9-fold coverage
assembly spanning 229 Mb of the pathogen’s genome [121]. Both of the abovementioned studies
utilized a shot-gun approach, and the application of the Illumina platform was utilized for P. rubi and
P. fragarine. The pathogen genetic material sequencing resulted in a 76-fold coverage of 5.88 Mb for
P. fragariae and a 92-fold coverage of 6.96 Mb for P. rubi [122].

4.2.3. Botrytis Cinerea

Rigotti’s team proposed specific primers for a RAPD assay in PCR for the detection of 13 strains
of Botrytis cinerea in fields of symptomless strawberry plants. They proved that the presence of 0.2 pg
of fungal DNA in the sample is enough for pathogen detection with this method [123]. The application
of the SCAR assay was applied for the development of a specific marker for the detection of B. cinerea,
B. fabae, and B. fabiopsis. The proposed primers were capable of distinguishing species from each other,
as well as detecting 400 pg of B. cinerea in the reaction [124]. The markers mentioned above with the
addition of the ITS region, glyceraldehyde-3-phosphate dehydrogenase gene (G3PDH), heat-shock
protein 60 gene (HSP60) and DNA-dependent RNA polymerase subunit I gene (RPB2) markers were
used for the identification of the strawberry pathogen. An analysis of the sequenced fragments showed
that the disease was caused by B. cinerea [125]. In 2016, Kim’s team proposed ITS region amplification
for the identification of pathogens causing grey mould on red raspberry. The reaction identified the
pathogen as B. cineren. However, for further investigation the sequencing of G3PDH, HSP60, and RPB2
was performed. Those three protein-coding markers were also 100% identical with those of B. cinerea,
confirming the identification of the fungus [126]. The ITS marker was also applied for the identification
of the pathogen causing gray mould on economically important crops, including strawberry fruit.
The analysis was also executed in connection with morphology identification and BIOLOG application.
As aresult, all of the methods confirmed that the pathogen was in fact B. cinerea [127]. Furthermore,
the ITS region was also used for the identification of the strawberry postharvest pathogen in Pakistan.
The method identified the fungus as B. cinerea [128]. Also, the amplification of the marker with PCR
confirmed the presence of the fungus on H. bracteatum [129]. Another study published in 2018 included
a phylogenic analysis of B. cinerea isolates obtained from strawberry cultivations. The sequences used
in the study were 4 microsatellite markers and they contained enough phylogenic information for the
analysis [35].

The application of B-tubulin and actin gene-specific markers were utilized for the quantification
of B. cinerea on the Arabidopsis thaliana plant via a qPCR assay. Ten ng of fungal DNA was detectable
for both of the markers [130]. Also, a different protein-coding gene marker—cutinase A gene was
useful for the detection and quantification of B. cinerea from infected plants. The assay was capable of
successfully detecting 16.7 ng of the genomic DNA of the pathogen [131]. Furthermore, Suarez’s team
designed primers for IGS, the S-tubulin gene and the species-specific sequence-characterized amplified
region (SCAR) genes of the fungus. Those regions were analyzed before and after the manifestation
of the disease in order to detect and quantify the pathogen on strawberry plants. The application of
the IGS and SCAR primers resulted in a high degree of specificity. What is more, the amplification
of the IGS gene was the most sensitive method, detecting 20 fg of fungal DNA [132]. Furthermore,
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Reich’s team proved IGS primers to be useful in multiplex qPCR reactions for discrimination between
B. cinerea and Sclerotinia sclerotiorum [133]. Multiplex qPCR for the simultaneous detection of the
resistance of B. cinerea to benzimidazoles, dicarboximides, SDHIs, and SBIs was utilized in a recent
study. The assay included the design of 4 specific pairs of primers for SNPs in genes responsible for the
fungicide resistance, which are p-tubulin, succinate dehydrogenase iron-sulfur subunit (SdiB), putative
osmosensor histidine kinase (BcOS1) and 3-ketoreductase (erg27) genes. The assay was capable to
simultaneously detect all of the alleles when the concentration of genomic DNA was higher than
0.1 ng [134]. Primer sequences as well as the information of authors and targeted markers are described
below in Table 4.

Table 4. Selected primers designed for molecular analysis of Botrytis spp.

Targeted species (No.

i Y . . .
of Strains Analyzed) Assay Marker Primers Sequences 5°-3' Primer Authors Primers Used in

GGAAGTAAAAGTCGTAACAAGG

. 1
Botrytis spp- (1) PCR ITs TCCTCCGCTTATTGATATGC P [125]
ACCCGCACCTAATTCGTCAAC
1
B. cinerea (13) PCR s e TANTICGTIAR 123] n23]
CAGGAAACACTTTTGGGGATA
- 2
B cinerea (29) RAPD “marker -\ cCGACAAGAAAATCGACTAA
TCACGGTTTCTIGTCCATCC
3 4
B. fabac (8) PCR NEP1 TCGGGCGTTGTACTCTTCAT 1124] [124]
TCCTTTCTATCCTCGCTGCC
B. fabiopsis (8) RAPD? marker CTGGTGOTTTCTAAAGETCE
. GATGATCGTGATCATTICGG
CCCATAGCTTGCTTACCCAT
ATTGACATCGTCGCTGTCAACGA
5
Botrytis spp. (52) PCR G3PDH e GeTaThes 1135] [3s]
Hspeps  CAACAATIGAGATTTGCCCACAAG
GATGGATCCAGTGGTACCGAGCAT
B. cinerea (39 in [49]; 273 R microsatellite  ACCCGCACCTAATTCGTCAAC ) -
in [35]) marker GGGTCTTCGATACGGGAGAA -
] ) microsatellite AAGCCCTTCGATGICTTGGA B
B. cinerea (117 in [136]) PCR marker ACGGATTCCGAACTAAGTAA [136] [35]
microsatellite AGGGAGGGTATGAGTGTGTA
marker TTGAGGAGGTGGAAGTTGTA
microsatellite CATACACGTATTTCTTCCAA
marker TTTACGAGTGTTTTTGTTAG
microsatellite GGATGAATCAGTTGTTIGTG
marker CACCTAGGTATTTCCTGGTA
microsatellite CATCTTCTGGGAACGCACAT
marker ATCCACCCCCAAACGATTGT
B.cinerea (75 in [137)) PCR microsatellite CGTTTTCCAGCATTTCAAGT 137 B3l
marker CATCTCATATTCGTTCCTCA
microsatellite ACTAGATTCGAGATTCAGTT
marker AAGGTGGTATGAGCGGTTTA
microsatellite CCAGTTTCGAGGAGGTCCAC
marker GCCTTAGCGGATGTGAGGTA
microsatellite CTCGTCATAACCACGCAGAT
marker GCAAGGTCTCGATGTCGATC
microsatellite TCCTCTTCCCTCCCATCAAC
marker GGATCTGCGTGGTTATGACG

CCGTCATGTCCGGTGTTACCAC

B-tubulin - - - -
B. cinerea (1) qPCR CGACCGTTACGGAAATCGGAAG 1130] [130]

TGGAGATGAAGCGCAATCCAA
AAGCGTAAAGGGAGAGGACGG

AGCCTTATGTCCCTTCCCTTGCG

actin

) ) )
B. cinerea (1) qPCR cutinase A CAAGAGAAATCGAAAATGGTGAG [131] [131]
il GTTACTTGACATGCTCTGCCATT
Houtin CACGGCTACAGAAAGTTAGTTICTACAA  [132]
FGCTGTAATTTCAATGTGCAGAATCC
2 7

B, cinierea (24) qreR 1cs GGAGCAACAATTAATCGCATTTC (132]

SCAR® marker L LCGTGATTATCACCIGCGTTG [123]

GCTCCTAGAACGTACGACCACA
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Table 4. Cont.

Targeted species (No.

of Strains Analyzed) Assay Marker Primers Sequences 5'-3 Primer Authors Primers Used in
B-tubulin GTCGTCCCATCGCCAAAGGT
ACGGTGACAGCACGGAAAGA
SahB o ACACCGACCCAGCACCAGA
. multi-plex TTAGCAATAACCGCCCAAA .
B. cinerea (11) PCR [134] [134]
4 AGGTCACCCGCGTAGCAAGA

o 10
BeOs1 TGCTTGATTTCACCCTTACA

GCGTGGAGAACTCTAAATCGG
AGTGTAAGGCTTGATGGTATGC

erg27 11

! internal transcribed spacer, ? random amplification of polymorphic DNA, * necrosis-and ethylene-inducing

grotein 1,* DNA-dependent RNA polymerase subunit IT gene, > glyceraldehyde-3-phosphate dehydrogenase gene,
heat-shock protein 60 gene, 7 intergenic spacer of genomic DNA, ® sequence characterized amplified region, ¥
succinate dehydrogenase iron-sulfur subunit, 1 putative osmosensor histidine kinase, !! 3-ketoreductase.

In 2010, the first LAMP reaction with IGS primers for B. cinerea detection was designed, and it
resulted in a high level of efficiency. The assay was capable of detecting 65 pg of pathogen DNA
in the sample, but for some of the reactions even an amount 10 times smaller was sufficient to
detect the pathogen. The reaction also amplified only the closest related specimen, Botrytis pelargonii.
What is more, detection was possible only 15 minutes after the start of the reaction [138]. Duan’s team
proved the usefulness of the mitogen-activated protein kinase gene (Bcos5) which is an analysis
designed to discriminate between B. cinerer on strawberry and tomato and 8 other plant pathogens in
LAMP [139]. Also, LAMP assays for the detection of fungicide-resistant B. cinerea mutants have been
developed [140-142]. Based on the presented above results concerning the detection limits of B. cinerea
it was observed that depending on selected method and tested isolates the detection was within the
limits between 17 ng and 20 fg.

The first genome sequencing of B. cineren was obtained using Sanger technology, with the result
of low coverage [143], which was a reason to search for more cost-effective and thorough methods.
In 2012, Staats and van Kan employed Illumina technology to build an assembly with a size of c. 41 Mb,
and a GC content of 42.5% [144]. Furthermore, a complete pathogen genome was accomplished with
the final length of 43.5 Mb [145].

4.2.4. Colletotrichum acutatum

Colletotrichum acutatum on berries has been identified with the application of a wide range of
markers used in PCR reactions. In a study from 2009, cranberry fruit pathogens were detected with
the application of the ITS region, which contained ITS1, 5.8S ribosomal RNA gene and ITS2. Also,
an analysis of the partial sequence of the 285 ribosomal RNA gene—LSU was utilized. An analysis of
the second marker resulted in an improved phylogeny for the species [146]. However, with strawberry
pathogens the sequencing of the ITS region produced sufficient results for the differentiation of the
fungus from C. gleosporide [52]. Additionally, the identification of strawberry pathogens in Belgium
with the aforementioned marker was sufficient to distinguish between C. acutatum, C. gloeosporioides
and C. coccodes [147]. Also, an analysis of a different marker—the IGS region, for 31 isolates of
strawberry pathogens, as well the utilization of species-specific primers in PCR for C. acutatum was
carried by Xie’s team. In agreement with the conclusions of Garrido and van Hemelrijck, the method
was capable of identifying three species from the Collefotrichum genus, including C. acutatum [148].
A different approach, utilizing a restriction fragments length polymorphism (RFLP) protocol with
glutamine synthetase (GS) introne marker also prevailed for the purpose of differentiating between
both species [149]. The ITS region with the addition of the B-tubulin gene was also considered for the
identification of the fungus isolated from different hosts. The B-tubulin based phylogeny tree had
a higher resolution compared to that constructed with ITS, but both [150]. An extended number
of markers were utilized for the identification of the causes of strawberry anthracnose in China.
The application of primers directed for fragments of actin (ACT), B-tubulin, glyceraldehyde-3-phosphate
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dehydrogenase (GPDH), and chitin synthase (CHS-1) were satisfactory for distinguishing between
C. acutatum and C. gleosporide [151]. The cytochrome b (cytb) gene was also utilized to reveal the
fungicide resistance of the strawberry attacking pathogens [152].

The first application of ITS region and p-tubulin gene in a qPCR assay for the detection of
Colletotrichum acutatum proved the specificity of the method. In the fungus genome the p-tubulin
region exists only in one copy, in contrast with the multiple copies of the ITS region. Therefore, the

method based on ITS marker was c. 66 times more sensitive and detected 50 fg of genomic DNA [153].

Furthermore, a duplex gPCR assay for the simultaneous detection of C. godetiae and C. acutatum was
developed by Schena’s team. The method included the design of 2 pairs of specific primers, based on
2 markers: B-tubulin and histone H3 genes. The presence of 10 pg of genomic DNA in the sample
was enough to detect both species [154]. A summary of the most important information containing
markers, primers sequences and authors of the assays is given in Table 5.

Table 5. Selected primers designed for molecular analysis of Colletotrichum spp.

Targeted species (No.

of Strains Analyzed) Assay Marker Primers Sequences 5'-3/ Primer Authors Primers Used in
B GGAAGTAAAAGTCGTAACAAGG
1
€. acutatum (16 in [146]) PCR TS RO el [91] [146]
. 2 ATCCTGAGGGAAACTTC
C. acutatwm (16 in [146]) PCR Lsu AGATCTTCGTGGTAGTA [155] [146]
AACCCTTTGTGAACRTACCTA
. 1 5
Colletotrichum spp. (29) PCR ITS TTACTACGCAAAGGAGGCT [156] [156]
GPDH3 TCCCATCAAGGTCGGCATCA
ACCTTGCCGACAGCCTTGG
Colletotrichum spp. . 4 GATGCCTGGAAGAAGATTGTCGT . .
(100in [151] PCR CHS-1 GTCTCGCCAGTAGCGGACTTGAC [157] [151]
CALS GAATTCAAGGAGGCCTTCTC
CTTCTGCATCATGAGCTGGAC
§ s GAAGAGGTATGTACTACGGTTCATATAG R
C. acutatun (181) PCR Cyth AT A I TCCATAG [152] [152]
- 1 CGGAGGAAACCAAACTCTATTTACA
c ) 1 71
C. acutatum (23 in [70]) qPCR ITs CCAGAACCAAGAGATCCGTTG [91] [70]
st GGATCATTACTGAGTTACCGC
C. acutatun (6) qPCR GCCCACGAGAGGCTTC [153] [153]
B-tubuli CGTCTACTTCAACGAAGTTTGTTATCC
ottt GAGGCCTGGTIGGGTGAG
C. acutatum (15) qPCR histone H3 TCCAGCGTCTGGTAAGTIGAGAA [154] [154]

AGAAGTGTTAGCCGATGCGATT

! internal transcribed spacer, 2 partial sequence of the 28S ribosomal RNA gene, * glyceraldehyde-3-phosphate
dehydrogenase, 3 chitin synthase, * calmoduline, 5 cytochrome b.

The LAMP reaction was also used for the rapid identification of pathogens from different hosts,
including strawberry and raspberry plants. Zhang's team utilized previously designed primers for
the ITS region and B-tubulin 2 gene, with a greater specificity of the second marker. Nevertheless,
the ITS marker was more sensitive, but it amplified the fragment for C. acutatum, C. gloeosporioides and
C. fragariae [158].

The whole-genome sequence for C. acutatum has already been attained in 2016 by Han’s team.
The team utilized NGS technology, and the final assembly was longer than 52 Mb, with a GC content
of ¢. 51.5% [159].

5. Summary and Future Challenges

Soil-borne diseases are a serious threat to organic berry plantations, severely reducing crop yields.
Until recently, the most effective way to prevent the spread of pathogenic fungi in the field was to
immediately remove infected plants from the cultivation. Thus, fast and correct pathogen identification
is essential for the eradication of the disease in time [12,21,160]. The accurate identification of pathogens
can be problematic, as fungi attacking berries from the Phytophthora and Verticillium genera, as well
Botrytis cinerea and Colletotrichum acutatum species cause similar symptoms on different plants and
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fruits. Identification based only on the morphology of the colonies is time-consuming and prone to
misinterpretations, as it is based on human experience. These circumstances have led to the intense

development of molecular techniques which allow for pathogen recognition and quantification [161].

Despite the fact that various molecular methods to detect fungi described in this review have already
been established, they all have some disadvantages. These methods are only sensitive for a given
region, also the majority of the assays are designed for pure strains. Those pure strains of fungi are
more suitable for DNA isolation and recognition because the samples do not contain other closely
related nor competitive microorganisms and their secretions, which often inhibit reactions. Therefore it
is necessary to develop molecular methods that are more sensitive, specific and work under different
soil and climatic conditions. Additionally, most of the pathogens causing agricultural losses cannot
be grown in artificial cultures due to their specific environmental requirements, thus identification
methods that do not necessitate the cultivation of pure cultures also have to be established.
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Abstract: Phytopathogens cause undeniably serious damage in agriculture by harming fruit
cultivations and lowering harvest yields, which as a consequence substantially reduces food
production efficiency. Fungi of the Botrytis, Colletotrichum and Verticillium genera are a main
concern in berry production. However, no rapid detection method for detecting all of these pathogens
simultaneously has been developed to date. Therefore, in this study, a multiplex real-time PCR
assay for this purpose was established. Universal fungal primers for the D2 region of the large
subunit ribosomal DNA and three multiplexable fluorogenic probes specific for the chosen fungi were
designed and deployed. The triplex approach for the molecular detection of these fungi, which was
developed in this study, allows for the rapid and effective detection of crucial berry pathogens,
which contributes to a more rapid implementation of protective measures in plantations and a
significant reduction in losses caused by fungal diseases.

Keywords: D2LSU; Botrytis spp.; Colletotrichum spp.; Verticillium spp.; real-time PCR; strawberry
pathogens; rapid detection

1. Introduction

Fungal pathogens cause severe destruction in the food industry. Phytopathogenic diseases
induce economic losses by reducing yield and also by decreasing fruit survival rates in cold storage.
Some exceedingly harmful fungi which cause food spoilage not only in Europe, but also in Australia
and America are species belonging to the Botrytis, Colletotrichum and Verticillium genera [1-7]. In recent
years an increase of both the demand and production of organic fruit has been observed. The increase
in fruit production is connected with the problem of lowering quality of crops, caused by the occurrence
of fungal diseases in soft fruits plantations [5,6].

The early detection of soil-borne diseases is very important for both economic reasons and nature
protection. However, traditional methods of fungal identification are time consuming and often
inaccurate [8]. Additionally, they require trained and experienced staff for precise identification,
as fungal pathogens often attack a wide range of plants; moreover, they frequently have an ambiguous
appearance on their hosts. In contrast, molecular techniques allow for the detection of crucial
pathogens with a high degree of precision, without specific molecular knowledge, and even before
the manifestation of disease [8]. Moreover, only quick and accurate identification of the pathogen
guarantees the timely implementation of suitable plants protection against pathogenic agent and
reduction of losses for farmers or other manufacturers and fruit processing companies [5,6].

The molecular technique most frequently used for the identification of microorganisms is
the Polymerase Chain Reaction (PCR). However, the final results of the analysis are not obtained
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immediately after the reaction, as the method requires further steps, such as an electrophoresis and the
sequencing of the obtained amplicons, in order to interpret the results. Another disadvantage of the
reaction is that the assay requires specific thermal conditions provided by thermocyclers [9].

For those reasons, various modifications of the method, designed to omit the inconvenient steps
mentioned above, have already been developed. Quantitative PCR (qQPCR) allows for the quantification
of the amplified genetic material in real time [9-11]. The exclusion of many laboratory steps, used to
obtain the final results of the analysis, considerably shortens the time for detection. This allows for a
more rapid implementation of the relevant protective measures in the plantation. The hybridization
of multiple fluorogenic probes with TagMan chemistry [12] in the same reaction tube allows for the
simultaneous detection of multiple targets in one reaction [13], which additionally decreases the time
required in the laboratory for the acquisition of final results.

Isothermal methods of PCR, such as Loop-mediated isothermal amplification (LAMP) [14],
Polymerase spiral reaction (PSR) [15], Rolling circle amplification (RCA) [16] and Cross-priming
amplification (CPA) [17], have likewise been used more frequently in recent years. These methods
are simpler and cheaper to deploy, as the use of a water bath or thermoblock is sufficient to carry out
the reaction. Nevertheless, they require a larger number of specific enzymes and a greater amount of
primers; moreover, they are troublesome to develop and multiplex.

Fragments of nuclear ribosomal DNA (rDNA) are commonly used for molecular identification
and phylogenic purposes for different fungal microorganisms [18]. Primers covering Internal
Transcribed Spacer (ITS) and Intergenic Spacer (IGS) regions are for the most part routinely taken into
consideration [7,19-21]. These markers are commonly applied in qPCR assays [13,22-26]. Likewise,
the LSU rDNA D1-D2 sequences have been used in the purpose of identification of fungal species
many times [8,27-30].

The aim of this study was to develop the real-time PCR method for the detection of Botrytis spp.,
Colletotrichum spp. and Verticillium spp. using newly designed universal primers which amplify
different fragments of rDNA—the D2 region of the large subunit ribosomal DNA. Additionally,
we designed three multiplexable TagMan-type hydrolysis probes, specific for the chosen fungi within
this region, and tested the developed method on environmental samples.

2. Results

2.1. Phytopathogenic Microorganisms

A wide range of fungal pathogen isolates, derived from organic strawberry plantations located in
Poland, were included in this study (Figure 1, Supplementary Table S1). Within this group of isolates,
28% of them (7 Botrytis spp., 19 Colletotrichum spp., 12 Verticillium spp.) were fungi selected for the
design of primers and fluorogenic probes for novel multiplex real-time PCR. After that, four isolates,
one representative of each genus, Botrytis, Colletotrichum, Verticillium, and one strain of Phytophthora sp.,
as a control organism that should not be detected, were selected for the development of the multiplex
real-time PCR detection approach, in order to evaluate the specificity and the detection limit of the
real-time PCR assays for target pathogens. The non-fungal Phytophthora sp. pathogen was selected
as a control group due to the fact that those four microorganisms (Botrytis spp., Colletotrichum spp.,
Verticillium spp. and Phytophthora spp.) often cooccur in the fruit plantations, as in our experimental
fields we retrieved strains from. The neighbor-joining tree of the 39 tested strains, based on the
phylogenetic analysis of DNA sequences of the D2 LSU region, have indicated that the strains
belonging to the genus Colletotrichum were clustered together in a monophyletic clade, supported
by high bootstrap values. Similarly, the Botrytis spp. strains clustered together, and Verticillium spp.
isolates were grouped in a separate cluster.

-91 -



Inf. |. Mol. Sci. 2020, 21, 8469 30f17

| MT126000 Coletotrchum sp.
|rizsees otearcrum ap
AT128802 Cotetetrichum
5| 7126805 Coletotnchum sp.

Mycosphiaerella spp. 2%
Ctadosporiumspp. 2% ~ Phomasop. 2% Others 12%

Pestalotiopsisspp. 3%
Gnomoniopsis sop. 3%

N\

Phialapfrorasop.
%

Colletotrichum sop. 13%

Pildiumspp. 6% e
Botrytis spp. 5%
Fusarium spp. 6%
7154307 Botyts sp
Alternar Verticilium spp. 10% MT133320 Vertoum sp.
o i MTT33317 Vertodum 59

MT133316 Vertclium sp.
MT133318 Vertclium 5p.
MT133319 Vertchum sp.
MT133314 Vertclium 5p.
MT133327 Vertchum 5p.

et 7| MT130326 Vertiiium sp.
MT133322 Vertiliom sp

MT123315 Vertcaliom 59
MT133524 Verbeitom sp.
132223 Vertstiom sp.

|| Phytophtoraspp. 16%

o

Figure 1. A pie chartrepresenting the percentage of different fungi in the whole group of microorganisms
isolated from organic plantations of strawberry in the course of this study. The evolutionary history
of the four phytopathogens chosen for the development of the multiplex real-time PCR was inferred
by using the Maximum Likelihood method based on the Tamura-Nei model [31]. The tree with
the highest log likelihood (-1545.8023) is shown. The percentage of trees in which the associated
taxa are clustered together are shown next to the branches. Initial tree(s) for the heuristic search
were obtained automatically by applying the Maximum Parsimony method. The tree is drawn to
scale, with branch lengths measured in the number of substitutions per site. The analysis involved
39 nucleotide sequences. There was a total of 527 positions in the final dataset. Evolutionary analyses
were conducted in MEGA?7 [32].

2.2. Specificity of the Fluorogenic Probes

Each of the three of the designed fluorogenic probes were only specific to the organism it was
designed for and did not hybridize with the DNA of the remaining fungi (Figure 2a—c). The use of
designed oligonucleotide primers and molecular probes to carry out the polymerase chain reaction
with real-time detection under strictly defined conditions enabled the amplification of the product and
the detection of Botrytis spp., Colletotrichum spp. and Verticillium spp. fungi, respectively. The specific
detection of the obtained amplification products was carried out by noting fluorescence at 520 nm
(Filter 1 of 7500 Fast system), 576 nm (Filter 2) and 667 nm (Filter 3), after excitation with light at
495 nm, 544 nm and 643 nm, for the abovementioned fungal plant pathogens, respectively (Table 1).
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Figure 2. Amplification plots of designed singleplex and multiplex real-time PCR. (a—c): Specificity of
the fluorogenic probes in singleplex reactions, carried out on DNA isolated from pure strain cultures.
The amplification plots were created as mean values of ARn after each cycle of three biological repeats for
the reaction (1 = 3). (d) Multiplex reaction carried out with the DNA extracted from an environmental
sample 245/19 (strawberry fruit).

Table 1. Sequences of primers and probes, product size of the obtained amplicons for each fungal
pathogen and the excitation and fluorescent readings of the probes of the designed oligonucleotides for
the detection of selected plant pathogenic fungi in real-time PCR (Patent application P.431988); “N/A”

means not applicable.

Primer or Sequence Product Size Excitation/Fluorescence
Probe Name (bp) Reading (nm)

D2LSU_F 5-AGACCGATAGCGmMACAAG-3’ N/A N/A

D2LSU_R 5-CTTGGTCCGTGTTTCAAG-3' N/A N/A
Botr-6FAM 5'-6FAM-TCAGGGTCTCGTACCCTGTGTACTT-BHQ1-3" 322 495/520
Coll-Tamra 5'-Tamra(R)-TGTGACCAGACTTGCGTCCGGTGAA-BHQ2-3’ 321 544/576

Vert-Cy5 5'-Cy5-TGGTTCAACCAGGTCCATGACCT-BHQ2-3’ 320 643/667

In singleplex real-time PCR (Figure 2a—), the amplification curve analysis revealed the primer
pair with each specific molecular probe (Table 1) and amplified a single product for its target genus
and no product for the other three fungal genus, thereby indicating the specificity of the molecular
probes to detect their corresponding to the Botrytis, Colletotrichum and Verticillium genus.

When the primer pair and the three probes were mixed together for multiplex real-time PCR,
the amplification curve of each tested fungal genus (Botrytis, Colletotrichum and Verticillium) was visible,
thereby indicating that all three fungal pathogens were detectable in one reaction (Figure 2d).

Neither false positive nor false negative reactions were observed in the real-time PCR assays.
The triplex real-time PCR assay with developed fungal pathogens specific probes for Botrytis spp.,
Colletotrichum spp. and Verticillium spp. detected all 7, 19 and 12 fungal isolates, respectively (Figure 3).
The assay also did not cross-react with DNA from the other pathogens, including non-specific organisms.
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It means that the developed probe labeled with 6FAM dye for detection of Botrytis spp. detected only
these pathogens, but DNA of Colletotrichum spp. and Verticillium spp. was not amplified with using this
specific probe. High specificity of the fluorogenic probes labeled with Tamra and Cy5 for the detection
of Colletotrichum spp. and Verticillium spp., respectively, was also noted. Likewise, the real-time PCR
assay for the tested pathogens produced negative results for non-template control (NTC) without
DNA. The results indicated that the fluorogenic probes developed in this study appeared to be specific
to the three target fungal pathogens (Figure 3), and moreover, according to in silico analysis, appeared
to not be specific to the diverse fungal and oomycete representatives (Table S2).

8 Coll-Tamra
8 Coll-Tamra

8 Vort.Cy5
8 Vert-Cy5
8 Vert.Cy5
18 Vert-Cy5.
8 Vert-Cys
8 Vort-Cy5

—e— G161/18 VertCy5
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8532833 25 2
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& G406/18 Botr-6

Figure 3. Amplification plots of designed triplex real-time PCR. Specificity of the fluorogenic probes
(Botr-6FAM, Coll-Tamra, Vert-Cy5) in triplex reactions, carried out on DNA isolated from pure strain
cultures of: (a) Botrytis spp. (7 isolates); (b) Colletotrichum spp. (19 isolates); (c) Verticillium spp.
(12 isolates); (d) All tested isolates of Botrytis spp., Colletotrichum spp., Verticillium spp. (38 isolates).
Explanations: NTC—non-template control.
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2.3. Optimization of Multiplex Real-Time PCR

In order to optimize multiplex real-time PCR and evaluate whether the sensitivity of the detection
was associated with the concentrations of probes and primers for selected fungal strawberry pathogens,
the mean Cq values for each concentration of each probes and primers were determined and the results
are presented in Table 2.

Table 2. Mean Cq and SD values of the optimization reactions for the developing concentration of the

primers and fluorogenic probes in the real-time PCR (1 = 3); “~” means lack of amplification.
Conc. Botrytis spp. Colletotrichum spp. Verticillium spp.
of Fluorogenic (G277/18) (G171/18) (G296/18)
Probes CQmean SD Cqmean SD Cqmean SD
0.1 uM 14.343 0.268 18.925 0.482 17.749 0.512
0.15 uM. 14.084 0.377 19.286 0.152 18.235 0.417
0.2 uM 12.792 0.895 18.576 0.329 16.942 0.440
0.25 yM 13.930 0.615 18.921 0.733 16.838 0.590
0.3 uM 14.093 0.533 18.814 0.185 20.576 5.697
0.35 uM. 13.569 0.455 18.832 0.431 14.898 -
of gl(')i::;l‘s Cqmean SD Cqmean SD Cqmean SD
0.1 uM 21.421 4.103 - - - -
0.2 uM 15.451 0.095 18.915 0.467 17.459 1.398
0.3 uM 16.478 0.172 18.777 0.142 16.565 0.146
0.4 uM 15.178 0.090 19.067 0.104 17.654 0.487
0.5 pM 15.315 0.321 18.740 0.164 16.872 0.846
0.6 uM 15.389 0.215 18.633 0.040 15.994 0.909
0.7 uM 15.795 0.205 18.821 0.264 19.326 -
0.8 uM 14.963 0.364 18.718 0.233 21.984 10.268

The first stage of this study included the optimization of the fluorogenic probes concentration
with standard concentration of primers (0.4 uM). The results indicated the most stable positive signal
of amplification for 0.15 uM of fluorogenic probes concentration, exhibiting the following values of
Cq + SD cycles 14.084 + 0.377, 19.286 + 0.152 and 18.235 + 0.417 for Botrytis spp., Colletotrichum spp.
and Verticillium spp., respectively (Table 2). Even though higher probe concentrations often showed
lower Cq values, in most cases the variation in the Cq signal for all of the tested fungal pathogens
was excessive with a maximal SD of 0.895, 0.733 and 5.697 cycles for Botrytis spp., Colletotrichum spp.
and Verticillium spp., respectively (Table 2).

In the following step, various concentrations of primers were tested with probes concentration
(0.15 uM) selected in the first phase of the experiment. The lowest primers concentration (0.1 pM) was
less sensitive across all fungal pathogens, compared with the higher concentrations of primers, and it
was also associated with a higher degree of variability (Table 2, Supplementary Figure S1). This primers’
concentration yielded the highest Cq values along with an unacceptably SD value (21.421 + 4.103)
for Botrytis spp.; moreover, for the other two fungi (Colletotrichum spp. and Verticillium spp.), the Cq
values were not calculated and detection was not possible. Higher concentrations of primers were
more sensitive, yielding lower Cq values for all tested fungal pathogens. However, different primer
concentrations exhibited different degrees of variation in SD for triplicate measurements across the
various fungal pathogens. Across all tested primers concentrations, 0.3 pM yielded a mean Cq + SD
(n = 3) of 16.478 + 0.172, 18.777 + 0.142 and 16.565 + 0.146 for Botrytis spp., Colletotrichum spp.
and Verticillium spp., respectively. These results were the least variable. For the other higher primer
concentrations, even if the Cq values were lower, the SD values increased drastically, especially for
Verticillium spp., indicating a lower reproducibility of amplification.

-05 -



Int. J. Mol. Sei. 2020, 21, 8469 7 of 17

Within the tested combinations of primers and fluorogenic probes concentrations, the most stable
amplifications results were provided by the 0.15 M probes and the 0.3 uM primers mixture for all of
the tested fungal pathogens (Table 2).

2.4. Detection Limit of Multiplex Reaction

The evaluation was performed by diluting the DNA samples of the Botrytis spp., Colletotrichum
spp. and Verticillium spp. isolated from pure strain cultures. Serial 2-fold dilutions of 5 pg/uL to
39 fg/uL of the DNA of each of the target strawberry pathogens were used to test the sensitivity of the
multiplex real-time PCR assays. The detection limit was defined as the lowest amount of the targeted
DNA that it was possible to detect with the method. The Cq values for 5 pg/uL DNA from each of the
three target pathogens were 28.222 (SD + 1.659), 31.144 (SD + 1.106) and 30.659 (SD + 0.902) for Botrytis
spp., Colletotrichum spp. and Verticillium spp., respectively. The results indicated that the Cq values
increased for higher DNA dilutions of the tested samples, but SD decreased, indicating a higher stability
of strawberry pathogens detection (Table 3). Positive results with the lowest DNA dilution (39 fg/uL)
for the Botrytis spp., Colletotrichum spp. and Verticillium spp. were visible at the amplification plots.
However, Cq values were calculated for 39 fg/uL template DNA from Botrytis spp. (33.276 + 0.286)
and Verticillium spp. (36.267 + 0.610), but for Colletotrichum spp. Cq values (36.892 + 0.731) were
obtained for 156 fg/uL template DNA, and for lower DNA amounts, Cq values were not obtained.
Therefore, the detection threshold for two of the pathogens was set at 39 fg/uL for Botrytis spp.
and Verticillium spp., and at 156 fg/uL for Colletotrichum spp. (Table 3).

Table 3. Mean Cq and SD values for the detection limit of the real-time PCR assay (1 = 3); “~" means
lack of amplification.

Botrytis spp. Colletotrichum spp. Verticillium spp.

DNA Conc. (G277/18) (G171/18) (G296/18)

Cqmean SD Cquﬂl‘l SD Cqmean SD

5 pg/uL 28.222 1.659 32.144 1.106 30.659 0.902
2.5 pg/ul. 28.076 0.543 31.955 0.155 30.888 0.196
1.25 pg/uL 29.278 0.691 33.200 0.859 31.969 0.817
625 fg/ul. 30.668 0.852 34470 1.659 32.628 0.056
312 fg/uL 31.600 0.950 35.028 1.072 34.037 0.938
156 fg/ulL 32.841 — 36.699 0.731 36.391 0.223
78 fg/uL 33.750 2542 34.012 - 35.219 1.524
39 fg/uL 33.276 0.286 - — 36.267 0.610

2.5. Detection of Fungal Pathogens in Artificially Infested Environmental Samples

In the conditions of our study, the FastDNA Spin Kit for Feces (MP Biomedicals, Solon, OH, USA)
was the most effective DNA isolation method for the detection of fungal strawberry pathogens from
environmental samples. The real-time PCR assay detected Botrytis spp. and Verticillium spp. in all
eight infected soil samples. The presence of Colletotrichum spp. was confirmed in two infested soil
samples, when contamination was at the level of 5000 and 10,000 spores after 24- and 48-incubation
hours, respectively (Table 4). There was no amplification of Colletotrichum spp. DNA from the soil
samples inoculated with 1000 and 500 spores per 1 g. The Cq values ranged from 22.491 to 28.166 for
the detection of Verticillium spp., and Botrytis spp. in artificially infested soil after 24-incubation hours,
respectively. However, the Cq values for the detection of Colletotrichum spp. were at a level of 24.936
and 24.320 for soil samples inoculated with a 5000 and 10,000 spore suspension, respectively (Table 4).
The Cq values obtained from strawberry fruits inoculated with 100, 1000, 10,000 and 100,000 spores
per 1 g ranged from 15.977 to 21.672 for the detection of Botrytis spp. after 72- and 0-incubation hours,
respectively. The results suggested that the real-time PCR assay could be used for soil and fruits
samples assessment in order to detect the important soil-borne fungal pathogens of strawberry.
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Table 4. Cq values of the triplex approach for the detection of artificially infested environmental

samples (soil and strawberry); “~” means lack of amplification.

Time of S 1 2 of Soil Botrytis spp. Colletotrichum Verticillium
Incubation pores per = g ot 5ol (G277/18) spp. (G171/18)  spp. (G296/18)
500 25.513 - 27.732
2h 1000 24.980 - 26.673
5000 24.278 24.936 24.306
10,000 28.166 - 22491
500 24731 - 27.004
48h 1000 24.642 - 26.356
5000 24.790 - 24.479
10,000 25.684 24.320 23.261
Time of Spores per 1 g of Botrytis spp.
Incubation Strawberry (G277/18)
100 21.672
0h 1000 19.289
10,000 20.106
100,000 19.242
100 15.980
1000 19.810
72h 10,000 21.032
100,000 19.597

2.6. Validation Assay in Environmental Samples

The validation of the method with environmental samples showed that fungi belonging to the
Botrytis spp. were present within the group of analyzed samples, and were the most abundant in the
following groups: bulk soil, roots, shoots, thizosphere and fruits, with 34%, 41%, 65%, 66% and 100%,
respectively (Figure 4). The Colletotrichum spp. was detected in 2% of root samples and 19% of fruit
samples. Lastly, Verticillium spp. was only detected in 3% of fruit samples.

Percentage of environmental samples where pathogens were detected
100%

Botrytis spp.
Colletotrichum spp.
Verticiflium spp.

80%

60%

40%

20%

0%

bulk scil rhizosphere fruits shoots roots

Figure 4. Group column chart representing the percentage of pathogens detected with the developed
methodology for each type of environmental samples.



Int. J. Mol. Sei. 2020, 21, 8469 90f17

It is worth to mention that the developed pathogens detection method is suitable for different soil
types and plants varieties, as pathogens were detected in acrisol, cambisol, chernozem, fluvisol and
regosol and positive detection of pathogens was observed in soil under cultivation of Aprica, Dipred
and Honeoye strawberry. However, detection of pathogens in rhizosphere soil included mainly fluvisol
soil type for Aprica, Dipred and Honeoye variety, but also cambisol and chernozem for Honeoye
and Aprica, respectively. Pathogens were also detected in the rhizosphere of Faith, Marmolada and
Rumba strawberries. The pathogens were detected in fruits from organic and conventional plantations,
especially in Honeoye variety of strawberry, in shoots of Allegro, Dipred, Honeoye and Rumba, and in
roots of Malwina and Marmolada (Table S3).

3. Discussion

Most genera of fungi are ubiquitous and cosmopolitan in soil, and some of them are plant diseases
agents. In fungal communities, Botrytis spp., Colletotrichum spp. and Verticillium spp. are found as one
of the most significant pathogenic agent for many plants, including strawberry [33]. The identification
of plant pathogenic fungi at the genus level by conventional morphological methods requires long-term
isolation and incubation for maturation, as it is based on the formation of various structures, such as
conidia, sclerotia or ascospores, and also on the differentiation of their microstructure [34]. The rapid
detection of phytopathogenic fungi has been the main concern of agriculture for many years, because
rapid and efficient methods for the identification of diseases allow for faster and more suitable
protective measures in plantations and nurseries. Accordingly, the real-time PCR approach may act as
a very useful tool for the detection of phytopathogenic fungi [35]. Thus, the purpose of this study was
to develop a method of detection for the three abovementioned phytopathogenic fungal genera in
one reaction of real-time PCR.

Thus far, many real-time and multiplex real-time PCR assays for the identification of fungal
pathogens in food plantations have been developed. Verticillium spp. identification and quantification
assays for hop [36] tomato [37], olive [38], strawberry [39] and soil [40] have already been reported.
The multiplex reaction has also been researched [35,41,42]. For the Botrytis spp., qPCR was used for
various plants [25], and a multiplex approach was researched for alfalfa [13]. Lastly, a method for the
detection of Colletotrichum spp. in strawberry with quantitative PCR has been developed [26,43], as well
as duplex [44] and multiplex [45] approaches for olive and soybean, respectively. However, to date,
no triplex assay has been developed for three of the phytopathogenic fungi within the same region.

In the presented study, we designed primers and molecular probes and optimized multiplex gPCR
reaction for the identification of three important berry pathogens in one run: Botrytis spp., Colletotrichum spp.
and Verticillium spp. A new pair of universal fungal primers and three new genus-specific fluorogenic
probes were developed for the selected fungi. Multiplex qPCR was optimized and the detection limits for
the reaction were also distinguished with DNA isolated from pure strain cultures. The designed assay was
specific to all of the chosen fruit pathogens. The detection limit of the reaction was equal to 39 fg/uL for
Botrytis spp. and Verticillium spp. and 156 fg/uL for Colletotorichum spp. The research included experiments
with mixtures of different strains, but also with samples of soil and fruits artificially contaminated by fungi.
We also validated developed detection methods on naturally infested samples of rhizosphere, soil, fruit,
roots and shoots of strawberry plants. The results indicate that the method is highly reliable, even in
cases of contamination with different types of fungi. Similar results for the PCR method were obtained by
Yaguchi et al. (2012) [46] and Pertile et al. (2020) [47] for heat resistant fungi causing food spoilage. Moreover,
Feng et al. (2014) [35] indicated that the qPCR assay is useful in the spinach seed industry to detect and
quantify the fungal seedborne pathogens of spinach.

In conclusion, a rapid method was developed for detecting Botrytis, Colletotrichum and Verticillium
species, which are important diseases-causing organisms in strawberry production.
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4. Materials and Methods

4.1. Phytopathogenic Organisms

Fungal cultures of Botrytis spp., Colletotrichum spp., Verticillium spp. and Phytophthora spp., along with
other phytopathogenic strains of fungi (Figure 2, Table S1), which were characterized by different
morphotypes observed at in vitro cultures, were isolated from organic plantations of strawberries in
Poland. In order to isolate the fungal strains, a number of microbiological methods were used, including:
(i) direct isolation on different culture media through surface sowing from serial dilutions on the media:
potato dextrose agar (PDA), multi-vegetable juice agar (V8), malt extract agar (MEA) and nutrient solution
with Bengal rose and antibiotics (Martin medium); (ii) isolation using apple traps, through inoculating
green apples of the Granny Smith variety with fragments of infected plant tissues; (iii) isolation consisting
of laying strawberry root, shoot and fruit fragments with visible disease symptoms on selective media;
(iv) isolation using a trap technique with strawberry leaves, which was based on the arrangement that the
root fragments were lined into cuvettes and flooded with water, and the leaves were covered with foil and
incubated for 3-5 days. Then, the leaves with necrotic spots were lined on PDA medium. For each method,
fungal isolates were finally cultivated on the PDA and incubated at 22 °C for 10 days. Most of the isolated
fungi were identified on genus level and some of them on species level (Table S1) based on DNA extraction,
with subsequent amplification of the D2 large subunit region of the fungal rDNA [30] and sequencing as
described by Frac et al. (2014) [48] with minor modifications.

4.2. Isolation of DNA

4.2.1. DNA Isolation from Pure Culture of Fungi

The DNA used for the identification purposes, as well as specificity of the developed assay derived
from the pure strains of the microorganisms, was isolated with the PrepMan Ultra Sample Preparation
Reagent (Applied Biosystems by Thermo Fisher Scientific, Waltham, MA, USA). Fragments of mycelia,
gathered with the microbiological loops from the pure strains grown on Potato Dextrose Agar (PDA),
were diluted in 100 pL of the reagent. Samples were then vortexed for 30 s and heated for 10 min in
100 °C in thermoblock. Next, after 2 min at room temperature, the samples were centrifuged for 2 min
in 20,000 g. Finally, the samples were diluted 10 times and frozen until used.

For DNA isolation purposes, all fungi chosen for the assay optimization were grown in 15 mL
conical flasks with 5 mL of Potato Dextrose Broth (PDB) at 22 °C for 10 days. Then, the probes were
centrifuged for 15 min at 4500 g, the medium was disposed of and the supernatant was washed with
sterile water and centrifuged two times more. The mycelium was then transferred in sterile conditions
into 2 mL tubes filled with 0.5 g and 0.25 g glass beads of 3.15 mm and 1.4 mm diameter, respectively.
Each tube with mycelium and glass beads also contained 400 uL Lyse F buffer (EURx, Gdansk, Poland).
The samples were then homogenized in the FastPrep-24 instrument (MP Biomedicals) at 4 m/s for 10 s
(Colletotrichum spp. and Verticillium spp.), while for the Botrytis spp., homogenization was conducted for 20s,
as those pathogens produced rigid sclerotia in in vitro cultures. Thereafter, genomic DNA isolation with a
Plant & Fungi DNA Purification Kit (EURx, Gdarisk, Poland) was performed following the manufacturer’s
instruction. Finally, the derived DNA was suspended in 100 uL of Tris-HCl buffer (10 mM Tris-HCl,
pH 85). The quantity and quality of the obtained genetic material was determined electrophoretically
in 2% agarose gel, spectrophotometrically with the NanoDrop 2000 instrument (Thermo Fisher Scientific,
Waltham, MA, USA) and fluorometrically with QuantusFluor® DNA dsDNA reagents on a Quantus
fluorometer (Promega, Madison, W1, USA). Samples of the DNA were then stored at —22 °C until used.

4.2.2. DNA Isolation from Environmental Samples

DNA extractions from artificially infested soils and fruits were performed using commercially
available DNA extraction kits. DNA from the soil samples was extracted with EURx GeneMATRIX Soil
DNA Purification KIT (EURx, Gdansk, Poland), Qiagen DNeasy PowerSoil (Qiagen, Hilden, Germany)
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and Macherey-Nagel NucleoSpin Soil (MACHEREY-NAGEL, Diiren, Germany) kits, using 0.5 g of soil
according to the manufacturer’s protocol. Extractions with MP Biomedicals FastDNA Spin Kit for Feces
(MP Biomedicals, Solon, OH, USA) were performed according to the protocol of the producer with the
modification described below. The same protocol was used for DNA extraction from environmental
samples collected from organic plantations of strawberry including roots, shoots, fruits, bulk soil and
rhizosphere. Primarily, 0.25 g of plant tissue or 0.5 g of soil were introduced into 2 mL tubes containing
a matrix of 1.4 mm ceramic beads, 0.1 mm silica balls and one glass ball 4 mm in diameter. The samples
were then washed in sodium phosphate buffer (825 uL) with PLS reagent (275 uL). The samples were
centrifuged (5 min, 14,000x g) and the supernatant was drained. Sodium phosphate buffer (978 pL) and
MT buffer (122 uL) were added, after which the samples were homogenized in a FastPrep24 instrument
under the following conditions: 40 s, 6 m/s. The samples were then centrifuged (15 min, 14,000x g) and
the supernatant was transferred into new tubes containing PPS buffer (250 pL). Then, the samples were
mixed by inversion and incubated (10 min at 4 °C). The mixture was centrifuged (2 min, 14,000x g)
and then the supernatant was transferred to a new 5 mL tube containing Binding Matrix Solution
(1 mL). The samples were then mixed on a rotator (5 min), centrifuged (2 min, 14,000x g) and the
supernatant was drained. The pellet was washed with wash buffer (Wash Buffer 1, 1 mL). The resulting
suspension was transferred to a separation column (SPIN Filter) twice, centrifuged (1 min, 14,000x g)
and the filtrate was discarded. The filter was then washed with a second wash buffer (Wash Buffer
2500 pL), centrifuged (2 min, 14,000x g) and the filtrate was discarded. Then, the filter was centrifuged
again (2 min, 14,000 g), after which the filtrate was transferred into a new tube. Elution buffer (TES,
100 pL) was pipetted onto the filter and centrifuged (2 min, 14,000 g). The resulting filtrate, containing
extracted DNA, was diluted 10-fold with nuclease-free deionized water. For DNA isolation from
strawberry fruits, an EURx GeneMATRIX Soil DNA Purification Kit (EURx, Gdansk, Poland) and MP
Biomedicals FastDNA Spin Kit for Feces (MP Biomedicals, Solon, OH, USA) kits with an input of
0.25 g of strawberry fruit tissue were used.

4.3. Oligonucleotide Primers and Probes Design

In order to design primers and probes, 7, 19 and 12 nucleotide sequences of Botrytis spp.,
Colletotrichum spp. and Verticillium spp., respectively, isolated from an organic plantation of strawberries,
were used. The fungi were previously identified through the Sanger sequencing of the D2 region
of the large subunit of the rRNA gene (D2 LSU rDNA), and then the sequences were deposited
in the NCBI database (Supplementary Table 51). In order to determine the genus-specific and
conserved sequences of each pathogen for the primers and probes design, the obtained sequences
were aligned with a Multiple Sequence Comparison by Log-Expectation (MUSCLE) algorithm [29,31]
and compared with the NCBI GenBank sequence database using the Basic Local Alignment Search
Tool (BLAST) [49-53]. After that, Primer3Plus software was used for the oligonucleotide probes
design [54]. The experimental design for multiplex quantitative PCR is more complicated than for
single reactions. The fluorogenic probes were designed to be highly specific within the genus for the D2
region. The probes used to detect individual targets must contain unique reporter dyes with distinct
spectra; therefore, when we had chosen dyes with appropriate excitation wavelengths, we were looking
for the dyes which have different emission spectra without their overlapping. Three molecular probes
targeting Botrytis spp., Colletotrichum spp. and Verticillium spp. were labeled with 6-carboxyfluorescein
(6FAM), carboxytetramethylrhodamine (Tamra) and cyanine (Cy5) fluorescent dyes at the 5’-end,
respectively, and Black Hole Quencher-1 (BHQ1), Black Hole Quencher-2 (BHQ2) and BHQ2 as
non-fluorescent quenchers at the 3'-end, respectively (Table 1). The specificity of the newly designed
probes was further tested in silico using the BLAST algorithm to avoid cross-homology with other
microorganisms. Moreover, in order to confirm the specificity of the designed primers, in silico analysis
based on sequences from NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) was performed,
which included targeted sequences of Botrytis spp., Colletotrichum spp. and Verticillium spp. as well as
the other non-targeted fungal sequences of Sclerotiniaceae, Glomerellaceae and Plectosphaerellaceae
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representatives as outgroups (Table S2). Results were presented as a BLAST Score, E-value and
Identities/Query (which corresponds to the number of exact matches in the search and length of the
query). The BLAST (alignment) score was calculated by assigning a value of +2 for each aligned pair
and -3 for each mismatch and then summing these values. The sequences of the primers and the
fluorogenic probes designed for this study are summarized in Table 1. All of the oligonucleotides were
synthesized by Genomed S.A. (Warsaw, Poland). Additionally, the positioning of all of the designed
fluorogenic probes within the aligned sequences of the chosen fungi are shown in Figure 5.

)))))DZLSU_F>>>)>

AGACCGATAGCGMACAAGTAGAGTGATCGAAAGATGAAAAGCACT TGGAAAGAGAGT TARACAGTACGTGARATT

TCTGGCTATC*CTTGITCATCTCACTAGCTTICTACTITTICGTGAACCTTTCTCTCAATTTGTCATGCACTTTAA
>>>>>>>>BOTIYTis>>>>>>>>>

76 GTTGAAAGGGAAGCGCTTGCAATCAGACTTGCACTTGGTGTTCA |, . 7 c .~

76 CAACTTTCCCTTCGCGAACGTTAGTCTGAACGTGAACCACAAGTAGTCCCAGAGCATGGGACACATGAAGTAGTT

-

I

151 GTTCAGGCCAGCATCAGTITGAGIGGTTAGATAAAGGCTTAGAGAATGTGGCCCTCTTCGGGGGGTGTTATAGCT
151 CAAGTCCGGTCGTAGTCAAACTCACCAATCTATITCCGAATCTCTTACACCGGGAGAAGCCCCCCACAATATCGA

226 CTAGGTGCAATGTAGCCTACTTGGACTGAGGACCGCGCTTCGGCTAGGATGCTGGCGTAATGGTTGTAAGCGACC

226 GATCCACGTTACATCGGATGAACCTGACTCCTGGCGCGAAGCCGATCCTACGACCGCATTACCAACATTICGCTGG
<<<<<D2LSU_R<<<<<<

298 CGTCTTGAAACACGGACCAAG

298 GCAGAACTTTGIGCCTIGGTIIC

>>>>>D2LSU_F>>>>>>

AGACCGATAGCGMACAAGTAGAGTGATCGAAAGATGAAAAGCACTTTGAAAAGAGGGTTAAACAGCACGTGAAAT

TCTGGCTATCGCTTGITCATCTCACTAGCTTTCTACTTTTICGTGAAACTTTTCTCCCAATTTGTICGTIGCACTITA
>>>>>Colletotrichum>>>>>>

76 TGTTAAAAAGGGAAGCGCT] CACCCAGCTCTCGCGGCTGGGGCACTTCGC

76 ACAATTTTTCCCTTCGCGAACACTGGTCTGAACGCAGGCCACTTAGTGGGTCGAGAGCGCCGACCCCGTGAAGCG

'

-

151 CGGCACAGGCCAGCATCAGCTTGCCGTCGGGGACAAAAGCTTCAGGAACGTGGCTCCTCTCGGGGAGTGTITATAG
151 GCCGIGTICCGGTCGTAGTCGAACGGCAGCCCCTGTTTTCGAAGTCCTTGCACCGAGGAGAGCCCCTCACAATATC

226 CCTGTTGCATAATACCCTTCGGCGGGCTGAGGTACGCGCTCCGCAAGGATGCTGGCGTAATGGTCATCAGCGACC

226 GGACAACGTATTATGGGAAGCCGCCCGACTCCATGCGCGAGGCGTTCCTACGACCGCATTACCAGTAGTCGCTGG
<<<<<D2LSU_R<<<<<<

301 CGTCTTGAAACACGGACCAAG

301 GCAGAACTTTGIGCCIGGTTC

>>>>>D2LSU_F>>>>>>

AGACCGATAGCGMACAAGTAGAGTGATCGAAAGATGAAAAGTACTTTGAAAAGAGAGTCAAACAGCACGTGAAAT

TCTGGCTATCGCTTGITCATCTCACTAGCTTTICTACTITTCATGAAACTTTTCTCTCAGTTTGTCGIGCACTTITA
>>>>>Verticillium>>>>>>

76 TGTTAAAAGGGAAGCGCTCGCTACCAGACGTGGGTTCGGTEETICANCCAGETCCATEACCTGGGGCACTCCGCC

76 ACAATTTTCCCITCGCGAGCGATGGTCTGCACCCAAGCCACCAAGTTGGTCCAGGTACTGGACCCCGTGAGGCGG

-

-

151 GGCCCAGGCCAGCATCAGCTTTCCGTCGGGGGCAAAGGCGTCGGGAATGTGGCTCTICCTTC GIGTTATA
151 CCGGGTCCGGTCGTAGTCGARAGGCAGCCCCCGTTTCCGCAGCCCTTACACCGAGAGGAAGCCCCCTCACAATAT

226 GCCCGTCGCGTCATACCCTIC TGAGGTACGCGCTCCGCAAGGATGCTGGCGTAATGGTAGCTAGTGAC

226 CGGGCAGCGCAGTATGGGAAGCCCCCCGACTCCATGCGCGAGGCGTTCCTACGACCGCATTACCATCGATCACTG
<<<<<<D2LSU_R<<<<<

299 CCGTCTTGAAACACGGACCAAG

299 GGCAGAACTTIGTGCCIGGITC

Figure 5. Positioning and orientation of primers (marked as yellow) and fluorogenic probes designed
for the real-time PCR within the nucleotide sequence of the D2 region of the large subunit of the rRNA
gene for Botrytis spp. (marked as red), Colletotrichum spp. (marked as pink) and Verticillium spp.
(marked as blue) (accession #: MT154304.1, MT126802.1 and MT133320.1, respectively).

4.4. Development of the Multiplex Real-Time PCR Assay

All of the real-time PCR reactions were carried out in a 7500 Fast thermocycler (Applied Biosystems,
Foster City, CA, USA). The reaction mixture consisted of: 10 uL. MP qPCR Master Mix (2x) (EURx,
Gdansk, Poland), 0.8 pL (0.4 uM) of each Forward and Reverse primers, 0.2 pL (final concentration
0.1 uM) of fluorogenic probe(s), 25U of thermolabile uracil-N-glycosylase (UNG), 0.25 uL (final
concentration 0.31 pM) ROX (EURX, Gdarsk, Poland), 6.35 uL of nuclease-free water (EURx, Gdansk,
Poland) and 2 pL of the template DNA (5 ng/uL); with a total volume of the reaction mix of 20 pL.
The real-time PCR conditions were optimized and established as follows: 2 min at 37 °C incubation
for UNG activation, one cycle at 95 °C for 12 min for a hot start polymerase activation, then 40 cycles
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at 95 °C for 5 s and 60 °C for 2 min. All of the reactions were performed in biological triplicates,
and a non-template control probe (NTC) was performed with sterilized DirectQ water.

4.4.1. Specificity of the Fluorogenic Probes

In order to determine the specificity of the fluorogenic probes, four selected strains of Botrytis sp.
(G277/18), Colletotrichum sp. (G171/18), Verticillium sp. (G296/18) and Phytophthora sp. (G408/18)—as a
non-specific control pathogen—were selected and tested in a singleplex and then in a multiplex
real-time PCR assay. Phytophthora species, as a control not-target organism, wereas included into the
study, due to the fact that representatives of this pathogen are very often present in soil together with
Verticillium pathogenic fungi, and sometimes it is difficult to distinguish early disease symptoms caused
by these two pathogens. The template DNA of the strains was first diluted to 5 ng/uL. Each reaction
mix consisted of the reagents mentioned above, the DNA mixture of all tested fungal pathogens and a
separate molecular probe specific for the detection of the desired microorganism with a singleplex PCR
approach or the DNA mixture of fungal pathogens and a mixture of fluorogenic probes at an equal
amount of 0.2 uL (final concentration 0.1 uM) as the multiplex assay. Additionally, for the assessment of
the specificity of the developed probes, the assay was conducted with the use of the DNA isolated from
the pure strains of the identified pathogens. In order to evaluate the specificity of each real-time assay,
each group of pathogens was tested with each set of primers and probe. The reaction was conducted on
the 19 strains if the Colletotrichum spp. (G161/18, G162/18, G164/18, G166/18, G167/18, G168/18, G170/18,
G171/18, G172/18, G274/18, G350/18, G353/18, G355/18, G356/18, G400/18, G401/18, G404/18, G405/18,
G406/18), 7 strains of Botrytis spp. (G269/18, G275/18, G276/18, G277/18, G321/18, G322/18, G323/18) and
12 Verticillium spp. strains (G293/18, G294/18, G296/18, G297/18, G298/18, G299/18, G302/18, G327/18,
(G328/18, G330/18, G335/18, G345/18) (Figure 3).

4.4.2. Optimization of the Multiplex Real-Time PCR

For the optimization of the multiplex real-time PCR assay for Botrytis spp., Colletotrichum spp.
and Verticillium spp., multiple concentrations of probes (final concentrations 0.1, 0.15, 0.2, 0.25, 0.3,
0.35 uM) and primers (final concentrations 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 uM) were tested. The reaction
mixture consisted of: 10 uL MP qPCR Master Mix (2x) (EURx, Gdansk, Poland), which was the tested
concentration of primers and fluorogenic probes, 0.25 pL (final concentration 31 uM) ROX (EURx,
Gdansk, Poland) and 4 pL of the pathogen DNA mix (each of the pathogens’ DNA was diluted to
5 ng/ul. and combined), and probes were filled with 20 pL of nuclease-free water (EURx, Gdarisk,
Poland). The reaction was performed in biological triplicates and the non-template control probe
(NTC) was prepared with sterilized DirectQ water.

4.5. Detection Limit of Multiplex Reactions

For the determination of the detection limit in the multiplex reaction, a mixture of the
three pathogens with an equal DNA concentration of 5 pg/uL was obtained. Then, serial 2-fold
dilutions of the mixture were performed and tested, to the lowest concentration of 39 fg/uL. Therefore,
in this experiment the following DNA concentrations were tested: 5 pg/uL; 2.5 pg/uL; 1.25 pg/uL;
625 fg/ul; 312 fg/ul; 156 fg/ul; 78 fg/ul and 39 fg/uL. The reaction was performed in biological
triplicates and the non-template control probe (NTC) was prepared with sterilized DirectQ water.
All designed fluorogenic probes were mixed and used in the same reaction. To show and underline the
differences in the detection limit for each tested pathogen, the results are presented as filtered data for
Botrytis spp., Colletotrichum spp. and Verticillium spp. (Supplementary Figure S2).

4.6. Detection of Fungal Pathogens in Artificially Infested Environmental Samples

The assessment of fungal detection in artificially infested samples was conducted with DNA
isolated from the soil and strawberry fruits contaminated with the dilutions of pathogen spores with a
specified concentration. The spores were acquired from liquid (Verticillium spp.) and solid cultures
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(Botrytis spp. and Colletotrichum spp.) and counted in a Thoma counting chamber. Environmental
samples including soil and strawberry fruits were inoculated with the appropriate spore suspension.
One gram of the soil was contaminated with 1 mL of suspension with a known spore concentration
separately for each fungal pathogen: 10,000, 5000, 1000 and 500. One gram of strawberry fruits was
artificially infected with 1 mL containing 100,000, 10,000, 1000 and 100 spore suspensions of Botrytis spp.,
as the Botrytis spp. is the main concern for strawberry fruits. The pathogen DNA was isolated with the
described methods, and the real-time PCR with specific fluorogenic probe and primers was performed
to evaluate the detection level of fungal pathogens in artificially contaminated environmental samples.

4.7. Validation Assay in Environmental Samples

The usefulness of the new multiplex real-time PCR assay was evaluated using 244 environmental
samples (Supplementary Table S3). Environmental samples used in the real-time PCR assays were
provided by farmers who cultivate organic strawberry plantations with different varieties of strawberry
plants cultivated on various soil types. Forty-one environmental samples were collected from
strawberries rhizosphere and 68 samples were obtained from bulk soil. The origins of the remaining
135 samples were as follows: 37 were collected from strawberries fruits, including 4 samples of
fruits from conventional plantations, 44 were roots samples and 54 were shoots of plants samples.
Environmental samples were analyzed from naturally infected hosts plants or soil collected in 2018
and 2019 from plantations of strawberries in Poland. Plantations were located at different soil types
including fluvisol, chernozem, regosol, acrisol and cambisol with various varieties of strawberry,
such as Rumba, Marmolada, Honeoye, Dipred, Aprica, Allegro, Malwina and Faith (Table S3).

4.8. Software, Data Collection and Analysis

All real-time PCR fluorescence data was collected and analyzed with 7500 software v 2.0.5 of the
7500 Fast Real-Time PCR System (Foster City, CA, USA). The same software was used to calculate
the Cq values. Charts were prepared with STATISTICA v 13.1 (StatSoft Inc., Tulsa, OK, USA) and
Microsoft Excel 2013 software (Redmond, WA, USA). Genetic analyses, alignments and phylogenetic
analyses were performed with MEGA 7.0.18 software (University Park, PA, USA).

4.9. Data Availability

All of the obtained nucleotide sequences are deposited in the GenBank repository (https://www.ncbi.
nlm.nih.gov/genbank/) (the accession numbers are grouped together in the Supplementary Materials).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/22/
8469/s1. Table S1. List of fungal isolates used in this study and obtained from organic plantations of strawberry,
with the accession number of the obtained amplicons in the GenBank. Explanations: * LMEM—Laboratory
of Molecular and Environmental Microbiology, Institute of Agrophysics, Polish Academy of Sciences (IA PAS)

Sample codes in bold are the isolates selected for development of multiplex real-time PCR detection method.

Table S2. Specificity of Botr-6FAM Probe (Minimum 3 hits). Results of in silico specificity test of Botr-6FAM
probe with megablast searchversus NCBI nt database. Search Included Leotiomycetes fungi. Only organisms
with 3 or more hits are shown. Query length of this search was 24, while Maximum BLAST score for this probe
is 48.1. The BLAST (alignment) score is calculated by assigning a value of +2 for each aligned pair and -3 for
each mismatch and then summing these values. Specificity of Coll-Tamra Probe (Minimum 3 hits). Results of
in silico specificity test of Coll-Tamra Probe with megablast search versus NCBI nt database. Search Included
Sordariomycetes fungi. Only organisms with 3 or more hits are shown. Query length of this search was 25,
while Maximum BLAST score for this probe is 50.1. The BLAST (alignment) score is calculated by assigning a
value of +2 for each aligned pair and -3 for each mismatch and then summing these values. Specificity of Vert-Cy5
Probe (Minimum 3 hits). Results of in silico specificity test of Vert-Cy5 Probe with megablast search versus NCBI
nt database. Search Included Sordariomycetes fungi. Only organisms with 3 or more hits are shown. Query length
of this search was 23, while Maximum BLAST score for this probe is 46.1. The BLAST (alignment) score is
calculated by assigning a value of +2 for each aligned pair and -3 for each mismatch and then summing these
values. Table S3. Table gathering information on tested environmental samples. Explanations of color marked
samples numbers: yellow—detection of Botrytis spp., green—detection of Colletotrichum spp., pink—detection
of Botrytis spp. and Colletotrichum spp., red—detection of Botrytis spp. and Verticillium spp., blue—detection of
Botrytis spp., Colletotrichum spp. and Verticillium spp., samples without any color (black)—lack of pathogens
detection. Figure S1. Cq values of primer and probe concentration optimisation reactions. Box represents
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standard error, whiskersrepresent ranges of values (min-max), and the horizontal line in the middle represents
mean values (n = 3). Figure S2. Detection limit of the phytopathogenic fungi—Botrytis spp., Colletotrichum spp.
and Verticillium spp. The reaction was performed as a multiplex approach in three repeats. Each amplification
plot is a mean of three repeats. To show and underline differences in the detection limit for each tested pathogen,
the results were presented as filtered data for Botrytis spp., Colletotrichum spp. and Verticillium spp.
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Figure. S2. Detection limit of the phytopathogenic fungi — Botrytis spp., Colletotrichum
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repeats. Each amplification plot is a mean of three repeats. To show and underline
differences in the detection limit for each tested pathogen, the results were presented
as filtered data for Botrytis spp., Colletotrichum spp. and Verticillium spp.
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Supplementary Materials

Table S1. List of fungal isolates used in this study and obtained from organic
plantations of strawberry, with the accession number of the obtained amplicons in the

GenBank

Fungal identification Isolate code Isolation source/institution Accession
LMEM* number of

sequences in
GenBank
Botrytis spp. G269/18 Strawberry fruits, IA PAS, Poland MT154301
Botrytis spp. G275/18 Strawberry roots, IA PAS, Poland MT154302
Botrytis spp. G276/18 Strawberry roots, IA PAS, Poland MT154303
Botrytis spp. G277/18 Strawberry roots, IA PAS, Poland MT154304
Botrytis spp. G321/18 Strawberry roots, IA PAS, Poland MT154305
Botrytis spp. G322/18 Strawberry roots, IA PAS, Poland MT154306
Botrytis spp. G323/18 Strawberry roots, IA PAS, Poland MT154307
Colletotrichum spp. G161/18 Strawberry fruits, IA PAS, Poland MT126794
Colletotrichum spp. G162/18 Strawberry fruits, IA PAS, Poland MT126800
Colletotrichum spp. G164/18 Strawberry fruits, IA PAS, Poland MT126799
Colletotrichum spp. G166/18 Strawberry fruits, IA PAS, Poland MT126798
Colletotrichum spp. G167/18 Strawberry fruits, IA PAS, Poland MT126801
Colletotrichum spp. G168/18 Strawberry fruits, IA PAS, Poland MT126804
Colletotrichum spp. G170/18 Strawberry fruits, IA PAS, Poland MT126805
Colletotrichum spp. G171/18 Strawberry fruits, IA PAS, Poland MT126802
Colletotrichum spp. G172/18 Strawberry fruits, IA PAS, Poland MT126803
Colletotrichum spp. G274/18 Strawberry fruits, IA PAS, Poland MT126807
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Colletotrichum spp. G350/18 Strawberry shoots, IA PAS, Poland MT126789
Colletotrichum spp. G353/18 Strawberry shoots, IA PAS, Poland MT126796
Colletotrichum spp. G355/18 Strawberry shoots, IA PAS, Poland MT126791
Colletotrichum spp. G356/18 Strawberry shoots, IA PAS, Poland MT126792
Colletotrichum spp. G400/18 Strawberry shoots, IA PAS, Poland MT126790
Colletotrichum spp. G401/18 Strawberry shoots, IA PAS, Poland MT126793
Colletotrichum spp. G404/18 Strawberry shoots, IA PAS, Poland MT126797
Colletotrichum spp. G405/18 Strawberry shoots, IA PAS, Poland MT126806
Colletotrichum spp. G406/18 Strawberry shoots, IA PAS, Poland MT126795
Verticillium spp. G293/18 Strawberry roots, IA PAS, Poland MT133324
Verticillium spp. G294/18 Strawberry roots, IA PAS, Poland MT133317
Verticillium spp. G296/18 Strawberry roots, IA PAS, Poland MT133320
Verticillium spp. G297/18 Strawberry roots, IA PAS, Poland MT133316
Verticillium spp. G298/18 Strawberry roots, IA PAS, Poland MT133318
Verticillium spp. G299/18 Strawberry roots, IA PAS, Poland MT133319
Verticillium spp. G302/18 Strawberry roots, IA PAS, Poland MT133314
Verticillium spp. G327/18 Strawberry roots, IA PAS, Poland MT133327
Verticillium spp. G328/18 Strawberry roots, IA PAS, Poland MT133326
Verticillium spp. G330/18 Strawberry roots, IA PAS, Poland MT133315
Verticillium spp. G335/18 Strawberry roots, IA PAS, Poland MT133322
Verticillium spp. G345/18 Strawberry roots, IA PAS, Poland MT133323
Phytophthora spp. G408/18 Strawberry roots, IA PAS, Poland MT126670
Phytophthora spp. G368/18 Research Institute of Horticulture MT558571
Phytophthora cactorum G369/18 Research Institute of Horticulture MT558729
Phytophthora cinamomi G372/18 Research Institute of Horticulture -
Phytophthora spp. G373/18 Research Institute of Horticulture -
Phytophthora cactorum G408/18 Strawberry roots, IA PAS, Poland MT126670.1
Phytophthora pseudotsugae G409/18 Strawberry roots, IA PAS, Poland MT126671.1
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Phytophthora spp. G412/18 Strawberry rhizosphere, IA PAS, Poland MT126672.1
Phytophthora spp. G413/18 Strawberry rhizosphere, IA PAS, Poland MT126673.1
Phytophthora spp. G415/18 Strawberry rhizosphere, IA PAS, Poland MT126674.1
Phytophthora spp. G416/18 Strawberry rhizosphere, IA PAS, Poland MT126675.1
Phytophthora spp. G417/18 Strawberry rhizosphere, IA PAS, Poland MT126676.1
Phytophthora spp. G418/18 Strawberry rhizosphere, IA PAS, Poland MT126677.1
Phytophthora spp. G419/18 Strawberry roots, IA PAS, Poland MT126678.1
Phytophthora spp. G420/18 Strawberry roots, IA PAS, Poland MT126679.1
Phytophthora spp. G421/18 Strawberry roots, IA PAS, Poland MT126680.1
Phytophthora spp. G429/18 Strawberry roots, IA PAS, Poland MT126681.1
Phytophthora spp. G430/18 Strawberry roots, IA PAS, Poland MT126682.1
Phytophthora spp. G431/18 Strawberry roots, IA PAS, Poland MT126683.1
Phytophthora spp. G432/18 Strawberry roots, IA PAS, Poland MT126684.1
Phytophthora spp. G434/18 Strawberry roots, IA PAS, Poland MT126685.1
Phytophthora spp. G437/18 Strawberry roots, IA PAS, Poland MT126686.1
Phytophthora spp. G439/18 Strawberry roots, IA PAS, Poland MT126687.1
Phytophthora spp. G440/18 Strawberry roots, IA PAS, Poland MT126688.1
Phytophthora spp. G441/18 Strawberry roots, IA PAS, Poland MT126689.1
Phytophthora spp. G442/18 Strawberry roots, IA PAS, Poland MT126690.1
Allantophoma spp. G320/18 Strawberry roots, IA PAS, Poland MW175259

Alternaria spp. G211B/18 Strawberry leaves, IA PAS, Poland MT154530.1

Alternaria spp. G216/18 Strawberry leaves, IA PAS, Poland MT154531.1

Alternaria spp. G242/18 Strawberry leaves, IA PAS, Poland MT154532.1

Alternaria spp. G262/18 Strawberry shoots, IA PAS, Poland MT154533.1

Alternaria spp. G305/18 Strawberry roots, IA PAS, Poland MW175255

Alternaria spp. G306/18 Strawberry roots, IA PAS, Poland MT154534.1

Alternaria spp. G307/18 Strawberry roots, IA PAS, Poland MT154535.1

Alternaria spp. G308/18 Strawberry roots, IA PAS, Poland MT154536.1
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Alternaria spp. G309/18 Strawberry roots, IA PAS, Poland MT154537.1
Alternaria spp. G310/18 Strawberry roots, IA PAS, Poland MT154538.1
Alternaria spp. G313/18 Strawberry roots, IA PAS, Poland MT154539.1
Alternaria spp. G314/18 Strawberry roots, IA PAS, Poland MT154540.1
Alternaria spp. G357/18 Strawberry shoots, IA PAS, Poland MT154541.1
Alternaria spp. G433/18 Strawberry shoots, IA PAS, Poland MT154542.1
Cadophora spp. G325/18 Strawberry roots, IA PAS, Poland MW175260
Cadophora spp. G333/18 Strawberry roots, IA PAS, Poland MW175262
Cladosporium spp. G300/18 Strawberry roots, IA PAS, Poland MW175251
Cladosporium spp. G339/18 Strawberry roots, IA PAS, Poland MW175266
Cladosporium spp. G445/18 Strawberry shoots, IA PAS, Poland MW175284
Clonostachys spp. G443/18 Strawberry shoots, IA PAS, Poland MW175282
Coniella solicola G446/18 Strawberry shoots, IA PAS, Poland MW175285
Coniothyrium spp. G278/18 Strawberry roots, IA PAS, Poland MW175237
Fusarium spp. G260/18 Strawberry shoots, IA PAS, Poland MW175234
Fusarium spp. G261/18 Strawberry shoots, IA PAS, Poland MW175235
Fusarium spp. G263/18 Strawberry shoots, IA PAS, Poland MW175236
Fusarium spp. G290/18 Strawberry roots, IA PAS, Poland MW175247
Fusarium spp. G291/18 Strawberry roots, IA PAS, Poland MW175248
Fusarium spp. G304/18 Strawberry roots, IA PAS, Poland MW175254
Fusarium spp. G311/18 Strawberry roots, IA PAS, Poland MW175256
Fusarium spp. G312/18 Strawberry roots, IA PAS, Poland MW175257
Fusarium spp. G358/18 Strawberry shoots, IA PAS, Poland -
Fusarium spp. G403/18 Strawberry shoots, IA PAS, Poland MW175271
Fusarium oxysporum G435/18 Strawberry shoots, IA PAS, Poland MW175280
Fusarium oxysporum G438/18 Strawberry shoots, IA PAS, Poland MW175281
Fusarium oxysporum G447/18 Strawberry shoots, IA PAS, Poland MW175286
Gnomonia radicicola G444/18 Strawberry shoots, IA PAS, Poland MW175283
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Gnomoniopsis spp. G279/18 Strawberry roots, IA PAS, Poland MW175238
Gnomoniopsis spp. G280/18 Strawberry roots, IA PAS, Poland MW175239
Gnomoniopsis spp. G422/18 Strawberry shoots, IA PAS, Poland MW175275
Gnomoniopsis spp. G423/18 Strawberry shoots, IA PAS, Poland MW175276
Ilyonectria spp. G337/18 Strawberry roots, IA PAS, Poland MW175264
Metschnikowia spp. G402/18 Strawberry shoots, IA PAS, Poland MW175270
Mortierella spp. G181/18 Strawberry leaves, IA PAS, Poland MW175232
Maucor spp. G264/18 Strawberry shoots, IA PAS, Poland -
Mucor spp. G265/18 Strawberry shoots, IA PAS, Poland -
Mucor spp. G266/18 Strawberry shoots, IA PAS, Poland -
Muicor spp. G267/18 Strawberry shoots, IA PAS, Poland -
Muicor spp. G270/18 Strawberry shoots, IA PAS, Poland -
Mucor spp. G271/18 Strawberry shoots, IA PAS, Poland -
Mucor spp. G272/18 Strawberry shoots, IA PAS, Poland -
Mucor spp. G273/18 Strawberry shoots, IA PAS, Poland -
Mycosphaerella spp. G284/18 Strawberry roots, IA PAS, Poland MW175243
Mycosphaerella spp. (G285/18 Strawberry roots, IA PAS, Poland MW175244
Mycosphaerella spp. G287/18 Strawberry roots, IA PAS, Poland MW175245
Penicillium spp. G259/18 Strawberry shoots, IA PAS, Poland MK801768.1
Penicillium spp. G414/18 Strawberry shoots, IA PAS, Poland MW175274
Pestalotiopsis spp. G346/18 Strawberry roots, Research Institute of MW175267
Horticulture
Pestalotiopsis spp. G410/18 Strawberry roots, IA PAS, Poland MW175272
Pestalotiopsis spp. G411/18 Strawberry roots, IA PAS, Poland MW175273
Pestalotiopsis spp. G424/18 Strawberry roots, IA PAS, Poland MW175277
Pestalotiopsis spp. G425/18 Strawberry roots, IA PAS, Poland MW175278
Phanerochaete spp. G295/18 Strawberry roots, IA PAS, Poland MW175250
Phialophora spp. G281/18 Strawberry roots, IA PAS, Poland MW175240
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Phialophora spp. G282/18 Strawberry roots, IA PAS, Poland MW175241
Phialophora spp. G301/18 Strawberry roots, IA PAS, Poland MW175252
Phialophora spp. G317/18 Strawberry roots, IA PAS, Poland MW175258
Phialophora spp. G351/18 Strawberry shoots, IA PAS, Poland MW175268
Phialophora spp. G352/18 Strawberry shoots, IA PAS, Poland MW175269
Phlebia spp. G283/18 Strawberry roots, IA PAS, Poland MW175242
Phlebia spp. (G334/18 Strawberry roots, IA PAS, Poland MW175263
Phoma spp. G250/18 Strawberry leaves, IA PAS, Poland MW175233
Phoma spp. G303/18 Strawberry roots, IA PAS, Poland MW175253
Phoma spp. G331/18 Strawberry roots, IA PAS, Poland MW175261
Pilidium spp. G191/18 Strawberry fruit, IA PAS, Poland MT555756.1
Pilidium spp. G193/18 Strawberry fruit, [A PAS, Poland MT555757.1
Pilidium spp. G197/18 Strawberry fruit, [A PAS, Poland -
Pilidium spp. G199/18 Strawberry fruit, [A PAS, Poland MT555760.1
Pilidium spp. G200/18 Strawberry fruit, IA PAS, Poland MT555761.1
Pilidium spp. G201/18 Strawberry fruit, [A PAS, Poland MT555762.1
Pilidium spp. G204/18 Strawberry fruit, [A PAS, Poland MT555763.1
Pilidium spp. G205/18 Strawberry fruit, [A PAS, Poland MT555764.1
Pilidium spp. G206/18 Strawberry fruit, IA PAS, Poland MT555765.1
Pilidium spp. G207/18 Strawberry fruit, [A PAS, Poland MT555766.1
Pseudeurotium spp. G292/18 Strawberry roots, IA PAS, Poland MW175249
Pythium spiculum G426/18 Strawberry rhizosphere, IA PAS, Poland MW175279
Sarocladium spp. (G338/18 Strawberry roots, IA PAS, Poland MW175265
Talaromyces spp. G289/18 Strawberry roots, IA PAS, Poland MW175246

* LMEM - Laboratory of Molecular and Environmental Microbiology, Institute of
Agrophysics, Polish Academy of Sciences (IA PAS)

Sample codes in bold are the isolates selected for development of multiplex real-time PCR

detection method
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Table 2. Table gathering information on tested environmental samples. Explnations of

colour marked samples numbers: yellow — detection of Botrytis spp., green — detection
of Colletotrichum spp., pink — detection of Botrytis spp. and Colletotrichum spp., red —
detection of Botrytis spp. and Verticillium spp., blue — detection of Botrytis spp.,
Colletotrichum spp. and Verticillium spp., samples without any colour (black) - lack of
pathogens detection.

Type of Variety of Soil type Codes of sample
samples strawberry
bulk soil - - 334/19, 335/19
bulk soil - - 702/19
bulk soil - - 726/19
bulk soil - -
bulk soil Aprica fluvisol
bulk soil Aprica chernozem 538/19A, 538/19B, 538/19C
bulk soil Aprica chernozem
bulk soil Aprica regosol 55/19A, 55/19B, 55/19C
bulk soil Aprica regosol
bulk soil Aprica - 452/19, 454/19, 456/19
bulk soil Aprica acrisol
bulk soil Aprica & fluvisol 48/19A, 48/19, 48/19C
Honeoye
bulk soil Dipred fluvisol 53/19A, 53/19B, 53/19C
bulk soil Dipred fluvisol
bulk soil Dipred - 440/19, , 444/19
bulk soil Dipred acrisol 57/19A, 57/19B, 57/19C
bulk soil Honeoye cambisol
bulk soil Honeoye fluvisol
bulk soil Honeoye acrisol 43/19A, 43/19B, 43/19C
bulk soil Honeoye acrisol
bulk soil Honoeye - 464/19, 466/19, 468/19
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bulk soil Honoeye -

bulk soil Honoeye - 416/19, 418/19, 420/19

bulk soil Honoeye - 403/19, ,407/19

bulk soil Honoeye - ,432/19

bulk soil Malwina - 703/19

fruit Honeoye -

fruit Honeoye -

fruit Honeoye - 532/19A,
532/19B, 533/19B

536/19A,

fruit organic - 246/19

fruit Honeoye - 245/19

fruit conventional - 241/19; 242/19, 248/19

rhizosphere | Honoeye -

rhizosphere Aprica chernozem

rhizosphere Honeoye cambisol

rhizosphere Allegro - 718/19

rhizosphere Aprica fluvisol 5 349/19; 351/19

rhizosphere Aprica - 451/19, 455/19

rhizosphere Dipred fluvisol , 359/19,

rhizosphere Dipred - 439/19, 441/19,

rhizosphere Faith -

rhizosphere Faith -

rhizosphere Honeoye -

rhizosphere Honeoye fluvisol 337/19,

rhizosphere Honeoye -

rhizosphere | Honoeye - 463/19, 465/19, 467/19

rhizosphere Honoeye - 415/19,
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rhizosphere | Honoeye

rhizosphere | Marmolada

rhizosphere Rumba 708/19

rhizosphere Rumba

roots Aprica 352/19K, 354/19K, 356/19K
roots Aprica 457/19K, 459/19K, 461/19K
roots Aprica 481/19K, 483/19K, 485/19K
roots Aprica 493/19K, 495/19K, 497/19K
roots Aprica 385/19K, 387/19K, 389/19K
roots Dipred 445/19K, 447/19K, 449/19K
roots Dipred 362/19K, 364/19K, 366/19K,
roots Honeoye 469/19K, 471/19K, 473/19K
roots Honeoye 342/19K, 343/19K, 344/19K,
roots Honeoye 397/19K, 399/19K, 401/19K
roots Honeoye 421/19K, 423/19K, 425/19K
roots Honeoye 433/19K, 435/19K, 437/19K
roots Honeoye 410/19K, 412/19K, 414/19K
roots Honeoye 373/19K, 375/19K, 377/19K
roots Malwina

roots Marmolada

shoots - 333/19, 336/19

shoots Allegro

shoots Allegro 717/19

shoots Aprica 352/19L, 354/19L, 356/19L
shoots Aprica 457/19L, 459/19L, 461/19L
shoots Aprica 481/19L, 483/19L, 485/19L
shoots Aprica 493/19L, 495/19L, 497/19L
shoots Aprica 385/19L, 387/19L, 389/19L
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shoots Dipred

shoots Dipred 445/19L, 447/19L, 449/19L
shoots Dipred 362/19L, 364/19L, 366/19L
shoots Honeoye

shoots Honeoye

shoots Honeoye 469/19L, 471/19L, 473/19L
shoots Honeoye 342/19L, 343/19L, 344/19L,
shoots Honeoye 397/19L, 399/19L, 401/19L
shoots Honeoye 421/19L, 423/19L, 425/19L
shoots Honeoye 433/19L, 435/19L, 437/19L
shoots Honeoye 410/19L, 412/19L, 414/19L
shoots Honeoye 373/19L, 375/19L, 377/19L
shoots Marmolada 720/19, 721/19

shoots Rumba

shoots Rumba
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Table S2_Botr-6FAM Probe

Specificity of Botr-6FAM Probe (Minimum 3 hits)

Organism
uncultured Botrytis

uncultured Botryotinia

Botrytis sp.

Botrytis cinerea

Accession number
KY816851
KY816845
KY816872
HQO006111
GU055595
GU055559
GU055551
MT154308
MT 154307
MT154306
MT154304
MT 154301
MN153947
KX639307
KX639306
KX639305
KX639304
KX639303
KX639302
KX639301
KX639300
KX639299
KX639298
KX639296
KX639295
KX639294
KX639293
KX639292
KX639290
KX639289
MT154302
MT154303
KX639288
MF336093
MF336076
MF336034
MF335924
MF335549
MF335584
MF335608
LC514949
MN747898
MN148533
MN148532
MN148531
MH877779
MH871836
MH871823
MH871211
MH869558
MH868959
MH877778
MH860108

BLAST Score

48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1

Strona 1

Identities/Query  E-Value

24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24

0.000002
0.000002
0.000002
0.000002
0.000002
0.000002
0.000002
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
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MH871883
MK431461
MK431457
MH397594
KX507065
MF339272
MF336191

MF336184
MF336177
MF336169
MF336159
MF336102
MF336042
MF336017
MF335997
MF335929
MF335885
MF335604
MF335947
MF336020
MF336072
MF336132
MF336150
MF336178
MF336186
MF336189
MF336196
MF333630
MF333422
MF332623
KU729179
KU140653
KT323330

KT023588

KT023587

KT023586

KT023585

KT023584

KT023583

KT023582

KR094468
KP780471

KP671724

KM249092
KC292909
JNO38889

MT156168
MNS561691
MN561690
MN561689
MT781367
HQ602686
HQ691434
DQ666677
AY544651

Table S2_Botr-6FAM Probe

48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
438.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1

Strona 2

24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24

0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
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Botryotinia convoluta

Botryotinia ficariarum

Botrytis paeoniae

Botryotinia globosa

Botrytis fabae

Botrytis porri

Botryotinia squamosa

Botrytis aclada

Botrytis prunorum

Botrytis caroliniana

Helotiales sp.

Sclerotiniaceae sp.

Sclerotinia sclerotiorum

DQ008060
AF250919
CP009808
MH870893
MH870892
MH867460
MH869859
NG_067370
MH869858
MH869261
MH868667
MH867700
MH869245
MH868768
MH868627
MH869203
NG_067342
MH866488
MH867981
MH854885
MH866378
MH867701
MH866246
MH866244
KC311471
JN938890
KT023595
KT023594
KT023593
KT023592
KT023591
KT023590
KT023589
KC171323
KC171322
MF336193
MF336157
MF336115
MF336059
MF336049
MF336006
MF335979
MF335938
MF335886
HE820784
HE820774
HE820761
HE820751
MF336085
MF336035
MF335995
MF335914
MF334805
MF336174
LC429380

Table S2_Botr-6FAM Probe

48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
438.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
48.1
42.1
322

Strona 3

24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
24/24
21/24
22/24

0.11

0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000004
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000006
0.000002
0.000002
0.000002
0.000002
0.000002

0.0001
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MNQ078807
MH868246
AB926148
KM211709
KM211708
KM211707
KF590157
KC311494
JX648201
JQO70160
EU926159
DQ470965
AY789347
273762
AF431951
AF222493
LC431713
AB926199
DQ470916
AJ745716
AF107808
Dumontinia tuberosa MH878284
MH867692
MH866674
KX090843
KJ941058
7814086
AB926161
Sclerotium cepivorum  MH877856
MH874059
MH873234
MH870230
MH870229
MH866587
FJ212344
FJ212339
FJ212340
FJ212341
FJ212342
FJ212343
Grovesinia moricola KX098504
KX098503
MW013804
Sclerotinia nivalis KM265190
KM211706
KM211705
KM211704
KM211703
KM211702
KM211701
KM211700
Sclerotinia pseudotuberc MH867209
MH867208
MH748088
AB926143

Table S2_Botr-6FAM Probe

322
322
322
322
322
322
32.2
32.2
32.2
322
322
322
322
322
322
32.2
20.3
20.3
20.3
20.3
20.3
322
322
322
322
32.2
32.2
22.3
32.2
32.2
322
322
322
322
243
24.3
24.3
24.3
24.3
24.3
322
322
322
322
322
32.2
32.2
32.2
32.2
32.2
322
28.2
28.2
28.2
28.2

Strona 4

22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
10/24
10/24
10/24
10/24
10/24
22/24
22/24
22/24
22/24
22/24
22/24
11/24
22/24
22/24
22/24
22/24
22/24
22/24
12/24
12/24
12/24
12/24
12/24
12/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
22/24
20/24
20/24
20/24
20/24

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.11
0.11
0.11
0.11
0.11
0.11

0.11
0.11
0.11
0.11
0.11
0.11

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
1.6

1.6

1.6

1.6

401
401
401
401
401

102
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Monilinia fructigena

Monilinia fructicola

Monilinia laxa

Monilinia polystroma

Amphabotrys ricini

MT644896
MH874346
MH872210
MH868243
MH868242
MH868241
MH868240
MH868239
LT615193
LT615191
LT615186
LT615185
LT615184
LT615183
LT615177
LT615176
LT615170
273749
MH875934
MH875933
MH867207
MH866345
MH866293
MK431472
MK431471
LT615190
LT615189
LT615175
LT615174
LT615169
AY544683
773748
MH874347
MH868237
MH868236
MH867813
MH866670
MH866669
MH866344
MH866215
MH866214
LT615188
LT615187
LT615173
LT615172
LT615171
LN714571
MT156255
AY544670
Z73752
LT615192
LT615178
LT615168
LT615167
MT223677

Table S2_Botr-6FAM Probe

20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3
20.3

Strona 5

10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24
10/24

401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
401
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MT223676
MT223675
MT223674
MT350628
KR183766
GQ860996

Table S2

Table S2_Botr-6FAM Probe

20.3
20.3
20.3
20.3
20.3
20.3

10/24
10/24
10/24
10/24
10/24
10/24

401
401
401
401
401
401

Results of in silico specificity test of Botr-6FAM Probe with megablast searchversus NCBI nt

database. Search Included Leotiomycetes fungi. Only organisms with 3 or more hits are

shown. Query length of this search was 24, while Maximum BLAST score for this probe is

48.1.

The BLAST (alignment) score is calculated by assigning a value of +2 for each aligned pair

and -3 for each mismatch and then summing these values.

Strona 6
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Specificity of Coll-Tamra
Probe (Minimum 3 hits)
Organism
Colletotrichum scovillei

Colletotrichum salicis

Colletotrichum
rhombiforme

Colletotrichum tamarilloi

Colletotrichum lentis

Colletotrichum
simmondsii

Colletotrichum godetiae

Colletotrichum musae

Colletotrichum fioriniae

Table S2_Coll-Tamra Probe

Accession nur BLAST Score Identities/Query E-Value

NG_070041
MH877896
MH877760
NG_070038
MK541032
MH877753
MH877137
MH877136
MH876675
MH876460
MH876459
MH876458
MH876457

NG_070016
MH877400
MH877132
NG_070002
MK541029
MH877135
MH877134
MH877133
MH876874
MH876873
MH876872
MH876871
NG_069981
MH876066
MH876065

NG_069904
MK541034
MN650645
NG_069642
MH877121
MH877093
MH877081
MH877113
MH876950
MH877092
MH876876
MH877130
MH876007
MK431475
MT156195
NG_069093
MN393490
MK749853
NG_069002
MT000494
MK541031

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

25725
25/25
25125
25/25
25125
25/25
25/25
25125
25125
25/25
25/25
25/25
25/25

25/25
25/25
25125
25/25
25125
25125
25/25
25/25
25125
25/25
25/25
25125
25/25
25/25
25/25

25125
25125
25/25
25125
25125
25/25
25/25
25125
25125
25125
25/25
25/25
25125
25125
25/25
25125
25125
25/25
25125
25125
25/25

Strona 1

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
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Colletotrichum sp.

Colletotrichum
gloeosporioides

MH877936
MH877895
MH877126
MH877120
MH877127
MH877119
MH877111
MH877110
MH877109
MH877096
MH877117
MH877125
MH876456
MH876073
MH876071
MH875996
MT584261
MT558572
MT000552
MT000502
MT126807
MT126806
MT126805
MT126804
MT126803
MT126802
MT126801
MT126800
MT126799
MT126798
MT126797
MT126796
MT126795
MT126794
MT126793
MT126792
MT126791
MT126790
MT126789
MK411296
MN543989
MN543949
MN543905
MN543906
MH374491
MK299421
MK299420

MT372633
MN721338
MN625356
MN625346
MN625338
MN625325
MN625317

Table S2_Coll-Tamra Probe

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
50.1

25125
25/25
25125
25125
25/25
25/25
25125
25/25
25125
25/25
25/25
25/25
25125
25725
25/25
25/25
25/25
25125
25/25
25/25
25125
25/25
25125
25125
25725
25/25
25125
25/25
25/25
25125
25/25
25/25
25125
25125
25125
25125
25/25
25125
25125
25/25
25125
25/25
25125
25125
25/25
25/25
25125

25/25
25125
25125
25/25
25/25
25125
25725

Strona 2

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
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MN625296
MN625202
MN619639
MN619637
MN619627
MN477464
MN477462
MN477461
MN477460
MN477459
MN477458
MN477457
MN427974
MN427973
MN393488
MN136302
MN136301
MN136300
MN136299
MN136298
MK788141
MH248787
MH248786
MH248785
MH878344
MH877492
MH877488
MH877487
MH877486
MH877485
MH877484
MH877481
MH877122
MH876879
MH876024
MH876006
MH876005
MH876004
MH876003
MH876001
MH876002

Colletotrichum fructicola MN625360
MN625352
MN625347
MN625324
MN619648
MH877073
MH877039
MH877037
MH877036
MH877035
MH877033
MH877032
Colletotrichum fragariae  MN625358

Table S2_Coll-Tamra Probe

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

25/25
25/25
25/25
25125
25/25
25/25
25125
25/25
25125
25/25
25/25
25/25
25125
25725
25/25
25/25
25/25
25125
25/25
25/25
25125
25/25
25125
25125
25725
25/25
25125
25/25
25/25
25125
25/25
25/25
25/25
25125
25125
25125
25/25
25125
25125
25/25
25/25

25125
25125
25/25
25/25
25125
25125
25/25
25125
25125
25/25
25/25
25125
25725

Strona 3

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
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Colletotrichum acutatum

Colletotrichum siamense

Colletotrichum tropicale

Colletotrichum aenigma

Colletotrichum
temperatum

Colletotrichum lupini

MN619649
MH876067
MT876536
MN625357
MN625353
MN625330
MN625313
MG888643
MH877942
MH877941
MH877937
MH877129
MH877128
MH877118
MH877103
MH877102
MH877100
MH877085
MH877094
MH877098
MH877101
MH877104
MH877099
MH877938
MH875988
MH875997
MH877939
MH877940

MN625355
MN625350
MN625344
MN625341
MN625335
MN625326
MN625312
MN625230
MN619635
MN619630
MK652853
MN625354
MH877138
MH877034
MH876947
MH877038
MN625349
MN625342
MNG619647

MN625337
NG_067478
MH877532
MK541037
MK541036
MH877123

Table S2_Coll-Tamra Probe

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1

25125
25/25
25/25
25125
25725
25/25
25125
25/25
25125
25/25
25/25
25/25
25125
25725
25/25
25/25
25/25
25125
25/25
25/25
25125
25/25
25125
25125
25725
25/25
25125
25/25

25125
25/25
25/25
25/25
25125
25125
25125
25/25
25125
25125
25/25
25125
25/25
25125
25125
25/25
25/25
25125
25125

25125
25725
25/25
25725
25125
25725

Strona 4

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
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Colletotrichum
nymphaeae

Colletotrichum
costaricense

Sordariomycetes sp.

Distoseptispora
suoluoensis

Sporidesmium
melaleucae

Glomerellales sp.

Beauveria bassiana

MK541035
NG_067487
MH877749
MH877115
MH877112
MH877108
MH877114
MH877116
MH877107
MH877105
MH877097
MH877050
MH876072
MH876070

MK541033
MH877748
NG_067486
MH877747
KU747687
KU747684
KU747936
KU747846
JQ761088
JQ761090
JQ761103
JQ761104
JQ761121
JQ761124
JQ761133

NG_068552
MFO077558
MF077557

NG_064550
MH327854
MH327853
MW045924
MW045906
MW045863
MW045861
MW045857
MW045856
MW045836
MW045835
MW045908
MW045899
MT226552
MT159433
MN494090
MN494089
MT 124997
MT124996

Table S2_Coll-Tamra Probe

50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

50.1
50.1
50.1
50.1
50.1
50.1
42.1
42.1
50.1
50.1
50.1
50.1
50.1
50.1
50.1

42.1
42.1
42.1

42.1
42.1
42.1
42.1
42.1
42.1
42.1
42.1
42.1
42.1
42.1
382
38.2
382
382
38.2
382
382
382

25/25
25/25
25125
25/25
25/25
25125
25/25
25125
25/25
25/25
25/25
25/25
25/25
25/25

25/25
25125
25/25
25/25
25125
25/25
24125
24/25
25/25
25/25
25125
25/25
25/25
25125
25/25

24/25
24125
24/25

24/25
24/25
24125
24/25
24/25
24/25
24125
24/25
24/25
24/25
24/25
22/25
22/25
22125
22/25
22/25
22/25
22/25
22/25

Strona 5

0.004
0.004

0.004
0.004
0.004

0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062

0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001
0.000001

0.000001
0.000001
0.000001
0.000001
0.00002
0.00002

0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
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MT 124995
MT124994
MT124993
MT124992
MT124991

MT124990
MT124989
MT124988
MT 124987
MT 124986
MT124985
MT124984
MN960363
MN960359
LS453307

MN749319
MN749318
MN749317
MN749316
MN749315
MN749314
MN749313
MN749312
MN749311
MN749310
MN749309
MN560148
MH879591
MH876642
MH876023
MH875953
MH871563
MH869591
MH867248
MH867247
MH867246
MH867245
MH867244
MH867243
MH867242
MH867241
MH867240
MH867239
MH866831
MH866359
MG642849
MH854933
MH866427
MG548313
MF337480
KX255641

KU729127
KT359346

KP671729

KF428792

Table S2_Coll-Tamra Probe

382
38.2
382
382
382
382
382
38.2
382
382
38.2
382
38.2
382
382
38.2
38.2
382
38.2
382
382
38.2
38.2
382
382
38.2
38.2
38.2
38.2
382
382
38.2
382
38.2
382
382
38.2
382
382
382
382
382
38.2
382
382
38.2
382
382
38.2
382
382
38.2
382
382
382

22/25
22/25
22/25
22/25
22/25
22/25
22/25
22/25
22125
22/25
22/25
22/25
22125
22/25
22/25
22/25
22/25
22/25
22/25
22/25
22/25
22/25
22125
22/25
22/25
22725
22125
22/25
22/25
22125
22/25
22/25
22/25
22125
22/25
22125
22/25
22125
22125
22/25
22/25
22/25
22125
22/25
22/25
22/25
22125
22/25
22/25
22125
22/25
22/25
22/25
22/25
22/25

Strona 6

0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
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JQ906767
HF675189
JX867557
JX481967
JQ712135
JQ411374
MNS76824
CP045881
CP045879
MK632098
MT674805
MT674804
HQ377252
JF429894
FJ755242
EU334679
EU334678
EU334677
EU334676
EU334675
EU334674
EF026006
AY283555
Cordyceps sp MT081955
MT081954
MG642844
MG642838
MF416544
MF416543
MF416542
MF416540
MF416539
MF416538

Table S2

Results of In silico specificity test of Coll-Tamra Probe with megablast search versus
NCBI nt database. Search Included Sordariomycetes fungi. Only organisms with 3 or
more hits are shown. Query length of this search was 25, while Maximum BLAST

Table S2_Coll-Tamra Probe

382
38.2
382
382
382
382
382
382
382
382
38.2
382
38.2
382
382
382
38.2
382
382
382
382
38.2
38.2
382
382
38.2
382
38.2
382
382
382
38.2
382

22/25
22/25
22/25
22/25
22125
22/25
22125
22/25
22125
22/25
22/25
22/25
22125
22125
22/25
22/25
22/25
22125
22/25
22/25
22/25
22/25
22125
22/25
22125
22/25
22125
22/25
22/25
22125
22/25
22/25
22/25

score for this probe is 50.1.

The BLAST (alignment) score is calculated by assigning a value of +2 for each aligned

0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062
0.062

pair and -3 for each mismatch and then summing these values.
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Table S2_Vert-CyS Probe

Specificity of Vert-Cy5
Probe (Minimum 3 hits)

Organism Accession nur BLAST Score Identities/Que E-Value
Verticillium
zaregamsianum NG_069489 46.1 23/23 0.00001
LR026097 46.1 23/23 0.00001
LR026096 46.1 23/23 0.00001
LR026095 46.1 23/23 0.00001
LR026094 46.1 23/23 0.00001
LR026098 46.1 23/23 0.00001
Verticillium tricorpus NG_069488 46.1 23/23 0.00001
LR026093 46.1 23/23 0.00001
LR026092 46.1 23/23 0.00001
LR026091 46.1 23/23 0.00001
LR026090 46.1 23/23 0.00001
LR026089 46.1 23/23 0.00001
LR026088 46.1 23/23 0.00001
LR026087 46.1 23/23 0.00001
LR026086 46.1 23/23 0.00001
LR026085 46.1 23/23 0.00001
LR026084 46.1 23/23 0.00001
LR026083 46.1 23/23 0.00001
LR026082 46.1 23/23 0.00001
LR026081 46.1 23123 0.00001
LR026080 46.1 23/23 0.00001
LR026079 46.1 23/23 0.00001
LR026078 46.1 23/23 0.00001
Verticillium nonalfalfae NG_069487 46.1 23/23 0.00001
LR026073 46.1 23/23 0.00001
LR026072 46.1 23/23 0.00001
LR026071 46.1 23/23 0.00001
LR026070 46.1 23/23 0.00001
LR026069 46.1 23/23 0.00001
LR026068 46.1 23/23 0.00001
LR026067 46.1 23123 0.00001
LR026066 46.1 23/23 0.00001
LR026065 46.1 23/23 0.00001
LR026064 46.1 23/23 0.00001
LR026063 46.1 23/23 0.00001
LR026062 46.1 23/23 0.00001
LR026061 46.1 23/23 0.00001
LR026074 46.1 23/23 0.00001
Verticillium isaacii NG_069485 46.1 23/23 0.00001
LR026037 46.1 23/23 0.00001
LR026036 46.1 23/23 0.00001
LR026035 46.1 23/23 0.00001
LR026034 46.1 23/23 0.00001
LR026033 46.1 23/23 0.00001
LR026032 46.1 23/23 0.00001
LR026031 46.1 23/23 0.00001
LR026030 46.1 23/23 0.00001
LR026029 46.1 23/23 0.00001
LR026038 46.1 23/23 0.00001
Verticillium dahliae NG_069484 46.1 23123 0.00001
LC549668 46.1 23/23 0.00001
Strona 1
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Verticillium sp.

Verticillium nubilum

Verticillium longisporum

Podospora anserina

LR026027
LR026026
LR026025
LR026024
LR026023
LR026022
LR026021

LR026020
LR026019
LR026018
LR026017
LR026016
LR026015
LR026014
MT133327
MT133326
MT133325
MT133324
MT133323
MT133322
MT133321
MT133320
MT133319
MT133318
MT133317
MT133316
MT133315
MT133314
LR026077
LR026075
LR026076
LR026060
LR026059
LR026058
LR026057
LR026056
LR026055
LR026054
LR026053
LR026052
LR026051

LR026050
LR026049
LR026048
LR026047
LR026046
LR026045
LR026044
LR026043
LR026042
LR026041

FO904938
FO904937
CU640366
CUB33453

Table S2_Vert-CyS Probe

46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
46.1
32.2
322
322
322

23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
23/23
16/23
16/23
16/23
16/23
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29
29
29
2.9

0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
0.00001
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Fusarium fujikuroi

Fusarium graminearum

Trichoderma reesei

Thermothelomyces
thermophilus

Fusarium oxysporum

Metarhizium brunneum

Table S2

CP023096
CP023108
CP023084
LT222055

HG970334
LT222053

HG970332
CP016235

Table S2_Vert-CyS Probe

322
32.2
322
30.2
30.2
30.2
30.2
30.2

XM_0068697730.2
XM_0069678€30.2
XM_0069617¢30.2

CP016236
CP016233

CP003005
CP003006
CP003002
CP052908
CP052899
CP052901
CP052900
CP053273
CP053263
CP053267
CP053266
CP053264
CP053268
CP052043
CP052042
CP052049
CP052040
CP052893
CP052888
CP052887
CP052889
CP058933
CP058935
CP058934

30.2
30.2

30.2
30.2
30.2
30.2
30.2
28.2
28.2
30.2
30.2
28.2
28.2
28.2
28.2
30.2
28.2
28.2
28.2
28.2
28.2
28.2
28.2
30.2
28.2
28.2

16/23
16/23
16/23
15/23
15/23
15/23
15/23
15/23
15/23
15/23
1523
1523
15/23

15/23
15/23
15/23
15/23
15/23
14/23
14/23
15/23
15/23
14/23
14/23
14/23
14/23
15/23
14/23
14/23
14/23
14/23
14/23
14/23
14/23
15/23
14/23
14/23

29
29
29

11
11
11
11
11
11
11
11
11

11
11
11
11
11
45
45
11
11
45
45
45
45
11
45
45
45
45
45
45
45
11
45
45

Results of In silico specificity test of Vert-Cy5 Probe with megablast search versus
NCBI nt database. Search Included Sordariomycetes fungi. Only organisms with 3

or more hits are shown. Query length of this search was 23, while Maximum

The BLAST (alignment) score is calculated by assigning a value of +2 for each
aligned pair and -3 for each mismatch and then summing these values.

BLAST score for this probe is 46.1.

Strona 3

- 136 -



5.3. Publikacja P3

5.3.1. Abstrakt graficzny

,Shining a LAMP” (Loop-Mediated Isothermal Amplification) on the molecular detection
of Phytophthora spp. and Phytophthora cactorum in strawberry fields
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“Shining a LAMP” (Loop-Mediated Isothermal Amplification)
on the Molecular Detection of Phytopathogens

Phytophthora spp. and Phytophthora cactorum in

Strawberry Fields
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Abstract: Phytopathogenic microorganisms belonging to the genus Phytophthora have been recog-
nized many times as causal agents of diseases that lower the yield of many plants important for
agriculture. Meanwhile, Phytophthora cactorum causes crown rot and leather rot of berry fruits,
mainly strawberries. However, widely-applied culture-based methods used for the detection of
pathogens are time-consuming and often inaccurate. What is more, molecular techniques require
costly equipment. Here we show a rapid and effective detection method for the aforementioned

check for targets, deploying a simple molecular biology technique, Loop-Mediated Isothermal Amplification
updates (LAMP). We optimized assays to amplify the translation elongation factor 1-« (EF1a) gene for two
Citation: Siegieda, D.G.; Panek, J.; targets: Phytophthora spp. And Phytophthora cactorum. We optimized the LAMP on pure strains of
Frac, M. “Shining a LAMP” the pathogens, isolated from organic plantations of strawberry, and successfully validated the assay
(Loop-Mediated Isothermal on biological material from the environment including soil samples, rhizosphere, shoots and roots
Amplification) on the Molecular of strawberry, and with SYBR Green. Our results demonstrate that a simple and reliable molecular

Detection of Phytopathogens detection method, that requires only a thermoblock and simple DNA isolation kit, can be successfully

Phytop spp. and Phytop a

applied to detect pathogens that are difficult to separate from the field. We anticipate our findings to
be a starting point for developing easier and faster modifications of the isothermal detection methods
and which can be applied directly in the plantation, in particular with the use of freeze-dried reagents
and chemistry, allowing observation of the results with the naked eye.

cactorum in Strawberry Fields.
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1. Introduction

Publisher’s Note: MDPI stays neutral The reduction in harvest during the production of fruits, caused by pathogenic microor-
with regard to jurisdictional claims in - o-anjsms and the diseases they bring to the plantation, is a severe obstacle in agriculture.
published maps and institutional affil- - ppytophthora species have been reported as causal agents for diseases in many crops and
ornamental plants in the world [1-6]. The number of species recognized inside the genus
and their hosts is constantly increasing [7,8], whereas P. cactorum has been reported as a
soil-borne pathogen causing dieback mainly of the strawberry (Fragaria x ananassa) by

B both crown rot and leather rot of fruits [9]. The disease symptoms brought by P.cactorum
Copyright: © 2021 by the authors.  are often misrecognized as those caused by different fungal pathogens. What is more, the
Licensee MDPI, Basel, Switzerland.  pathogen has been recognized as being able to transmit not only on machine parts used in
This article is an open access article  goricylture, but also in nursery seedlings and by water [10]. Finally, the Phytophthora spp.
distributed under the terms and  5re ot host-specific and can attack many plants, causing their dieback [1]. These four facts
increase the severity of the infestation of fields with these pathogenic microorganisms. To
implement appropriate preventive methods in the plantations, rapid and efficient detection
of phytopathogens present in the fields is crucial. Assays deploying molecular biology tech-

iations.

conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

40/).

Pathogens 2021, 10, 1453. https:/ /doi.org/10.3390 /pathogens10111453 https:/ /www.mdpi.com/journal/pathogens

- 138 -



Pathogens 2021, 10, 1453 20f15

niques offer reliable and immediate detection in comparison to traditional identification
methods based on the morphological attributes of the pure strains [11-14].

Loop-Mediated Isothermal Amplification (LAMP) is a highly effective isothermal
DNA amplification technique, developed by Notomi’s team in 2000. The assay uses ther-
mostable polymerase with a strand-displacement activity and two to three pairs of primers
to amplify specific DNA fragments [15]. LAMP is characterized by four main advantages in
comparison to other molecular techniques used for the detection of pathogens. First of all,
the reaction is performed at a constant temperature; it does not require an expensive ther-
mocycler and a water bath or thermoblock is sufficient to carry out the detection. Further,
for the visualization of the results with the naked eye, fluorescent dye, such as SYBR Green
I or hydroxy naphthol blue (HNB), can be added to the reaction mixture. Next, LAMP
is 10-100 times more sensitive than Polymerase Chain Reaction [16] and requires lower
amounts of input DNA. Finally, PCR inhibitors do not prevent detection with LAMP [17].
On the other hand, the main disadvantage of the technique is the fact, that the design
of primers is complex, which restricts the development and optimization of the method
only to specialists [18]. Nonetheless, this assay can be performed by non-specialists with
ease. The usefulness of the reaction is also given by the fact that, with the use of a simple
thermoblock and a fluorescent dye, the assay is suitable for use outside a well-equipped
laboratory, including detection in the field conditions [19]. Therefore, new amplification
technologies are useful for the development of rapid and field-deployable approaches to
genetic diagnostics [20].

Loop-Mediated Isothermal Amplification has already been deployed in the detection
of important strawberry pathogens with success [21-28]. Additionally, the LAMP assay for
the detection of Phytophthora spp. on many plants, such as cucumber [29], soybean [30,31],
potato [32-36], tomato [33], taro plants [37], lettuce [38], tobacco [39] and Rhododendron
trees [16], has been reported. Although there are now numerous examples of LAMP appli-
cations in agriculture [40,41], animal health [42], and human medicine [43], there is still
the need to develop new assays for the detection of the pathogenic organisms, especially
dedicated to specific plants such as strawberry or for native strains of microorganism.
Optimising specific detection assays developed for plantations occurring in a particular
geographic location is very important, because of the possible genetic variation of site- or
plantation-specific strains of pathogens. It is important to remember that organic planta-
tions are characterized by the specific composition of the microbiome and minerals present
in the soil and cooccurring in plant tissues which can inhibit the reaction, so it is impor-
tant to develop detection methods for a given plant and pathogen population. Moreover,
approaches that are more sensitive and combine rapid amplification with specificity are
becoming an important diagnostic tool, especially for biological samples from the environ-
ment (shoots, roots, fruits, rhizosphere, soil) originating from organic cultivation, where
chemical agents are not used. Moreover, LAMP for the detection of Phytophthora spp. nor
Phytophthora cactorum strains found in strawberry fields has not been proposed so far.

Considering the aforementioned facts, this study aimed to develop and optimize
an effective Loop-Mediated Isothermal Amplification method for the detection of the
Phytophthora spp. and Phytophthora cactorum pathogens, which are a threat to strawberry
plantations.

2. Results
2.1. Specificity of the Developed Reaction

Optimized assays for both of the targets: Phytophthora spp. and Phytophthora cactorum
gave positive results for 19 strains (G408/18, G409/18, G412/18, G413/18, G415/18,
G416/18, G417/18, G418/18, G419/18, G420/18, G421/18, G429/18, G430/18, G431/18,
G432/18, G437/18, G439/18, G440/18, G442/18) (Figure 1a,b). Both of the assays did
not amplify non-template controls, as well as non-targeted DNA (Figure 1a,b). The time
of detection-Td (minute of the reaction when the maximum of the second derivative
of normalized reporter value was reached) for positive reactions for Phytophthora spp.
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was 13.16, SD + 0.83, and the Tm (melting temperature) was 89.92 °C, SD £ 0.18 (n
= 19). For P.cactorum, the Td was 12.43, SD + 0.85, and the Tm was 89.77 °C, SD +
0.17 (n = 19) (T1, Supplementary Materials). Amplification plots for both of the targets
are presented in Figure 1. Positive results for all of the tested Phytophthora spp. and
Phytophthora cactorum strains suggest that the developed reaction is very specific. Melting
curves of Phytophthora spp. and Phytophthora cactorum assays are pictured in the Figure 2a,b,
with the peak of the signal at ~90 °C in positive reactions. Melting curves of chosen negative
and positive reactions in biological samples from the environment for Phytophthora spp.
(Figure 2c) and Phytophthora cactorum (Figure 2d) also showed peak signal at ~90 °C in
positive reactions. The melting curve of non-targeted DNA samples (Figure 2e) shows the
signal of primer-dimers at peak signal at ~63 °C.

2,000,000 2,000,000

1,500,000 1,500,000

g &
o )
& 1,000,000 & 1,000,000
500,000 500,000
0| — 0
0 10 20 30 40 0 10 20 30 40
Time of the reaction (min) Time of the reaction (min)
@) (b)
6408/18 641318 — G417/18 6420118 G430/18 643718 6442/18
Sample 6409118 G41518 — G418/18  — Gazins  — G431/18 6439118 non-target strains
G412/18 — G416/18 — G419/18 — 642918 — G432/18 G440/18 non-template control

Figure 1. Amplification plots of LAMP detection. Amplification plots of 19 Phytophthora spp.
(G408/18, G409/18, G412 /18, G413/18, G415/18, G416/18, G417 /18, G418/18, G419/18, G420/18,
G421/18,G429/18, G430/18, G431/18, G432/18, G437/18, G439/18, G440/18, G442/18) pure strains
and non-targeted DNA mixtures of Botrytis spp. (G276/18, G277/18, G321/18, G322/18, GG323/18),
Colletotrichum spp. (G168/18, G170/18, G171/18, G172/18, G274/18 and Verticillium spp. (G294/18,
G296/18, G297/18, G298, G299/18), deposited in the collection of LMEM; (a) amplification plots of
the reaction for Phytophthora cactorum assay; (b) amplification plots of the reaction for Phytophthora spp.
target.

2.2. Sensitivity of the Developed LAMP Assays

Agarose gels for the detection limit of Phytophthora spp. and Phytophthora cactorum
conducted on the DNA isolated from the G408/18 strain are presented in Figure 3a,b. The
detection of the Phytophthora spp. target was achieved in the samples with the concentration
range from 0.3 ng/uL to 3 pg/uL for both of the tested isolation methods. Phytophthora
cactorum assay was more sensitive, reaching the detection of 300 fg/uL for both of the
isolation methods. What is more, no amplification was observed in non-template controls.
The results suggest that the detection limit for the optimized reaction is 3 pg/uL for
Phytophthora spp. and 300 fg/ uL for Phytophthora cactorum, regardless of the tested DNA
isolation method. Probit models of the positive reaction of the detection of Phytophthora spp.
(n = 38) and Phytophthora cactorum (n = 38) are shown in Figure 3c,d, respectively.
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Figure 2. Melting curves of Phytophthora spp. (a) and Phytophthora cactorum (b) assays. Additionally, melting curves of
chosen negative and positive reactions in biological samples from the environment for Phytophthora spp. (c) and Phytoph-
thora cactorum (d) at peak signal at ~90 °C. The melting curve of non-targeted DNA samples including Colletotrichum spp.,
Botrytis spp. and Verticillium spp. (e) show the signal of the detection of primer-dimers at peak signal at ~63 °C.
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Figure 3. The detection limit of the LAMP detection method for Phytophthora spp. and Phytophthora cactorum: (a) Agarose gel
of the detection limit of FastDNA Spin Kit for Feces kit (MP Biosystems) isolation method, for both targets Phytophthora spp.
(wells 1-8) and Phytophthora cactorum (wells 9-16) of G408 /18 strain. Order of the dilutions in each combination: 300 pg/uL
(Iand 9), 30 pg/uL (2 and 10), 3 pg/uL (3 and 11), 300 fg/uL (4 and 12), 30 fg/uL (5 and 13) and 3 fg/uL (6 and 14), 300
ag/uL (7 and 15), NTC (non-template control, 8 and 16); (b) Agarose gel of the Plant & Fungi DNA Purification Kit (EURx)
isolation method. Well 17 in (a,b) New England BioLabs 50 bp DNA Ladder. Characteristic for LAMP ladder-like patterns
are visible on the lanes with positive reactions (1, 2, 3, 9, 10, 11, and 12); (c) Probit model of probability of the positive
detection of Phytophthora spp. (n = 38) depending on the concentration of the DNA (isolation of the DNA was performed
with the PrepMan Ultra and FastDNA Spin Kit for Feces kit and Plant & Fungi DNA Purification Kit); (d) Probit model for
Phytophthora cactorum assay (n = 38).
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2.3. Colorimetric Validation

After the detection of Phytophthora cactorum performed on strains G415/18, G416/18,
and G417/18 (each in duplicate) in the thermoblock, 1.5 pL of SYBR Green I dye was added
into each reaction tube with sterile pipette tips. Reaction mixtures immediately changed
color from transparent to yellow in positive samples and into orange in the negative control
(Figure 4a). After the examination under the UV light, the positive samples showed bright
fluorescence, whereas negative samples were very low. An attempt at visualization of the
reaction products in 2% agarose gel revealed ladders in positive reactions, which confirms
amplification of LAMP products (Figure 4b).

12 3 4 5 6 7 12 3456 78

(a) (b)

Figure 4. Colorimetric validation of the developed detection methods. LAMP detection for Phytoph-
thora cactorum of strains G415/18 (1 and 4), G416/18 (2 and 5), and G417/18 (3 and 6) conducted in
thermo-block in 65 °C for 30 min. After the reaction, SYBR Green I (1:9) dye was added to the mix-
tures for visualization of the results in visible light and UV (a). Samples were then electrophoresed
in 2% agarose gel (b). Positive reactions samples 1-6; non-template control sample 7. Additionally,
in (b), the A& A Marker [ was added in well 8.

2.4. Biological Samples from the Environment

In both of the DNA samples of strain G408/18, detected with the Phytophthora spp.
assay and isolated with FastDNA Spin Kit for Feces kit (MP Biomedicals) or Plant & Fungi
DNA Purification Kit (EURx), the detection time of the environmental sample contaminated
with the DNA of G408/18 pure strain environmental sample lengthened in comparison
to pure samples of G408/18. Namely, the time of the detection in Plant & Fungi DNA
Purification Kit (EURx) sample lengthened from the 17th to 30th minute and FastDNA
Spin Kit for Feces kit (MP Biomedicals) from the 18th to 43rd (Figure 5a). What is more,
the detection time of contaminated diluted reactions lengthened when compared to the
reactions diluted in DirectQ water. Additionally, for the sample isolated with FastDNA
Spin Kit for Feces kit (MP Biomedicals), Tm of contaminated diluted reaction decreased
from 89.95 °C to 87.78 °C (Figure 5¢). In the sample isolated with the Plant & Fungi DNA
Purification Kit (EURX) kit, no change of melting temperature was noted (Figure 5b). The
detection of the targets in biological samples from the environment was extended to 90 min,
due to the fact, that the inhibitors from the environment that co-isolate with the DNA
extend the time required for the detection.

In the detection of Phytophthora spp. in biological samples from the environment, 4
out of 348 samples derived in organic plantations of strawberries located in Eastern Poland
gave positive results (1%). All of the samples with positive detection came from four
different plantations, where the symptoms of the disease have not been recognized in the
year of the sampling. The 478/19 bulk soil sample on Aprica plantation from the field
13 and the detection started after 65th minute, and the Tm was 90.15 °C. Sample 490/19
was also a bulk soil sample of Aprica cultivar from field 14. Detection started after the
35th minute and the Tm was 87.77 °C. The sample 48/19C was a bulk soil sample from
fields 1 and 2. The detection started after the 66th minute with the Tm of 88.18 °C. Finally,
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ARn

positive sample 1632/20 was a fruit of Rumba cultivar, plantation 15, where the detection

started after 66th minute and Tm was 90.32 °C (Table S1).
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Figure 5. Amplification plots and melting curves of Phytophthora spp. assay: (a) amplification plots for the detection of
Phytophthora spp. assay of pure G408/18 strain and contaminated biological material from the environment with the DNA
of G408/18, isolated with FastDNA Spin Kit for Feces kit (MP) and Plant & Fungi DNA Purification Kit (EURx); (b) melt
curves of pure and contaminated samples isolated with FastDNA Spin Kit for Feces kit (MP Biomedicals); (¢) melt curves of
pure and contaminated material samples isolated with Plant & Fungi DNA Purification Kit (EURXx).

The Phytophthora cactorum assay gave positive results in 13 biological samples from
the environment (4%). Sample 385K /19 was a root of an Aprica cultivar, plantation 4. The
detection started from the 23rd minute, Tm was 91.09 °C; next, 449 /19K for the root sample
of Dipred from the plantation 10, where the previous year the symptoms of the disease
caused by Verticillium spp. and Phytophthora spp. were identified. Detection time was
32 min and Tm was 90.13 °C. Sample 45/19C was bulk soil of Aprica cultivar, plantation
11. The remaining positive results were noted in the same field 15, and all of the samples
were strawberry fruit samples. The time of detection ranged from 38 to 86 min and the Tm
from 88.22 to 89.33 °C. (Table S1).

The peak of melting curves for the biological samples from the environment where
the Phytophthora spp. gave positive results ranged from 87.77 to 90.32 °C, whereas for pure
strains the range was 89.68-90.05 °C. For the Phytophthora cactorum assay performed on
biological samples from the environment, the range of Tm was between 87.66 and 91.09 °C,
whereas for pure samples this was within 89.5-90.05 °C.

3. Discussion and Conclusions

Rapid and efficient identification of the pathogens present in a given field is very
important as it allows the implementation of proper protection methods and significantly
reduces losses related to the spread of the disease caused by microorganisms. Common,
traditional plate-culture-based methods, as well as the apple trap method described previ-
ously [44] and in this work (Figure 6) for the isolation of pure strains of microorganism
from the environment, are characterized with many disadvantages. These methods require
a long incubation time and are inconvenient for many samples tested at the same time,
when it is necessary to quickly diagnose the disease and the quality of the plantation,
taking into account soil, plant, and fruit. Traditional identification methods based on the
observation of microstructures of pathogens do not offer sufficient certainty when it comes
to valid identification, as opposed to molecular techniques [45]. On the contrary, molecular
methods of identification allow detection of the contamination in the field with pathogens
before the manifestation of the disease in plants. The presence or absence of a particular
pathogen in the field can give a clear indication of whether to start a new plantation. What
is more, the results of the molecular detection of the pathogen also give a clear answer
whether undertaken agrotechnical measures aimed at the removal of pathogens were
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effective. However, it is worth mentioning that, in some cases, it might be worth using trap
methods and then to perform LAMP detection of these phytopathogens.

(@) (b) ©

Figure 6. Apple trap method for baiting Phytophthora spp. pathogens. First, fragments of infected strawberry tissues
were placed inside surface-sterilized apple fruit (a) and incubated at 22 °C for 10 d in a plastic bag. Infected apple tissues
(b) changed color from green to brown, and softened. Negative control (c) remained unchanged.

For the molecular detection of the Phytophthora spp. with the Polymerase Chain Reac-
tion (PCR), different markers were used, such as ITS1, ITS2 of ribosomal RNA [46-48], or
cytochrome oxidase I gene (COX1) [49]. Nonetheless, the real-time PCR method was also
optimized for the detection of this pathogen. ITS markers were deployed in the detection
of Phytophthora spp. in strawberry plantations [50,51]. Enolase (ENOL), ras-like protein
(YPT1), and HSP90 genes were also targeted for this aim [52]. Finally, Loop-Mediated
Isothermal Amplification is a relatively new detection method, adopting molecular biol-
ogy, and has been deployed many times in the detection of plant pathogenic fungi and
oomycetes on various plants of agricultural significance [41,53-57]. The method has been
reported as an efficient tool for the detection of strawberry pathogens, as in [23-27]. In
2017, Khan’s team compared the detection of Phytophthora infestans with PCR, nested
PCR, real-time PCR, and LAMP with the application of primers for the YPT1 gene. The
team concluded that the LAMP was the most sensitive assay out of the tested methods,
being 10 times more sensitive than nested PCR and 100 times more sensitive compared to
real-time PCR [58].

LAMP is characterized by several advantages, such as high sensitivity of the reac-
tion, high specificity, and constant thermal conditions of the assay. Among them, the
fact that the assay has the potential to be used in field conditions seems to be the most
important in sustainable phytopathogen control. Due to the fact that the reaction does not
require thermal cycling, as opposed to PCR or qPCR, the water bath or a thermoblock is
sufficient to provide constant temperature in order to perform the analysis. As we tested
3 DNA isolation kits in the current study (FastDNA Spin Kit for Feces kit, MP Biomedi-
cals, Plant & Fungi DNA Purification Kit, EURx, and PrepMan Ultra Sample Preparation
Reagent—Applied Biosystems by Thermo Fisher Scientific), we proved that the LAMP
is not dependent on a specific DNA isolation method. Additionally, as reported in the
past, direct evaluation of the results was performed with the addition of chemistry such
as calcine [59], hydroxy naphthol blue (HNB) dye [60], or SYBR Green [54,61] as in this
study, allowing observation of the change in the color of the positive samples by the naked
eye or in ultraviolet light (UV). What is more, lyophilized forms of LAMP reagents [62]
can be taken into consideration when talking about the in-field application of the method.
Those facts suggest that the assay has a wide range of adaptation possibilities for current
conditions in a given laboratory and outside the laboratory. The simplicity of the method
application could lead to simple field-deployable products in the future, allowing for rapid
detection of plant pathogens from the biological samples from the environment, without
costly equipment and highly specialized laboratory staff.
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In conclusion, the LAMP assay using primer sets developed in this study success-
fully detected Phytophthora spp. and Phytophthora cactorum isolates acquired from organic
plantations of strawberry. Moreover, the LAMP assay using developed primers and
optimized conditions detected these pathogens rapidly and simply in biological sam-
ples from the environment, collected from strawberry plantations. Therefore, the results
demonstrated that the LAMP assay with developed primer sets can be used for routine
detection and monitoring of strawberry plantations for the presence of Phytophthora spp.
and Phytophthora cactorum.

4. Materials and Methods
4.1. Obtaining Pure Cultures of Phytophthora spp.

The phytopathogenic organisms used in the development of this assay were gained
from organic plantations of strawberries located in Eastern Poland. Infected plant tissues
were placed on Petri dishes with Carrot Agar (CA) or Potato Dextrose Agar (PDA) media
and incubated at 22 °C until cultures appeared on the plates. Then, they were further
subcultured onto new CA or PDA media until pure cultures were obtained [63]. As this
method was not efficient enough for some of the strains, the apple trap method was also
deployed (Figure 6), as reported in guidelines of the Main Inspectorate of Plant Health and
Seed Inspection in Poland [44], to increase the effectiveness of Phytophthora spp. isolation.
Granny Smith green apples were washed with detergent water, rinsed with distilled water,
and 70% ethanol, and, after such sterilization, fragments of strawberry roots identified
visually as infected were placed in the slot in the apple fruit made with a sterile cork borer.
The strawberry tissue was covered with cut-out apple tissue and then sealed with a porous
adhesive tape (3M Micropore). An apple had three slots for infested roots, and negative
control was also made on each trap with no diseased strawberry tissue inside. An apple
trap was then placed in a plastic bag and incubated at 22 °C for 10 d [44]. Thereafter,
infected apple tissues were placed on the PDA and further subcultured until pure cultures
developed on the medium.

4.2, Isolation of the DNA from Pure Strains and Biological Samples from the Environment

For identification purposes as well as to determine the specificity of the reaction and
the detection limit assay, the DNA of Phytophthora spp., Botrytis spp., Colletotrichum spp.,
and Verticillium spp. was isolated with PrepMan Ultra Sample Preparation Reagent (Ap-
plied Biosystems by Thermo Fisher Scientific, Waltham, MA, USA), following the manufac-
turer’s protocol. Then, the DNA samples were diluted 100 times in DirectQ water before
the molecular analysis. Following, the D2 large subunit region of the fungal rDNA was
amplified and sequenced as described by Pertile et al. [64] with a modified purification
step, using Clean DTR (CleanNA, Qaddinxveen, Netherlands). The information regarding
pure strains of Phytophthora spp., Botrytis spp., Colletotrichum spp., and Verticillium spp.
used in this study is gathered in Table 1.

Isolation of the genomic DNA from pure strains of the Phytophthora sp. (G408/18)
for the detection limit assays was performed with FastDNA Spin Kit for Feces kit (MP
Biomedicals, Solon, OH, USA) and Plant & Fungi DNA Purification Kit (EURx, Gdansk,
Poland). Before the isolation, pure strains of the pathogen were grown at 22 °C for 10 days
in 15 mL conical flasks in Potato Dextrose Broth (PDB). After the incubation, the liquid
cultures were centrifuged for 15 min in 4500 x g, the supernatant was discarded and cultures
were washed with 5mL sterile water three times. In the meantime, for the Plant & Fungi
DNA Purification Kit (EURx), homogenization tubes were prepared as described by Panek
and Frac [65]: 2 mL cork-cap tubes were filled with 0.5 g of 3.15 mm diameter and 0.25 g of
1.4 mm diameter glass beads and sterilized. Then, the mycelium was sterilely transferred
into the prepared tubes and homogenized with Fast-Prep instrument (MP Biomedicals)
at 4 m/s for 10 s and the DNA was isolated according to the manufacturer’s protocol.
Obtained DNA was eluted with 100 pL of Tris-HCI buffer (10 mM Tris-HCI, pH 8.5) and
stored at —22 °C until used.
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Table 1. Fungal strains used for the LAMP assay development.

The Accession .
The Accession

Method of Number of
Fungal Genus Isolate Code Isolation Source Obtaining Pure D2LSU Number of
LMEM Strain Sequences in EF'lo( Sequences
GenBank in GenBank
G408/18 * Strawberry plants, IA PAS CA® MT126670.1 MW?715837
G409/18 * Strawberry plants, IA PAS CA? MT126671.1 MW?715838
G412/18 * Strawberry roots, IA PAS apple trap MT126672.1 MW?715839
G413/18 * Strawberry roots, IA PAS apple trap MT126673.1 MW?715840
G415/18 * Strawberry roots, IA PAS apple trap MT126674.1 MW715841
G4l6/18 * Strawberry roots, IA PAS apple trap MT126675.1 MW715842
G417/18 * Strawberry roots, IA PAS apple trap MT126676.1 MW?715843
G418/18 * Strawberry roots, IA PAS apple trap MT126677.1 MW?715844
G419/18* Strawberry plants, IA PAS PDA® MT126678.1 MW?715845
Phytophthora spp. G420/18 * Strawberry plants, IA PAS PDAP MT126679.1 MW?715846
G421/18 * Strawberry plants, A PAS CA?® MT126680.1 MW715847
G429/18 * Strawberry roots, IA PAS apple trap MT126681.1 MW715848
G430/18 * Strawberry roots, IA PAS apple trap MT126682.1 MW?715849
G431/18 % Strawberry plants, [A PAS PDA MT126683.1 MW715850
G432/18 % Strawberry plants, IA PAS PDAY MT126684.1 MW?715851
G437/18 * Strawberry roots, IA PAS apple trap MT126686.1 MW?715852
G439/18 * Strawberry roots, IA PAS apple trap MT126687.1 MW?715853
G440/18 % Strawberry roots, IA PAS apple trap MT126688.1 MW?715854
G442/18 * Strawberry roots, IA PAS apple trap MT126690.1 MW?715855
G168/18 Strawberry fruits, [A PAS PDAY MT126804.1 -
Colletotrichum G170/18 Strawberry fru:1ts, 1A PAS PDA :z MT126805.1 -
spp. G171/18 Strawberry fruits, IA PAS PDA MT126802.1 -
G172/18 Strawberry fruits, IA PAS PDA P MT126803.1 -
G274/18 Strawberry fruits, IA PAS PDA® MT126807.1 -
G276/18 Strawberry roots, IA PAS PDAP MT154303.1 -
G277/18 Strawberry roots, IA PAS PDA® MT154304.1 -
Botrytis spp. G321/18 Strawberry roots, IA PAS PDA Y MT154305.1 -
G322/18 Strawberry roots, IA PAS PDA P MT154306.1 -
G323/18 Strawberry roots, IA PAS PDA® MT154307.1 -
G294/18 Strawberry roots, IA PAS PDA P MT133317.1 -
G296/18 Strawberry roots, IA PAS PDA® MT133320.1 -
Verticillium spp. G297/18 Strawberry roots, IA PAS PDA P MT133316.1 -
G298/18 Strawberry roots, IA PAS PDA P MT133318.1 -
G299/18 Strawberry roots, IA PAS PDAY MT133319.1 )

* Fungal strains used for the in silico design of the primers; IA PAS: Institute of Agrophysics, Polish Academy of Sciences; LMEM:
Laboratory of Molecular and Environmental Microbiology, IA PAS; ?: strain obtained with culturing of plant roots on Carrot Agar; °: strain
obtained with culturing of plant roots on Potato Dextrose Agar.

For the DNA isolation with the FastDNA Spin Kit for Feces, washed mycelia were
first placed into the 2 mL tubes with the 0.1 mm silica spheres, 1.4 mm ceramic spheres,
4 mm glass ball, 825 uL phosphate buffer, and 275 uL PLS reagent. The samples were then
centrifuged for 5 min in 14,000 x ¢ and supernatant was discarded. Homogenization was
conducted with FastPrep 24 instrument (20 s, 6 m/s) with the 978 pL of sodium phosphate
buffer and 122 uL of MT buffer. After the centrifugation (15 min, 14,000 g), the supernatant
was transferred into the new tube with 250 pL of PPS buffer, mixed, and incubated (10 min,
4 °C). After another centrifugation (2 min, 14,000 % g), the supernatant was transferred into
a 5 mL tube with 1 mL of Binding Matrix Solution and mixed on a rotator for 5 min. The
samples were then centrifuged (2 min, 14,000 x g), the supernatant was discarded and the
pellet was washed with 1 mL of Wash Buffer 1 and transferred into SPIN Filter columns.
The samples were then centrifuged for 1 min in 14,000x ¢ and the filtrate was discarded
twice. The second wash was performed similarly, with 500 uL of Wash Buffer 2 and 2 min
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centrifuge run (14,000 x g). Finally, 100 pL of the Elution buffer (TES) was pipetted onto the
filter and centrifuged for 2 min (14,000x g). The obtained filtrate was then 10-fold diluted
in nuclease-free deionized water and stored at —22 °C until used. The quality and quantity
of the genetic material isolated with both of the methods were verified by electrophoresis
and with Nanodrop 2000 instrument (ThermoFisher Scientific, Waltham, MA, USA).

The DNA extraction from biological samples from the environment was conducted
with the FastDNA Spin Kit for Feces kit, using 0.5 g of soil or 0.25 g of strawberry fruit
tissue and according to the manufacture’s protocol with modifications described earlier.
Additionally, the homogenization was lengthened to 40 s. The filtrate obtained after the
elution was 10-fold diluted in nuclease-free deionized water and stored at —22 °C until
performing a detection.

4.3. Primers Development and LAMP Optimization

For the LAMP assay development, the translation elongation factor 1-alpha (EF1o)
gene was chosen as a genetic marker after the GenBank database [66] review. Gene was se-
quenced as described by Frac et al. [67]. Then, obtained sequences of EF1x fragments of 19
Phytophthora spp. strains collected from strawberry plantations were deposited in GenBank
(Table 1) and aligned in MEGA software [68] with several DNA fragments of different
representatives from the genus, retrieved from the GenBank database [66]. Further, the
possible LAMP primers were designed with the LAMP Designer v.1.13 software (OptiGene
Limited, Horsham, UK) and validated in silico with BLAST [69]. All of the oligonu-
cleotides were synthesized in Genomed S.A. (Warsaw, Poland). The Psp_Efla_F3 and
Psp_Efla_B3 primers were used as outer primer pairs for both targets—Phytophthora spp.
and Phytophthora cactorum (Patent applications P.437111 and 437110, respectively). The
information regarding sequences of the primers is gathered in Table 2 and the location of
the primers in the contig of EF1« gene fragment is presented in Figure 7.

LAMP assays for the method optimization were performed in the 7500 Fast thermocy-
clers (Applied Biosystems, Foster City, CA, USA) and the total reaction volume was 10 uL.
The mixture consisted of 6 uL of Isothermal MasterMix (ISO-001, OptiGene, Horsham, UK),
3 uL of primer mix (Table 2), and 1 uL of the DNA sample. The Isothermal MasterMix
consisted of fluorescent dye detected by the FAM channel and an isothermal GspSSD poly-
merase with strand-displacement activity [24]. The reactions were conducted at 65 °C for
40 min with the reading of the fluorescent signal after every minute. After every reaction,
the melting curve analysis was performed (65 °C to 95 °C, A0.016 °C/s).

To determine the specificity of the reaction, both primer sets were tested on 19 Phy-
tophthora spp. strains (G408/18, G409/18, G412/18, G413 /18, G415/18, G416/18, G417/18,
G418/18, G419/18, G420/18, G421/18, G429/18, G430/18, G431/18, G432/18, G437/18,
G439/18, G440/18 and G442/18) isolated from organic plantations of strawberry and
deposited in the Laboratory of Molecular and Environmental Microbiology (LMEM) collec-
tion (Table 1). Additionally, the reaction was carried out with the mix of the non-targeted
DNA isolated from five strains of Botrytis spp. (G276/18, G277/18, G321/18, G322/18 and
GG323/18), five strains of Colletotrichum spp. (G168/18, G170/18, G171/18, G172/18 and
G274/18), and five strains of Verticillium spp. (G294/18, G296/18, G297 /18, G298, and
G299/18). Each of the representatives of non-targeted species was combined in an equal
amount into one Eppendorf tube, then 1 uL of the non-targeted DNA mixture was added
into reaction and run in identical conditions as targeted samples in biological triplicates.
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Table 2. Sequences of the primers designed for the LAMP assays for the detection of Phytophthora spp. and Phytophthora
cactorum (Patent applications P.437111 and P.437110, respectively).

Marker Target Primer Name * The Sequence of the Primer 5'-3' Concentration
Psp_Efla_F3 GTACTTCTTCACGGTCATTGA 02 uM
Psp_Efla_B3 GTACATGACAGACGAGTCG l
Pop_Efla_FIP AGCAACCACCAGFATGGC | CAC
Phtophihora s -BHa- CGTGACTTCATCAAGAA
yiop PP- Peo Efla BIP TyGArGCTGG 0.8 uM
SpEHa TATCTCCAAGGA | ACtATCATCTGCTTCACAC
Psp_Efla_LoopF CTGCGAGGTrCCCGTAATC 04 M
translation elongation Psp_Efla_LoopB TGCTTGCCTTCACYCTGG .
factor 1-o (EF1a) gene Pea Efla FIP AGCAACCACCAGGATGGC | CAC
catiia GTGACTTCATCAAGAA
Phytophthora TyGAAGCTGG 0.8 uM
cactorum Pca_Efla_BIP TATCTCCAAGGA | ACrATCATCTGCTTCA
CAC
Pca_Efla_LoopF CTGCGAGGTACCCGTAATC 04 uM
Pca_Efla_LoopB TGCTTGCCTTCACTCTGG ol

* Both sets of primers have the same F3 and B3 primer pair.

4.4, Detection Limit

To establish the detection limit for the optimized reactions, serial 10-fold dilutions of
the DNA isolated with three different isolation kits were prepared. Pure strain G408,/18
isolated with FastDNA Spin Kit for Feces kit and Plant & Fungi DNA Purification Kit DNA
concentrations of 300 pg/uL, 30 pg/uL, 3 pg/uL, 300 fg/uL, 30 fg/uL, and 3 fg/uL were
added into the reaction mixtures for Phytophthora spp. and Phytophthora cactorum assays
and fluorescent signal was measured during reactions. Additionally, electrophoresis in
the agarose gel (2%, 6 V/cm, 40 min) with Color Load (10 x, EURx, Gdansk, Poland) and
the Marker I (A&A Biotechnology, Gdynia, Poland) was conducted for the initial check of
results (Figure 4). Further, serial 10-fold dilutions of the G415/18, G416/18, and G417/18
strains isolated with PrepMan Ultra were made with sterilized DirectQ water. Starting
concentration of the DNA dilutions was 20 pg/uL and the lowest 20 fg/uL. Probit model
of the positive result of the detection of Phytophthora spp. and Phytophthora cactorum was
calculated using RStudio v.1.4.1103 with 43 observations for each assay.

4.5. Colorimetric Approach

To ensure the usefulness of the developed method for the detection of Phytophthora
spp. and Phytophthora cactorum pathogens outside well-equipped conditions, reaction with
undiluted strains G415/18, G416/18, and G417 /18 was carried out in the thermo-block
(ThermoStat Plus, Eppendorf AG, Hamburg, Germany) at 65 °C for 30 min. To improve
the visualization of the results with the naked eye, the reaction was conducted in 20 pL
and 1.5 pL of 10 times diluted SYBR Green I (ThermoFisher Scientific, Waltham, MA, USA)
was added after the reaction, as the dye inhibits the reaction. Reaction results were also
visualized on an agarose gel (2%, 6 V/cm, 40 min) and in UV light (Figure 4).

4.6. Validation of the Assay in Biological Samples from the Environment

As it is known, contaminants derived from biological samples from the environment
may co-isolate during the DNA extraction. The reaction verifying how the contaminants
of the DNA samples isolated from the environment may affect the effectiveness of the
reaction was performed. For this purpose, two samples of the DNA, isolated with MP
Biomedicals kit and EURx Plant and Fungi isolation kit from a pure sample of G408 /18 were
added into the environmental sample (recognized as not contaminated with Phytophthora
spp. beforehand) in 1:9 proportion. Additionally, pure samples of the G408/18 were
as well diluted 10-fold in sterile water. Then, the detection of Phytophthora spp. was
performed on four types of samples: pure strain isolated with EURx, a pure strain isolated
with MP, environmental sample contaminated with the G408/18 isolated with EURx,
and environmental sample contaminated with the G408 /18 isolated with MP. The results
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obtained during this step were then employed to decide if it is reasonable to increase the
length of the environmental assay due to loss of the reaction sensitivity.

Phytophthora spp.

>> Psp_Efla F3 >> <<
1 TGRAGTTCGAGTCCCCCAAGTACTTCTTCACGGTCATTGACGCCCCTGGT CATGA
1 ACTTCAAGCTCAGGGGGTTCATGAAGAAGTGCCAGTAACTGCGGGGACCAGTGGCACTGAAGTAGTTCTTGTACT

<Pca_Efla LoopF<< >Pca_Efla BIP 1
76 TTACGGGTACCTCGCAGGCCGACTGCGCCATCCTGGTGGTTGCTTCGGGCGTGGGTGAGTTYGARGCTGGTATCT
76 BATGCCCRTGGAGCGICCGGCTGAC NN ORCORRBER”. GCCCGCACCCACTCARRCTTCGACCATAGA

>> <Pca_Efla BIP 2 <<

151 CCRAGGAGGGCCAGACYCGTGAGCACGCTC! GTGTGARGCAGATGATCGTCGCCATCA
151 GGTTCCTCCCGGTCTGRGCACTCGTGCGAGACGAACGGAAGTGAGACCCACACTTCGTCTACTARCAGCGGTAGT

226 ACARGATGGACGACTCGTCTGTCATGTACGGCA
226 rerrcTaccT NN - T

Phytophthora cactorum

>> Psp_Efla F3  >> <<

1 TGRAGTTCGAGTCCCCCAAGTACTTCTTCACGGTCATTGACGCCCCTGGT) CATGA
1 ACTTCAAGCTCAGGGGGTTCATGAAGAAGTGCCAGTAACTGCGGGGACCAGTGGCACTGAAGTAGTTCTTGTACT
<Pca_Efla_ LoopF<< <<Pca_Efla FIP 1<< >Pca Efla BIP 1

76 TTACGGGTACCTCGCAGGCCGACTGCGCCATCCTGGTGGTTGCTTCGGGCGTGGGTGAGTTYGARGCTGGTATCT
76 BATGCCCATGGAGCGTCCGGCTGACGHEEINEERONBBMRBEA . GCCCGCACCCACTCAARCTTCGACCATAGA

>> <Pca_Efla BIP 2 <<
151 CCAAGGAGGGCCAGACYCGTGAGCACGCTC GTGTGAAGCAGATGATCGTCGCCATCA
151 GGTTCCTCCCGGTCTGRGCACTCGTGCGAGACGAACGGAAGTGAGACCCACACTTCGTCTACTARCAGCGGTAGT

226 ACAAGATGGACGACTCGTCTGTCATGTACGGCA
226 rerTCTACCT N, - T

Figure 7. The localization of primers in the fragment of EFlx gene chosen for detection of Phytophthora spp. and
Phytophthora cactorum on contig of sequences of Phytophthora spp. strains used for the design of primers.

For validation of the usefulness of the developed detection method and its potential
applicability, the assay was performed on 348 various biological samples from the environ-
ment derived from organic plantations of strawberries in July 2019 and 2020. The samples
collected in 2019 were divided into categories, according to the plantation (14 different
plantations), cultivars of strawberry: (Honey, Aprica, and Dipred), and type of the col-
lected sample (rhizosphere, bulk soil, strawberry roots, and shoots). Samples collected in
2020 were all samples of strawberry fruits. The information regarding collected biological
samples from the environment and positive results are gathered in Table S2.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ pathogens10111453/s1, Table S1: The time of detection-Td (minute of the reaction when
the maximum of 2nd derivative of normalized reporter value was reached), and Tm (melting
temperature) for positive reactions for Phytophthora spp. and Phytophthora cactorum; Table S2: Results
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of the detection of Phytophthora spp. and Phytophthora cactorum in environmental samples of organic
strawberry fields. samples collected in 2019 and 2020.
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5.3.3. Materialy uzupehiajace

Td PhytoplTd P. cactorum

1 G408_18 12.84 11.86
2 G409_18 14.76 12.82
3 G412_18 12.74 12.00
4 G413_18 13.92 13.09
5 G415_18 12.21 11.35
6 G416_18 14.49 13.17
7 G417_18 12.58 11.85
8 G418_18 12.84 12.18
9 G419_18 12.34
10 G420_18 12.75 11.47
11 G421_18 13.09 12.20
12 G429_18 12.43 12.32
13 G430_18 13.36 12.48
14 G431_18 11.82 11.49
15 G432_18 12.11 11.81
16 G437_18 13.67 12.84
17 G439_18 13.32 12.32
18 G440_18 13.83 13.85
19 G442_18 14.08 14.74

mean 13.16 12.43

SD 0.83 0.85

»Shining a LAMP” (Loop-Mediated Isothermal
Amplification) on the molecular detection of
Phytophthora spp. and Phytophthora cactorum in
strawberry fields

Dominika G. Siegieda, Jacek Panek and Magdalena Frac
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Tm Phytop

Tm P. cactorum

G408_18 90.05 90.05
G409 _18 89.87 89.87
G412_18 89.87 89.87
G413_18 89.68 89.50
G415_18 89.68 89.68
G416_18 89.87 89.68
G417_18 90.05 89.87
G418_18 90.05 90.05
G419_18 89.87 89.87
G420_18 89.87 89.87
G421_18 89.87 89.87
G429_18 89.68 89.68
G430_18 89.68 89.50
G431_18 89.87 89.68
G432_18 90.05 89.68
G437_18 90.05 89.87
G439 18 90.05 89.87
G440_18 89.87 89.68
G442_18 90.41 89.50
mean 89.92 89.77
SD 0.18 0.17
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Table. T1. Results of the detection of Phytophthora spp. and Phytophthora cactorum in environmental samples of organic strawberry fields. samples
collected in 2019 and 2020.
Sample Plantation | Coordinates Type of Type of Strawberry Time to Temperature Time to Temperature
number the the soil variety positive of melting positive of melting
sample Phytophthora | Phytophthora Phytophthora | Phytophthora
spp. spp. cactorum cactorum
385/19K | 4 N49°55.8617" roots chernozem | Aprica 23.28 91.09
E022°31.0445"
449/19K 10 N50°08.4584' roots acrisol Dipred 32.91 90.13
E023°00.1018'
45/19C Mean from | - bulk soil acrisol Aprica 16.69 89.57
plantation
11
478/19 13 N50°14.9756' | bulk soil regosol Aprica 90.15
E022°44.8757"
490/19 14 NS0°14.9203' | bulk soil nd Aprica 35.10 87.77
E022°44.8742"
48/19C Mean from | - bulk soil fluvisol Aprica and 66.05 88.14
plantations Honeoye
land2
1468/20 | 15 N51°35.7167° | fruit nd nd 54.13 88.22
E021°64.5414"
1469/20 15 N51°35.7167" fruit nd nd 80.40 88.96
E021°64.5414"
1472/20 15 N51°35.7167" fruit nd nd 86.23 89.14
ED21°64.5414"
1485/20 15 N51°35.7167' fruit nd nd 38.39 87.66
E021°64.5414"
1491/20 15 N51°35.7167" fruit nd nd 72.46 89.33
E021°64.5414"
1498/20 | 15 N51°35.7167" | fruit nd nd 80.96 88.96
E021°64.5414"
1505/20 | 15 N51°35.7167" | fruit nd nd 78.07 88.96
E021°64.5414"
1506/20 | 15 N51°35.7167" | fruit nd nd 84.41 88.96
E021°64.5414"
1508/20 15 N51°35.7167" fruit nd nd 81.19 89.14
E021°64.5414"
1522/20 |15 N51°35.7167° | fruit nd nd 81.88 88.96
E021°64.5414"
1632/20 15 N51°35.7167" fruit nd Rumba 66.67 90.32
E021°64.5414"
347/19 1 N50°07.8333' | rhizosphere | fluvisol Aprica
E022°37.5488'
348/19 1 N50°07.8263' bulk soil fluvisol Aprica
E022°37.5166"
349/19 1 N50°07.8212' rhizosphere | fluvisol Aprica
E022°37.4898"
350/19 1 N50°07.8201' bulk soil fluvisol Aprica
E022°37.4812"
351/19 1 N50°07.8185' rhizosphere | fluvisol Aprica
E022°37.4681"
352/19K |1 N50°07.8333' shoots fluvisol Aprica
E022°37.5488'
352/19L 1 N50°07.8333' roots fluvisol Aprica
E022°37.5488'
354/19K 1 N50°07.8212' shoots fluvisol Aprica
E022°37.4898"
354/19L |1 N50°07,8212' roots fluvisol Aprica
E022°37.4898'
356/19L 1 N50°07.8185' shoots fluvisol Aprica

E022°37.4681"
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356/29K 1 N50°07.8185' roots fluvisol Aprica
E022°37.4681"
337/19 2 N50°07.7870' bulk soil fluvisol Honeoye
E022°37.4886"
338/19 2 N50°07.7906' rhizosphere | fluvisol Honeoye
E022°37.4944'
339/19 2 N50°07.7941' bulk soil fluvisol Honeoye
E022°37.5015'
340/19 2 N50°07.7995' rhizosphere | fluvisol Honeoye
E022°37.5139"
341/19 2 N50°07.8080' bulk soil fluvisol Honeoye
E022°37.5417"
342/19€ | 2 N50°07.7870' roots fluvisol Honeoye
E022°37.4886'
342/19L |2 N50°07.7870' shoots fluvisol Honeoye
E022°37.4886"
343/19K 2 N50°07.7906' roots fluvisol Honeoye
E022°37.4944'
343/19L 2 N50°07.7906' shoots fluvisol Honeoye
E022°37.4944'
344/19K 2 N50°07.7941' roots fluvisol Honeoye
E022°37.5015"
344/19L |2 N50°07.7941' shoots fluvisol Honeoye
E022°37.5015'
357/19 3 N50°07.3774' rhizasphere | fluvisol Aprica
E022°36.8599"
358/19 3 N50°07.3881' bulk soil fluvisol Dipred
E022°36.8722"
359/19 3 N50°07.3955' rhizosphere | fluvisol Dipred
E022°36.8877"
360/19 3 N50°07.4071' bulk soil fluvisol Dipred
E022°36.9098"
361/19 3 N50°07.4200' rhizosphere | fluvisal Dipred
E022°36.9337"
362/19K 3 N50°07.3774' roots fluvisol Dipred
E022°36.8599"
362/19L 3 N50°07.3774' shoots fluvisol Dipred
E022°36.8599"
364/19K 3 N50°07.3955' roots fluvisol Dipred
E022°36.8877"
364/19L | 3 N50°07.3955' shoots fluvisol Dipred
E022°36.8877"
366/19K |3 N50°07.4200' roots fluvisol Dipred
E022°36.9337
366/19L 3 N50°07.4200' shoots. fluvisol Dipred
E022°36.9337"
53/19A Mean from | - bulk soil fluvisol Dipred
plantation
3
53/198 Mean from | - bulk soil fluvisol Dipred
plantation
3
53/19C Mean from | - bulk soil fluvisol Dipred
plantation
3
379/19 4 N49°55.8617' rhizosphere | chernozem | Aprica
E022°31.0445"
380/19 4 N49°55.8520' bulk soil chernozem Aprica
E022°31.0292"
381/19 4 N49°55.8339' thizosphere | chernozem | Aprica
E022°31.0084'
382/19 4 N49°55.8150' bulk soil chernozem | Aprica
E022°30.9833'
383/19 4 N49°55.7974' rhizosphere | chernozem | Aprica
E022°30.9677"
384/19 4 N49°55.7894' bulk soil chernozem | Aprica
E022°30.9533"
385/19L 4 N49°55.8617' shoots chernozem | Aprica
E022°31.0445'
387/19K | 4 N49°55.8339' roots chernozem | Aprica

E022°31.0084"
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387/19L 4 N49°55.8339' shoots chernozem | Aprica
E022°31.0084"
389/19K 4 N45°55.7974' roots chernozem | Aprica
E022°30.9677"
389/19L | 4 N49°55.7974' shoots chernozem | Aprica
E022°30.9677"
538/19A Mean from | - bulk soil acrisol Aprica
plantation
4
538/198 Mean from | - bulk soil acrisol Aprica
plantation
4
538/19C Mean from | - bulk soil acrisol Aprica
plantation
4
367/19 5 N49°57.3395' rhizosphere | cambisol Honeoye
E022°32.9881"
368/19 5 NA49°57,3488' bulk soil cambisol Honeoye
E022°32.9403'
369/19 5 N49°57.3610' rhizosphere | cambisol Honeoye
E022°32.8927'
370/19 5 N49°57.3695' bulk soil cambisol Honeoye
E022°32.8507"
371/19 5 N49°57.3825' rhizosphere | cambisol Honeoye
E022°32.7908"
372/19 5 N49°57.3880' bulk soil cambisol Honeoye
E022°32.7742"
373/19K 5 N49°57.3395' roots cambisol Honeoye
E022°32.9881'
373/19L 5 N49°57.3395' shoots cambisol Honeoye
E022°32.9881"
375/19K |5 N49°57.3610' roots cambisol Honeoye
E022°32.8927"
375/19L |5 N49°57.3610' shoots cambisol Honeoye
E022°32.8927"
377/19K 5 N49°57.3825' roots cambisol Honeoye
E022°32.7908"
377/19L 5 N45°57.3825' shoots cambisol Honeoye
E022°32.7908"
539/19A Mean - bulk soil acrisol Honeoye
plantation
5
539/198 Mean - bulk soil acrisol Honeoye
plantation
5
539/19C Mean - bulk soil acrisol Honeoye
plantation
5
391/19 6 N49°58.8536' rhizosphere | nd Honeoye
E022°39.4243'
392/19 6 N49°58.8490' bulk soil nd Honeoye
E022°39.4429"
393/19 6 N49°58.8406' rhizosphere | nd Honeoye
E022°39.4630'
394/19 6 N49°58.8330' bulk soil nd Honeoye
E022°39.4782'
395/19 6 N49°58.8262' rhizosphere | nd Honeoye
E022°39.4876"
396/19 6 N49°58.8160' bulk soil nd Honeoye
E022°39.5011"
397/19K 6 N49°58.8536' roots nd Honeoye
E022°39.4243'
397/19L 6 N49°58.8536' shoots nd Honeoye
E022°39.4243"
399/19K 6 N45°58.8406' roots nd Honeoye
E022°39.4630"
399/19L 6 N49°58.8406' shoots nd Honeoye
E022°39.4630"
401/19K | 6 N49°58.8262' roots nd Honeoye

E022°39.4876'
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401/19L 6 N49°58.8262' shoots nd Honeoye
E022°39.4876"

415/19 7 N45°50.9894' rhizosphere | nd Honeoye
E022°48.1942'

416/19 7 N49°50.9811' bulk soil nd Honeoye
E022°48.1870"

417/19 7 N49°50.9689' rhizosphere | nd Honeoye
E022°48.1791"

418/19 7 N49°50.9501' bulk soil nd Honeoye
E022°48.1661"

419/19 7 N49°50.9269' rhizosphere | nd Honeoye
E022°48.1535"

420/19 7 N49°50.9030' bulk soil nd Honeoye
E022°48.1427"

421/19€ |7 N49°50.9894' shoots nd Honeoye
E022°48.1942"

421/19L 7 N49°50.9894' roots nd Honeoye
E022°48.1942'

423/19K 7 N49°50.9689' shoots nd Honeoye
E022°48.1791"

423/19L 7 N45°50.9689' roots nd Honeoye
E022°48.1791"

425/19L 7 N49°50.9269' shoots nd Honeoye
E022°48.1535'

426/19K 7 N49°50.9269' roots nd Honeoye
E022°48.1535'

427/19 8 N49°50.9375' rhizosphere | nd Honeoye
E022°48.1501"

428/19 8 N49°50.9312' bulk soil nd Honeoye
E022°48.1438'

429/19 8 N49°50.9237' rhizosphere | nd Honeoye
E022°48.1383'

430/19 8 N49°50.9227" bulk soil nd Honeoye
E022°48.1366"

431/19 8 N49°50.9132' rhizosphere | nd Honeoye
E022°48.1280"

432/19 8 N49°50.9069' bulk soil nd Honeoye
E022°48.1229"

433/19K 8 N45°50.9375' roots nd Honeoye
E022°48.1501"

433/19L 8 N49°50.9375' shoots nd Honeoye
E022°48.1501"

435/19K | 8 N49°50,9237' roots nd Honeoye
E022°48.1383'

435/19L | 8 N49°50.9237" shoots nd Honeoye
E022°48.1383"

437/19K 8 N45°50.9132' roots nd Honeoye
ED22°48.1280"

437/19L 8 N49°50.9132' shoots nd Honeoye
E022°48.1280"

403/19 9 N49°50.9225' bulk soil nd Honeoye
E022°48.1597"

404/19 9 N49°50.9343' rhizosphere | nd Honeoye
E022°48.1676"

405/19 9 N49°50.9454' bulk soil nd Honeoye
E022°48.1765"

406/19 9 N49°50.9599' rhizosphere | nd Honeoye
E022°48.1877"

407/19 9 N49°50.9723' bulk soil nd Honeoye
E022°48.1978"

408/19 9 N49°50.9809' rhizosphere | nd Honeoye
E022°48.2039"

410/19K 9 N49°50.9343' roots nd Honeoye
E022°48.1676"

410/19L 9 N49°50.9343' shoots nd Honeoye
E022°48.1676"

412/19€ | 9 N49°50,9599' roots nd Honeoye
E022°48.1877"

412/19L |9 N49°50.9599' shoots nd Honeoye
E022°48.1877"

414/19K 9 N49°50.9809' roots nd Honeoye

E022°48.2039"
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414/19L 9 N49°50.9809' shoots nd Honeoye
E022°48.2039'
439/19 10 N50°08.5010' rhizosphere | acrisol Dipred
E023°00.1346'
440/19 10 N50°08.4844' bulk soil acrisol Dipred
E023°00.1220'
441/19 10 N50°08.4775"' | rhizosphere | acrisol Dipred
£023°00.1167"
442/19 10 N50°08.4652" bulk soil acrisol Dipred
£023°00.1084'
443/19 10 N50°08.4584' rhizosphere | acrisol Dipred
£023°00.1018'
444/19 10 N50°08.4585" bulk soil acrisol Dipred
E023°00.0963"
445/19K | 10 N50°08.5010' roots acrisol Dipred
E023°00.1346'
445/19L | 10 N50°08.5010' shoots acrisol Dipred
E023°00.1346'
447/19K | 10 N50°08.4775' roots acrisol Dipred
E023°00.1167"
447/19L 10 N50°08.4775' shoots acrisol Dipred
E023°00.1167"
449/19L | 10 N50°08.4584" shoots acrisol Dipred
E023°00.1018'
45/19A Mean from | - bulk soil acrisol Aprica
plantation
11
45/198 Mean from | - bulk soil acrisol Aprica
plantation
11
451/19 11 N50°08.4642" rhizosphere | acrisol Dipred
E023°00.0965'
452/19 11 N50°08.4802' bulk soil acrisol Dipred
£023°00.1045'
453/19 11 N50°08.4880' rhizesphere | acrisol Dipred
E023°00.1081"
454/19 11 50.141638, bulk soil acrisol Dipred
23.001876
455/19 11 50.141820 rhizosphere | acrisol Dipred
23.001952
456/19 11 N50°08,5164' bulk soil acrisol Dipred
E023°00.1201"
457/19K 11 N50°08.4642' roots acrisol Dipred
E023°00.0965"
457/19L 11 N50°08.4642' shoots acrisol Dipred
E023°00.0965"
459/19K | 11 N50°08,4880' roots acrisol Dipred
E023°00.1081"
459/19L 11 N50°08.4880' shoots acrisol Dipred
E023°00.1081"
461/19K 11 50.141820 roots acrisol Aprica
23.001952
461/19L 11 50.141820 shoots acrisol Aprica
23.001952
57/19A Mean from | - bulk soil acrisol Dipred
plantation
11
57/198B Mean from | - bulk soil acrisol Dipred
plantation
11
57/18C Mean from | - bulk soil acrisol Dipred
plantation
11
43/19A Mean from | - bulk soil acrisol Honeoye
plantation
12
43/198 Mean from | - bulk soil acrisol Honeoye
plantation
12
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43/18C Mean from | - bulk soil acrisol Honeoye
plantation
12

463/19 12 N50°08.9259' rhizosphere | acrisol Honeoye
E023°00.1276'

464/19 12 N50°08.9400' bulk soil acrisol Honeoye
E023°00.1382'

465/19 12 N50°08.9551' rhizosphere | acrisol Honeoye
E023°00.1541"

466/19 12 N50°08.9668' bulk soil acrisol Honeoye
E023°00.1659"

467/19 12 N50°08.9887' rhizosphere | acrisol Honeoye
E023°00.1803"

468/19 12 N50°09.0160' bulk soil acrisol Honeoye
E023°00.1975"

469/19K 12 N50°08.9259' roots acrisol Honeoye
E023°00.1276"

469/19L | 12 N50°08.9259' shoots acrisol Honeoye
E023°00.1276"

471/19k | 12 N50°08.9551' roots acrisol Honeoye
E023°00.1541"

471/19L 12 N50°08.9551' shoots acrisol Honeoye
E023°00.1541'

473/19K 12 N50°08.9887' roots acrisol Honeoye
E023°00.1803"

473/19L 12 N50°08.9887" shoots acrisol Honeoye
E023°00.1803"

475/19 13 N50°14.9959' rhizosphere | regosol Aprica
E022°44.8649'

476/19 13 N50°14.9931' bulk soil regosol Aprica
E022°44.8690'

477/19 13 N50°14.9841' rhizosphere | regosol Aprica
E022°44.8706'

479/19 13 N50°14.9756' rhizosphere | regosol Aprica
E022°44.8757"

480/19 13 N50°14.9683' bulk soil regosol Aprica
E022°44.8815'

481/19K 13 N50°14.9959' roots regosol Aprica
E022°44.8649"

481/19L 13 N50°14.9959' shoots regosol Aprica
E022°44.8649"

483/19K 13 N50°14.9841' roots regosol Aprica
E022°44.8706"

483/19L 13 N50°14.9841' shoots. regosol Aprica
E022°44.8706"

485/19K 13 N50°14.9722' roots regosol Aprica
E022°44.8806"

485/19L 13 N50°14.9722' shoots regosol Aprica
E022°44.8806"

487/19 14 N50°14.9445' rhizosphere Aprica
E022°44.8819"

488/19 14 50.248953, bulk soil Aprica
22747947

489/19 14 N50°14.9281' rhizosphere Aprica
E022°44.8763'

491/19 14 N50°14.9133' rhizosphere Aprica
E022°44.8697"

492/19 14 N50°14.9025' bulk soil Aprica
E022°44.8702"

493/19K 14 N50°14.9445' roots Aprica
E022°44.8819'

493/19L 14 N50°14.9445' shoots Aprica
E022°44.8819"

493/19L 14 N50°14.9281' shoots Aprica
E022°44.8763"

495/19K | 14 N50°14.9281' roots Aprica
E022°44.8763'

495/19L | 14 N50°14.9133' shoots Aprica
E022°44.8697"

497/19K 14 N50°14.9133' roots Aprica
E022°44.8697"
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48/19A Mean from | - bulk soil fluvisol Aprica and
plantations Honeoye
land2
48/198 Mean from | - bulk soil fluvisol Aprica and
plantations Honeoye
land2
32/19A Mean from | - bulk soil regasol Aprica
plantations
13and 14
55/19A Mean from | - bulk soil regosol Aprica
plantations
13and 14
55/198 Mean from | - bulk soil regosol Aprica
plantations
13 and 14
55/19C Mean from | - bulk soil regasol Aprica
plantations
13and 14
32/198 Mean from | - bulk soil regosol Aprica
plantations
13 and 14
32/18C Mean from | - bulk soil regosol Aprica
plantations
13 and 14
1470/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1471/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1473/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1474/20 | 15 N51°35.7167° | fruit nd nd
E021°64.5414"
1475/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°
1476/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1477/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"
1478/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1479/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1480/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"
1481/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"
1482/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"
1483/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1484/20 15 N51°35.7167" fruit nd nd
E021°64.5414
1486/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1487/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"
1488/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1489/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1490/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1492/20 | 15 N51°35.7167° | fruit nd nd
E021°64.5414"
1493/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414°
1494/20 15 N51°35.7167" fruit nd nd
E021°64.5414"
1495/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"
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1496/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1497/20 | 15 N51°35.7167° | fruit nd nd
E021°64.5414'

1499/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1500/20 |15 N51°35.7167° | fruit nd nd
E021°64.5414"

1501/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414'

1502/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1503/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1504/20 |15 N51°35.7167° | fruit nd nd
E021°64.5414"

1507/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414°

1508/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1510/20 15 N51°35.7167" fruit nd nd
E021°64.5414

1511/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1512/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1513/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1514/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1515/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1516/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1517/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1518/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1519/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414'

1520/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1521/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1523/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1524/20 | 15 N51°35.7167° | fruit nd nd
E021°64.5414'

1525/20 |15 N51°35.7167 fruit nd nd
E021°64.5414"

1526/20 |15 N51°35.7167° | fruit nd nd
E021°64.5414"

1527/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414°

1528/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1529/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1530/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1531/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414°

1532/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1533/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1534/20 |15 N51°35.7167" fruit nd nd
E021°64.5414"

1535/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1536/20 | 15 N51°35.7167° | fruit nd nd
E021°64.5414°
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1537/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1538/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414'

1539/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1540/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1541/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1542/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1543/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1544/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1545/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1546/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1547/20 15 N51°35.7167" fruit nd nd
E021°64.5414

1548/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1549/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1550/20 | 15 N51°35.7167 | fruit nd nd
E021°64.5414°

1551/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1552/20 |15 N51°35.7167" fruit nd nd
E021°64.5414"

1553/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1554/20 | 15 N51°35.7167 | fruit nd nd
E021°64.5414°

1555/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1556/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414'

1557/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1558/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1559/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1560/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414'

1561/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1562/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1563/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1564/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1565/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1566/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1567/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414°

1568/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1569/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1570/20 | 15 N51°35.7167" fruit nd nd
E021°64.5414"

1571/20 |15 N51°35.7167" | fruit nd nd
E021°64.5414"

1572/20 15 N51°35.7167" fruit nd nd
E021°64.5414°
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1573/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1574/20 | 15 N51°35.7167" | fruit nd nd
E021°64.5414"

1575/20 15 N51°35.7167" fruit nd nd
E021°64.5414°

1576/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1577/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1578/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1579/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1580/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1581/20 15 N51°35.7167" fruit nd nd
E021°64.5414"

1624/20 | 15 N51°35.7167" | fruit nd Honeoye
E021°64.5414"

1625/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1626/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"

1627/20 | 15 N51°35.7167° | fruit nd Honeoye
E021°64.5414"

1628/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1629/20 | 15 N51°35.7167" | fruit nd Rumba
E021°64.5414"

1630/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414°

1631/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1633/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414"

1634/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1635/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"

1636/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414"

1637/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1638/20 | 15 N51°35.7167" | fruit nd Rumba
E021°64.5414"

1639/20 | 15 N51°35.7167° | fruit nd Honeoye
E021°64.5414"

1640/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1641/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"

1642/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414"

1643/20 | 15 N51°35.7167" | fruit nd Vibrant
E021°64.5414"

1644/20 | 15 N51°35.7167" fruit nd Rumba
E021°64.5414"

1645/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414"

1646/20 | 15 N51°35.7167" | fruit nd Vibrant
E021°64.5414

1647/20 | 15 N51°35.7167" | fruit nd Rumba
E021°64.5414"

1648/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"

1649/20 | 15 N51°35.7167" fruit nd Honeoye
E021°64.5414°

1650/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"

1651/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414"
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1652/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"
1653/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"
1654/20 | 15 N51°35.7167" | fruit nd Honeoye
E021°64.5414°
1655/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"
1656/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"
1657/20 15 N51°35.7167" fruit nd Honeoye
£021°64.5414'
1658/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"
1659/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"
1660/20 15 N51°35.7167" fruit nd Honeoye
E021°64.5414
1661/20 | 15 N51°35.7167 | fruit nd Vibrant
E021°64.5414"
1662/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"
1663/20 | 15 N51°35.7167" | fruit nd Honeoye
E021°64.5414"
1664/20 15 N51°35.7167" fruit nd Vibrant
E021°64.5414"
1665/20 15 N51°35.7167" fruit nd Rumba
E021°64.5414"
2019 192 4 4 13 13
2020 156
SUM 331 percentage 1% 4%
Time to Temperature Time to Temperature
positive of melting positive of melting
Phytophthora | Phytophthora Phytophthora | Phytophthora
SPP. Spp. cactorum cactorum
max 66.67 90.32 86.23 91.09
min 35.10 87.77 16.69 87.66
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Plant and soil health in organic plantations of strawberry -
mycobiome biodiversity, fungal trophic modes and

networks
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ABSTRACT: Sustainability is the objective to which modern agriculture is aspiring, as it promises high
yields without degrading the environment with chemical pesticides and utilizes waste in a more sensible
manner. Modern methods of studying the differences between diseased and healthy plant fungal
microbiome composition, such as metataxonomic analysis, allow to understand the interactions between
mycobiota and the plant host. This allows to apply this knowledge in a relevant way by development of
effective biopreparations that stimulate growth of crops. We aimed to reveal characteristic differences
between the mycobiome of 4 types of environmental samples (bulk soil, rhizosphere soil, roots and
shoots) that we collected in healthy and diseased 13 organic plantations of strawberry. We compared
alpha diversity of the mycobiome, composition of fungal trophic modes and also mycobial networks in
the samples. The results indicated that alpha diversity of the mycobiome is less important in shaping
plant health than particular fungal trophic mode composition in the samples. We demonstrated that not

only the most abundant fungal taxa shaped the health of the plant, proving that scarce taxa should not
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be neglected in analyzing the mycobiome. The results also suggests, that fungal communities in healthy
soil, rhizosphere soil, roots and shoots collected from healthy strawberry plantations create more stable

and steady networks, having higher resistance, compared to those from unhealthy plantations.

KEYWORDS: Illumina Miseq, mycobiome, ITS1 metabarcoding, organic strawberries,

metataxonomy, soil and plant health
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1. INTRODUCTION

As it has been proven many times (De Souza et al., 2016; Fotios et al., 2021; Xiong et al., 2021,
2020; Xu et al., 2018), plants are certainly not axenic organisms. Microbiome inhabiting inside as well
as outside surface of plants” organs plays an important role of ensuring the balance between the plant
and the environment, by affecting the host in many ways (Busby et al., 2017; Lazcano et al., 2021). The
influence of bacteria and fungi on agricultural plants had been already studied for many important
species (Hannula et al., 2021; Macik et al., 2021; Neupane et al., 2021; Xu et al., 2018) and some of the
research suggest that mycobiota structure - fungal communities interacting with the plant - can be a good
predictor of plant and soil health (Frac et al., 2021, 2018; Schlatter et al., 2022). Unfortunately,
understanding fungal relationships in soil and rhizosphere, as well as their impact on plants had been
studied only minimally in the research when compared to bacteria in agricultural sciences, likely due to

the complexity of the biology of fungal organisms.

Culture-independent methods of determining the microbiome composition in soils and agricultural
plantations are crucial, because vast majority of soil microorganisms are unculturable in laboratory
conditions (Vartoukian et al., 2010). Also, using molecular detection methods, such as Polymerase
Chain Reaction (PCR) (Pertile et al., 2020; Saiki et al., 1988), real-time PCR (Higuchi et al., 1993, 1992,
Ippolito et al., 2004; Suarez et al., 2005; Tzelepis et al., 2017) or Loop-Mediated Isothermal
Amplification (LAMP) (Notomi et al., 2000; Panek and Frac, 2019; Siegieda et al., 2021; Yamamoto et
al., 2014) that are targeted against specific pathogens, or with multiplexed reaction up to three pathogens
in one reaction (Liao et al., 2018; Malarczyk et al., 2020), does not allow to determine the complete
composition of the microorganisms present in the sample. Nonetheless, high-throughput sequencing
techniques, such as: Illumina Sequencing-by-synthesis (Hannula et al., 2021; Mirmajlessi et al., 2018),
Oxford Nanopore (Kong et al., 2021; LeBlanc, 2022) or Single Molecule, Real-Time (SMRT)
sequencing by PacBio (Banerjee et al., 2019; Dirks and Jackson, 2020), are applied more frequently in
the research of fungal and bacterial communities of plants, allowing to further investigate the structure

of the microorganisms in the samples.
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Europe holds nearly half of the worlds harvesting area of soft fruits such as: strawberry, blueberry
and raspberry (“FAOSTAT,” 2022). What is worth noting, nearly fifth of the berry production in
European Union is organic (Lenroud and Willer, 2018). Importantly, strawberry, as a fruit with thin cell
wall is especially exposed to pathogenic microorganisms that can penetrate the wall with ease.
Therefore, strawberry fruit with highly susceptibility to microbial infections loose very rapidly its
quality after harvest (Cybulska et al.,, 2022). Thus, understanding the optimal composition of
microorganisms that promote healthy growth and yield of these crops is very important from the point
of view of both, scientists and farmers. Organic agriculture is getting more important in Europe and in
the world (Willer and Lernoud, 2018), as it opens the possibility to recover natural biodiversity of the
environment, allowing to use only sparse amount of chemical pesticides or to entirely exclude them
from the production. European Union announced in 2020 the European Green Deal (European
Commission, 2019), that aims to implement United Nation’s 2030 Agenda (“United nations general
assembly. Transforming our world: the 2030 Agenda for Sustainable Development.,” 2015) and
sustainable development goals. Initiatives such as: EU Biodiversity Strategy for 2030, focuses on
increasing the area of organic farming and reducing pesticide usage in European Union, and Farm to
Fork Strategy (European Commission, 2020) - a fair, healthy and environmentally friendly food system,
aims to accelerate transition to sustainable food production. Moreover, biodiversity in food and
agriculture sector includes the diversity of microorganisms at the genetic, species and ecosystem levels
that sustain the structure, functions and processes of production systems. The biodiversity can be
managed also by farmers through both - human activities and natural processes. However, this approach
needs a comprehensive understanding of the state and considering of all components of the value chain
and developing the rules for environment monitoring based on the biological indicators relating to
microbial, especially fungal biodiversity, because healthy ecosystems are essential to increase resilience
and sustainable agricultural production. Therefore, biodiversity maintenance and monitoring is very
important also in the organic cultivation of soft fruits. Thus, the main goal of the study was to select the
relevant indicator for monitoring of soils microbial diversity as ecosystem health marker in the soft fruits
organic cultivations, taking into account especially fungal microbiome, in order to propose an approach
that is the most significant in determination of soil status to set up the new plantations of soft fruits in

4
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the organic cultivation and to monitor their quality with both soil and plants, including rhizosphere and

bulk soil, roots, and shoots.

We hypothesized that (1) alpha diversity of diseased strawberry plants is significantly lower than
alpha-diversity in healthy plants, (2) strawberry plants that have visible symptoms of the disease differ
in overall mycobiome composition from healthy strawberries and the main drivers are the fungi
belonging to pathotrophs trophic mode. Also, we hypothesized that (3) health status of different types
of samples (bulk soil, rhizosphere, roots and shoots), derived from organic plantations of strawberry,
affect overall structure of microbial networks within those groups. The evaluation of the hypotheses was
made based on 3 strawberry cultivars (Aprica, Dipred, Honeoye) of healthy and unhealthy organic
strawberry plantations, that were established on different types of soil (acrisol, fluvisol, sandy compact,
sandy loose and brown soil) and in different locations (13 plantations). Plantations were also divided
between different cultivation systems: on raised beds with agrotextile and flat-planting method without
agrotextile and with straw mulch. Finally, we examined plantations that were equipped with an
automatic irrigation system and were not. For the evaluation of the fungal community composition, we
used ITS1 region amplicon sequencing and bioinformatical tools such as QIIME2 and statistical

analyses conducted in RStudio.

2. MATERIAL AND METHODS

2.1 Sample acquisition

Environmental samples, containing strawberry roots, shoots, rhizosphere (soil adhering to the roots
after shaking), and bulk soil (0-20 cm), were collected after the fruiting season in 2019, from organic
plantations of strawberry located in south east Poland. The information regarding plantation, soil and
cultivation type, strawberry cultivar and irrigation system and elemental composition of soils was
gathered in the Supplementary table 1. Samples coming from the plantations with visible symptoms of
disease, such as: leaf discoloration, necrosis and plant wilting were assigned to unhealthy group and
samples from plantations without symptoms of the disease were left in healthy group. Collected samples
were immediately put in cooling conditions, and after transportation into the research facility, frozen at

-75°C before isolation of the DNA.
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2.2 DNA extraction

The environmental, epiphyte and endophyte DNA was isolated with modified FastDNA Spin Kit
for Feces kit (MP Biomedicals, Solon, OH, USA) procedure, that we nicknamed ‘FasterPrep’. For this
purpose, we put frozen samples at 4°C for 24 hours, and then we put 500 mg of the biological material
into the Lysing Matrix Tube with 800 uL Sodium Phosphate Buffer and 200 pL of PLS Solution, shook
to mix and vortexed 10-15 seconds. Then, after centrifuging at 14,000 x g for 5 minutes, we decanted
supernatant and added 900 pL and 110 pL of Sodium Phosphate Buffer and MT Buffer, respectively.
After quick vortex, we homogenised the samples with the Fast-Prep-24 instrument (MP Biomedicals,
Solon, OH, USA) for 40 seconds with 6 m/s and centrifuged at 14,000 x g for 15 minutes. We then
transferred the supernatant to clean 2 pL centrifuge tube and added 250 puL of PPS solution, shook to
mix (no vortex!) and incubated 10 minutes at 4 °C. In the meantime, we prepared new 2 mL tubes with
500 pL of Binding Matrix Solution. After the incubation, we centrifuged at 14,000 x g for 2 minutes
and transferred the supernatant to prepared tubes and placed on shaker for 3-5 minutes. After the 2-
minute centrifuge at 14,000 x g, we decanted supernatant and washed the pellet by resuspending it with
500 pL of Wash Buffer #1. We then again placed the samples on the shook for 3-5 minutes and
transferred 600 pL of the binding mixture to a SPIN Filter tube and centrifuged at 14,000 x g for 1
minute and emptied the catch tube. Next, we added 500 pL of prepared Wash Buffer #2 to the SPIN
Filter tube and centrifuged at 14,000 for 5 minutes and discarded the flow-through. We then again
repeated adding the 500 pL of Wash Buffer #2, centrifuging and discarding the flow-through. Finally,
we again centrifuged the samples in 14,000 x g for 5 minutes to discard residual ethanol from the Wash
Buffer #2. Then we transferred SPIN Filter bucket into new 1.5 pL tube and added 100 pL of TES onto
the filter and resuspended with the pipette. Then, we incubated at room temperature for 2 minutes,
centrifuged at 14,000 x g for 2 minutes and discarded the SPIN filter. We the stored the genetic material

at -22°C until used.

2.3 Amplicon sequencing analysis
We prepared the library by amplification of marker genes and indexing amplicons with adapters

complimentary to MiSeq flowcell and barcodes. We amplified the ITS1 (Schoch et al., 2012) fragment
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of the fungal DNA for the identification of fungi present in the samples, with primers gathered in
Supplementary Table 2, as proposed by Bellemain (Bellemain et al., 2010) and Fungal Metagenomic
Sequencing Protocol by Illumina (Illumina, 2019). We used KAPA HiFi HotStart ReadyMix (Kapa
Biosystems, Cape Town, South Africa) for the amplification. We chose conditions as follows: 95°C for
3 minutes of initial denaturation and 35 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C
for 60 seconds with final step in 72°C for 5 minutes. We then purified obtained amplicons using
magnetic beads CleanNGS (CleanNA, Netherlands, Gouda). We indexed the samples with Illumina
sequencing adapters (Illumina Nextera set a, b and c) with the following program: 95°C for 3 minutes
and 10 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 60 seconds with final step in
72°C for 5 minutes. Prior the quantification on the Quantus fluorometer with QuantiFluor® ONE
reagents (Promega, Madison, WI, USA), we purified the samples with magnetic beads and checked the
library size with D1000 DNA ScreenTape on TapeStation 4150 (Agilent Technologies Inc., Santa Clara,
USA). Next, we diluted the samples to the same concentration with PCR grade water and pooled the
samples. The final concentration of pooled libraries was 8 pM. We then sequenced the libraries with
lumina MiSeq platform (2x300 paired-end) with 15% PhiX as an internal positive quality control

(Illumina, San Diego, CA, USA).

2.4 Bioinformatical and statistical analysis

We performed initial processing and analysing of the data in QIIME2 (Quantitative Insights Into
Microbial Ecology) environment (version 2020.11) (Bolyen et al., 2019) in Linux shell (Ubuntu ver.
20.04.3 LTS). We used ITSxpress (Rivers et al., 2018) for the primer trimming and DADA?2 (Divisive
Amplicon Denoising Algorithm v. 2) (Callahan et al., 2016) for denoising, removing chimeras (method:
consensus and minimal fold parent over abundance parameter set to 12), merging and Amplicon
Sequence Variant (ASV)(Callahan et al., 2017) calling. We assigned the taxonomy with Scikit-learn
(sklearn) classifier (Pedregosa et al., 2011) trained on UNITE 8.3 database (Abarenkov et al., 2021)
(ver. dynamic, 98.5% similarity level) (Koljalg et al., 2020; Nilsson et al., 2019). We also used
FUNGuild tool to taxonomically parse fungal ASVs by ecological guild (Nguyen et al., 2016). Then,

we further analysed the results and produced figures with R language (v. 4.0.3) in RStudio (v.1.4.1103)
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(R Studio Team) with phyloseq (v. 1.34.0)(McMurdie and Holmes, 2013), microbiome (v. 1.12.0)(Lahti
et al., 2017), DESeq2 (v. 1.30.1)(Love et al., 2014), NetCoMi (v. 1.0.2)(Peschel et al., 2021),
microbiomeutilities (v. 1.00.16) (Shetty and Lahti, 2020), metagMisc (v. 0.0.4)(Mikryukov, 2022),
eulerr (v. 6.1.1 ) (Larsson, 2021), genefilter (Gentleman et al., 2021) (v. 1.76.0) and ggplot2 (v. 3.3.5)
(Wickham, 2008) packages. First, we constructed the fungal ASV-based phyloseq object with
taxonomy, OTU count and metadata tables, and that phyloseq object was used as an input for most of
the R-based analyses. We calculated the ENS (Effective Number of Species) (Jost, 2006) a-diversity
measure by ‘estimate richness’ command from phyloseq package, and calculated exponential of
Shannon entropy index. Then, we calculated if this index differ between healthy and unhealthy samples
for all types of samples and each sample type (roots, shoots, rhizosphere and bulk soil) individually. For
the groups where the healthy and unhealthy subgroups were characterised by normal distribution
(verified by Shapiro-Wilk test; ‘shapiro.test’ command) and no difference in variances (F-test; “var.test’
command) (all samples together, roots, soil samples), we used unpaired Two-Sample T-test with ‘t.test’
command. For the rhizosphere samples, where the assumption of equal variances of ENS between
healthy and unhealthy samples was violated, we performed Welch’s ANOVA with ‘oneway.test’
command. Finally, for the shoot samples, where we detected not-normal distribution within healthy and
unhealthy samples, we used two-samples Wilcoxon test with ‘wilcox.test’ command. When the final
result of p-value < 0.05, we deducted significant differences between health status” ENS in the samples.
For B-diversity of fungal microbiome analysis, we used PCoA (Principal Coordinates
Analysis/Multidimensional Scaling) method with Bray-Curtis algorithm-based matrix. We also
performed Permutational multivariate analysis of variance (PERMANOVA) with the ‘adonis’ command
from vegan (v. 2.5-7) (Oksanen et al., 2007) R package with 9999 permutations to assess -diversity
differences between sample type and health status of the strawberry samples, for all types of sample
collectively, and each sample type separately. We used ‘betadisper’ and ‘anova’ to investigate
homogeneity of the variances between groups and pairwise PERMANOVA (9999 permutations,
adjustment method: Benjamini & Hochberg) to reveal differences between each pair of sample types.
Next, we compared median abundances of trophic modes between healthy and unhealthy groups for all
types of samples altogether as well as for each sample type individually with Kruskal-Wallis test

8
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(‘kruskal.test’) and adjusted p-values (‘p.adjust’) with Benjamini & Hochberg (BH) method. For
detection of differentially abundant taxa based on the negative binomial (Gamma-Poison) distribution,
we used DESeq2 package with Wald significance tests and parametric type of fitting of dispersions to
the mean intensity. To detect core species for healthy and unhealthy samples in each sample type, we
used phyloseq object aggregated to species level and ‘core_memebers’ command from microbiome
package with detection set to 0.001 and prevalence at 95%. For the comparison of fungal microbial
association networks on species level in healthy and unhealthy samples we used NetCoMi (v. 1.0.2)
package (Peschel et al., 2021) and phyloseq object as an input. We constructed the network with Pearson
correlations, with zero handling by pseudo count and normalization with centered log-ratio
transformation. We kept taxa with at least 200 reads and used three centrality measures: degree,

betweenness and closeness.

3. RESULTS AND DISCUSSION

3.1 Fungal microbiome

After initial cleaning of the phyloseq object, where we discarded all of the ASVs that were assigned
to kingdoms different than Fungi and Stramenopiles, and discarding two samples that had less than
1,000 reads, we obtained 9,085,062 reads (average: 60,164.5 per sample and 607.412 per ASV),
clustered in 14,957 different ASVs from 151 samples of bulk soil, rhizosphere, roots and shoots
collected from organic plantations of strawberries analysed. Plateau of rarefaction curves was reached
in all of the samples, which suggests, that the diversity of fungi was covered adequately (Fig.1).
Generally, the mycobiome of studied samples was composed mainly of Ascomycota (mean: 69.22%
range: 34.6% - 93.53%) and Basidiomycota (mean: 22.43%, range: 3.53% - 63.27%), and were
consistent with results obtained by other teams (Huang et al., 2018; Mirmajlessi et al., 2018). Those two
dominant phyla were followed by Morteriellomycota (mean: 5.53%, range: 0% - 24.58%), unclassified
Fungi (mean: 1.9%, range: 0% - 12.79%), Chytridiomycota (mean: 0.41%, range: 0% - 4.64%) and
Mucoromycota (mean: 0.22%, range: 0% - 5.24%), and remaining phyla that made 4.29% of relative
abundance in analysed samples were: Rozellomycota, Glomeromycota, Zoopagomycota, Oomycota,

Kickxellomycota, Basidiobolomycota, Olpidiomycota, Aphelidiomycota, Monoblepharomycota,
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Blastocladiomycota,  Entomophthoromycota, unclassified Stramenopiles and  Ochrophyta
(Supplementary Table 1). The structure and abundance of 70 most frequent taxa present in all samples

is showed in the Figure 1.

As first, rapid analysis aiming to differentiate healthy and unhealthy samples, we compared
mean abundance of 8 most abundant fungal phyla in each sample type separately (Supplementary Figure
2, Supplementary Table 3). As expected, we did not find many significant differences, but interestingly,
in bulk soil, Chytridiomycota and Zoopagomycota were more abundant in unhealthy samples, in
rhizosphere, we found that Mucoromycota was less abundant and Zoopagomycota was more abundant

in unhealthy samples. However, for roots and shoots, we did not find significant differences.

3.2 Alpha and beta diversity of fungal communities

Some studies suggest, that high microbial diversity improves the stability of the community
(Delgado-Baquerizo et al., 2016; Lefcheck et al., 2015). In our study, for the determination of microbial
diversity, we used Effective Number of Species (ENS) measure, as the most frequently used in soil
microbiology indexes - Shannon entropy and Gini-Simpson index are characterised by important
disadvantages (Jost et al., 2010). We found significant differences between mean of ENS only between
two healthy Plantations - 5 and 10 (Supplementary Figure 3, Supplementary Table 6). Then we checked
how the health status of the strawberry influences the microbial diversity, by comparing ENS in all
samples and each sample type independently (Figure 2A). Statistical analysis revealed, that the health
status did not influence the a-diversity of the fungal communities when all samples were considered
together (p-value > 0.05) as well as for rhizosphere (p-value > 0.05) and shoot samples (p-value > 0.05)
(even though the disease symptoms were visible in shoots) and these results were coherent with healthy
and diseased rhizosphere of tomato from recent study (Xiong et al., 2020). Nonetheless, the a-diversity
measure was significantly lower in unhealthy root samples (p-value < 0.05). Surprisingly, o-diversity
was significantly higher in unhealthy samples of bulk soil (Fig. 2, p-value < 0.05), which is opposite
what was found in watermelon cultivation attacked by Fusarium (Wang et al., 2019). When all samples
were considered together in B-diversity analysis, PCoA plot and pairwise PERMANOVA revealed that

rhizosphere and soil samples have clustered into a one group for sample type (rhizosphere+bulk soil,

10
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roots and shoots) (Fig. 2 B). Then, PCoA plot showed no clustering when it comes to health status of
the sample (Fig. 2 C). We then estimated statistical significance of the observed community composition
with the PERMANOVA analysis. As the result, we confirmed statistical difference between both,
sample types and health status, and they explained 24.7% and 4.9% data variance, respectively.
However, group dispersion were not homogenous in both tested combinations. Then, we proceeded with
PCoA plots for each type of sample individually, by health status. PERMANOVA analysis revealed,
that in all sample type groups - rhizosphere, shoots, roots and bulk soil, community composition was
different between healthy and unhealthy samples and explained 4,7%, 4.9%, 3.6% and 5.2% of sample
variability, respectively. However, only shoot and root samples showed homogenous group dispersions

between health status (Fig. 2 D) (Supplementary table 4 - PERMANOVA and pairwise PERMANOVA).

3.3 Trophic mode, core microbiota, differential abundance analysis and most abundant fungal
genera

We then investigated differences in medians of relative abundances of fungal microorganisms
assigned to 6 trophic modes: symbiotroph, saprotroph-symbiotroph, saprotroph, pathotroph-
symbiotroph, pathotroph-saprotroph-symbiotroph, pathotroph-saprotroph and pathotroph between
healthy and unhealthy strawberry samples (Fig. 3), using FUNGuild database (Nguyen et al., 2016). We
discarded from the analysis all ASVs that failed to parse with trophic mode and we used only ASVs that
were ranked as Probable and Highly Probable, as recommended by the creator of the database. When
all types of samples were considered altogether, only median relative abundance of pathotroph-
symbiotroph taxa were lower in healthy samples (p-value < 0.05). In healthy soil samples, taxa classified
as pathotroph-symbiotroph and pathotroph-saprotroph-symbiotroph were less numerous compared to
unhealthy soil samples (p-value < 0.05). We found that this situation was caused by higher abundance
of mixed fungal trophic modes of pathotroph-symbiotroph and pathotroph-saprotroph-symbiotroph in
unhealthy soil samples. It is likely that these microorganisms acted mainly as pathotrophs in these
samples of soil. The alpha diversity equilibrium between healthy and diseased samples in all samples
altogether, in rhizosphere and shoots was disrupted in the soil from plantations where the disease on

plants had developed. This is an evident, that species diversity is not unconditionally an indicator of the
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community stability, and particular composition of mycobial diversity is a main driver of plant health.
For rhizosphere, roots and shoots samples we did not note any significance differences between healthy
and unhealthy samples. Root samples, on the other side, were characterised by higher alpha diversity in
healthy samples, but no significant differences between trophic modes were detected - there has been a
more balanced change in the composition of the microorganisms. The decrease in diversity of the root

mycobiome was in line with the findings of Wu’s team on wheat (Wu et al., 2021).

Establishing core fungal taxa in the complicated community of microbiome of plant is crucial for
better understanding critical components of the communities. We identified core mycobiome for healthy
and unhealthy samples for each type of sample (bulk soil, rhizosphere, shoots, roots) individually (Fig.
4., Supplementary table 5). Core species were defined as species present in at least 95% of samples and
with 0.1% of relative abundance in the sample. In bulk soil samples (Fig. 4 A) we did not identify core
species in healthy plantations, nonetheless, 27 species were core for unhealthy plantations
(Cladosporium sp., Devriesia sp., unclassified Capnodiales, Pleotrichocladium opacum, Alternaria
angustiovoidea, Exophiala equina, unclassified Chaetomellaceae, Tetracladium sp., Cadophora luteo-
olivacea, unclassified Sclerotiniaceae, unclassified Helotiales, Phialocephala humicola, Chloridium
aseptatum, unclassified Chaetosphaeriaceae, Plectosphaerella  niemeijerarum, unclassified
Clonostachys, Monocillium griseo-ochraceum, Trichoderma parapiluliferum, Trichoderma virilente,
Trichoderma sp., Acremonium furcatum, Acremonium rutilum, Fusarium sp., Fusicolla sp., Mariannaea
punicea, unclassified Nectriaceae, unclassified Hypocreales, unlassified Chaetomium, unclassified
Chaetomiaceae, unclassified Lasiosphaeriaceae, unclassified Ascomycota, Tausonia pullulans,
Solicoccozyma terricola, Solicoccozyma sp., Saitozyma sp., Mortierella gamsii, Mortierella polygonia,
Mortierella sp., unclassified Fungi) and 12 were common core taxa in healthy and unhealthy plantations
(Cladosporium sp., Exophiala equina, Trichoderma virilente, Acremonium furcatum, unclassified
Nectriaceae, unclassified Chaetomiaceae, unclassified Ascomycota, Solicoccozyma terricola,
Solicoccozyma sp., Saitozyma sp., Mortierella gamsii, unclassified Fungi). For rhizosphere samples
(Fig 4B), we identified 1 (Cadophora luteo-olivacea), 14 (unclassified Capnodiales, unclassified

Didymellaceae, Alternaria angustiovoidea, unclassified Helotiales, Chloridium aseptatum, unclassified
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Clonostachys, Trichoderma parapiluliferum, Trichoderma virilente, Trichoderma sp., Acremonium
rutilum, Fusicolla sp., unclassified Hypocreales, unclassified Ascomycota, Saitozyma sp.) and 13
species (Cladosporium sp., Exophiala equina, Tetracladium sp., Plectosphaerella niemeijerarum,
Acremonium  furcatum, Fusarium sp., unclassified Nectriaceae, unclassified Chaetomiaceae,
Solicoccozyma terricola, Solicoccozyma sp., Mortierella gamsii, Mortierella sp., unclassified Fungi)
characteristic for healthy, unhealthy and common for healthy and unhealthy samples, respectively.
Continuing, healthy roots samples (Fig. 4C) were composed of 2 core fungal species (Alternaria
angustiovoidea and Gnomoniopsis fructicola), unhealthy of 4 (Unclassified Helotiales, Plectosphaerella
niemeijerarum, Fusarium sp. and Filobasidium chernovii); and 8 species were common for healthy and
unhealthy plantations (Cladosporium exasperatum, Cladosporium sp., unclassified Capnodiales,
Cadophora luteo-olivacea, unclassified Sclerotiniaceae, Vishniacozyma sp., Vishniacozyma victoriae,
unclassified Fungi). Finally, healthy shoots (Fig.4D) had 5 core species (Unclassified
Mycosphaerellaceae, Alternaria sp., Cadophora luteo-olivacea, Sporobolomyces roseus, Udeniomyces
pyricola), 3 (Didymella sp., Gnomoniopsis fructicola, Unclassified Filobasidiaceae) in unhealthy and
12 common for healthy and unhealthy (Cladosporium exasperatum, Cladosporium sp., unclassified
Capnodiales, unclassified Aureobasidium, Epicoccum sp., Alternaria angustiovoidea, unclassified
Sclerotiniaceae, Cystofilobasidium macerans, Filobasidium chernovii, Holtermanniella nyarrowii,

Vishniacozyma sp., Vishniacozyma victoriae).

We found that unhealthy samples of soil, rhizosphere, roots and all samples altogether had more
taxa that belonged to core community, similarly to study conducted on pea (Hossain et al., 2021).
Previous study report, that core taxa are in line with the dominant taxa in the microbiome communities
(Yang et al., 2020), but present study suggest, that this is not the case for organic strawberry mycobiome.
Even though some of the taxa that were most abundant belonged to core taxa, it was not the case for
some of the microorganisms, which suggests, that less abundant fungi are also very important factors
that shape fungal communities and cannot be neglected when analysing them. In the other hand,
Cladosporium sp. is an important taxon that was one of the 20 most abundant species and core taxon of

both, healthy and unhealthy and each type of sample. What is worth noting, this taxon had been also

13

-179 -



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

reported as core fungus in other plant species (Hamonts et al., 2018), suggesting that it is a key member
of microbiome of plants. When it comes to different core taxa, we also identified a number of fungi that
could not be recognized to higher taxa levels - strawberry mycobiome composed of both, taxa that are
well known and taxa poorly characterizing or even unknown, which is in line with other studies (De

Souza et al., 2016; Hamonts et al., 2018).

After determining core mycobiome, we performed differential abundance analysis between healthy
and unhealthy samples for each type of sample individually (Fig. 5). In bulk soil samples, we identified
14 different genera that were differentially abundant between healthy and unhealthy samples, from
which 8 were more abundant in healthy samples, and 6 were more abundant in unhealthy samples, 10
were pathotrophs (Coniochaeta sp., Coprinellus sp., Volutella sp., Acremonium sp., Paraphaeoshaeria
sp., Trichoderma sp., Pseudozyma sp., Dactylaria sp.,) and 2 - Rhizoctonia sp. and Alternaria sp. were
a typical strawberry pathogen (Garrido et al., 2011). Less abundant in unhealthy shoots Dioszegia
saprotrophic yeasts were also noted to be less abundant in fungicide treated leaves than fungicide-free
wheat (Karlsson et al., 2014). Next, also less abundant Talaromyces are also reported to as antagonists
against plant fungal pathogens (Thambugala et al., 2020). Then, less abundant in unhealthy samples
Phaeosphaeria were also negatively correlated with aflatoxin-producing fungal species in rice in China

and could potentially help to control abundance of such pathogenic fungi (Qi et al., 2022).

In rhizosphere samples, we identified 19 different genera that were differentially abundant between
healthy and unhealthy samples of rhizosphere that belonged to Ascomycota, Basidiomycota,
Mucoromycota and Mortierellomycota phylas. Eight were characterized as pathotrophs (Conocybe sp.,
Lecanicillium sp., Acremonium sp., Coniochaeta sp., Mucor sp., Paraphaeospaeria sp., Trichoderma
sp., Pseudozyma sp.), 16 were more abundant in healthy samples and 3 in unhealthy. We also identified
one taxon - Mucor sp., that is recognized as a pathogen causing postharvest decay of strawberry fruits
(Feliziani and Romanazzi, 2016), but it was more abundant in healthy samples. These results can suggest
that this fungus can be responsible for strawberry roots colonization as beneficial endophytic fungus.
Plant-endophyte relationship was confirmed during mutualistic interaction between Arabidopsis

thaliana and Mucor sp. (Rozpadek et al., 2018). We found that Niesslia and Gyoerfyella genera, that
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participate in the decomposition of organic matter (Gams et al., 2019; Purahong et al., 2016) were
significantly less abundant in unhealthy samples. We also noted a number of genera that are known to
be fungal antagonists against plant pathogens. Again, those genera were less abundant in unhealthy
samples. Acrostalagmus luteoalbus was reported to have an antifungal activity against Alternaria
alternata, Fusarium oxysporum and Phytophthora drechleri (Lv et al., 2019). Number of Talaromyces
species are reported to be fungal antagonists against plant fungal pathogens (Thambugala et al., 2020),
but also heat-resistant species, as 7. flavus, are a significant threat to food production (Panek and Frac,
2018). Cladorrhinum sp. are used as biocontrol agents, significantly reducing Fusarium wilt of tomato
(Martin et al., 2019). We also noted that two Mortierella species, that are plant growth promoting species
(Ozimek and Hanaka, 2021) were also less abundant in unhealthy plants. Finally, Naganishia were less
abundant in unhealthy rhizosphere of strawberry, where as in soils that apple root rot disease developed,

they were more abundant (Yang et al., 2020).

In strawberry roots, we identified differentially abundant taxa that belonged to 25 different genera,
and they belonged to Ascomycota, Basidiomycota and Mucoromycota phylas. 22 were less abundant in
unhealthy samples than healthy samples and 3 were more abundant in unhealthy samples. Similarly to
rhizosphere, we identified one taxon that is a typical strawberry pathogen - Rhizoctonia sp., and 8 more
taxa that belonged to pathotrophs (Volutella sp., Acremonium sp., Thanatephorus sp., Flagelloscypha
sp., Lecanicillium sp., Cyphellophora sp., Clonostachys sp.). Unhealthy strawberry roots had lower
abundance of Sebacinales, and Lee et al. (Lee and Hawkes, 2021) suggest, that Sebacinales might be
complementary to arbuscular mycorrhizal fungi in plant roots. Further, another genera that were less
abundant in unhealthy roots, that seem to have an important role in plant health and development were
Hymenoscyphus, that are potentially pathogenic to raspberry (Oszust and Frac, 2021), Hyaloscypha sp.,
H. variabilis control agent against Pythium root rot (Marian et al., 2022), Dactylella sp. have
antagonistic mechanisms against nematoda (Topalovi¢ et al., 2020). Finally, we noted that
Chaetosphaeria that were suggested to have an important role in plant development and disease

tolerance in sugarcane (Tayyab et al., 2021), were more abundant in unhealthy strawberry roots.
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Interestingly enough, in shoot samples, we identified the smallest number of differentially abundant
taxa - only 7 genera were more abundant in healthy samples, and 1 that is a typical strawberry pathogen
- Verticillium sp. that was more abundant in unhealthy samples. Also, 3 more of the taxa were

pathotrophs (Claviceps sp., Xenoramularia sp., Taphrina sp.).

We found that populations of some core taxa for healthy or unhealthy samples were also
differentially abundant between samples with different health status. In particular - Acremonium sp. was
a hub taxa for healthy and unhealthy samples of bulk soil and rhizosphere and in the same time was
significantly less abundant in unhealthy samples of rhizosphere, roots and bulk soil. It was also shown
that this taxon is a potential disease suppressive agent (Liu et al., 2021). Different studies also showed
that Acremonium fungi promote plant growth as they resist soil-borne pathogens (Breen, 1994; Zheng
etal., 2017). Mortierella sp. also belonged to core taxa of healthy and unhealthy samples of rhizosphere
and bulk soil, and they were also amongst the most abundant in those two types of samples. What is
more, we discovered that this taxon was less abundant in healthy samples of rhizosphere, and roots, and
also shaped microbiome in network analysis of bulk soil. The fungus was also reported as important
plant growth-promoting microorganism, which highlights its importance in shaping healthy
mycobiomes (Ozimek and Hanaka, 2021; Qin et al., 2017; Toju et al., 2018), that also can take part in
nematode control (Topalovi¢ et al., 2020). Interestingly, when it comes to root samples, we found that
one of the most abundant taxon, that was also significantly less abundant in unhealthy samples -
Dactylonectria sp. causing black root rot of strawberry in China (Chen et al., 2021), is also a pathogen
of grapevine (Bleach et al., 2021) and showed negative correlation with strawberry plant growth in
different study (Soppelsa et al., 2021). This opposite effect of the microorganism in our study might be
caused by the fact, that in our strawberry roots, Dactylonectria sp. might function as non-pathogenic
endophyte, as it can act as in weeds and grapevine (Gramaje et al., 2020). Also an important taxon
seemed to be unclassified Trechisporales, that was accounted as one of the most abundant taxon and
also significantly less abundant in unhealthy samples of roots. Also in shoots we identified important,
but poorly recognized taxon that was amongst most abundant, but also in the group of core

microorganisms of healthy samples - unclassified Mycosphaerellaceae. The presence of those 2 poorly
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identified taxa reminds us, that some microorganisms that are important factors of plant health are
insufficiently described. Continuing, bulk soil had two very important fungi that shaped the community
and belonged to most abundant taxa - Acremonium sp. and Alternaria sp. that also were less and more
abundant in unhealthy samples, respectively. The second taxon also belonged to core taxa of unhealthy
samples of bulk soil and is known to be a strawberry pathogen (Dwiastuti et al., 2021; Nishikawa and

Nakashima, 2019).

Defining differentially abundant fungal taxa between plants with apposite health status can help to
indicate main drivers of plant disease incidence. Our organic strawberry samples had more taxa defined
as less abundant in unhealthy samples, which is in contrast with Hossain’s team study on pea where
healthy samples had more indicator taxa than unhealthy (Hossain et al., 2021). Although between
differentially abundant taxa we found a number of plant pathogenic fungi and some of them were
typically strawberry pathogen, only Verticillium sp. seemed to be more abundant in the plant samples.
Even though Alternaria sp. that attacks strawberry was more abundant in unhealthy soil samples, was
also amongst most abundant taxa in rhizosphere, roots and shoot samples and also was core taxon of
unhealthy rhizosphere and roots, it did not seem to cause disease symptoms on the plant, as only the
Verticillium sp. was significantly more abundant in unhealthy strawberry shoots. Also, abundance of
other typical strawberry pathogen, belonging to the genus Mucor (Feliziani and Romanazzi, 2016) and
Rhizoctonia (Avilés et al., 2019; Guarnaccia et al., 2022) were smaller in unhealthy strawberry samples,
unlike Verticillium sp. that thrived on shoot samples, which can indicate competition between

Verticillium and these pathogens.

Finally, we established 20 most abundant genera in all types of sample and we combined those
information with core taxa and differential abundance analysis (Table 1). In bulk soil, Acremonium
(differently abundant between soil of healthy and unhealthy strawberry) and Alternaria (core for
unhealthy samples) also belonged to the core taxa of healthy and unhealthy soil samples. In rhizosphere,
Acremonium and 2 Mortierella ASVs, in roots - Dactyloneria and unclassified Trechisporales. Finally,

in shoots - unclassified Mycosphaerellaceae (also core for healthy shoot samples).
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2.5 Differences in fungal networks between healthy and unhealthy samples

To investigate how health status shapes fungal networks, we extended our research and explored
patterns in fungal interkingdom cooccurrence network analysis on ASV level and drew plots. For bulk
soil samples, there was significant difference between clusterings in networks of healthy and unhealthy
samples expressed in ARI (Adjusted Rand Index - similarity between clusterings, ARI=0.035, p-
value=0). Healthy samples had lower number of components (7 vs 189), clustering coefficient (0.487
vs. 0.746), modularity (0.375 vs. 0.877) and positive edge percentage (63% vs. 95%), and higher edge

density (0.055 vs. 0.008) and natural connectivity (0.03 vs. 0.018) (Fig. 6A).

In rhizosphere samples, clusterings were different between healthy and unhealthy samples
(ARI=0.066, p-value=0). Also, the number of components (93 vs 10), clustering coefficient (0.677 vs
0.494) and modularity (0.555 vs 0.398) were higher in unhealthy samples, whereas positive edge
percentage were equal in both sample types (67%). Edge density (0.049 vs 0.018) and natural

connectivity (0.037 vs 0.021) were higher in healthy samples (Fig. 6B).

Root samples were also characterized by different clustering between healthy and unhealthy samples
(ARI=0.169, p-value=0) and higher number of components (97 vs 16), clustering coefficient (0.806 vs
0.626) and modularity (0.847 vs 0.732) in unhealthy samples. Positive edge percentage (89% vs 85%),

edge density (0.033 vs 0.015) and natural connectivity (0.022 vs 0.043) were higher in healthy samples.

Finally, in shoot samples, ARI showed that clusterings were different between healthy and unhealthy
samples (ARI=0.129, p-value=0), number of components (71 vs 11), clustering coefficient, modularity
(0.747 vs 0.553), positive edge percentage (88% vs 78%) and, surprisingly, natural connectivity (0.060
vs 0.047) were higher in unhealthy samples. Edge density (0.047 vs 0.031) was higher in healthy samples

of shoots.

We also investigated Jaccard’s index to discover how different central nodes of healthy and
unhealthy samples are related (Table 2). For soil and rhizosphere samples, degree, betweenness,
closeness and eigenvector centralities showed statistical differences between healthy and unhealthy

samples. In roots, betweenness, closeness and eigenvector centralities showed significant differences,
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and finally in shoot samples, only betweenness was significantly different between health status. We
also constructed the networks with SPRING and 50 taxa that had the most variability in abundance

(Supplementary figures 4).

The importance of connectivity of microbial networks in the context of plant health had been already
discussed (Wagg et al., 2019). Our findings of differential network analysis revealed that indeed, plant
health status is an important factor that influences fungal networks of strawberry samples. Studies on
different plants suggest, that fungal networks of rhizosphere are more connected in healthy plants than
in unhealthy (Huang et al., 2020; Wang et al., 2019). This was coherent with our study and not only for
rhizosphere samples, but also shoots and bulk soil, nonetheless, contrasting trend of increased fungal
connectivity was noted for chilli with Fusarium wilt disease (Gao et al., 2021). We also discovered a
hub taxa that were important in shaping network in different sample type of healthy and unhealthy
plants. Some of the hub taxa (Cladosporium sp., Acremonium sp., Solicoccozyma sp., Sporobolomyces
sp.) were also amongst the most abundant ones in our samples. The results are very important from a
point of view of regenerative agriculture which aims are especially restoration of soil health and reversal
of biodiversity loss (EASAC, 2022). The presented results give the responses not only on soil fungal
community structure, but also focus on functional aspects of soil fungal biodiversity, including trophic
modes to evaluate how soil mycobiome in influenced by changing environmental conditions, especially
healthy and unhealthy plantations. The results are useful not only from basic knowledge explaining soil-
plant-fungal microbiome interactions, but also can be relevant for harnessing sustainable strategy of

plant production taking into account particularly soil health and biodiversity aspects.

5. CONCLUSIONS

Through understating which taxa drive soil and strawberry health the most, we can develop
organic solutions, such as bioproducts, biostimulants, biopreparations and microbial inoculants
containing carefully selected microorganisms that naturally stimulate plants response to pathogens and
are resistant to diseases, as well as help to reverse soil biodiversity loss. This, in consequence, can help
to develop sustainable agriculture with exclusion of chemical pesticides and will help to preserve the

soil microbiological diversity that is so important in plant cultivation. Interestingly enough, in line with

19

-185 -



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

our hypothesis, we discovered that alpha-diversity of fungal communities was only lower in root
samples in response to plant infection, nevertheless higher in bulk soil. This higher diversity in bulk soil
was connected with higher number of mixed pathogenic trophic modes of fungi present in those samples.
We also discovered, that a number of core taxa for healthy and unhealthy samples overlapped, but more
microorganisms belonged to core taxa in unhealthy samples of rhizosphere, roots, soil and all samples
altogether. The most abundant taxa from our samples were important creators of fungal microbiomes,
as they belonged also to core differentially abundant taxa. But what is important, not only most
abundant, core and differentially abundant taxa shaped the fungal microbiome - this suggest that rare

microorganisms are also important members of the community and theirs role cannot be omitted.

What is also worth noting - fungal communities in soil, rhizosphere, roots and shoots collected
from healthy strawberry plantations create more stable and steady networks, compared to those from

unhealthy plantations.

Although in this research we differentiated between healthy and unhealthy mycobiome in
organic strawberry cultivations, health of the plant is influenced by not only one fungal taxon, but on
number of microorganisms that develop complicated networks of common binds. Unfortunately,
classical methods for identifying a biological marker for future plant health in a cultivation, such as
finding core microorganisms and identifying differentially abundant taxa in healthy and unhealthy plants
cannot lead to the selection of a single biomarker. For the prediction whether particular soil could be
suitable to establish a new plantation, it would be worth to test modern bioinformatic methods, such as
machine learning techniques. Implementing not only state-of-the-art microbiome sequencing techniques
to first characterize the microbiome, but then also modern statistical methods of modelling in
establishing the most suitable soil for a particular plant will bring us closer to pesticide-reduced and

sustainable agriculture.

2.6 List of abbreviations
NGS - Next-Generation Sequencing
ITS1 - Internal Transcribed Spacer 1
QIIME2 - Quantitative Insights Into Microbial Ecology 2
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ENS - Effective Number of Species

PCoA - Principal Coordinates Analysis

ANOVA - analysis of variance

PERMANOVA - Permutational multivariate analysis of variance

SPRING - Semi-Parametric Rank-based approach for Inference in Graphical model
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FIGURES CAPTIONS

Fig. 1. The abundance and structure of 70 most abundant taxa present in all analysed samples.
Edge colour represents number of samples where taxa was present, node colour represents
number of reads and node size represents number of ASVs. The plot was made with metacoder

package in RStudio.

Fig. 2. Alpha and beta diversity measures of tested samples. A Alpha diversity (Effective
Number of Species) between healthy and unhealthy strawberry plantations together for all
samples and for 4 types of samples separately. Green and red dots indicate samples, vertical
lines indicate medians within groups; variability of samples on x-axis is random and added to
visualize distribution of all samples; n.s.: not significant, *: p-value <0.05. B-D PCoA plots of
strawberry plantations of mycobiome, according to the type of sample B and health status
(healthy vs unhealthy) and sample type for all samples altogether and subsequent sample type.

The plots were made with vegan, phyloseq and microbiome packages in RStudio.

Fig. 3. Composition of trophic modes of fungal communities between healthy and unhealthy
samples of different parts of strawberry. Dots are median abundances and vertical lines show
0.95 confidence intervals. Significant differences between health status within groups are
marked with asterisk (p. adjusted < 0.05). The plot was made with tidyverse package in

RStudio.

Fig. 4. Venn diagram representing core taxa for each samples type individually, for healthy and
unhealthy samples. The plot was made with phyloseq, microbiome, metagMisc and eulerr

packages in RStudio.

Fig. 5. Differential analysis of species present in healthy and unhealthy strawberry plantation.
Each taxon was identified to the genus level. Only significant results are showed, with p.

adjusted <0.05. with red ovals we marked genera taxa that were assigned to pathotroph tropic
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mode; *: genera that are known to attack strawberry (Garrido et al., 2011). The plot was made

with phyloseq and DESeq2 packages in RStudio.

Fig. 6. Differential networks of healthy and unhealthy strawberry soil samples, collected from
organic plantations of soil (A), thizosphere (B), roots (C) and shoots (D) samples. Node colours
represent clusters, edge colours represent estimated Pearson correlation between ASVs - green
positive and red negative. Hub taxa are with highest degree, betweenness, and closeness
centrality at the same time and are shown in bulk. Only taxa with total reads with at least 200
reads are shown. The plots were made with phyloseq, genefilter and NetCoMi packages in

RStudio.
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Table 1. The most abundant 20 ASVs (identified to the genus level) in all samples altogether
and each type individually. With black circle (@) we marked genera that were differentially
abundant in each sample type between healthy and unhealthy samples. With green triangle ()
we marked genera that were core for healthy in each sample type. With red square (m) we
marked genera that were core component of mycobiome for unhealthy in each sample type. The
lack of symbol indicates genera that were not differentially abundant in both samples type nor

belonged to core taxa of healthy and unhealthy samples.

Table 2. Table summarizes information whether Jaccard index (how different the sets of most
central nodes are between healthy and unhealthy samples) is greater than or smaller than
expecting at random, significant results are marked with asterisk (p-value < 0.05). Jaccard index

ranges from 0 (completely different) to 1 (sets equal).
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Table 2.
Jaccard index greater than or smaller than expected at
random
Soil Rhizosphere Roots Shoots
degree 0.134* 0.253* 0.333 0.279
betweenness centrality 0.028* 0.121* 0.090* 0.159*
closeness centrality 0.110* 0.202* 0.231* 0.333
eigenvector centrality 0.134* 0.224* 0.257* 0.291
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Supplementary Fig. 1. Rarefaction curves of all sequenced samples made with vegan
package in RStudio.
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Supplementary Figure 2. Differences between mean abundances of healthy and unhealthy

samples of top 8 phyla in analysed strawberry samples. Wilcoxon test was used to determine
statistical significance. ns: not-significant, *: p-value < 0.05. The plot was made with
microbiomeutilities, microbiome and phyloseq packages in RStudio.
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Vishniacozyma

Plectosphiaerella

Unclassified Sclerotiniaceae Unclassified Sclerotiniaceae

Cystofilobasidium Castanediella Cystofilobasidium Castanediella

Bulk soil

Healthy Unhealthy

Unclassffied Nectiaceae Unclassified Negtiaceae
Unclassified Ch: miaceae Unclassified Chaetomiaceae
Rhizopus Rhizopus
ehperella Worlerella
Exophiala g ) Exophiala o — )
Unclassified Sglerotiniaceas Unclassified Sclerotiniaceas
Digymella ol Didimebe———gop
2yma TS coccozyma '
c les Unclassified Capnodiales  UNl3ssified Didymellaceae
Fusicolla Fusicolla
Acremonium Tetracladium Acremonium Tetracladium
natia Alternaria
Clatios pori Clatosporium
FBspoTUM Cladosporium
Tausonia / Tausonia
Mnmeve»e——\n Mortierella
Morterella—soficoccozyma Mortierella  Soligoccozma
Cadophora Cadophora
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Rhizosphere

Healthy

saitozyma

Solicoccozyma

Trichoderma
Plectosphaerella
Didymella
Undlassified Auriculariales Unclassifiett Agaricales
sicolla
Cadophera
Exophiala

Unclagsified Fungl

Tetradfadium

Gnomoniopsis
Unclassified Sclerotiniaceae

Epikoceum
Alteraria

Unclassified Capnodiales

7 |
Unctassited Chastomiaceae _J

rella

chum Mortierella
Clonostachys

Unhealthy

Saitozyma

Solicoccozyma

Trichoderma
Plectasphaerella
Didymella
Undlassified Auricularisles | Undlassified Agaricales
Fisicalla
Cadophora
Exophiala
Unelassified Fungi
Tetracladium
Clagosparium Gnomoniopsis
Cladespol
. Actemonium

Unclassified Sclerotiniaceae

Soficoccomyma

Unclassified Chaetomellaceae
usonia

B0
Alternar

Wortierella
Unclassified Capnodialzs

Botryotrichum Woriierella

Clonostachys
Unclassified Chagtomiaceae

Roots

Healthy

Didymelja
Aternaria Fusarium Cadophora

Tetracladium

Exophigla Unelassified Fungi

Cladosporium
Undlassified Nectriaceae
Cladosporium
Dachlanectria

Cadgphora

Unclassiied Ceratonasioiaciat ,ssified Capnodiales
Phagosphaeria

Gnomoniopsis

Vishniacazyma
Unclassified Aliriculiriales

Unclassified Helotiales

Plectosphaerats  Usaium

Trechisporales Flagelloscypha
Daclylaria

Paraphoma

Unclassified Chastomellaceas

Exgphiala Unclassified Didymellaceas

Wort erella
Unhealthy
Didymella
Aternaria Fusarium Cadophora
Tetracladium
Exophidia Unclassified Fungi
Clagosporium
Unclassified Nectriaceae
Cladosporium
Dactylonectria

Cadophora

Unclassfied Ceratonasioiacit s ssified Capnodiales
Phaeosphaeria

Exophiata Unclassited Didymellaceas

Gnomonigpsis

Vishniacozyma
Unclassified Auriculariales

Plectosphaerella F““"“m\\n
Flag&noscypha

Unclassified Helotiales

Unclassified Tfechisporales
Wycdartnris
Dactylaria

Unclassified Chastomellaceas
Paraphoma

Supplemetary Figure 4. Dissimilarity networks of healthy and unhealthy samples of
rhisosphere, bulk soil, shoots and roots. For the analysis, we kept 50 taxa that had the highest
variance and used SPRING method for construction of networks.

-215-



Supplementary table 1. Metadata of analyzed samples from strawberry plantations.

sample- | Plantation | Type Variety | Soil- Health Cultivation Irrigation
id type status
337-19 |2 rhizosphere | Honeoye | fluvisol | healthy agrotextile Yes
338-19 | 2 rhizosphere | Honeoye | fluvisol | healthy agrotextile Yes
339-19 | 2 rhizosphere | Honeoye | fluvisol | healthy agrotextile Yes
340-19 | 2 bulk-soil Honeoye | fluvisol | healthy agrotextile Yes
341-19 | 2 bulk-soil Honeoye | fluvisol | healthy agrotextile Yes
347-19 rhizosphere | Aprica | fluvisol | healthy agrotextile Yes
348-19 bulk-soil Aprica | fluvisol | healthy agrotextile Yes
349-19 |1 rhizosphere | Aprica | fluvisol | healthy agrotextile Yes
350-19 |1 bulk-soil Aprica | fluvisol | healthy agrotextile Yes
351-19 |1 rhizosphere | Aprica | fluvisol | healthy agrotextile Yes
357-19 |3 rhizosphere | Dipred | fluvisol | unhealthy | agrotextile Yes
358-19 |3 bulk-soil Dipred | fluvisol | unhealthy | agrotextile Yes
359-19 |3 rhizosphere | Dipred | fluvisol | unhealthy | agrotextile Yes
360-19 |3 bulk-soil Dipred | fluvisol | unhealthy | agrotextile Yes
361-19 |3 rhizosphere | Dipred | fluvisol | unhealthy | agrotextile Yes
367-19 |5 rhizosphere | Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
368-19 |5 bulk-soil Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
369-19 |5 rhizosphere | Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
370-19 |5 bulk-soil Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
371-19 |5 rhizosphere | Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
372-19 |5 bulk-soil Honeoye | brown- | healthy no- No
soil agrotextile-
in-the-gound
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379-19 |4 rhizosphere | Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
380-19 |4 bulk-soil Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
381-19 |4 rhizosphere | Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
382-19 |4 bulk-soil Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
383-19 |4 rhizosphere | Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
384-19 | 4 bulk-soil Aprica brown- | healthy no- No
soil agrotextile-
in-the-gound
391-19 |6 rhizosphere | Honeoye | NaN healthy straw No
392-19 |6 bulk-soil Honeoye | NaN healthy straw No
393-19 |6 rhizosphere | Honeoye | NaN healthy straw No
394-19 | 6 bulk-soil Honeoye | NaN healthy straw No
395-19 | 6 rhizosphere | Honeoye | NaN healthy straw No
396-19 |6 bulk-soil Honeoye | NaN healthy straw No
415-19 |7 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
416-19 |7 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
417-19 |7 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
418-19 |7 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
419-19 |7 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
420-19 |7 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
427-19 | 8 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
428-19 | 8 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
429-19 | 8 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
430-19 |8 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
431-19 |8 rhizosphere | Honeoye | NaN unhealthy | agrotextile Yes
432-19 | 8 bulk-soil Honeoye | NaN unhealthy | agrotextile Yes
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439-19 |10 rhizosphere | Dipred acrisol healthy agrotextile Yes
440-19 | 10 bulk-soil Dipred acrisol healthy agrotextile Yes
441-19 | 10 rhizosphere | Dipred acrisol healthy agrotextile Yes
442-19 | 10 bulk-soil Dipred acrisol healthy agrotextile Yes
443-19 | 10 rhizosphere | Dipred acrisol healthy agrotextile Yes
444-19 | 10 bulk-soil Dipred acrisol healthy agrotextile Yes
451-19 |11 rhizosphere | Aprica acrisol healthy agrotextile Yes
452-19 |11 bulk-soil Aprica acrisol healthy agrotextile Yes
453-19 |11 rhizosphere | Aprica acrisol healthy agrotextile Yes
454-19 | 11 bulk-soil Aprica | acrisol | healthy agrotextile Yes
455-19 |11 rhizosphere | Aprica acrisol healthy agrotextile Yes
456-19 |11 bulk-soil Aprica acrisol healthy agrotextile Yes
463-19 | 12 rhizosphere | Honeoye | acrisol | healthy agrotextile Yes
464-19 | 12 bulk-soil Honeoye | acrisol healthy agrotextile Yes
465-19 | 12 rhizosphere | Honeoye | acrisol healthy agrotextile Yes
466-19 | 12 bulk-soil Honeoye | acrisol healthy agrotextile Yes
467-19 | 12 rhizosphere | Honeoye | acrisol | healthy agrotextile Yes
468-19 | 12 bulk-soil Honeoye | acrisol healthy agrotextile Yes
475-19 |13 rhizosphere | Aprica | sandy healthy agrotextile Yes
loose
476-19 | 13 bulk-soil Aprica | sandy healthy agrotextile Yes
loose
477-19 | 13 rhizosphere | Aprica | sandy healthy agrotextile Yes
loose
478-19 |13 bulk-soil Aprica | sandy healthy agrotextile Yes
loose
479-19 |13 rhizosphere | Aprica | sandy healthy agrotextile Yes
loose
480-19 |13 bulk-soil Aprica | sandy healthy agrotextile Yes
loose
487-19 | 14 rhizosphere | Aprica | sandy healthy agrotextile Yes
compact
488-19 | 14 bulk-soil Aprica | sandy healthy agrotextile Yes
compact
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489-19 | 14 rhizosphere | Aprica | sandy healthy agrotextile Yes
compact

490-19 |14 bulk-soil Aprica | sandy healthy agrotextile Yes
compact

491-19 |14 rhizosphere | Aprica | sandy healthy agrotextile Yes
compact

492-19 | 14 bulk-soil Aprica | sandy healthy agrotextile Yes
compact

342K- | 2 roots Honeoye | fluvisol | healthy agrotextile Yes

19

342L- |2 shoots Honeoye | fluvisol | healthy agrotextile Yes

19

343K- | 2 roots Honeoye | fluvisol | healthy agrotextile Yes

19

343L- |2 shoots Honeoye | fluvisol | healthy agrotextile Yes

19

344K- | 2 roots Honeoye | fluvisol | healthy agrotextile Yes

19

344L- | 2 shoots Honeoye | fluvisol | healthy agrotextile Yes

19

3H2K- |1 roots Aprica | fluvisol | healthy agrotextile Yes

19

3B2L- |1 shoots Aprica | fluvisol | healthy agrotextile Yes

19

354K- |1 roots Aprica | fluvisol | healthy agrotextile Yes

19

3B4L- |1 shoots Aprica | fluvisol | healthy agrotextile Yes

19

356K- |1 roots Aprica | fluvisol | healthy agrotextile Yes

19

35L- |1 shoots Aprica | fluvisol | healthy agrotextile Yes

19

362K- |3 roots Dipred | fluvisol | unhealthy | agrotextile Yes

19

362L- |3 shoots Dipred | fluvisol | unhealthy | agrotextile Yes

19

364K- |3 roots Dipred | fluvisol | unhealthy | agrotextile Yes

19
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364L- shoots Dipred | fluvisol | unhealthy | agrotextile Yes
19
366K - roots Dipred | fluvisol | unhealthy | agrotextile Yes
19
366L- shoots Dipred | fluvisol | unhealthy | agrotextile Yes
19
373K- roots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
373L- shoots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
375K- roots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
375L- shoots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
377K- roots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
377L- shoots Honeoye | brown- | healthy no- No
19 soil agrotextile-
in-the-gound
385K- roots Aprica brown- | healthy no- No
19 soil agrotextile-
in-the-gound
385L- shoots Aprica brown- | healthy no- No
19 soil agrotextile-
in-the-gound
387K- roots Aprica brown- | healthy no- No
19 soil agrotextile-
in-the-gound
387L- shoots Aprica brown- | healthy no- No
19 soil agrotextile-
in-the-gound
389K - roots Aprica brown- | healthy no- No
19 soil agrotextile-
in-the-gound
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389L- shoots Aprica brown- | healthy no- No

19 soil agrotextile-
in-the-gound

397K- roots Honeoye | NaN healthy straw No

19

397L- shoots Honeoye | NaN healthy straw No

19

399K - roots Honeoye | NaN healthy straw No

19

399L- shoots Honeoye | NaN healthy straw No

19

401K- roots Honeoye | NaN healthy straw No

19

401L- shoots Honeoye | NaN healthy straw No

19

421K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

421L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19

423K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

423L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19

425K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

425L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19

433K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

433L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19

435K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

435L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19

437K- roots Honeoye | NaN unhealthy | agrotextile Yes

19

437L- shoots Honeoye | NaN unhealthy | agrotextile Yes

19
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445K- | 10 roots Dipred acrisol healthy agrotextile Yes
19

445L- | 10 shoots Dipred acrisol healthy agrotextile Yes
19

447K- | 10 roots Dipred acrisol healthy agrotextile Yes
19

447L- | 10 shoots Dipred acrisol healthy agrotextile Yes
19

449K- | 10 roots Dipred acrisol healthy agrotextile Yes
19

449L- |10 shoots Dipred acrisol healthy agrotextile Yes
19

457K- |11 roots Aprica acrisol healthy agrotextile Yes
19

457L- |11 shoots Aprica acrisol healthy agrotextile Yes
19

450K- |11 roots Aprica acrisol healthy agrotextile Yes
19

450L- |11 shoots Aprica acrisol healthy agrotextile Yes
19

461K- |11 roots Aprica acrisol healthy agrotextile Yes
19

461L- |11 shoots Aprica acrisol healthy agrotextile Yes
19

469K- | 12 roots Honeoye | acrisol healthy agrotextile Yes
19

469L- |12 shoots Honeoye | acrisol healthy agrotextile Yes
19

471K- | 12 roots Honeoye | acrisol healthy agrotextile Yes
19

471L- |12 shoots Honeoye | acrisol healthy agrotextile Yes
19

473K- | 12 roots Honeoye | acrisol healthy agrotextile Yes
19

473L- |12 shoots Honeoye | acrisol healthy agrotextile Yes
19

481K- |13 roots Aprica | sandy healthy agrotextile Yes
19 loose
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481L- |13 shoots Aprica | sandy healthy agrotextile Yes
19 loose

483K- |13 roots Aprica | sandy healthy agrotextile Yes
19 loose

483L- |13 shoots Aprica | sandy healthy agrotextile Yes
19 loose

485K- | 13 roots Aprica sandy healthy agrotextile Yes
19 loose

485L- | 13 shoots Aprica | sandy healthy agrotextile Yes
19 loose

493K- | 14 roots Aprica | sandy healthy agrotextile Yes
19 compact

493L- |14 shoots Aprica | sandy healthy agrotextile Yes
19 compact

495K- | 14 roots Aprica | sandy healthy agrotextile Yes
19 compact

495L- |14 shoots Aprica | sandy healthy agrotextile Yes
19 compact

497K- | 14 roots Aprica | sandy healthy agrotextile Yes
19 compact

497L- |14 shoots Aprica | sandy healthy agrotextile Yes
19 compact
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Supplemetanry Table 2. Primers used in ITS1 NGS metataxonomics based on paper by
Bellemain et al. (Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P.,
Kauserud, H., 2010. ITS as an environmental DNA barcode for fungi: an in silico approach
reveals potential PCR biases. BMC Microbiol. 10, 189. https://doi.org/10.1186/1471-2180-

10-189)
Overhang Locus-specific Primer sequence 5°— 3’
sequence
Forward
ITS fwd_1 | TCGTCGGCAGCGTCAGA CTTGGTCATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CTTGGTCATTTAGAGGAAGT
AA
ITS fwd_2 | TCGTCGGCAGCGTCAGA CTCGGTCATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CTCGGTCATTTAGAGGAAG
TAA
ITS fwd_3 | TCGTCGGCAGCGTCAGA CTTGGTCATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAACTAA TGTGTATAAGAGACAG
CTTGGTCATTTAGAGGAACT
AA
ITS fwd_4 | TCGTCGGCAGCGTCAGA CCCGGTCATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CCCGGTCATTTAGAGGAAG
TAA
ITS fwd 5 | TCGTCGGCAGCGTCAGA CTAGGCTATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CTAGGCTATTTAGAGGAAG
TAA
ITS fwd_6 | TCGTCGGCAGCGTCAGA CTTAGTTATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CTTAGTTATTTAGAGGAAGT
AA
ITS fwd_7 | TCGTCGGCAGCGTCAGA CTACGTCATTTA | TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAG GAGGAAGTAA TGTGTATAAGAGACAG
CTACGTCATTTAGAGGAAG
TAA
ITS fwd_8 | TCGTCGGCAGCGTCAGA CTTGGTCATTTA | TCGTCGGCAGCGTCAGA
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TGTGTATAAGAGACAG GAGGTCGTAA TGTGTATAAGAGACAG
CTTGGTCATTTAGAGGTCGT
AA
Reverse
ITS_rev_1 | GTCTCGTGGGCTCGGAG GCTGCGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGATGC ATGTGTATAAGAGACAG
GCTGCGTTCTTCATCGATGC
ITS rev_2 | GTCTCGTGGGCTCGGAG GCTGCGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGATGG ATGTGTATAAGAGACAG
GCTGCGTTCTTCATCGATGG
ITS_rev_3 | GTCTCGTGGGCTCGGAG GCTACGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGATGC ATGTGTATAAGAGACAG
GCTACGTTCTTCATCGATGC
ITS_rev_ 4 | GTCTCGTGGGCTCGGAG GCTGCGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGATGT ATGTGTATAAGAGACAG
GCTGCGTTCTTCATCGATGT
ITS rev.5 | GTCTCGTGGGCTCGGAG ACTGTGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGATGT ATGTGTATAAGAGACAG
ACTGTGTTCTTCATCGATGT
ITS_rev. 6 | GTCTCGTGGGCTCGGAG GCTGCGTTCT GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCATCGTTGC ATGTGTATAAGAGACAG
GCTGCGTTCTTCATCGTTGC
iTS_rev_7 | GTCTCGTGGGCTCGGAG GCGTTCTTCA GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAG TCGATGC ATGTGTATAAGAGACAG
GCGTTCTTCATCGATGC
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Supplemetary table 3. Mean, maximum and minimum relative abundances of fungal phylas

found in analysed samples.

phyla min max mean
Ascomycota 34.604% | 93.533% 69.219%
Basidiomycota 3.525% | 63.267% 22.435%
Mortierellomycota 0.000% | 24.583% 5.530%
Unclassified Fungi 0.000% | 12.795% 1.898%
Chytridiomycota 0.000% | 4.643% 0.409%
Mucoromycota 0.000% | 5.240% 0.217%
Rozellomycota 0.000% | 1.738% 0.196%
Glomeromycota 0.000% | 1.106% 0.033%
Zoopagomycota 0.000% | 0.379% 0.026%
Oomycota 0.000% | 0.220% 0.020%
Kickxellomycota 0.000% | 0.187% 0.006%
Basidiobolomycota 0.000% | 0.170% 0.005%
Olpidiomycota 0.000% | 0.304% 0.003%
Aphelidiomycota 0.000% | 0.0631594% | 0.0013318%
Monoblepharomycota | 0.000% | 0.0339960% | 0.0010703%
Blastocladiomycota 0.000% | 0.0471809% | 0.0008060%
Entomophthoromycota | 0.000% | 0.0277393% | 0.0004171%
Unclassified 0.000% | 0.0148321% | 0.0002742%
Stramenopila

Ochrophyta 0.000% | 0.0043703% | 0.0000289%

- 226 -



Supplementary table 4. PERMANOVA and pairwise PERMANOVA of beta-diversity.
Results of statistical tests of beta-diversity. *: p-value < 0.05

group of compare by PERMANOVA ANOVA
samples R? Pr (>F) Pr (>F)
all samples sample type 23.70% 1.00E-04 * | 4.13E-14 *
all samples health status 1.60% 0.0077 * 0.002297 *
rhizosphere | health status 4.70% 0.0167 * 0.000261 *
shoots health status 4.90% 0.0143 * 0.153
roots health status 3.60% 0.05* 0.5663
bulk soil health status 5.20% 0.0118 * 4.65E-07 *
pairwise PERMANOVA

p p.adj
rhizosphere soil 0.851 0.851
rhizosphere roots 0.001 0.0012 *
rhizosphere shoots 0.001 0.0012 *
soil roots 0.001 0.0012 *
soil shoots 0.001 0.0012 *
roots shoots 0.001 0.0012 *
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Supplementary table 5. Core species in healthy and unhealthy samples

in bulk we marked species, that are shared between healthy and unhealthy group
in yellow we marked species that differ in abundance between healthy and unhealthy samples

healthy
1 undassified dadosporium
2 Undassified Capnodiales

3 Unclzzsified Fungi
heslthy

1 Undassfied dadosporium
2 Exophizla equina

3 Undassified Tetradadium
4  Cadophora leteo-ofivacea
5 Plectosphaerella niemeijerarum
[ Acremonium furcatum
7 Undassified Fusarium

B  Undassified Nectriaceae

% Undassified Chagtomiaceae
10 Solicoccoryma terricola
11 Undassified Solicoccozyma
1z Mortierella gamsi

13  uUndassified Mortierella
14 Undassified Fungi

healthy
dladosporium exasperatum
undassified Cladosporium
Undassified Capnodiales
Alternana sngustiovoides
cadophora heteo-ofivacea
Gnomaniopsis frecticola

Undassified Vichniacozyma
Vishnizcozyma victoriae

Undassified Fungi

R R R SRR R

E-ow

All samples

Trophic_Mode

Rhizasphere
Trophic_Mode
Pathaotroph
Symbiotroph
Pathotroph-5aprotroph-Symbictroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-5aprotroph-Symbictroph

Eaprotroph-Symbiotroph
Saprotroph-Symbictroph

Trophic_Mode
Fathotroph-Saprotroph-symbiotroph
Symbiotroph
Pathotroph-Saprotroph-Symbiotroph

Roots

unhealthy

1 undassified dadosporium
2 Undassified Capnodiales
3 aAlternaria angustiovoides
4 Unclazsified Sclerotiniaceas

unhealthy
Undassified dadosporium
Unclzzsified Capnodiales
Unclazsified Didymelaceas
Alternaria angustiovoides
Exophiala equina
Undassified Tetradadium
unclazsified Helotizles
Chioridium aseptatum
o Plectosphaerella niemeijerarum
10 Unclazsified Clonostachys
11 Trichoderma parapiluliferum
12 Trichoderma wirilente
13  Unclassified Trichoderma
14 Acremonium furcatum
15 ACTEMONIUM rutium
16 Undassified Fusarium
17 Unclassified Fusicollz
18 Undassified Nectriaceae
18 Unclassified Hypooreales
20 Undassified Chastomiaceae
1 Unclassified Ascomyoota
solicoccozyma terricola
Undassified Solicoccoryma
Unclzzsified Saitozyma
Mortierella gamsi
Undassified Mortierella
Undassified Fungi

[ - R R R S

a

HEREGR

unhealthy

1 dadosporium exasperatum
2 Undassified dadosporium
3  Undassified Capnodiales

4 cadophora hteo-ofivacea
5 Undassified Sderotiniaceae
&  Unclaszified Helotizles

7 Plectosphaerslla niemeijerarum
E Unclazsified Fusariuom

o Filobasidium chemavil

10 Undassified vishnizcozyma
11 vishniacoryma victorize
12 Undassified Fungi

Trophic_Mode

Fathotroph-Saprotroph-symbiotroph

Trophic_Mode

Pathotroph-Saprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathaotroph

Eaprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph

Eaprotroph-Symbiotroph
Saprotroph-Symbiotroph

Trophic_Mode

Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Fathotroph-Saprotroph-symbiotroph
Saprotroph
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heslthy
dadosporium exasperatum
Undassified Cladosporium
Unclazsified Mycosphaersliaosas
Undassified Capnodiales
Undassified Aurechasidium
Undassified Epicoccum
Unclassified Altemnaria
cadophors luteo-ofivaces
Undassified Sderotiniaceae
Eporobolomiyoss roseus
Cystofilobasidium macerans
Udeniomyoes pyricola
Filobasidium chernowvii
Holtermanniella myarrowi
Undassified Vishniacozyma

wom s ;o B e
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Shoots
Trophic_Mode
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph
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Symbiotroph
Fathotroph-Ezprotroph
Eaprotroph
Eaprotroph

bulk soil
Trophic_Mode

Pathaotroph

Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph

Saprotroph-Symbiotroph

unhealthy
1 dadosporium exasperatum
2 Undassified dadosporium
3 Undassified Capnodiales

4 Undassified Aurecbasidium
5 Unclazsified Didymella

6  Undassified Epicoccum

7 ahternaria angustiovoidea

& Undassified Sderotiniaceae
8 Gnomoniopsis fructicola

10 Cystofilobasidium macerans
11 Filobasidium chernovii

12 Unclassified Filobasidiaceas
13 Holtermanniglla myarrowi
14 Undassified Vishniacozyma
15  vishniacozyma victoriae

unhealthy
Undassified Cladosporium
Unclazsified Devriesia
Unclazsified Capnodiales
Fleatrichocladium opacum
Alternaria angustiovoides
Exophiala equina
Undassified Chaetomellaceae
Unclassified Tetracladium
cadophors luteo-ofivaces
10 Unclassified Sclerotiniaceae
i1 Unclassified Helotizles
12 Phizlocephala humicola
13 Chigridium aseptatum
14 Unclazsified Chastosphasraosas
15 Flectosphasrella nismeijerarum
18 Unclazsified Clonostachys
honocilium griseo-ochraceum
Trichoderma parapilulifensm
Trichederma virilente
Unclassified Trichoderma
Acremonium furcatum
Acremanium rtilum
Unclazsified Fusariuom
Unclassified Fusicolla
Mariznnass punicss
Undassified Nectriaceae
Unclzssified Hypocreales
Unclassified Chaetomium
Undassified Chaetomiaceae
Unclazsified Lasiosphaeraoeae
Undassified Ascomyoota
Tausonia pullulans
soliceccozyma terricola
Undassified Soficoccoryma
Undassified Saitozyma
Mortierella gamsi
7 Mortierslls polygonia
Unclassified Martierella
Undassified Fungi
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Trophic_Mode

Pathotroph-5zprotroph-Symbictroph

Pathotroph-Saprotroph
Pathotroph-5zprotroph-Symbictroph
Pathotroph-5zprotroph-Symbictroph
ESaprotroph

Saprotroph

Trophic_Mode

Saprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph

Symbiotroph

Symbiotroph

Saprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph

Saprotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph
Pathotroph-Saprotroph-Symbiotroph

Eaprotroph

Eaprotroph-Symbiotroph
Saprotroph-Symbiotroph
Eaprotroph-Symbiotroph
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Supplementary table 6. Significant diferences between ENS in plantations

Y. plantatio | plantatio | p p.adj | p.format | p.signif | method
n n

ENS 2 1 0.94872929 | 1 0.94873 ns Wilcoxon
ENS 2 3 0.43846324 | 1 0.43846 ns Wilcoxon
ENS 2 5 0.21149667 | 1 0.21150 ns Wilcoxon
ENS 2 4 0.73989814 | 1 0.73990 ns Wilcoxon
ENS 2 6 0.69470252 | 1 0.69470 ns Wilcoxon
ENS 2 7 0.486503 1 0.48650 ns Wilcoxon
ENS 2 8 0.486503 1 0.48650 ns Wilcoxon
ENS 2 10 0.00168777 | 0.13 | 0.00169 *x Wilcoxon
ENS 2 11 0.05121894 | 1 0.05122 ns Wilcoxon
ENS 2 12 0.13299368 | 1 0.13299 ns Wilcoxon
ENS 2 13 0.07589109 | 1 0.07589 ns Wilcoxon
ENS 2 14 0.16931715 | 1 0.16932 ns Wilcoxon
ENS 1 3 0.60631783 | 1 0.60632 ns Wilcoxon
ENS 1 5 0.23511661 | 1 0.23512 ns Wilcoxon
ENS 1 4 0.78594874 | 1 0.78595 ns Wilcoxon
ENS 1 6 0.65054975 | 1 0.65055 ns Wilcoxon
ENS 1 7 0.60752412 | 1 0.60752 ns Wilcoxon
ENS 1 8 0.44913681 | 1 0.44914 ns Wilcoxon
ENS 1 10 0.02680023 | 1 0.02680 * Wilcoxon
ENS 1 11 0.11792811 | 1 0.11793 ns Wilcoxon
ENS 1 12 0.4778547 |1 0.47785 ns Wilcoxon
ENS 1 13 0.19318659 | 1 0.19319 ns Wilcoxon
ENS 1 14 0.28754702 | 1 0.28755 ns Wilcoxon
ENS 3 5 0.03741796 | 1 0.03742 * Wilcoxon
ENS 3 4 0.65054975 | 1 0.65055 ns Wilcoxon
ENS 3 6 0.31638559 | 1 0.31639 ns Wilcoxon
ENS 3 7 0.97593334 | 1 0.97593 ns Wilcoxon
ENS 3 8 0.78594874 | 1 0.78595 ns Wilcoxon
ENS 3 10 0.05949805 | 1 0.05950 ns Wilcoxon
ENS 3 11 0.31638559 | 1 0.31639 ns Wilcoxon
ENS 3 12 0.60631783 | 1 0.60632 ns Wilcoxon
ENS 3 13 0.29998639 | 1 0.29999 ns Wilcoxon
ENS 3 14 0.60752412 | 1 0.60752 ns Wilcoxon
ENS 5 4 0.11350233 | 1 0.11350 ns Wilcoxon
ENS 5 6 0.55116717 | 1 0.55117 ns Wilcoxon
ENS 5 7 0.044902 1 0.04490 * Wilcoxon
ENS 5 8 0.044902 1 0.04490 * Wilcoxon
ENS 5 10 0.0001028 | 0.008 | 0.00010 falaie Wilcoxon
ENS 5 11 0.00363662 | 0.27 | 0.00364 *x Wilcoxon
ENS 5 12 0.01057335 | 0.75 | 0.01057 * Wilcoxon
ENS 5 13 0.0069848 | 0.5 0.00698 ** Wilcoxon
ENS 5 14 0.07802434 | 1 0.07802 ns Wilcoxon
ENS 4 6 0.51372258 | 1 0.51372 ns Wilcoxon
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ENS 4 7 0.6297255 |1 0.62973 ns Wilcoxon
ENS 4 8 0.58987573 | 1 0.58988 ns Wilcoxon
ENS 4 10 0.00555959 | 0.41 | 0.00556 *x Wilcoxon
ENS 4 11 0.07802434 | 1 0.07802 ns Wilcoxon
ENS 4 12 0.28754702 | 1 0.28755 ns Wilcoxon
ENS 4 13 0.16931715 | 1 0.16932 ns Wilcoxon
ENS 4 14 0.37768531 | 1 0.37769 ns Wilcoxon
ENS 6 7 0.34735792 | 1 0.34736 ns Wilcoxon
ENS 6 8 0.24152379 | 1 0.24152 ns Wilcoxon
ENS 6 10 0.00085794 | 0.066 | 0.00086 Fkk Wilcoxon
ENS 6 11 0.02418426 | 1 0.02418 * Wilcoxon
ENS 6 12 0.05949805 | 1 0.05950 ns Wilcoxon
ENS 6 13 0.05949805 | 1 0.05950 ns Wilcoxon
ENS 6 14 0.19780811 | 1 0.19781 ns Wilcoxon
ENS 7 8 0.75528483 | 1 0.75528 ns Wilcoxon
ENS 7 10 0.00363662 | 0.27 | 0.00364 *x Wilcoxon
ENS 7 11 0.14316778 | 1 0.14317 ns Wilcoxon
ENS 7 12 0.37933906 | 1 0.37934 ns Wilcoxon
ENS 7 13 0.13354851 | 1 0.13355 ns Wilcoxon
ENS 7 14 0.31858517 | 1 0.31859 ns Wilcoxon
ENS 8 10 0.044902 1 0.04490 * Wilcoxon
ENS 8 11 0.24152379 | 1 0.24152 ns Wilcoxon
ENS 8 12 0.56578393 | 1 0.56578 ns Wilcoxon
ENS 8 13 0.60752412 | 1 0.60752 ns Wilcoxon
ENS 8 14 0.58987573 | 1 0.58988 ns Wilcoxon
ENS 10 11 0.71253508 | 1 0.71254 ns Wilcoxon
ENS 10 12 0.02680023 | 1 0.02680 * Wilcoxon
ENS 10 13 0.28754702 | 1 0.28755 ns Wilcoxon
ENS 10 14 0.19780811 | 1 0.19781 ns Wilcoxon
ENS 11 12 0.37933906 | 1 0.37934 ns Wilcoxon
ENS 11 13 0.56578393 | 1 0.56578 ns Wilcoxon
ENS 11 14 0.4095104 |1 0.40951 ns Wilcoxon
ENS 12 13 0.65218476 | 1 0.65218 ns Wilcoxon
ENS 12 14 0.88011195 | 1 0.88011 ns Wilcoxon
ENS 13 14 0.97593334 | 1 0.97593 ns Wilcoxon
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7.

Protokoly

7.1 Protokot izolacji DNA

Protokoét izolacji DNA z probek srodowiskowych jest oparty o protokot oraz odczynniki

‘FastPrep’ firmy MP Biomedicals.

N oo a &~

10.
11.

12.

13.

14.
15.

Do 2 ml probéwki z matrycg lizujgcg doda¢ 800 pl Sodium Phosphate Buffer (buforu
fosforanu sodu), 200 pl roztworu PLS i 250 mg gramow ro$liny (zhomogenizowanej za
pomoca miynka) lub 500 mg gleby. Wstrzasnag¢é do wymieszania, a nastepnie
worteksowac¢ 10-15 sekund.

Odwirowac probki przy 14.000 x g przez 5 minut i zdekantowac supernatant.

Doda¢ 110 pl buforu MT i 900 ul Sodium Phosphate Buffer (buforu fosforanu sodu).
Energicznie wstrzasna¢ lub krotko worteksowac w celu wymieszania.
Homogenizowac¢ probki w aparacie FastPrep® 24 z predkoscia 6,0 m/s przez 40 sekund.
Odwirowac probki przy 14.000 x g przez 15 minut.

Przenies¢ supernatant do czystej probowki wirowkowej o pojemnosci 2,0 ml.

Doda¢ 250 pl roztworu PPS, energicznie wstrzasnag¢ w celu wymieszania i inkubowac
w temperaturze 4°C przez 10 minut. Nie worteksowaé! Odwirowaé probki przy 14.000
X g przez 2 minuty.

Podczas gdy probki sag odwirowywane, doda¢ 500 pl Binding Matrix Solution do czyste;j
probowki wiréwkowej o pojemnosci 2,0 ml.

Przenie$¢ supernatant do Binding Matrix Solution w probdéwce 2,0 ml. Delikatnie
wstrzasnac reka w celu wymieszania, a nastgpnie umies$ci¢ na wytrzasarce/wirOwce na
5 minut.

Odwirowac probki przy 14.000 x g przez 2 minuty. Zdekantowac supernatant.

Doda¢ 500 pul Wash Buffer #1 do peletu mieszaniny wigzacej 1 umiesci¢ na
wytrzasarce/wirdéwce na 5 minut.

Przenies¢ okoto 600 pl mieszaniny wigzacej do proboéwki SPIN Filter i odwirowac przy
14.000 x g przez 1 minute. Oprozni¢ probowke.

Doda¢ 500 pl przygotowanego Wash Buffer #2 do probowki SPIN Filter. UWAGA:
Upewnic¢ si¢, ze do Wash Buffer #2 zostat dodany etanol (100 ml 100% etanolu).
Odwirowac probki przy 14.000 x g przez 5 minut. Zla¢ odwirowany supernatant.

Powtorzy¢ kroki 13 1 14.
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16. Ponownie odwirowaé probki przez 5 minut w celu ekstrakcji pozostatosci etanolu
Z matrycy wigzacej 1 wysuszy¢ probki.

17. Przenies¢ SPIN Filter do czystej 1,5 ml probowki typu Eppendorfa. Doda¢ 100 ul TES,
delikatnie wymiesza¢ pelet pipetujgc roztwor i inkubowaé w temperaturze pokojowej
przez 2 minuty. Nie worteksowac!

18. Odwirowac probki przy 14.000 x g przez 2 minuty w celu elucji oczyszczonego DNA
do czystej probowki wychwytujace;.

19. DNA jest teraz gotowe do analiz PCR i innych zastosowan lub moze by¢ rozcienczone
w stosunku 1:9 z woda, jesli to konieczne.

20. Przechowywac¢ w temperaturze -20°C przez dtuzszy czas lub w temperaturze 4°C przez

okres do 12 godzin.
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7.2. Protokol potrdjnej detekeji real-time PCR

Sekwencje oligonukleotydow do reakcji:

Starter/sonda | Fluorofor | Sekwencja (5’ — 3°) | Wygaszacz |
D2LSU_F AGA CCG ATA GCG MAC AAG
D2LSU R CTT GGT CCG TGT TTC AAG
BotrytiseFAM 6FAM TCAGGGTCTCGTACCCTGTGTACTT BHQ-1
ColletotrichumTamra  Tamra(R) TGTGACCAGACTTGCGTCCGGTGAA BHQ-2

Warunki reakcji:

(Opcjonalnie) UNG: 37°C 2 minuty
Denaturacja wstepna: 95°C 12 minut

40 cykli :
Denaturacja
Hybrydyzacja i elongacja:

Sktad mieszaniny reakcyjne;j:
MP qPCR MM (EURX)(2x)
D2LSU F

D2LSU R

Botrytis6FAM
ColletotrichumTamra
VerticilliumCy5

ROX

(Opcjonalnie)UNG

DNA

Woda

95°C 55
60°C 2 min (Odczyt danych fluorescencji)

1x
0,3uM
0,3uM
0,15uM
0,15uM
0,15uM

10 pl
0,6 ul
0,6 ul
0,3 ul
0,3 ul
0,3 ul
0,25 ul
0,2 ul

4 ul

do 20 pl
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7.3.

Protokol detekcji LAMP

Sekwencje oligonukleotydow do reakcji:

Marker Mikroorganizm Nazwa startera* Sekwencja starterow 5’23’

= Psp_Efla F3 GTACTTCTTCACGGTCATTGA

E Psp_Efla_B3 GTACATGACAGACGAGTCG

= AGCAACCACCAGrATGGC|CACCGTGACTTCATCAAGA
3 Psp_Efla_FIP

o Phytophthora A

= spp. Psp_Efla BIP TyGArG CTGGTATCTCCA@E c?A|AC rATCATCTGCTTCA
[

s Psp_Efla_LoopF CTGCGAGGTICCCGTAATC

== Psp_Efla LoopB TGCTTGCCTTCACYCTGG

2 AGCAACCACCAGGATGGCICACCGTGACTTCATCAAG
o Pca_Efla_FIP AA

S Phytophthora TYGAAGCTGGTATCTCCAAGGA|ACITATCATCTGCTTCA
= Pca_Efla_BIP

® cactorum - = CAC

§ Pca_Efla_LoopF CTGCGAGGTACCCGTAATC

= Pca_Efla_LoopB TGCTTGCCTTCACTCTGG

Warunki reakcji:
caty czas trwania reakcji:

65°C 40 minut

Skiad mieszaniny reakcvijnej:

1ISO-001 (OptiGene)(2x)

1x

FIP/BIP
F3/B3
LoopF/LoopB
ROX

DNA

Woda

0,8 uM
0,2 uM
0,4 uM

10 pul
1,6 ul
0,4 ul
0,8 ul
0,2 ul
1ul

do 20 pl
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8. Oswiadczenia wspolautorow

INSTYTUT

Py T h_f

Lublin, 31.08.2022

mgr inz. Dominika Siegieda

Zaklad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

O$wiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionych pracach inicjatywa podjetych badan jest moim wktadem

intelektualnym, a méj udziat obejmowat:

P1: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2019). Alternative Molecular-Based
Diagnostic Methods of Plant Pathogenic Fungi Affecting Berry Crops—A Review. Molecules 24, 1200.

wspotudziat w opracowaniu koncepcji manuskryptu,

zebranie i szczegblowe przeanalizowanie danych literaturowych,
wykonanie fotografii, rysunkéw oraz tabel do manuskryptu,
przygotowanie manuskryptu,

uczestnictwo w odpowiedziach do recenzentow oraz edycji manuskryptu.

P2: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2020). Triplex Real-Time PCR Approach for
the Detection of Crucial Fungal Berry Pathogens—Botrytis spp., Colletotrichum spp. and
Verticillium spp.. International Journal of Molecular Sciences 21, 8469

wspdtudzial w opracowaniu koncepcji badan,

wspotudzial w izolacji czystych kultur szczepéw fitopatogenicznych z porazonych probek
Srodowiskowych oraz izolacji DNA z prébek czystych szczepdw patogenicznych,

wspétudzial w identyfikacji molekularnej czystych szczepéw fitopatogenicznych,

wspotudzial w zebraniu probek srodowiskowych (gleba, ryzosfera, korzenie, owoce, liscie)
z ekologicznych plantacji truskawek ekologicznych oraz izolacji DNA,

wspétudziat w zaprojektowaniu sekwencji starteréw oraz sond molekularnych,

zoptymalizowanie warunkow reakgeji triplex real-time PCR,

okre$lenie limitu detekcji opracowanej reakeji,

walidacjg opracowanej metody na probkach kontaminowanych oraz srodowiskowych,

analize i interpretacje wynikéw badan,

zebranie i szczegdlowe przeanalizowanie danych literaturowych,
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e przygotowanie manuskryptu,
e przygotowanic wykresow oraz tabel,

e uczestnictwo w odpowiedziach do recenzentoéw oraz edycji manuskryptu.

P3: Siegieda D., Panek J., Frac M., (2021). “Shining a LAMP” (Loop-Mediated Isothermal
Amplification) on the Molecular Detection of Phytopathogens Phytophthora spp. and Phytophthora
cactorum in Strawberry Fields. Pathogens 10, 1453

e wspotudziat w opracowaniu koncepcji badan,

e udzial w izolacji czystych szczepdw patogenicznych Phytophthora spp.,

e identyfikacje molekularng czystych szczepow,

e udzial w zaprojektowaniu starterow reakcji LAMP,

e optymalizacje stezen reagentow reakcji LAMP oraz okreslenie limitu detekcji reakcji,
e walidacjg reakcji kolorymetrycznej oraz reakeji na probkach srodowiskowych,

e analize i interpretacje wynikéw badan,

e zebranie i szczegbétowe przeanalizowanie danych literaturowych,

e przygotowanie manuskryptu,

e przygotowanie wykresow oraz tabel,

e uczestnictwo w odpowiedziach do recenzentéw oraz edycji manuskryptu.

Duinele noqedl
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Lublin, 31.08.2022

mgr inz. Dominika Siegieda

Zaklad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

O$wiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionym manuskrypcie artykutu naukowego inicjatywa podjetych

badar jest moim wkiadem intelektualnym, a m¢j udzial obejmowat:

P4: Siegieda D., Panek J., Frac M., Plant and soil health in organic plantations of strawberry -
mycobiome biodiversity, fungal trophic modes and networks.

wspotudzial w opracowaniu koncepcji badan,

wspétudziat w zebraniu probek srodowiskowych, izolacji DNA oraz w sekwencjonowaniu
metataksonomicznym,

wspotudzial w przygotowaniu wynikéw badan do analiz statystycznych w $rodowisku QIIME2,
analizg statystyczng wynikéw sekwencjonowania w $rodowisku R oraz przygotowanie skryptow
bioinformatycznych,

przygotowanie wykreséw w jezyku R,

analizg i interpretacje wynikéw badan,

zebranie i szczegélowe przeanalizowanie danych literaturowych,

przygotowanie manuskryptu.

Doimbe napide
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Lublin, 31.08.2022

prof. dr hab. Magdalena Frac

Zaktad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym oswiadczam, ze w ponizszych pracach inicjatywa podjetych badan jest wktadem

intelektualnym mgr inz. Dominiki Siegiedy.

P1: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2019). Alternative Molecular-Based Diagnostic
Methods of Plant Pathogenic Fungi Affecting Berry Crops—A Review. Molecules 24, 1200.

P2: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2020). Triplex Real-Time PCR Approach for the
Detection of Crucial Fungal Berry Pathogens—Botrytis spp., Colletotrichum spp. and Verticillium spp..
International Journal of Molecular Sciences 21, 8469

P3: Siegieda D., Panek J., Frac M., (2021). “Shining a LAMP” (Loop-Mediated Isothermal Amplification)
on the Molecular Detection of Phytopathogens Phytophthora spp. and Phytophthora cactorum in
Strawberry Fields. Pathogens 10, 1453

Moj wkiad w powyzsze prace polegat na:
e okresleniu problematyki i zakresu prac,
e wspoltudziale w opracowaniu koncepcji badan,
e zapewnieniu materiatéw i aparatury umozliwiajacych realizacje badan,
e kierowaniu przebiegiem badan zgodnie z zalozeniami projektu,
e nadzorowaniu procesu przygotowania manuskryptu,
e pozyskaniu $rodkéw finansowych umozliwiajacych realizacje badan,
e udziale w analizie i interpretacji wynikéw badan,
e edycji i korekcie manuskryptu,

e uczestnictwo w odpowiedziach na recenzje.

Jednoczesnie wyrazam zgodg, aby prace zostaly wykorzystane w rozprawie doktorskiej
mgr inz. Dominiki Siegiedy.

~

frge
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Lublin, 31.08.2022

prof. dr hab. Magdalena Frac

Zaktad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionym manuskrypcie artykulu naukowego inicjatywa

podjetych badan jest wktadem intelektualnym mgr inz. Dominiki Siegiedy.

P4: Siegieda D., Panek J., Frac M., Plant and soil health in organic plantations of strawberry - mycobiome
biodiversity, fungal trophic modes and networks

Méj wktad w powyzszy manuskrypt polegat na:

okresleniu problematyki i zakresu prac,

wspotudziale w opracowaniu koncepcji badan,

zapewnieniu materialow i aparatury umozliwiajacych realizacje badan,
kierowaniu przebiegiem badan zgodnie z zalozeniami projektu,
nadzorowaniu procesu przygotowania manuskryptu,

pozyskaniu $rodkéw finansowych umozliwiajgcych realizacje badan,
udziale w analizie i interpretacji wynikéw badan,

edycji i korekcie manuskryptu.

Jednoczesnie wyrazam zgode, aby powyzszy manuskrypt artykutu naukowego zostal wykorzystany

w rozprawie doktorskiej mgr inz. Dominiki Siegiedy.

W/daﬁwz fage
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Lublin, 31.08.2022

dr inz. Jacek Panek

Zaktad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Do$wiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w ponizszych pracach inicjatywa podjetych badan jest wkladem

intelektualnym mgr inz. Dominiki Siegiedy.

P1: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2019). Alternative Molecular-Based Diagnostic
Methods of Plant Pathogenic Fungi Affecting Berry Crops—A Review. Molecules 24, 1200.

P2: Malarczyk D. (obecnie: Siegieda), Panek J., Frac M., (2020). Triplex Real-Time PCR Approach for
the Detection of Crucial Fungal Berry Pathogens—Botrytis spp., Colletotrichum spp. and Verticillium
spp.. International Journal of Molecular Sciences 21, 8469

P3: Siegieda D., Panek J., Frac M., (2021). “Shining a LAMP” (Loop-Mediated Isothermal
Amplification) on the Molecular Detection of Phytopathogens Phytophthora spp. and Phytophthora
cactorum in Strawberry Fields. Pathogens 10, 1453

M¢j wkiad w powyzsze prace polegal na:
e wspotudziale w opracowaniu koncepcji badan,
e kierowaniu przebiegiem badan laboratoryjnych zgodnie z zatozeniami projektu,
e wspoludziale w opracowaniu metodyk wykorzystywanych w badaniach,
e zapewnieniu sprawnosci stanowiska bioinformatycznego do analizy wynikow,
e udziale w analizie i interpretacji wynikéw badan,
e edycji i korekcie manuskryptu,

e uczestnictwo w odpowiedziach na recenzje.

Jednoczes$nie wyrazam zgode, aby prace zostaly wykorzystane w rozprawie doktorskiej

b ok

mgr inz. Dominiki Siegiedy.
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Lublin, 31.08.2022

dr inz. Jacek Panek

Zaktad Badan Systemu Gleba-Roslina

Instytut Agrofizyki im. Bohdana Dobrzanskiego PAN
ul. Doswiadczalna 4, 20-290 Lublin

Oswiadczenie

Niniejszym o$wiadczam, ze w nizej wymienionym manuskrypcie artykutu naukowego inicjatywa

podjetych badan jest wktadem intelektualnym mgr inz. Dominiki Siegiedy.

P4: Siegieda D., Panek J., Frac M., Plant and soil health in organic plantations of strawberry - mycobiome
biodiversity, fungal trophic modes and networks

Moj wkiad w powyzsza pracg polegat na:

wspotudziale w opracowaniu koncepcji badan,

kierowaniu przebiegiem badaf laboratoryjnych zgodnie z zalozeniami projektu,
wspbtudziale w opracowaniu metodyk wykorzystywanych w badaniach,
zapewnieniu sprawnosci stanowiska bioinformatycznego do analizy wynikow,
udziale w analizie i interpretacji wynikéw badan,

edycji 1 korekcie manuskryptu.

Jednoczesnie wyrazam zgode, aby powyzszy manuskrypt artykulu naukowego zostal wykorzystany

w rozprawie doktorskiej mgr inz. Dominiki Siegiedy.

ok b
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9. Zyciorys naukowy

Dane personalne: Dominika Siegieda (poprzednie nazwisko: Malarczyk)

Wyksztalcenie
2018 - obecnie
Instytut Agrofizyki im. Bohdana Dobrzanskiego Polskiej Akademii Nauk, Zaklad Badan
Systemu Gleba-Roslina, Laboratorium Mikrobiologii Molekularnej i Srodowiskowej, studia

stacjonarne 111° w dyscyplinie rolnictwo i ogrodnictwo

2016-2018

Uniwersytet Przyrodniczy w Lublinie, Wydziat Biologii, Nauk o Zwierzetach i Biogospodarki,
studia stacjonarne I1°, kierunek: biologia, specjalno$¢: biologia stosowana, obszar nauk
przyrodniczych.

2018 - uzyskanie tytulu magister, praca pt.: Zréznicowanie genetyczne orlika krzykliwego
(Aquila pomarina) i orlika grubodziobego (Aquila clanga) na podstawie analizy mtDNA,
wykonana w Instytucie Biologicznych Podstaw Produkcji Zwierzgcej pod opieka promotorska
dr Beaty Horeckiej.

2015-2016

Uniwersytet Przyrodniczy w Lublinie, Wydziat Nauk o Zywnosci i Biotechnologii, studia
stacjonarne 11°, kierunek: biotechnologia, obszar nauk rolniczych, lesnych i weterynaryjnych.
2016 - uzyskanie tytulu magister inzynier, praca pt.. Homologia genu TYR (tyrosinase)
wybranych gatunkow zwierzat futerkowych, wykonana w Katedrze Biologicznych Podstaw

Produkcji Zwierzecej, pod opieka promotorskg dr Beaty Horeckiej.

2011-2015

Uniwersytet Przyrodniczy w Lublinie, Wydziat Nauk o Zywnoéci i Biotechnologii, studia
stacjonarne 1°, kierunek: biotechnologia, obszar nauk rolniczych, lesnych i weterynaryjnych.
2015 - uzyskanie tytulu inzynier, praca pt.: Ocena zalezno$ci migdzy temperaturg gniazda
pszczelego a szerokosciag komorek plastrow - praca projektowa, wykonana w Katedrze
Biologicznych Podstaw Produkcji Zwierzecej pod opieka promotorska dra hab. Krzysztofa
Olszewskiego.
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Osiagni¢cia zwigzane z rozprawa doktorska

Ustne wystapienia na miedzynarodowych konferencjach naukowych:

1.

Siegieda D., Panek J., Frac M., 2022 Metataxonomy in organic strawberry cultivation -
what’s the big deal? “21°% International Workshop for Young Scientists BioPhys Spring
2022”7, 30-31V 2022, Nitra, Stowacja

Siegieda D., Panek J., Frac M., 2022, Correlations between fungal trophic modes in
healthy and unhealthy strawberry samples “MycoRiseUp! Youth in mycology”, 27-29
V 2022, Warszawa

Malarczyk D., Panek J., Frac M., 2021, LAMP - efficient detection of Phytophthora spp.
found in organic strawberry plantations, “20" International Workshop for Young
Scientists BioPhys Spring 20217, 15 V 2021, on-line

Malarczyk D., Panek J., Frac M., 2020, Detection of crucial fungal pathogens of soft
fruits in environmental samples derived from organic strawberry plantations, 19"
International Workshop for Young Scientists BioPhys Spring 2020, 19-21 V 2020,
Praga, Republika Czeska

Malarczyk D., Panek J., Frac M., 2019, Fungal pathogens in ecological strawberry
fields, 18" International Workshop for Young Scientists BioPhys Spring 2019, 22-24 \/
2019, Godolls, Wegry

Ustne wystapienia na ogélnopolskich konferencjach naukowych:

6.

Siegieda D., Panek J., Frac M., 2022, Abundance of phytopathogenic fungi and other
guilds in soil, rhizosphere, roots and leaves of organic strawberry, konferencja
,Nowoczesne spojrzenie na fitopatologie” Polskiego Towarzystwa Fitopatologicznego,
Poznan, 7-8 1X 2022

Siegieda D., Panek J., Frac M., 2021, Sekwencjonowanie nowej generacji w badaniach
mikrobiomu probek gleby i roslin, IV Konferencja Doktorantow pt. ,,Cztery zywioly —
wspotczesne problemy w naukach o zyciu”, Lublin, 14 XII 2021

Malarczyk D., Panek J., Frac M., 2021, Structural and functional analysis of fungal
communities occurring in organic strawberry plantations, ”MycoRiseUp! Youth in

mycology”, 23 IV 2021, on-line
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9.

10.

11.

Malarczyk D., Panek J., Frac M., 2020, Interakcje mykobiomu gleby i roslin
w ekologicznej uprawie truskawki, 111 Konferencja Doktorantow pt. ,,Cztery zywioty —
wspolczesne problemy w naukach o zyciu”, 18 XII 2020, Warszawa-Lublin
Malarczyk D., Panek J., Frac M., 2019, Zagrozenie fitopatogenami w ekologicznej
uprawie owocow, Il Konferencja Doktorantow pt. ,,Cztery zywioly — wspotczesne
problemy w naukach o zyciu”, 24 X 2019, Lublin

Panek J., Malarczyk D., Gryta A., Oszust K., Frac M., 2019, Detekcja i identyfikacja
patogenow grzybowych wystepujgcych w ekologicznej uprawie truskawek, Ochrona
biordéznorodnosci gleby warunkiem zdrowia obecnych i przysztych pokolen, 16 X 2019,

Skierniewice

Postery na mi¢edzynarodowych konferencjach naukowych:

12.

13.

Siegieda D., Panek J., Frac M., 2021, Aprica strawberry cultivation on four types of
soil. Does it impact the mycobiome composition?, 13" International Conference on
Agrophysics: Agriculture in changing climate, 15-16 XI 2021, Lublin

Panek J., Malarczyk D., Fragc M., 2019, Multiplex gqPCR method for detection of
Verticillium sp. and Phytophthora sp., XVl Congress of European Mycologists, 16-
21 1X 2019, Warszawa/Biatowieza

Postery na ogélnopolskich konferencjach naukowych:

14.

15.

16.

17.

Siegieda D., Panek J., Frac M., 2022, Are fungi good networkers? Mycobiome networks
in healthy and diseased strawberry fields, Ogoélnopolska Konferencja naukowa z okazji
X-lecia Polskiego Towarzystwa Mykologicznego, 24-28 1X 2022, Poznan

Siegieda D., Panek J., Frac M., 2022 Analiza sieci powigzan bakterii w zdrowych
i chorych probkach ekologicznej truskawki, XXIX Ogolnopolski Zjazd Polskiego
Towarzystwa Mikrobiologéw, 15-17 1X 2022, Warszawa

Siegieda D., Panek J., Frac M., 2022, Comparing Differential Abundance (DA) methods
on mycobiome of organic strawberry, V Ogdlnopolskie Sympozjum Mikrobiologiczne
»Metagenomy réznych srodowisk”, 23-24 VI 2022, Putawy

Siegieda D., Panek J., Frac M., 2021, Czy sktad mykobiomu probek roslin i gleby
z plantacji truskawek jest identyczny dla odmian Honeoye, Aprica i Dipred?,
54. Konferencja Mikrobiologiczna - ,,Mikroorganizmy réznych srodowisk”, 20-21 1X
2021, Warszawa
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18.

19.

20.

Malarczyk D., Panek J., Frac M., 2021, Roznice w skladzie mykobiomu ekologicznych
upraw truskawek odmian Honeoye i Aprica, IV Ogoélnopolskie Sympozjum
Mikrobiologiczne ,,Metagenomy réznych srodowisk”, 17-18 VI 2021, Lublin
Malarczyk D., Panek J., Frac M., 2020, Detekcja roslinnych patogenoéw grzybowych
W srodowiskowych probkach truskawek w zaleznosci od warunkow pogodowych
I w trakcie przechowywania, Biordznorodno$¢ srodowiska glebowego — wskazniki
oceny, 5 XI 2020, Putawy

Panek J., Malarczyk D., Frac M., 2019, lzolacja DNA z Verticillium sp.
I Phytophthora sp., 53. Ogoélnopolska Konferencja Mikrobiologiczna, 08-11 1X 2019,

Poznan

Wspolautorstwo doniesien pokonferencyjnych:

21.

22.

23.

Frac M., Oszust K., Panek J., Pertille G., Gryta A., Macik M., Pylak M., Siegieda D.,
2022, Soil microbiome and mycobiome as an important driver of plant health and soil
quality, 22" World Congress of Soil Science, 31 VII - 5 VIII 2022, Glasgow, Szkocja
Panek J., Malarczyk D., Frac M., 2019, Porownanie wybranych metod izolacji DNA
zgleby w badaniach metataksonomicznych, IV  Ogodlnopolskie Sympozjum
Mikrobiologiczne ,,Metagenomy Roznych Srodowisk” 27-28 VI 2019, Lublin

Panek J., Malarczyk D., Frac M., 2019, Isolation of microbial DNA from soil —
metagenomic approach, 18" International Workshop for Young Scientists BioPhys
Spring 2019, 22-24 V 2019, G6doll6, Wegry

Udzial w projekcie naukowym:

X12021 - 1X 2022, pracowniczka badawczo-techniczna w projekcie: Nowe rozwigzania
biotechnologiczne w diagnostyce, kontroli i monitoringu kluczowych patogenow
grzybowych w ekologicznych uprawach owocow migkkich (akronim: EcoFruits),
finansowane przez Narodowe Centrum Badan 1 Rozwoju w ramach projektu
BIOSTRATEG

XI 2019 - Xl 2021, pracowniczka inzynieryjna w projekcie: Nowe rozwigzania
biotechnologiczne w diagnostyce, kontroli i monitoringu kluczowych patogenow
grzybowych w ekologicznych uprawach owocow migkkich (akronim: EcoFruits),

finansowane przez Narodowe Centrum Badan 1 Rozwoju w ramach projektu

BIOSTRATEG
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Patenty:
e P.431985. Startery oligonukleotydowe oraz sonda molekularna do wykrywania
fitopatogenicznego grzyba Botrytis sp. oraz sposob jego wykrywania. Tworcy: Jacek
Panek, Magdalena Frac, Dominika Malarczyk, Data zgtoszenia: 2019-11-28.

e P.431986. Startery oligonukleotydowe oraz sonda molekularna do wykrywania
fitoparogenicznego grzyba Colletotrichum sp. oraz sposob jego wykrywania. Tworcy:

Jacek Panek, Magdalena Frac, Dominika Malarczyk, Data zgtoszenia: 2019-11-28.

e P.431987. Startery oligonukleotydowe oraz sonda molekularna do wykrywania
fitopatogenicznego grzyba Verticillium sp. oraz sposob jego wykrywania. Tworcy:
Jacek Panek, Magdalena Frac, Dominika Malarczyk, Data zgtoszenia: 2019-11-28.

e P.431988. Startery oligonukleotydowe oraz sondy molekularne do jednoczesnego
wykrywania  fitopatogenicznych — grzybow  Botrytis  sp.,  Colletotrichum  sp.,
Verticillium sp. oraz sposob ich wykrywania. Twoércy: Jacek Panek, Magdalena Frac,
Dominika Malarczyk, Data zgtoszenia: 2019-11-28.

Zgloszenia patentowe:
e P.437110. Startery oligonukleotydowe do  wykrywania fitopatogennych
mikroorganizmow Phytophthora cactorum i sposob ich wykrywania. Tworcy: Jacek
Panek, Dominika Malarczyk, Magdalena Frac, Data zgloszenia: 2021-02-24

e P.437111. Startery  oligonukleotydowe do  wykrywania fitopatogennych
mikroorganizmow Phytophthora spp. oraz sposob ich wykrywania. Tworcy: Jacek
Panek, Dominika Malarczyk, Magdalena Frac, Data zgloszenia: 2021-02-24

Osiggniecia niezwigzane z rozprawa doktorska

Staz naukowy:
e |l - 111 2017, Uniwersytet Techniczny w Monachium, Niemcy, Zaktad Biotechnologii
Zwierzat Gospodarskich, Sekcja Analiz Genetycznych i Epigenetycznych, program
stazowy ERASMUS+

Wspotautorstwo doniesien pokonferencyjnych:
e Frac M., Panek, J., Siegieda, D., Treder, K., Pawlowska A., Michatowska A., Salles,
J.F., 2022, Strategies to improve soil resource-use efficiency through plant-microbiome

interactions - microbiome discrete groups of potato cultivars and their fungal trophic
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guilds, Ogolnopolska Konferencja naukowa z okazji X-lecia Polskiego Towarzystwa
Mykologicznego, 24-28 1X 2022, Poznan

Udzial w projekcie miedzynarodowym:

V 2022 - X1 2022: Harnessing the potato-microbiome interactions for development of
sustainable breeding and production strategies (potatoMETAbiome); Migdzynarodowe
konsorcjum naukowe SusCrop ERA-Net Cofund Action H2020: Uniwersytet
w Groningen, Niderlandy - Lider, Partnerzy: Instytut Agrofizyki PAN - Polska (Lider
Polskiego Konsorcjum), Uniwersytet Techniczny w Monachium - Niemcy,
Politechnika w Graz - Austria, University of Limerick - Irlandia, Université de Pau et
des Pays de I'Adour - Francja, Szkota Glowna Gospodarstwa Wiejskiego - Polska,
Instytut Hodowli i Aklimatyzacji Roslin - Panstwowy Instytut Badawczy - Polska,
Instytut Molekularnej Fizjologii Ro$lin im. Maxa Plancka - Niemcy

Zlozony projekt:

Charakterystyka multiomiczna oraz detekcja rozprzestrzeniajgcego si¢ grzyba
fitopatogenicznego - Pilidium lythri w konkursie PRELUDIUM 21, organizowanym

przez Narodowe Centrum Nauki

Wyroéznienia i nagrody:

2021, Stypendium Dyrektora Instytutu Agrofizyki Polskiej Akademii Nauk, prof. dra
hab. Cezarego Stawinskiego, czl. koresp. PAN, dla najlepszych doktorantéw na rok
akademicki 2021/2022

2021, Wyrdznienie posteru pt.: Czy sktad mykobiomu probek roslin i gleby z plantacji
truskawek jest identyczny dla odmian Honeoye, Aprica i Dipred? na 54. Konferencji
Mikrobiologicznej "Mikroorganizmy réznych srodowisk"

2021, Dyplom za Il miejsce w sesji posterowej za poster pt.: Roéznice w skladzie
mykobiomu ekologicznych upraw truskawek odmian Honeoye i Aprica na
V Ogo6lnopolskim Sympozjum Mikrobiologicznym "Metagenomy r6znych srodowisk"
2018, Stypendium Dyrektora Instytutu Agrofizyki Polskiej Akademii Nauk, prof. dra
hab. Cezarego Stawinskiego, dla najlepszych doktorantow na rok akademicki
2018/2019
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2018, Dyplom Rektora Uniwersytetu Przyrodniczego w Lublinie, prof. dr hab.
Zygmunta Litwinczuka, za wyrdzniajaca si¢ prace magisterska pt. ZrozZnicowanie
genetyczne orlika krzykliwego (Aquila pomarina) i orlika grubodziobego (Aquila

clanga) na podstawie analizy mtDNA

Szkolenia i certyfikaty:

NGSchool: Machine Learning in Computational Biology, 15 - 23 1X 2022

Data Analytics With R, NobleProg, 14 - 31 111 2022

NGSeminars2021, 9 VI - 10 X1 2021

NGSeminars2020, 18 VI - 17 IX 2020

London Calling 2020: Flow cell loading demonstration workshop, 17 VI 2020
Nanopore seminars: an online series, 12-26 V 2020

Python dla poczatkujacych, Rafat Mobilo Certyfikowany Instruktor Microsoft, Udemy,
15V 2020

Laboratorium Mikrobiologii Molekularnej i Srodowiskowej IA PAN, szkolenie
Z obstugi autoklawow, 20 1 2020

Instytut Chemii Organicznej PAN oraz Patac w Jabtonnie, I1I Konferencja Doktorantow
PAN, szkolenie z wystgpien publicznych, 11-13 X 2019

Certyfikat EF SET znajomosci j¢zyka angielskiego na poziomie C2 (Proficient), 26 VI
2019

Laboratorium Mikrobiologii Molekularnej i Srodowiskowej IA PAN, Szkolenie
aplikacyjne obejmujace szlak wykonania bibliotek, metagenomike i sekwencjonowanie
matych genomoéw, w tym wykonanie oznacze-nia WGS probki DNA izolatu
bakteryjnego i grzybowego, 31 1 2019

Centrum Nauk Biologiczno-Chemicznych Uniwersytetu Warszawskiego,  Dni
aplikacyjne Illumina, 15 XI 2018

Osrodek Doskonalenia Kadr MECHANIKA, Obstuga autoklawdéw, sterylizatorow
laboratoryjnych do 50 kW, 08-15 IV 2015

Pelnione funkcje:

Cztonkini Komisji Rekrutacyjnej Interdyscyplinarnej Szkoty Doktorskiej Nauk
Rolniczych w roku akademickim 2022/2023
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Wiceprzewodniczaca Rady Samorzadu Doktorantéw IA PAN w roku akademickim
2021/2022

Koordynatorka merytoryczna projektu PhD Mental Health, finansowanego przez
Ministerstwo Edukacji i Nauki, pozyskanego przez Krajowa Reprezentacje
Doktorantow

Koordynatorka zespotu ds. Public Relations I Targéow Pracy dla Doktorantow
Work&Science Forum 2021, organizowanych przez Krajowg Reprezentacje
Doktorantow

Wiceprzewodniczgca Komisji ds. Public Relations przy Krajowej Reprezentacji
Doktorantow w kadencji 2021

Cztonkini Komitetu Organizacyjnego IV Konferencji Doktorantow Cztery Zywioly —
wspolczesne problemy w naukach o Zyciu, 14 XI11 2021, IA PAN, Lublin

Cztonkini Komisji Rekrutacyjnej Interdyscyplinarnej Szkoty Doktorskiej Nauk
Rolniczych w roku akademickim 2020/2021

Przewodniczaca Komisji Stypendialnej ds. przyznawania $§wiadczen pomocy
materialnej uczestnikom stacjonarnych studiéw doktoranckich w Instytucie Agrofizyki
PAN w roku akademickim 2021/2022

Cztonkini Komitetu Organizacyjnego /11 Konferencji Doktorantow Cztery zywioly —
wspotczesne problemy w naukach o Zyciu, 18 X1l 2020, SGGW, Warszawa

Czlonkini Komisji Stypendialnej ds. przyznawania $wiadczeh pomocy materialnej
uczestnikom stacjonarnych studiow doktoranckich w Instytucie Agrofizyki PAN w roku
akademickim 2020/2021

Cztonkini Komitetu Organizacyjnego II Konferencji Doktorantow Cztery zZywioly —
wspolczesne problemy w naukach o Zyciu, 24 X 2019, 1A PAN, Lublin
Przewodniczaca Samorzadu Doktorantow IA PAN w roku akademickim 2019/2020

Wiceprzewodniczaca Rady Samorzadu Doktorantow IA PAN w roku akademickim
2018/2019
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