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2. Wykaz skrotow

R1 - gleba po ptodozmianie (kombinacja kontrolna);
R2 - gleba replantowana;

R3 - gleba replantowana, z wykorzystaniem przedplonu z aksamitki rozpierzchtej
(Tagetes patula L.);

R4 - gleba replantowana, z wykorzystaniem przedplonu z gorczycy bialej (Sinapis
alba);

R5 - gleba replantowana, z wykorzystaniem przedplonu z rzodkwi oleistej
(Raphanus sativus var. oleifera).

ARD - Apple Replant Disease — choroba replantacyjna jabtoni

OUT - Operational Taxonomic Units - liczba jednostek taksonomicznych
PCR - Polymeraze Chain Reaction — reakcja fancuchowa polimerazy
PCA - Principal Component Analysis - analiza sktadowych gtéwnych
TTC - chlorek trojfenylotetrazolu

ADh - aktywno$¢ dehydrogenaz

AP - aktywno$¢ proteaz

ASA - Absorpcyjna Spektrometria Atomowa



3. Streszczenie

Choroba replantacyjna jabtoni (ARD — Apple Replants Disease) jest czgsto
spotykanym, negatywnym zjawiskiem w sadach gléwnie jabtoniowych i szkotkach
produkcyjnych. Czynnikiem sprawczym choroby jest przede wszystkim brak rownowagi
w strukturze mikrobioty i mykobioty w glebie i akumulacja szkodliwych
mikroorganizméw. Jednym ze sposobodw ograniczenia negatywnych skutkoéw replantacji
jest biofumigacja prowadzaca do wytwarzana w glebie lotnych zwigzkow o
wlasciwosciach biobojczych.

Celem podjetych w latach 2019-2021 badan byta ocena wplywu zastosowania
wybranych roslin fitosanitarnych - aksamitki rozpierzchtej (Tagetes patula L.),
gorczycy bialej (Sinapis alba) i rzodkwi oleistej (Raphanus sativus var. oleifera) na:
sktad mikrobiomu i mykobiomu w glebie, liczebno$¢ nicieni oraz wilasciwosSci
biochemicznych gleby po uprawie szkotkarskiej oraz wzrost drzewek i biometri¢ lisci
drzewek jabtoni.

Badania przeprowadzono w szkotce produkcyjnej. Drzewa jabtoni zostaty
posadzone w glebie z dwoch stanowisk. Gleba z pierwszego stanowiska nie byta
wczesniej wykorzystywana do produkcji materiatu  szkotkarskiego (gleba po
ptodozmianie). Glebg z drugiego stanowiska wykorzystano wczesniej do produkcji
drzewek jabtoni (gleba replantowana). W glebie replantowanej jako przedplon
zastosowano trzy gatunki roslin: aksamitke rozpierzchta (Tagetes patula L.), gorczyce
biatg (Sinapis alba) i rzodkiew oleista (Raphanus sativus var. oleifera).

Na podstawie wynikow analiz réznorodno$ci taksonomicznej i funkcjonalnej
zbiorowisk bakterii w glebie replantowanej (ARD), replantowanej z przedplonem z
aksamitki rozpierzchtej (Tagetes patula L.), gorczycy biatej (Sinapis alba) i rzodkwi
oleistej (Raphanus sativus var. oleifera) oraz w glebie po ptodozmianie ustalono, iz
zabieg biofumigacji zmieniat strukture i liczebnos¢ mikrobiomu gleby replantowanej w
szkotce drzewek owocowych. Wzrosta liczebnos¢ jednostek taksonomicznych OTU
typéw (Proteobacteria, Bacteroidota, Patescibacteria, Chloroflexi, Fatescibacteria
Verrucomicrobiota) oraz rodzajow bakterii (Flavobacterium, Massila, Sphingomonas,
Arenimonas, czy Devosia). Ustalono, iz biofumigacja poprawita wlasciwosci
fizykochemiczne gleby (gestos¢ nasypowa 1 prochnica) oraz zwigkszyta liczebnosci
operacyjnych jednostek taksonomicznych (OTU) krélestwa grzybow. Ponadto zabieg
biofumigacji z aksamitka rozpierzchta (R3) 1 rzodkwig oleista (R5) zmniejszyt
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liczebnosci rodzaju Fusarium, do ktorego zalicza si¢ kilka gatunkow patogenicznych dla
roslin.

Stwierdzono zmiany w liczebnos¢ nicieni fitopatogenicznych w glebie
replantowanej po biofumigacji, gdzie ich liczba zostata znacznie obnizona, przy czym
najwicksza redukcja nastgpita w glebie poddanej fumigacji aksamitka rozpierzchig
Tagetes patula L.) (R3). Szczegolnie wazne jest zredukowanie osobnikow Pratylenhus
penetrans z ok. 33 osobnikow w 100 cm™ gleby (R2) do zera (R3).

Biofumiganty, zastosowane jako przedplon na glebie replantowanej, istotnie
zwigkszyly jej aktywno$¢ enzymatyczng i oddechowa. Wiasciwosci biologiczne gleby
mialy istotny wptyw na badane wybrane parametry wzrostu drzewek jabtoni w szkotce.
Zastosowanie przedplonu z ro$lin fitosanitarnych poprawito wlasciwosci biologiczne
gleby co przetozylo si¢ na istotng poprawe sity wzrostu drzew. Na glebie replantowanej z
wykorzystaniem roslin fitosanitarnych, w poréwnaniu do kombinacji bez tego zabiegu,
wysoko$§¢ drzew wzrosta o ponad 50%. Powierzchnia lisci i ich masa oraz catkowita
dhugos¢ pedow bocznych byly rowniez istotnie wyzsze.

Uzyskane wyniki daja podstawe do stwierdzenia, iz zastosowanie roslin
fitosanitarnych w produkcji szkotkarskiej moze stanowi¢ skuteczng alternatywe dla
chemicznej fumigacji gleby. Jednym z najbardziej obiecujgcych gatunkéw moze by¢

aksamitka rozpierzchta (Tagetes patula L.).

Stowa kluczowe: biofumigacja, mikrobiom, nicienie, aktywno$¢ enzymatyczna, wzrost

drzewek



4. Abstract

Apple Replant Disease (ARD) commonly occurs in orchards, mainly with apple-
trees, and in fruit nurseries. The disease is mostly caused by the lack of balance in the
structure of the soil microbiota and mycobiota and due to the accumulation of harmful
microorganisms. The negative effects of ARD can be reduced through biofumigation,
which leads to the production of volatile biocidal compounds in the soil.

The aim of the study conducted between 2019 and 2021 was to assess the
influence of selected phytosanitary plants, i.e. the French marigold (Tagetes patula L.),
white mustard (Sinapis alba), and oil radish (Raphanus sativus var. oleifer) on: the
composition of the soil microbiome and mycobiome, the number of nematodes, the
physicochemical properties of the soil after nursery cultivation, the growth of apple trees
and the biometry of their leaves.

The study was conducted in a production nursery. Apple trees were planted into
the soil from two sites. The soil from the first site had not been used for the production of
nursery material (crop rotation soil). The soil from the other site had been used for the
production of apple trees (replanted soil). Three species of plants were used as forecrops:
French marigold (Tagetes patula L.), white mustard (Sinapis alba), and oil radish
(Raphanus sativus var. oleifer).

The analyses of taxonomic and functional diversity of bacterial communities
showed that biofumigation changed the structure and abundance of the microbiome in the
replanted soil in the fruit tree nursery. The abundance of operational taxonomic units
(OTUs) (Proteobacteria, Bacteroidota, Patescibacteria, Chloroflexi, Fatescibacteria,
Verrucomicrobiota) and bacterial genera (Flavobacterium, Massila, Sphingomonas,
Arenimonas, and Devosia) increased. Biofumigation improved the physicochemical
properties of the soil (bulk density and humus) and increased the abundance of
operational taxonomic units (OTU) of the fungi kingdom. Apart from that, biofumigation
with French marigold and oil radish reduced the abundance of the Fusarium genus, which
includes several species of plant pathogens.

After biofumigation the number of phytopathogenic nematodes in the replanted
soil decreased significantly. The greatest decrease was observed in the soil where French
marigold (Tagetes patula L.) was used for biofumigation. It is particularly important that
the population of Pratylenhus penetrans — a nematode species considered to be the main

cause of ARD, was completely eliminated.



The biofumigants applied as forecrops to the replanted soil significantly increased
its enzyme activity and respiration. In consequence, selected growth parameters of the
apple trees in the nursery improved. In comparison with the soil where no phytosanitary
plants were used, as a result of biofumigation, the height of the trees growing on the
replanted soil increased by over 50%. The area of the leaves and their mass, as well as the
total length of lateral shoots were also significantly greater.

The results of our study let us conclude that phytosanitary plants can be
successfully used as an alternative to chemical soil fumigation in nursery production. The

French marigold (Tagetes patula L.) seems to be one of the most promising species.

Keywords: biofumigation, microbiome, nematodes, enzyme activity, tree growth



5.Wprowadzenie

5.1. Choroba replantacji

Produkcja szkotkarska jest bardzo specyficzna i wymagajaca, gdyz w stosunkowo
krotkim czasie musimy zabudowaé mocny system korzeniowy i zapewni¢ warunki do
prawidtowego rozwoju czes$ci nadziemnej. Sukces dziatan szkotkarza w duzej mierze
uzalezniony jest od gleby. Wedtug licznych definicji gleba to kompleks bio-organo-
koloidalno-mineralny. Sklada si¢ on z organizmdéw zywych, martwej substancji
organicznej, mineratdw, wody 1 powietrza. Dla rolnika zasadniczym elementem
odrdzniajacym glebe od innych produktéw geologicznych jest jej zdolnos¢ do stworzenia
warunkow do wzrostu i plonowania ro$lin. Podstawowa cecha, ktéra w sposéb istotny
wyrdznia glebe jest jej zdolno$¢ do samoreprodukcji, do spontanicznego odnawiania
zasobow substancji koniecznych dla wzrostu i rozwoju roslin oraz innych organizméow
zasiedlajacych glebe (Russel, 2005). Bardzo waznym elementem jest wybor stanowiska
glebowego. Chodzi tu nie tylko o rodzaj gleby, ale rowniez stosowany przedplon. Juz na
poczatku ubieglego stulecia zwracano uwage, aby szkotki zaktada¢ na tzw. glebie
dziewiczej gdzie wczesniej nie prowadzono produkcji szkotkarskiej. W ostatnich latach
nastgpilo nasilenie przeznaczania gruntdw rolnych na cele inne niz rolnicze. Obecnie
wysoki stopien specjalizacji gospodarstw oraz brak nowych terenéw zmusza
producentéw do wchodzenia z produkcja szkétkarska na te same stanowiska, co moze
prowadzi¢ do wystgpienia choroby replantacyjnej. Jest to problem coraz czescie)
wystepujacy w sadach oraz szkotkach na catym §wiecie.

W literaturze wystepuja takie terminy jak: zmgczenie gleby — soil fatigue
(Wolinska i in., 2018), choroba gleby — soil sickness (Cesarano i in., 2017) lub choroba
replantacyjna - replant disease (Nicola i in., 2018). Najczesciej stosowang nazwg jest
jednak choroba replantacyjna jabtoni (ARD — Apple Replant Disease). Zjawisko
nastepuje na skutek sadzenia po sobie roslin tego samego lub spokrewnionego gatunku.
Zdaniem Winkelmann i in. (2019), jest to zaburzona fizjologiczna i morfologiczna
reakcja roslin na glebe, mikrobiom, ktory ulegt zmianom pod wptywem wczes$niejszych
upraw tego samego lub spokrewnionego gatunku. W wyniku takich zaburzen dochodzi
do pogorszenia wiasciwosci fizyczno-chemicznych i biologicznych gleby. ARD
powoduje duze straty ekonomiczne i moze znaczaco ogranicza¢ produkcje owocow,

szczegblnie w regionach o duzej koncentracji produkcji sadownicze;.



5.2. Czynniki sprawcze choroby replantacji

Badania w kierunku ustalenia przyczyn wystepowania ARD sg prowadzone od lat
80 ubieglego wieku. Pomimo licznych publikacji zwigzanych z ta tematyka, wciaz
brakuje jednoznacznego stanowiska na temat gltownych sprawcow choroby
replantacyjnej. Przyjmuje si¢, iz moga ja wywota¢ czynniki zarowno abiotyczne jak i
biotyczne. Do tych pierwszych mozna zaliczy¢ np. niedostateczng wilgotnosé gleby,
niskg zawarto$¢ sktadnikow pokarmowych, niskie pH gleby oraz zaburzenia jej struktury.
Zdaniem Spath i in. (2015), wptyw czynnikéw abiotycznych na wystgpowanie ARD jest
stosunkowo niewielki, podczas gdy Sobiczewski i in. (2018) traktuja czynniki
pochodzenia abiotycznego jako gléwnych sprawcow ARD.

Wigkszos¢ badan dotyczacych sposobodw przywracania zyznosci glebie
replantowanej dotyczy eliminacji czynnikéw biologicznych. Najczesciej, zaliczaja do
nich okreslone gatunki nicieni, grzybow i bakterii. Jak uwaza Winkelmann i in. (2019), w
warunkach ARD nastepuje naruszenie rownowagi pomigdzy gatunkami drobnoustrojow
zasiedlajacych  glebe. Dochodzi do ograniczenia rozwoju mikroorganizméw
pozytecznych (Long i in., 2019) oraz obserwuje si¢ wzrost aktywnosci mikrobiomu
szkodliwego. Zdaniem Manici i in. (2013), to wlasnie zmiana struktury gatunkowej
drobnoustrojow glebowych jest gtbwng przyczyng powstawania ARD.

Na $wiecie znanych jest okoto 4 100 gatunkow nicieni (nematod) pasozytujacych
na roslinach. Migrujg one przez glebe w poszukiwaniu rosliny zywicielskiej, atakuja
korzenie i zywig si¢ cytoplazmg komorek. Tak uszkodzone korzenie sg bardziej narazone
na dziatanie innych patogendéw glebowych. Fitopatogenne nicienie Pratylenchus spp. sa
czesto wymieniane jako glowny biotyczny czynnik powstawania ARD (Mazzola i
Manici, 2012; Singh i in., 2015; Kanfra i in., 2018). Inng grupg mikroorganizmow
glebowych wymienianych wsrdd biologicznych sprawcow ARD sag grzyby rodzajow:
Alternaria spp., Rhizoctonia spp., Phythium spp., Cylindrocarpon spp. i Fusarium spp.
(van Schoor i in., 2009; Manici i in., 2013). W doswiadczeniu Cavael i in. (2020) ilo$¢ w
glebie replantowanej grzybow z rodzaju Alternaria stanowita 2% catkowitej populacji
grzybow glebowych. Jest to 10-krotnie wigksza ilos¢ anizeli w glebie rolniczej. Patogeny
grzybowe atakuja system korzeniowy roslin. Zdaniem Yin i in. (2014), w
zainfekowanych korzeniach dominujagcym gatunkiem jest Fusarium proliferatum.
Podobnego zdania sg Zhao i in. (2022), ktorzy przypisuja F. proliferatum istotng rolg w
wywotywaniu ARD. Rola bakterii w wywolywaniu choroby replantacyjnej jest
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przebadana w nieco mniejszym stopniu anizeli grzybow. Jako sprawcow ARD, badacze
wymieniajg bakterie nalezace do rodzajow Bacillus i Pseudomonas (Mazzola i Manici,
2012). Innego zdania sg Franke-Whittle i in. (2015) wedtug ktorych, Pseudomonas nie
odgrywa istotnej roli w zmniejszaniu zyznosci gleby replantowane;.

Jak juz wspominano wczesniej, w warunkach wystgpowania ARD nastepuje
pogorszenie wlasciwosci fizyko-chemicznych 1 biologicznych gleby. Na glebie
replantowanej spada aktywno$¢ enzymatyczna i oddechowa (Zydlik i in., 2019; Zydlik
Z. i Zydlik P., 2020) co $wiadczy o spadku aktywnosci drobnoustrojow glebowych,
odpowiedzialnych m.in. za mineralizacj¢ materii organicznej. To wlasnie enzymy w
glebie i jej aktywno$¢ oddechowa sg miarodajnymi wskaznikami aktywno$ci mikroflory
glebowej (Btonska i in., 2017; Meena i in., 2021). Zmniejszenie t¢pa mineralizacji
materii organicznej w glebie replantowanej skutkuje mniejsza iloscig dostepnych dla
ro$lin sktadnikow pokarmowych. Udowodniono to m.in. w doswiadczeniach Zydlik i in.
(2020, 2021). Mnigjsza ilos¢ dostepnych sktadnikow odzywcezych w glebie replantowane;
powoduje ostabienie wzrostu wegetatywnego drzew owocowych rosngcych w takich
warunkach. Taki efekt wystepuje w przypadku podktadek jabtoni (Weil} i in., 2017; Weil3
I in., 2017; Zydlik i in., 2023) oraz drzew tego gatunku (Manici, 2013; Liu i in., 2014;
Zhao i in., 2022) (Publikacja 1 fot. 1). Objawami stabszego wzrostu drzew s3g mniejsze
przyrosty oraz mniejsza powierzchnia asymilacyjna lisci (Emmett i in., 2014; Yim i in.,
2016 i 2017; Sobiczewski i in., 2018). Na stabszy wzrost wegetatywny drzew jabloni
rosngcych w warunkach ARD moze mie¢ wptyw nie tylko mniejsza ilos¢ dostepnych
sktadnikow pokarmowych, ale rowniez ograniczone mozliwosci ich pobierania przez
system korzeniowy roslin. Lukas i in. (2018) doszli do wniosku, iz podktadki jabloni w
warunkach ARD, pobieraja azot w formie azotanowej znacznie gorzej anizeli podkladki

rosngce w warunkach optymalnych.

5.3.Sposoby ograniczania choroby replantacji
Jednym ze sposobow ograniczenia negatywnych skutkow replantacji jest
stosowanie odpowiednich przedplondw, ze szczegdlnym uwzglednieniem roslin
fitosanitarnych, ktére moga przyczyni¢ si¢ do ograniczenia wystgpowania szkodliwych
nicieni lub grzybdéw patogenicznych wystepujacych w glebie. Do roslin fitosanitarnych
zaliczamy m.in. aksamitke (Tagetes L.), gorczyce bialg (Sinapis alba), rzodkiew oleista

(Raphanus sativus var. oleifera), rzepak jary (Brassica napus), owies zwyczajny (Avena
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sativa) oraz zyto (Secale cereale L.) i szparag lekarski (Asparagus officinalis). Dziatanie
ro$lin fitosanitarnych zwigzane jest ze specyficznymi zwigzkami wytwarzanymi w
roslinach 1 uwalnianymi do srodowiska glebowego przez korzenie lub w wyniku rozktadu
biomasy (Zhang i in., 2020; Sennett i in., 2021).

Produkcja materiatu szkotkarskiego odbywa si¢ w najwazniejszym dla mlodej
rosliny okresie wzrostu. Ro$liny w pierwszym stadium swojego rozwoju najwigcej
energii zuzywaja na wytworzenie mocnego sytemu korzeniowego a dopiero po jego
zbudowaniu wytwarzane sg nastepne organy mig¢dzy innymi pedy boczne, dlatego
szkotkarze powinni zadba¢ o stworzenie optymalnych warunkéw dla prawidlowego
rozwoju systemu korzeniowego, gdyz zdrowy korzen to zdrowe rosliny i wyrdwnana
produkcja. Jednym ze sposobow jest wzbogacenie gleby w materi¢ organiczng lub
zastosowanie biowegla (Zydlik i in., 2023).

W zwigzku z tym, iz w duzych zaglebiach sadowniczych wystepuje problem z
nabyciem gruntéw pod nowe nasadzenia szkotkarskie oraz produkcj¢ sadowniczg. Duza
cze$¢ gruntow dotad uzytkowana jest wyeksploatowana i wykazuje oznaki zmegczenia
(choroba replantacji). Dlatego niemozliwe staje si¢ prowadzenie produkcji sadowniczej i
szkoltkarskiej, dajacej produkty na najwyzszym poziomie oraz zapewniajacej sukces

ekonomiczny.
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6. Cel pracy i hipoteza badawcza

Glownym celem podjetych badan byla ocena wplywu zastosowania wybranych
roslin fitosanitarnych - aksamitki rozpierzchtej (Tagetes patula L.), gorczycy biatej
(Sinapis alba) i rzodkwi oleistej (Raphanus sativus var. oleifera) na witasciwosci
biologiczne i biochemiczne gleby oraz parametry biometrycne jabtoni. Cel ten
osiggnigto przez realizacj¢ nastepujacych celow szczegdtowych:

— Ocen¢ mikrobiomu (liczebnos¢ i sktad gatunkowy bakterii) i mykobiomu
(liczebnos$¢ 1 sktad gatunkowy grzybow) w glebie po uprawie szkotkarskiej
jabloni oraz ocena liczebnos$ci W niej nicieni;

— Oceng wiasciwosci biochemicznych gleby po uprawie szkotkarskiej jabtoni
(aktywno$¢ enzymatyczna i oddechowa gleby, zawarto$¢ prochnicy, odczyn,
zawarto$¢ makro- 1 mikroelementow w glebie)

— Ocene parametréw biometrycznych jabtoni (wzrost drzewek i1 biometria lisci
jabtoni) produkowanych w szkotce.

Hipoteza badawcza niniejszej dysertacji zaktada, ze zastosowanie wybranych
roslin  fitosanitarnych wplynie na zmniejszenie liczebno$ci nicieni oraz
mikroorganizmow szkodliwych w glebie i1 przyczyni si¢ do poprawy wzrostu drzewek

jabloni w szkotce.
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/. Materialy i metody badan

Eksperyment przeprowadzono w latach 2019-2021 w szkolce produkcyjnej w
miejscowosci Puszczykowo Zaborze, Zachodnia Polska (52°25'49,10"N 17°11'34,08"E)
na glebie ptowej wlasciwej. Wykorzystano w nim glebe pochodzacg z dwoch rdéznych
stanowisk. W pierwszym byla to gleba po uprawach rolniczych, optymalnie
przygotowana pod uprawe jabtoni w szkotke (dalej — gleba po ptodozmianie).
Stanowisko drugie to gleba, na ktdrej wczesniej produkowano przez trzy lata drzewka
jabtoni — gleba z objawami ARD (gleba replantowana). W doswiadczeniu wykorzystano
trzy rozne rosliny fitosanitarne: Tagetes patula L., Sinapis alba, Raphanus sativus var.
oleifera. Badania obejmowaty pi¢¢ kombinacji: R1 — gleba po ptodozmianie (kombinacja
kontrolna); R2 - gleba replantowana; R3 - gleba replantowana, z wykorzystaniem
przedplonu z aksamitki rozpierzchiej (Tagetes patula L.); R4 — gleba replantowana, z
wykorzystaniem przedplonu z gorczycy biatej (Sinapis alba); R5 - gleba replantowana, z
wykorzystaniem przedplonu z rzodkwi oleistej (Raphanus sativus var. oleifera).

Wszystkie ro$liny fitosanitarne wysiano do gleby jesienia, po wykopaniu
drzewek jabtoni. Wczesng wiosng (marzec) rozdrobiono je 1 wymieszano z gleba. Na
poczatku maja, tak przygotowang gleba wypelniono pojemniki o pojemnosci 7,5 1 do
ktorych posadzono szczepy jabtoni. Wykorzystano drzewka jabtoni odmiany “Golden
Delicious” na podktadce M.9 otrzymane z zimowego szczepienia w reku. Kazda
kombinacja byla reprezentowana przez 30 pojemnikow.

Do realizacji powyzej podanych celow wykonano szereg analiz mikrobiologicznych,

nematologicznych, biochemicznych gleby.

7.1.  Ocena skladu gatunkowego mikroorganizméw w glebie
Wszystkie analizy zostaly wykonane w probkach pobieranych we wrzesniu
kazdego roku okresu badawczego. Z kazdego pojemnika w kombinacji, tyzka
laboratoryjng pobierano probke gleby o wadze 30 g. Po ich wymieszaniu otrzymywano

probke zbiorcza o tacznej masie 900 g. Analizy gleby obejmowaty:

— identyfikacje¢ mikroorganizmoéw glebowych. Ekstrakcja DNA - Calkowite DNA
ekstrahowano z 500 mg kazdej probki za pomocg zestawu Genomic Mini AX
Soil (A&A Biotechnology) zgodnie z instrukcja producenta. Wyekstrahowane

DNA oznaczono ilo§ciowo za pomocg zestawu Quant-iT HS dSDNA assay kit
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(Invitrogen) na fluorometrze Qubit2; 2 pl ekstraktéw zbadano na 0,8% zelu
agarozowym.

— analize metagenomiczng bakterii opartg na hiperzmiennym regionie V3-V4 genu
16S rRNA. Do amplifikacji tego regionu i przygotowania bibliotek uzyto
specyficznych starterow 341F 1 785R. PCR przeprowadzono przy uzyciu
zestawu Q5 Hot Start High-Fidelity DNA Polymerase (NEB Inc., Ipswich, MA,
Stany Zjednoczone). Warunki reakcji byly utrzymywane zgodnie ze
specyfikacja producenta. Do sekwencjonowania wykorzystano sekwenator
[Mlumina MiSeq PE300 (Genomed S.A., Warszawa, Polska) w technologii 2 x
250 bp paired-end (PE) z zestawem chemii Illumina v2. Reakcje
przeprowadzono zgodnie z protokotem amplifikacji 16S RNA Illumina v3-v4
(lMlumina, San Diego, CA, Stany Zjednoczone). Dane analizowano
automatycznie za pomocg MiSeq 1 w §rodowisku chmury Illumina BaseSpace
zgodnie z protokotem 16S Metagenomics (wersja 1.0.1).

— analiz¢ metagenomiczng grzybow na podstawie regionu ITS1. Specyficzne
sekwencje starterow ITS1FI2 1 5.8S zostaly uzyte do amplifikacji wybranego
regionu 1 przygotowania biblioteki. Do reakcji tancuchowej polimerazy (PCR)
wykorzystano Q5 Hot Start High-Fidelity 2X Master Mix. PCR przeprowadzono
zgodnie z zaleceniami podanymi przez producenta urzadzenia. Do
sekwencjonowania uzyto sekwenatora MiSeq z technologig paired-end (PE),
2x300nt 1 zestawem Illumina v3. Szczegétowe informacje sg dostgpne na
stronach internetowych producentow odczynnikdéw. Do automatycznej wstgpnej
analizy danych wykorzystano urzadzenie MiSeq i oprogramowanie MiSeq
Reporter (MSR) v2.6. Analiza skladata si¢ z dwoch etapoéw: 1. automatycznego
demultipleksowania probki; 2. generowania plikow fastq zawierajacych surowe
odczyty. Bazy danych sekwencji referencyjnych UNITE v8 i pakiet
oprogramowania QIIME zapewnity klasyfikacje odczytow w analizie
bioinformatycznej do poziomu gatunku. Analiza sktadata si¢ z sze$ciu etapow:
1. usuwanie sekwencji adapterowych - program Cutadapt; 2. analiza jakosci
odczytow 1 usuwanie sekwencji niskiej jakosci (jakos¢ < 20, minimalna dtugos¢
30) - program Cutadapt; 3. taczenie sparowanych sekwencji - algorytm fastg-

join; 4. grupowanie na podstawie wybranej bazy sekwencji referencyjnych -
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algorytm uclust; 5. usuwanie chimer sekwencyjnych - algorytm usearch61l; 6.
przypisanie taksonomii do wybranej bazy sekwencji referencyjnych.

analiza nematologiczna gleby. Proby gleby pobrano z obrebu systemu
korzeniowego drzewek. Wstepna identyfikacja nicieni do  gatunku
przeprowadzona byla z wykorzystaniem istniejagcych kluczy (Brzeski 1998;
Andrassy 2005). Uzyskane na podstawie morfologii oznaczenia potwierdzone

zostaty za pomoca sekwencjonowania markerow molekularnych (D2-D3 28S

DNA).

7.2.  Ocena biochemicznych i chemicznych wlasciwosci gleby.

Glebe pobierano w trzech terminach - wiosng tuz po rozpoczgciu wegetacji,
latem po zakonczeniu fazy intensywnego wzrostu wegetatywnego 0raz jesienia
przed opadnigciem lisci. W kazdej kombinacji proby pobierano z obrebu
systemu korzeniowego. W $wiezej glebie oznaczano:

aktywnos¢ dehydrogenaz (ADh) — metoda kolorymetryczng wg. Thalmanna
(1968), stosujac jako substrat 1 % roztwoér TTC (chlorek trojfenylotetrazolu), po
24—-godzinnej inkubacji w temperaturze 30 °C przy dtugosci fali 485 nm (test
TTC), wyrazajac jej aktywnosé w cm® Hz 240t kg™s.m. gleby.

aktywno$¢ proteaz (AP) — metoda spektrofotometryczng wg. Ladda i Butlera
(1972), uzywajac jako substratu 1% roztwor kazeinianu sodu, po 1-godzinnym
czasie inkubacji w temperaturze 50 °C przy dlugosci fali 578 nm, aktywnos¢
enzymu wyrazono w mg tyrozyny hkg?s.m. gleby.

aktywno$¢ oddechowa gleby oznaczono zgodnie z metodyka podana przez
Gotegbiowska 1 Pedziwilk (1984). Oznaczenie wykonano na podstawie ilosci
wydzielanego CO2 metoda absorpcyjng a wynik wyrazono w CO2 w mg kg
48h,

analizy chemiczne gleby. Probki gleby zostaly pobrane do analiz chemicznych
pod koniec lipca i1 zostaly analizowane chemicznie metoda uniwersalna.
Ekstrakcje makrosktadnikow (N-NHs, N-NOs, P, K, Ca, Mg, S-SO4, Cl i Na)
przeprowadzono w 0,03 M CH3COOH w stosunku ilo§ciowym 1:10 substratu do
roztworu ekstrakcyjnego. Po ekstrakcji wykonano nastepujace oznaczenia: N-
NH4, N-NO3 - przez mikrodestylacje wedlug Bremera w modyfikacji Starcka; P

- kalorymetrycznie z anadomolibdenianem amonu; K, Ca, Na - fotometrycznie;
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Mg - metodg absorpcyjnej spektrometrii atomowej (ASA); S-SOs -
nefelometrycznie z BaCly; Cl - nefelometrycznie z AgNOs. Mikroelementy (Fe,
Mn, Zn i Cu) ekstrahowano z gleby roztworem Lindsaya zawierajagcym w 1dm?:
5 g EDTA (kwas etylenodiaminotetraoctowy):; 9 cm® 25% roztworu NHa, 4 g
kwasu cytrynowego; 2 g Ca (CH3COO)2-2H20. Mikroelementy oznaczono
metoda 150 ASA. Zasolenie okreslono konduktometrycznie jako przewodnos¢
elektrolityczng (EC w mS-cm™) (substrat:woda = 1:2), a pH - metoda

potencjometryczng (substrat:woda = 1:2).

7.3. Ocena parametréw biometrycznych drzewek
W celu oceny parametrow biometrycznych drzewek wykonano nastgpujace
pomiary:

— $rednicy pnia. Pomiar wykonano na wysokosci 10 cm nad miejscem okulizacji,
zgodnie z wytycznymi dotyczacymi oceny jakos$ci materiatu szkotkarskiego a
wyniki wyrazono w mm. Ze $rednicy pnia obliczono pole powierzchni przekroju
poprzecznego pnia wyrazajac wynik w mm? Dodatkowo obliczono przyrost
Srednicy, a wyniki wyrazono w mm;

— wysokosci drzewek dokonujac pomiaru od szyjki korzeniowej do wierzchotka
pedu gléwnego z doktadnoscia do 0,5 cm;

— liczby peddéw bocznych oraz ich dlugosci mierzac wszystkie pedy dtugosci
powyzej 1 cm co bylo podstawag do obliczenia sumy przyrostow oraz ich
$redniej dlugosc;

— masy i powierzchni lisci. Liscie zebrano dnia 24 lipca. W kazdej kombinacji
dokonano pomiarow w czterech powtorzeniach wybierajac po 10 lisci w
powtdrzeniu. Wszystkie liScie zostaty zawazone 1 zeskanowane. Nastgpnie przy
pomocy programu DigiShape 1.9, obliczono ich powierzchnig¢, a wynik

wyrazono w cm2,
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8. Wyniki i ich omowienie
8.1. Sklad gatunkowy mikroorganizmow w glebie

Bakterie (Publikacja 2)

Przeprowadzona analiza metapopulacyjna dokonana na podstawie analizy
sekwencji 16S rRNA wykazala, ze wczesniejszy sposob uzytkowania gleby w szkoice,
wykorzystane w doswiadczeniu rosliny fitosanitarne oraz lata badan mialy wptyw na
liczbe jednostek taksonomicznych bakterii wystgpujacych w glebie. W zaleznosci od
stanowiska glebowego oraz roku badan otrzymano od 20 do 34 typdw oraz od 378 do 554
rodzajow bakterii (Publikacja 2, tab. 2, ryc. 2-4). Na podstawie uzyskanych wynikoéw
badan wykazano, ze niezalezniec od roku badan, we wszystkich testowanych
kombinacjach doswiadczalnych zawartos¢ OTU nalezacych do typu Proteobacteria byta
nizsza anizeli w kombinacji kontrolnej (R1). Nalezy jednak podkresli¢, ze réznica w
zawartosci OTU nalezacych do typu Proteobacteria dla gleb poddanych indukowanej
biofumigacji, z zastosowaniem ro$lin fitosanitarnych - Tagetes patula L. (R3); Sinapis
alba (R4); Raphanus sativus var. oleifera (R5), w stosunku do gleby po ptodozmianie
(R1) byta znacznie nizsza, anizeli r6znica odnotowana dla gleby z ARD. Ponadto w roku
2020 zanotowano istotny wzrost zawartosci OTU nalezacych do typu Proteobacteria w
przypadku aplikacji aksamitki rozpierzchtej (R3-R1). Na tej podstawie mozna twierdzic,
ze zastosowanie ro$lin fitosanitarnych na glebie z ARD powoduje wzrost zawartosci
OTU nalezacych do typu Proteobacteria. Taki wniosek jest zblizony do wczesniejszych
doniesien autoréw badan dotyczacych rekultywacji gleby ARD przez dodanie kompostu
(Fierrer i in., 2007; Swedrzynska i Matecka-Jankowiak, 2017) lub w wyniku dziatania
promieniowania gama (Rawat i Joshi, 2019).

Podobna tendencja wystgpita rowniez w przypadku typu Firmicutes. Analiza
metagenomiczna gleby prowadzona w latach 2019-2021 wykazat obnizenie zawartosci
sekwencji siedmiu typow bakterii w testowanych probkach glebowych w poréwnaniu do
wariantu kontrolnego. Wspomniane réznice nie wystepowaly jednakze we wszystkich
wariantach doswiadczalnych (Publikacja 2, ryc. 5-7). Uszeregowano je w zaleznosci od
czestotliwosci  wystepowania w  glebie w  sposob nastepujacy: Bacteroidota >
Acidobacteriota > Actinobacteriota = Gemmatimonadota > Patescibacteria.

Typy bakterii  Verrucomicrobiota, Chloroflexi, a w szczegdlnosci
Planctomycetota oraz Cyanobacteria izolowane byly z mniejszg czestotliwoscig z gleby

po ptodozmianie (R1), szczegdlnie w stosunku do gleby replantowanej poddanej
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biofumigacji. Typ Chloroflexi nalezy do bakterii nitryfikacyjnych rozwijajacych si¢ w
warunkach beztlenowych lub mikroaerofilnych i charakteryzuje si¢ zdolno$cig do
przetrwania w intensywnie zmieniajacych si¢, ekstremalnych warunkach. Zwigkszona
czestotliwos¢ wystepowania typu Chloroflexi w glebach z ARD po biofumigacji w
stosunku do gleby kontrolnej, moze by¢ thumaczona tym, ze rozwdj spolecznosci tych
bakterii opiera si¢ na wykorzystaniu zwigzkow komodrkowych pochodzacych juz z
martwych mikroorganizméw i ich metabolitbw co charakteryzuje gleby z ARD
(Niewiadomska i in., 2020). Podobng dominacje tej grupy mikroorganizmow
zaobserwowat Tang i in. (2018), ktory zastosowat stomg¢ ryzowa i biowegiel w celu
skutecznej poprawy jakosci gleby. Literatura przedmiotu wskazuje, iz istotnym typem
wskaznikowym, $wiadczacym o odbudowie gleb jest typ Cyanobacteria, ktéremu
przypisuje si¢ doniosta role w wigzaniu azotu atmosferycznego oraz syntezie
egzopolisacharow, co przeklada si¢ na zwigkszenie zyznosci gleby i retencji wody oraz
poprawie jej struktury i stabilnosci (Liang i in. 2018). Jak wynika z obecnego badania, na
skutek indukowanej fumigacji przez zastosowanie m.in. aksamitki rozpierzchtej (R3),
zawarto$¢ OTU wskazanego typu wzrosta o 83% w stosunku do gleby z ARD oraz gleby
po uprawach rolniczych.

Przedstawione powyzej zmiany w skladzie iloSciowym 1 jakoSciowym
mikrobiomu bakteryjnego w zaleznosci od wczesniejszego sposobu uzytkowania gleby i
wplywu roslin fitosanitarnych, pozwolity na wyznaczenie mikroorganizmow, ktére uznaé
mozna za biowskazniki okreslajace stan zyznosci gleby. Uzyskane wyniki badan,
zaprezentowane w postaci diagramow Venna (Publikacja 2, ryc. 13), potwierdzaja wptyw
wczesniejszego sposobu uzytkowania gleby oraz okresu badawczego na strukture
mikrobiomu bakteryjnego. Biorac pod uwage obecnos¢ wszystkich taksonow w obrebie
danej kategorii systematycznej oraz okresu badawczego wytypowano od 482 do 512
rodzajow wspolnych dla wszystkich obiektow. Przyktadowo, w obrebie rodzaju we
wszystkich wariantach doswiadczalnych zidentyfikowano bakterie nalezace min. do
rodzajow  Pseudomonas Bacillus, Arthrobacter, Streptomyces. Chujaibacter,

Sphingomonas, Flavobacterium, Devosia.
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Grzyby (Publikacja 3)

W wyniku przeprowadzonej analizy ITS, stwierdzono, ze w przypadku kazdej z
analizowanych probek gleby Fungi i Viridiplantae stanowily najwickszy odsetek
organizmow (Publikacja 3, ryc.1).

Liczba operacyjnych jednostek taksonomicznych (OTU) reprezentujacych grzyby
zidentyfikowane w badaniach, w glebie po ptodozmianie wynosita 54,19%, podczas gdy
udzial OTU w glebie z ARD wynosil tylko 25,65%. Biofumigacja zastosowana na glebie
ARD, gtéownie z przedplonem aksamitki rozpierzchtej (Tagetes patula L.) (R3),
najbardziej zwickszyla liczebno$¢ grzybow. Takich zalezno$ci nie zaobserwowano W
glebie z przedplonami gorczycy biatej (Sinapis alba) i rzodkwi oleistej (Raphanus sativus
var. oleifera), gdzie udzial OTU reprezentujacych grzyby wynosit odpowiednio 31,38% i
18,94% (Publikacja 3, ryc. 1).

Znaczne obnizenie obfitosci taksonéw grzybow w $rodowisku glebowym nie
zawsze nalezy do zjawisk korzystnych. Musimy mie¢ na uwadze fakt, ze do tej grupy
Eucariota obok patogenéw nalezg symbionty (grzyby mykoryzowe) i rozkladacze. Jest
to krolestwo, ktore odgrywa kluczowa role w cyklach biogeochemicznych (Frac i in.,
2022). Ponadto, grzybnia grzyboéw rozciaga si¢ pod ziemig jak naczynia krwiono$ne w
ludzkim ciele, przenoszac wodg¢ 1 sktadniki odzywcze do 1 z réznych roslin. Grzyby
wspierajg wiele procesow ekosystemowych i petnig funkcje, ktore sg niezbedne dla
zrownowazonego rozwoju przysztego rolnictwa (Fernandes i in., 2022), w tym interakcji
mi¢dzy roslinami a gleba, rozkladem materii organicznej (Vétrovsky i in., 2019),
promocja zdrowia ro$lin i odzywianie (P6lme i in., 2020).

Wystepujace w znacznych iloéciach Viridiplantae stanowig uklad organizméow
eukariotycznych, obejmujacy kilkaset tysigcy gatunkéw, ktore wedlug danych
literaturowych odgrywaja takze wazng role zarowno w ekosystemach ladowych, jak i
wodnych. (Leebens-Mack i in., 2019). Naleza do nich m.in. rosliny ladowe (embriofity),
ktore w drodze ewolucji wylonity si¢ z zielenic (Cocquyt i in., 2009; Becker, 2007).

W badaniach wlasnych najwigksza liczbe jednostek taksonomicznych OTU dla
wskazanego Krolestwa, zanotowano w glebie z ARD i wynosila ona 18,69%, a mniejsza
w glebie rolniczej oraz w glebach replantowanych z przedplonem aksamitki rozpierzchtej
(Tagetes patula L.), gorczycy biatej (Sinapis alba) i rzodkwi oleistej (Raphanus sativus
var. oleifera), gdzie ksztattowata si¢ ona odpowiednio dla tych gleb na poziomie 14,18%,
14,23%, 14,28%, 14,13% OTU. Podobne zaleznosci redukcji Viridiplante zanotowat
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Qiao i in. (2017). Zaobserwowal redukcje obfitosci omawianej grupy organizmow,
gtownie z rodzaju Chlamydomonas po aplikacji nie roslin o zdolnoSciach
biofumigacyjnych, ale korzystnych mikroorganizmoéw nalezacych do grupy PGPR
aplikowanych do gleby, w uprawie pomidora. Drobnoustroje te, wyizolowane z
urodzajnych gleb, miaty zdolno$¢ wydzielania kilku antagonistycznych zwiazkow, takich
jak antybiotyki lipopeptydowe, do ktorych nalezy m.in. surfaktyna, ituryna i fengycyna
powodujacych istotne ograniczenie Viridiplante.

Mozna przypuszczaé, ze w badaniach wtasnych rosliny o wlasciwosciach
biofumigacyjnych wydzielajace metabolity wtdrne réwniez ograniczyly obecno$é
omawianego krolestwa grzybow, w stosunku do gleby z ARD. Dane literaturowe
wskazuja, ze Sinapis alba oraz Raphanus sativus zastosowane w tym doswiadczeniu jako
ros$liny biofumigacyjne, wytwarzaja m.in. glukozynolany po hydrolizie ktérych powstaja
biologicznie aktywne zwigzki izotiocyjaniany — alifatyczny izotiocyjanian allilu,
izotiocyjaniany aromatyczne, izotiocyjanian 2-fenyloetylu i benzylu (Gimsing i
Kirkegaard, 2009). Z kolei Tagetes L. wytwarzaja zwiagzki tiofenowe, takie jak a-
tertienyl (Hamaguchi i in., 2019).

W przeprowadzonych obserwacjach w obrebie krolestwa grzybow wykazano
ponadto obecno$¢ mikroorganizmow eukariotycznych do tej pory niesklasyfikowanych,
stanowigcych od 30,05% i 30,28% odpowiednio dla gleby replantowanej, z
wykorzystaniem przedplonu z aksamitki rozpierzchtej (Tagetes patula L.) (R3) i gleby po
ptodozmianie (R1-kontrola), do 58,05% dla gleby replantowanej, z wykorzystaniem
przedplonu z rzodkwi oleistej (Raphanus sativus var. oleifera) i 54,02% dla gleby z ARD
(Publikacja 3, ryc.3).

Poza oceng i wskazaniem dominujacych krolestw w obrebie organizmow
eukariotycznych wystepujacych w badanych probkach gleby, dokonano wzglednej
analizy réznic w liczbie jednostek taksonomicznych (OTU), pomiedzy badanym
wariantem gleby z ARD oraz gleb z ARD poddanych biofumigacji, a glebg kontrolna:
R2vsR1, R3vsR1, R4vsR1, R5vsR1 (Publikacja 3, ryc. 2). Najwicksze ro6znice
zaobserwowano pomigdzy RS5vsR1 dla  Fungi i dla mikroorganizméw
niesklasyfikowanych, z kolei najmniejsze réznice wykazano pomigdzy R3vsR1.

Przeprowadzona analiza metapopulacyjna dokonana na podstawie analizy
hiperzmiennego regionu ITS1 wykazata, ze wczesniejszy sposodb uzytkowania gleby w

szkotce, oraz wykorzystane w doswiadczeniu ro$liny fitosanitarne miaty wptyw na liczbg
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jednostek taksonomicznych (OTU) w obregbie Phylum tylko dla Fungi, wystepujacych w
glebie. W zaleznosci od badanego wariantu glebowego, w Krolestwie Fungi otrzymano
od 7 do 11 ich Phylum (Publikacja 3, ryc. 3).

Dla wszystkich wariantow doswiadczenia zdecydowanie najwigksza liczbe jednostek
taksonomicznych OTU na poziomie Phylum, odnotowano dla Ascomycota, gdzie
zwielokrotniong ich liczbe odnotowano dla gleby kontrolnej oraz gleby replantowanej, z
wykorzystaniem przedplonu z aksamitki rozpierzchlej (Tagetes patula L.) (R3) i
wynosita ona odpowiednio 42.78% i 39.82% (Publikacja 3, ryc. 3). Znacznie
zredukowana ich liczba wystgpowata w glebie z ARD, gdzie ich wartos¢ bezwzgledna
wynosita 14,48%.

Dane literaturowe wskazuja, iz Ascomycota powszechnie wystepuja w glebach
rolniczych. Cztonkowie tej grupy maja wiele genéw zwiazanych z odpornos$cia na stres
zwigzany z zabiegami agrotechnicznymi, a przede wszystkim niedotlenieniem
srodowiska. Badania wtlasne wskazuja, iz zastosowanie przedplonu z aksamitki
rozpierzchlej (Tagetes patula L.) (R3) w glebie z ARD znacznie podniosta wzgledna
liczbe omawianej grupy grzybow podnoszac ja do wartosci zblizonej w glebie rolnicze;.

Innym typem grzybow dominujacym w badanych glebach byt Mortierellomycota,
ktorego najwyzszy poziom odnotowano dla gleby replantowanej, z wykorzystaniem
przedplonu z aksamitki rozpierzchtej (Tagetes patula L.) (R3) (7,73%), a najnizszy dla
gleby replantowanej, z wykorzystaniem przedplonu z rzodkwi oleistej (Raphanus sativus
var. oleifera) (R5) (2,37%) (Publikacja 3, ryc. 3). W glebie uzytkowanej rolniczo
(kontrolnej) OTU dla Mortierellomycota wynosita 4,07%, a w glebie z ARD 4,68%.
Wedtug danych literaturowych cztonkowie Mortierellomycota nalezg do tzw. grzybow
pozytecznych. Ich rola polega m.in. wspomaganiu produkcji fitohormonow
(np. gibereliny, kwas indolooctowy), dostarczania symbiotycznym roslinom sktadnikow
odzywczych, w tym glownie fosforu (Gaiero i in., 2021) m.in. przez uwalnianie r6znych
kwasow organicznych, ktore rozpuszczajg oporne nieorganiczne formy fosforu (Zhang i
in., 2020).

W oznaczonych typach najmniejsze roznice OTU wystepowaly pomiedzy
R3vsR1, a najwigksze pomigdzy R5vsR1. Wigcej niz 2% rdznicy zaobserwowano dla
Ascomycota pomiedzy wszystkimi analizowanymi wariantami. Ponadto réznica ponad
2% zostala zaobserwowana pomigdzy wariantami R2vsR1, R3vsR1l dla

niesklasyfikowanych i Mortierellomycota pomigdzy R3vsR1 (Publikacja 3, ryc.4).
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Kolejne analizy dotyczyly oceny poziomu dominujacych klas w obrgbie
mykobiomu w glebie z ARD oraz w glebie z ARD replantowanej z przedplonem z
aksamitki rozpierzchtej (Tagetes patula L.) (R3), gorczycy biatej (Sinapis alba) (R4) i
rzodkwi oleistej (Raphanus sativus var. oleifera) (R5) oraz w glebie po ptodozmianie
(R1). Przeprowadzone obserwacje metapopulacji na poziomie Class wykazaly dominacje
Eurotiomycetes dla wszystkich wariantéw (od 6,10% dla RS do 37,78% dla R1) oprocz
R4, gdzie najwickszg OTU stanowily Sordariomycetes (9,29%). Generalnie we
wszystkich obiektach doswiadczalnych odnotowano najmniejsza zawarto$¢ jednostek
taksonomicznych, nalezacych do klasy Tremellomycetes (Publikacja 3, ryc.5).

Najwigksze roznice (ujemne) dla OTU na poziomie Class pomiedzy glebg z ARD
(R1) i glebami z ARD poddanymi biofumigacji, a gleba kontrolng (R1) zaobserwowano
dla Eurotiomycetes (-31,68% - -9,21%). Najwicksza dodatnig roznice (6,53% OTU)
zaobserwowano dla klasy Sordariomycetes pomigdzy R4vsR1. Ponadto w R3vsR1 w 4
przypadkach réznica OTU byta wicksza co do wartosci bezwzglednej 2%: dla
niesklasyfikowanych (-2,9%), Mortierellomycetes (3,66%), Sordariomycetes (2,35%),
Ascomycota (3,05%) (Publikacja 3, ryc.6).

Nicienie (Publikacja 4)

Nicienie zaliczane sa do biologicznych czynnikow sprawczych odpowiedzialnych
za powstawanie ARD (Yin i in., 2016; Kanfra i in., 2018). W dos$wiadczeniu,
stwierdzono obecno$¢ w glebie 11 gatunkow tych mikroorganizméw (Publikacja 4,
tab.7). W wariancie kontrolnym (R1) wykryto 4 gatunki nicieni, z czego w najwigcej
bylo przedstawicieli gatunku Ecumenicus monohystera. (ok. 34 osobnikow w 100 cm™
gleby). Znacznie mniej bylo Mesorhabditis spiculigera. W glebie replantowanej (R2)
stwierdzono najwigcej nicieni nalezacych do gatunku Mesorhabditis spiculigera, i
Tylenchorhynchus dubius (odpowiednio 79 i 60 osobnikéw w 100 cm™ gleby).

Zdaniem Dutta i in. (2019) ro$liny fitosanitarne sa dobrze zbadane pod katem ich
wlasciwosci nicieniobdjczych. W doswiadczeniu, wszystkie trzy gatunki roslin
fitosanitarnych skutecznie ograniczaty liczebno$¢ nicieni, szczegdlnie w poroéwnaniu z
glebg replantowang (R2). Wysoka skutecznoscig pod tym wzglgdem cechowata sig¢
aksamitka rozpierzchta (Tagetes patula L.) (R3). W kombinacji z jej stosowaniem
zredukowano liczebnosci nicieni gatunku Pratylenhus penetrans z ok. 33 osobnikow w

100 cm® gleby do zera. Jest to gatunek nicieni z rodziny Pratylenchidae zaliczany do
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jednego z najwazniejszych szkodnikow w uprawach sadowniczych, warzywnych i
ozdobnych. Zerujac na korzeniach, powoduje on powstawanie nekrotycznych plam co
znaczgco zmniejsza aktywng powierzchni¢ korzeni. W doswiadczeniach Weerakoon 1 in.
(2012), Mazolla i in. (2015), Wang i in. (2019), potwierdzono redukuje liczebno$ci
fitopatogennych nicieni z gatunku Pratylenhus penetrans w glebie replantowanej po
wykorzystaniu roslin z rodziny kapustowatych (Brassica juncea, Sinapis alba) lub
rzodkwi zwyczajnej (Raphanus sativus) (Yim i in., 2016). W kombinacjach z
przedplonem z aksamitki rozpierzchtej (R3), w poréwnaniu do kombinacji bez
przedplonoéw (R2), stwierdzono kilkudziesigciokrotng redukcje Tylenchorhynchus dubius,
kilkunastokrotng - Prismatolaimus sp. i Geocenamus nothus, oraz kilkukrotng —
Mononhoides sp.. Nalezy zwr6ci¢ uwage na znaczne zmniejszenie liczebnosci w glebie
replantowanej Tylenchorhynchus dubius — Kkolejnego po Pratylenhus penetrans
wewnetrznego pasozyta roslin zerujagcego na korzeniach. Jego zdolno$¢ do przezywania i
rozwoju w najrozniejszych warunkach srodowiskowych powoduje, iz Tylenchorhynchus
dubius wystepuje w strefie korzeni ponad 100 gatunkow roslin. W kombinacji z
przedplonem z gorczycy biatej (Sinapis alba) (R4), calkowicie zredukowano ilo§¢ w
glebie takich gatunkéw jak Ecumenicus monohystera i Mononhoides sp.
Kilkunastokrotnie zmniejszyta si¢ rowniez ilo§¢ Cephalobus persegnis i Geocenamus
nothus. W przypadku takich gatunkéw jak Cuticularia oxycerca nie stwierdzono
istotnego zroznicowania ich liczebnosci w zaleznosci od kombinacji. Relatywnie
najmniejszg skutecznoscia w redukowaniu liczny nicieni w glebie replantowanej
wykazata si¢ rzodkiew oleista (Raphanus sativus var. oleiformis) (R5). W kombinacji z
przedplonem z tej ro$liny zredukowano do zera ilo§¢ w glebie nicieni nalezacych do
gatunkéw Geocenamus nothus i Terrtocephalus terrestris. Nie zmienita si¢ natomiast
liczebnos¢ Ecumenicus monohystera i Mononhoides sp.

Z analizy liczebno$ci nicieni w glebie w poszczeg6lnych latach badan wynika, iz
efekt nicieniobojczy roslin fitosanitarnych byt widoczny juz po roku od ich zastosowania.
Z jedenastu wykrytych w 2020 roku gatunkoéw nicieni, w kolejnym roku badan istotnie
zmniejszyta si¢ liczebnos¢ osmiu z nich (Publikacja 4, ryc. 3). W szczegdlnosci dotyczy
to gatunkow Geocenamus nothus, Mesorhabditis spiculigera, Mononhoides sp.,

Pratylenhus penetrans, Prismatolaimus sp.
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8.2. Biochemiczne i chemiczne wilasciwosci gleby (Publikacja 4)

Jakos¢ gleby oceniano na podstawie zawartosci mikro- i makroelementow,
wilgotnosci, pH, jej aktywnosci enzymatycznej i oddechowej. Przeprowadzone
doswiadczenie wykazato istotne réznice w parametrach fizykochemicznych gleby, ktore
zalezaly od jej wczesniejszego uzytkowania. Gleba po replantacji (R2) byta bardziej
kwasna niz gleba optymalnie przygotowana po szkotke (R1) (pH odpowiednio 4,8 i 5,0) i
zawierata prawie trzykrotnie mniej materii organicznej (0,8% i 2,17%) (Publikacja 4, tab.
2). Jakosc¢ gleby replantowanej byta istotnie lepsza w wariantach z biofumigacjg. Odczyn
gleby wzrést z 4,8 do 5,0 (aksamitka rozpierzchta - Tagetes patula L.) (R3) i 55
(rzodkiew oleista - Raphanus sativus var. oleifera (R5). Zawarto$¢ prochnicy rowniez
znaczaco wzrosta 1 byta najwyzsza w wariancie z gorczyca bialg. Byta ona o ponad 50%
wyzsza niz w wariancie z glebg optymalnie przygotowana pod szkotke (R1), tj. 0,8% i
1,09% (Publikacja 4, tab. 2).

Prochnica jest podstawowym zrédlem skladnikow odzywczych dostgpnych dla
roslin. Szybko$¢ mineralizacji materii organicznej zalezy od efektywnosci dziatania
mikroorganizméw glebowych, ktorg mozna zmierzy¢ za pomocg aktywnosci enzymow
glebowych. Uwaza sig, ze znajomos$¢ aktywnoS$ci enzymatycznej w potaczeniu z innymi
wlasciwosciami gleby, stanowi podstawe oceny jej jakosci (Furtak i Gajda, 2018).
Podstawowym zrodtem enzymow sa drobnoustroje glebowe (gtownie bakterie) oraz
resztki korzeni roslin w glebie. W glebie najwazniejsza role odgrywaja enzymy nalezace
do oksydoreduktaz (dehydrogenazy) oraz hydrolaz (proteaza, ureaza). W doswiadczeniu
stwierdzono istotne zréznicowanie aktywnosci enzymatycznej gleby w zalezno$ci od jej
wczesniejszego sposobu uzytkowania. Najwigksze roznice wystapity w przypadku
aktywnosci dehydrogenaz (0,56 i 1,22 cm™ H 24h™ kg s.m odpowiednio) (Publikacja 4,
tab. 3). Te enzymy sa uznawane za bardzo czule wskazniki zmian wlasciwosci gleby
(Gatazka i in., 2017). Innym parametrem okreslajacym aktywno$¢ mikroorganizmow
glebowych jest aktywno$¢ oddechowa gleby, mierzona ilosciag wydzielanego CO2 (Meene
i Rao, 2021). Rowniez i w tym przypadku wczes$niejszy sposob uzytkowania gleby miat
istotny wptyw na ten parametr. Aktywnos¢ oddechowa gleby replantowanej (R2) — 19,25
CO2 mg kgt 48 h? byla istotnie nizsza, anizeli gleby optymalnie przygotowanej pod
szkotke (R1) — 27,70 CO, mg kg! 48 h'l. W kombinacjach z przedplonem z ro$lin
fitosanitarnych stwierdzono istotny wzrost aktywnosci zaréwno enzymatycznej jak i

oddechowej gleby replantowanej (Publikacja 4, tab. 3). Srednio za dwa lata badan, w
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kombinacji z przedplonem z aksamitki rozpierzchtej (Tagetes patula L.) (R3) i rzodkwi
oleistej (Raphanus sativus var. oleifera) (R5), aktywnos¢ dehydrogenaz w glebie
replantowanej byta ponad dwukrotnie wyzsza anizeli w glebie bez przedplonéw (1,3 oraz
0,56 cm? H; 24h? kg s.m. odpowiednio). Podobny wniosek mozna wyciagnaé przy
analizie aktywno$ci oddechowej gleby (32,6 i 19,25 CO, mg kg? 48 hl). Aktywno$é
proteaz w glebie replantowanej byta najwyzsza w wariancie z aksamitkg rozpierzchta.
Warto podkresli¢, iz zardwno aktywnos$¢ enzymatyczna jak i1 oddechowa gleby
replantowanej w kombinacjach z roslinami fitosanitarnymi byla istotnie wyzsza anizeli w
wariancie kontrolnym z gleba optymalnie przygotowana pod szkotke (R1).

Aktywno$¢ enzymoéw w glebie zalezy od takich czynnikoéw jak: wilasciwosci
fizykochemiczne gleby (odczyn, zawarto§¢ materii organicznej, zanieczyszczenia
metalami cigzkimi), warunki klimatyczne i systemy uprawy (Btonska, 2012; Zhang and
Sun, 2014). Jak stwierdzaja Weaver i in. (2012) niewystarczajaca ilo§¢ wody w glebie
moze by¢ czynnikiem istotnie ograniczajacym jej aktywno$¢ enzymatyczng. W
doswiadczeniu, analizy aktywno$ci enzymatycznej i oddechowej gleby wykonywano w
okresie wiosny, lata oraz jesieni. Wykazano zrdéznicowanie uzyskanych wynikow analiz
w zalezno$ci od okresu wegetacji. Zarowno aktywnos$¢ dehydrogenaz jak 1 proteaz
glebowych byta najwyzsza w okresie jesiennym, a najnizsza — wiosng (Publikacja 4, tab.
4). O wysokiej aktywnosci dehydrogenaz w glebie w okresie jesiennym informujg
rowniez (Yuan i Yue, 2012; Styla, 2014; Zydlik i in., 2021). Odmienna zalezno$¢
wystapila w przypadku aktywnosci oddechowej gleby. Srednio w latach 2020 — 2021
byla ona najnizsza pod koniec wegetacji. Jesienig wilgotno$¢ podtoza jest na ogot
wysoka, co w potaczeniu z optymalng temperatura, stwarza dogodne warunki do rozwoju
mikroorganizmoéw glebowych. Dostgpnos¢ wody ma duzy wplyw na aktywno$é
enzymoOéw glebowych, poniewaz zwigkszona wilgotno$¢ umozliwia rozpuszczenie w
glebie materii organicznej (Geisseler i in., 2011).

Wykazany w do$wiadczeniu wzrost aktywnos$ci mikroorganizméw, mierzony
aktywnoscig enzymatyczng i oddechowa gleby, w kombinacjach z przedplonem trzech
gatunkow roslin fitosanitarnych, przetozyt si¢ na wzrost zawartoSci w glebie makro i
mikroelementow. W kombinacjach z roslinami fitosanitarnymi, w szczegolnosci
aksamitka rozpierzchla (Tagetes patula L.) (R3), stwierdzono istotny wzrost zawartosci
w glebie replantowanej takich pierwiastkow jak N, P, K, Zn, Cu, Fe. Skuteczna pod tym

wzgledem byta rowniez rzodkiew oleista (Raphanus sativus var. oleifera). W kombinacji
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z jej stosowaniem, w porownaniu do gleby replantowanej bez przedplonow (R2),
stwierdzono wzrost ilosci sktadnikéw mineralnych od Kilkunastu procent (Fe) do okoto
90% (Zn) (Publikacja 4, tab. 5).

8.3. Parametry biometrycznye drzewek (Puplikacja 4)

Prowadzone w latach 2019-2021 badania wykazaly, iz wczesniejszy sposob
uzytkowania gleby oraz zastosowanie ro$lin fitosanitarnych w przygotowaniu gleby pod
szkotke drzew owocowych miaty wpltyw na parametry biometrycne jabtoni takie jak:
wzrost drzewek wyrazonych ich wysokos$cig, liczbe pedow bocznych, czy dlugosci
pedow bocznych (Publikacja 4, tab. 6). Wzrost drzewek w pierwszym roku produkcji w
szkotce skupia sie na wzroScie wydluzeniowym pedu glownego (przewodnika).
Najwyzsze drzewka wyrosty na glebie po plodozmianie (R1). Zastosowanie replantacji
(R2) ostabito istotnie wzrost pedu glownego. Zastosowanie roslin fitosanitarnych na
glebie po szkotce poprawito wzrost drzewek jabtoni odmiany “Golden Delicious'.
Korzystny wplyw zastosowania roslin fitosanitarnych stwierdzono nie tylko w
odniesieniu do wysokosci drzewek, ale takze w liczbie pedow bocznych, ich $redniej
dhugosci oraz sumie przyrostow (Publikacja 4, tab. 6). Szczegodlnie oceniajac dhugosé
pedow bocznych nalezy podkresli¢ korzystny wplyw zastosowania jako przedplonu
Tagetes patula L.(R3) i Raphanus sativus var. oleiferus L.(R5).

Dla optymalnego wzrostu rosliny potrzebujg nie tylko zdrowego i dobrze
rozwinigtego systemu korzeniowego, ale rowniez liSci. Przeprowadzone w szkolce
badania wykazaty, Ze zastosowanie replantacji w szkoétce istotnie zmniejszyto mase lisci
oraz ich powierzchni¢. Zastosowane roslin fitosanitarnych istotnie zwigkszyto mase lisci
oraz ich powierzchni¢. Z posrod wszystkich zastosowanych roslin przedplonowych
najbardziej korzystny wplyw na poprawe parametrow okreslajacych wzrost lisci miata
wczesniejsza uprawa i przyoranie Synapis alba L. (R4) (Publikacja 4, ryc. 2). Weil3 i in.
(2017) roéwniez zaobserwowali w swoim do$wiadczeniu staby wzrost wegetatywny
podktadek jabtoni rosngcych w warunkach ARD. Sobiczewski i in. (2018) stwierdzili, ze
powierzchnia lisci jabtoni rosngcych w warunkach ARD byta mniejsza. Jedng z przyczyn
stabego wzrostu roslin rosngcych w warunkach ARD jest ograniczony wzrost ich systemu
korzeniowego. Wedlug Grunewaldt-Stocker 1 in. (2018), ARD powoduje nekroze
komorek korzeniowych i hamuje wzrost korzeni wlosnikowych co w konsekwencji

ogranicza pobieranie wody i sktadnikow odzywczych przez rosliny
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9. Podsumowanie i wnioski

Wyniki badan prowadzonych w latach 2019-2021 potwierdzity fakt, ze gleba
replantowana (wczesniej uzytkowana pod produkcje szkotkarska) charakteryzowata sie
nizszg warto$cig produkcyjng. Zawierata ona mniej sktadnikdw mineralnych niz gleba po
ptodozmianie i miala gorsze parametry biologiczne - mniejszag réznorodnosé
mikrobiomu, mykobiomu oraz nizszg aktywnos$¢ enzymatyczng i respiracyjng. W takich
warunkach jabtonie rosty gorzej. Poprawe wlasciwosci Dbiologicznych gleby
replantowanej uzyskano poprzez zastosowanie trzech gatunkow roslin fitosanitarnych
jako przedplonéw - aksamitki rozpierzchtej (Tagetes patula L. — R3), gorczycy bialej
(Sinapis alba L.— R4) i rzodkwi oleistej (Raphanus sativus var. oleiferus L. — R5). W
kombinacjach z ich stosowaniem w glebie replantowanej odnotowano ponad dwukrotny
wzrost zawarto$ci prochnicy, a takze istotnie wyzsza aktywno$¢ enzymatyczng i
oddechowa. Po zabiegu biofumigacji odnotowano rowniez znaczny wzrost liczby bakterii
w glebie, zwlaszcza w wariancie z wykorzystaniem aksamitki rozpierzchtej (Tagetes
patula L. — R3). Potwierdzily to badania wykorzystujace analize funkcjonalng materiatu
genetycznego wyizolowanego z gleby (metagenomika) jako narzedzia do oceny
bioréznorodnos$ci gleby w szkolce po replantacji. Analizy sktadu mikrobiomu wykazaty,
ze biofumigacja roslinami fitosanitarnymi — aksamitka rozpierzchtg (Tagetes patula L.),
gorczycg bialg (Sinapis alba L.) i rzodkwia oleista (Raphanus sativus var. oleifera L.),
zmienita strukture i liczbe bakterii w glebie replantowanej, w szkotce drzew owocowych.
Rosliny fitosanitarne zwiekszyty liczebnos$¢ operacyjnych jednostek taksonomicznych
(OTU) =z rodzajow Proteobacteria, Bacteroidota, Patescibacteria, Chloroflexi,
Fatescibacteria i Verrucomicrobiota, ale zmniejszyly liczebno$¢ Firmicutes,
Cidobacteriota i Actinobacteriota. Biofumigacja zwigkszyla rowniez zawartos$¢
niektorych dominujacych rodzajow bakterii w glebie replantowanej, takich jak
Flavobacterium, Massila, Sphingomonas, Arenimonas i Devosia. Rodzaje te sa uwazane
za kluczowe w promowaniu wzrostu ro$lin i indukowaniu odpornosci ogolnoustrojowe;j
ro$lin, co moze wskazywaé na regeneracje gleby zdegradowanej. Jak wykazata analiza
ITS, zastosowanie jako przedplonu aksamitki rozpierzchtej (Tagetes patula L. — R3)
przyczynito si¢ do wzrostu jednostek taksonomicznych dla krélestwa grzybow. Co
wigcej, liczba OTU dla gromady Ascomycota w tym wariancie gleby byla kilkakrotnie
wicksza 1 zblizona do wartosci w glebie po ptodozmianie (R1). Populacja

niesklasyfikowanych grzybéw w glebie replantowanej z przedplonem aksamitki
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rozpierzchtej (Tagetes patula L.) byla zredukowana. Grzyby te mogly obejmowaé
niektore gatunki, ktore negatywnie wptywaly na kondycje drzew w szkoétce. Kolejng
dominujaca grupg w tym wariancie eksperymentalnym byta Mortierellomycota. Analizy
klas 1 rzedow wykazaly, ze biofumigacja, gldéwnie z przedplonem nagietka, spowodowata
dominacj¢ klasy Eurotiomycetes i rzedu Eurotiales. Ta klasa grzybow odgrywa wazng
rolg w zwalczaniu choréb grzybowych ro$lin, a takze w glebach ARD. Zastosowanie
gorczycy biatej (Sinapis alba L.) i rzodkwi oleistej (Raphanus sativus var. oleifera L. —
R5) jako przedplonéow nie miato tak silnych analogicznych efektow. Biofumigacja
aksamitka rozpierzchta (Tagetes patula L. — R3) i rzodkwia oleistg (Raphanus sativus
var. oleifera L. — R5) przyczynita si¢ do zmniejszenia liczebnosci grzybow z rodzaju
Fusarium, ktory obejmuje kilka waznych gatunkow patogenicznych dla roslin.
Thumaczy¢ to moze znaczaca poprawe sity wzrostu drzewek jabtoni rosngcych na glebie
replantowanej z przedplonem ro$lin fitosanitarnych. Liscie drzew w wariantach z
biofumigacja miaty wigksza powierzchni¢ i mas¢ (wzrost o 50%), niz liscie drzew
rosngcych na glebie replantowanej bez przedplondéw. Ponadto drzewa byly wyzsze i
miaty wiekszy catkowity wzrost pedow bocznych. Doswiadczenie potwierdzilo rowniez
dziatanie nicieniobdjcze trzech gatunkow biofumigantow, zwlaszcza aksamitki
rozpierzchlej Tagetes patula L. — R3). Zabieg biofumigacji z jego uzyciem umozliwit
redukcje populacji nicieni z gatunku Pratylenhus penetrans z 33 do 0 osobnikow w 100
cm gleby.

Wykorzystanie roslin fitosanitarnych na glebie replantowanej nalezy uznaé za
bezpieczniejszg 1 przysztosciowa alternatywe dla odkazania termicznego 1 fumigacji
chemicznej, pozwalajacej na poprawe wlasciwosci biologicznych gleby replantowanej, w
tym redukowanie liczebno$ci nicieni pasozytujacych na roslinach. Pozwoli to na
przywrocenie rownowagi mikroorganizméw glebowych oraz poprawe sity wzrostu roslin

w szkotkach drzew owocowych.
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The use of biofumigation in orchards with apple
replant disease — a review
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! Department of Ornamental Plant, Dendrology and Pomology
* Department of Entomology and Environment Protection
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Abstract

Apple replant disease (ARD) is the consequence of replantation of the same or related apecies
of eropa. As a result of the occurrence of ARD, the physicochemical and hiological properties of
the soil deteriorate. [t causes considerable economic losses and may significantly reduce fruit
production, especially in regions with high density of orchards. It is difficult to indicate an effec-
tive method of preventing the consequences of ARLY due to the diversity of causative factors
The development of AHID can be effectively limited by chemical fumigation. However, there are
numerous limitations to this method because it is a nuisance to the environment. Not only soil
pathogens but also the beneficial microflora may be destroyed, especially by broad-spectrum
fumigants. Biofumigation, which involves the use of plants with phytosanitary properties, is an
environment-friendly alternative. Theae plants produce potentially bioactive compounds which,
apart from their fungicidal effect, also have nematicidal, insecticidal, antiviral, and cytotoxic
properties. This article is a review of the results of research on the effecta of bicfumigation
in orchards with ARD. It shows how the plants used for biofumigation, mainly planta of the
Hrasaicaceae, Aateraceae family, reduced the occurrence of biological causes of ARD (fungi and
eapecially nematodes), and promoted the development of beneficial microorganiams in replanted
anil. As a result of bicfumigation, both physical and biological properties of the =oil are
improved, and that leads to improvements of vegetative growth of fruit trees and apple trees
in a fruit tree nurasry.

Kevwords: Apple Replant Disease, bictumigation, Hrassicoeeae, Tagetes, soil microbial balance
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APPLE REPLANT DISEASE (ARD) SYNDROME

Apple Replant Disease (ARDY) is a disturbed physiological and morpholo-
gical response of plants to the soil whose microbiome has been changed
by previous crops of the same or related species (Winkelmann et al. 2019).
In consequence of such disturbances, the physicochemical and biological
properties of the soil deteriorate. For a long time, ARD has been the subject
of numerous scientific studies, using various nomenclature, often inter-
changeably, e.g. soil fatigue (Wolinska et al. 2018), soil sickness (Cesarano
et al. 2017) or replant disease (Micola et al. 2018). The most common name
is Apple Replant Disease (ARD).

ARD, which is the result of planting orchards in place of grubbed ones,
has been mentioned for over 200 years. Symptoms of ARD have been found
in plantations of ornamental plants (roses), vegetables (asparagus) — Elmer
(2018), and medicinal plants (Wu et al. 2015). However, it is the biggest
problem in orchards, especially with apple trees. ARD occurs in all major
areas with apple orchards around the world (Mazolla, Manici 2012), especially
in intensive orchards, where replanting is frequent due to the aging of trees,
market requirements concerning species and cultivars, as well as changes
in fruit consumers’ preferences.

This article is a review of research on the use of biclogical methods
to improve the physicochemical and biological properties of replanted soil
in orchards, with a special focus on biocfumigation.

CAUSATIVE FACTORS OF ARD

The causes of ARD hawe been investigated since the 1980s. Despite
numerous publications on this subject, researchers have not assumed a clear
position on the main causes of ARD. It iz assumed that the disease can
be caused by both abiotic and biotic factors. The former include insufficient
goil moisture, low content of nutrients, low =soil pH, and disturbances in soil
structure. According to Spath et al. (2015), the influence of abiotic factors on
the occurrence of ARD is relatively small, whereas Sobiczewski et al. (2018)
treat ahiotic factors as the main causes of ARD.

Most authors of studies on methods for restoring fertility to replanted
goil dizcuss the elimination of biological factors, usually specific species
of nematodes, fungi, and bacteria. According to Winkelmann et al. (2019),
ARD disturbs the soil microbial balance, limits the development of beneficial
microorganisms (Long et al. 2019) and increases the activity of harmful
microflora. According to Manici et al. (2013), the change in the species struc-
ture of =01l microorganizsms is the main cause of ARD.
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There are about 4,100 zpecies of nematodes parasitising plants
around the world. They migrate through the soil in searching of a host plant,
invade the roots, and feed on the cytoplasm. Hoots damaged in this way are
more vulnerable to other soil pathogens. The phytopathogenic nematodes
Pratylenchus spp. are often mentioned as the main biotic factor of ARD
(Mazzola, Manici 2012, Singh et al. 2015, Kanfra et al. 2018). Another group
of soil microorganisms mentioned as the biclogical causes of ARD are fungi
of the following genera: Alternaria spp., Rhizoctonia spp., Phythium spp..
Cylindrocarpon spp., and Fusarium spp. (van Schoor et al. 2009, Manici
et al. 2013). In the experiment conducted by Cavael et al. (2020), the share
of fungi of the Allernaria genus in replanted soil amounted to 2% of the total
population of soil fungi, which was 10 times more than in agricultural soil.
Fungal pathogens attack the root system. According to Yin et al. (2014),
Fusarium proliferatim is the dominant species in infected roots. Zhao et al.
(2022) alzo found F. proliferatim to be an important causative factor of ARD.
The role of bacteria in causing ARD has been investigated to a lesser extent
than the role of fungi. Researchers usually listed bacteria of the Baeillus and
Pseudomonas genera as the causes of ARD (Mazzola, Manici 2012). However,
according to Franke-Whittle et al. (2015), Pseudomonas bacteria do not
gignificantly reduce the fertility of replanted =oil.

Other causative factors of ARD are phenolic compounds contained
in replanted soil. Apple roots contain large amounts of specific polyphenols,
such as phlorizin, phloretin, benzoic acid and rutin (Hofmann et al. 2009,
Emmet et al. 2014, Yin et al. 2016, Leisso et al. 2017). Phenolic compounds
accumulated in the soil in old orchards may strongly inhibit the growth
of apple trees.

THE CONSEQUENCES OF ARD IN ORCHARDS

Apple replant disease poses a major challenge for fruit producers.
It causes noticeable economic losses and seriously limits the development
of fruit production. The profitability of an apple orchard on replanted soils
iz 50% lower because the yvield of fruit is lower and it 18 harvested later
(van Schoor et al. 2009). Fruiting may be delayed by 2-3 vears (Mazolla,
Manici 2012). The productivity of apple trees, measured with the pppp index,
is lower on replanted soils (Cawvael 2020). The cross-sectional arvea of the
trunk is commonly used as an indicator of the yield of apple trees in fields.

As mentioned above, ARD deteriorates the physicochemical and biologi-
cal properties of soil. The enzyme and respiratory activity on replanted
soil is reduced (Zydlik et al. 2019, 2020), which indicates lower activity
of soil microorganisms responsible for the mineralisation of organic matter.
Soil enzymes and soil respiratory activity are reliable indicators of the acti-
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vity of soil microflora (Blonska et al. 2017, Meena, Rao 2021). The reduced
rate of mineralisation of organic matter in replanted soil results in a smaller
amount of nutrients available to plants. This fact was proved in the experi-
ments conducted by Zydlik et al. (2020, 2021a). A smaller amount of avai-
lable nutrients in replanted soil causes weaker vegetative growth of fruit
trees. This effect can be observed in apple rootstocks (Weill et al. 2017,
Zydlik et al. 2023) and apple trees (Manici 2013, Liu et al. 2014, Zhao et al.
2022) - Photo 1.

trees on replanted soil trees on non-replanted soil
(third replantation)

Photo 1, An eight-year-old apple trees of the Topaz cultivar (photo by Z. Zydlik)

The weaker growth of trees is manifested by smaller growth and a smaller
assimilation area of leaves (Emmett et al. 2014, Yim et al. 2016, Sobiczewski
et al. 2018). The weaker vegetative growth of apple trees growing on soil
with ARD may be affected not only by a lower amount of available nutrients,
but also by limited possibilities of their uptake by the root system. Lukas
et al. (2018) concluded that apple rootstocks affected by ARD absorb nitrogen
in the form of nitrate much worse than rootstocks growing in optimal condi-
tions.

The yield of apples in an orchard affected by ARD is significantly redu-
ced and their quality is worse (Zydlik et al. 20215). For example, apples may
be about 10% smaller (Nikola et al. 2018). The appearance and taste of apples
are also worse (Lucas et al. 2018).

The roots are an important organ responsible for the uptake, storage,
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and transport of minerals and water to the aerial parts of plants. ARD inhibits
these processes because it damages the roots and weakens their function
(Photo 2).

' %
replanted soil with
Trihoderma

Photo 2. The growth of the root system of apple trees on soil with ARD compared to the other
variants (photo by Z. Zyvdlik)

agricultural soil replanted soil

The roots become discoloured and form necrotic tips. The number of root
hairs decreases and their growth is limited. These effects can be observed
in both fruit trees and nursery material. As early as two weeks after being
in the soil with ARD, necrosis appeared on M26 rootstocks and the growth
of root hairs weakened (Grunewaldt-Stocker et al. 2019). The root system
usually becomes damaged by the microbiome causing ARD, e.g. nematodes
or products of their metabolism in the immediate vicinity of the roots (Lucas
et al. 2018).

METHODS OF ALLEVIATING THE CONSEQUENCES
OF ARD

It is difficult to indicate an effective method of preventing or alleviating
the consequences of ARD due to the diversity of causative factors and the
interrelations between them. According to Berg et al. (2017), the effect of ARD
causative factors largely depends on the cultivation history, environmental
conditions (type of soil, weather), and the physiological state of plants. More-
over, the quality and quantity of causative factors may change during one
growing season. The most effective solution is to avoid replanting the same
species of crops in the same place. However. in practice, this is difficult
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or impossible due to the limited number of suitable places for new planta-
tions in orchards and nurseries. All actions aimed at the eradication of ARD
symptoms should be targeted at the improvement of the physicochemical
properties of the replanted soil and restoration of the species composition
of its microflora. According to Deldago-Baqueriro et al. (2016), it is the high
diversity of soil microorganisms that determines its multifunctionality and
provides protection against pathogens. The physicochemical and biological
properties of replanted soil can be improved with agricultural, chemical
or biological methods.

Agricultural methods

Proper agricultural practice includes crop rotation and organic fertilisa-
tion with manure or compost (Forge et al. 2016, Franke-Whittle et al. 2018).
Crop rotation is not often used in perennial orchard plantations. Organic
additives, such as biochar, can also be added to the replanted soil. When
organic carbon was added to the replanted soil in an apple tree nursery.
the enzyme activity of the soil more than doubled. The rate of photosynthesis
in the leaves also increased significantly, which improved the vegetative
growth of the apple trees (Zydlik et al. 2023) — Photo 3.

agricultural soil replanted soil replanted soil with organic
carbon

Photo 3. The influence of the soil types on the growth of apple trees (photo by Z. Zydlik)

The productivity of replanted soil can alzo be improved by adding humic
acids, which are components of the soil humus. The spraying with humic acids
decreases the salinity of replanted =oil. increases the activity of enzymes
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{dehydrogenases and proteases) and respiratory activity (Zydlik et al. 2020).
Humic acids used in an apple orchard with ARD increase the yield of trees
and improve the quality of fruit (Zydlik et al. 2021b).

Agricultural treatments may improve the physicochemical properties
of replanted =oil, stimulate the development of microflora, as a result of
which the soil reaches a state of microbial balance. However, such proce-
dures may be time-consuming or not always sufficient to alleviate the conse-
guences of ARD.

Chosen chemical substances

Chemicals may also limit the development of pathogenic microbiome
in replanted soil very effectively, especially before planting crops. They can
be applied into replanted soil by fumigation or sterilisation of the seil. Until
recently, methyl bromide was the most common chemical fumigant used
to combat soil pathogens (Zhang et al. 2019). However, it was withdrawn
because it destroyed stratozpheric ozone. Current soil fumigation chemicals
mainly include dazomet or metam sodium (both releasing methyl isothiocya-
nate) and 1,3-dichloropropene/chloropicrin (Nicola et al. 2017, Nyoni et al.
2019). Such broad-spectrum fumigants are used in many countries to combat
soil-borne diseases (Li et al. 2017, 2021).

The results of numerous studies have confirmed the effectiveness of chemi-
cals in reducing the effects of ARD. According to Spatch et al. (2015) and
Yim et al. (2016), this may indicate that ARD iz primarily caused by biotic
factors, especially by nematodes. Chemical fumigation of replanted soil limits
the development of pathogenic =o0il microorganisms, e.g. Fusarium spp.
(Jiang et al. 2022), and plants are affected by the consequences of ARD
to a lesser extent (Cheng et al. 2020). When chloropicrin was applied into
soil, the populations of Fusarium spp. (Li et al. 2017b) and Phytophtora spp.
(Li et al. 2021) were significantly reduced, which significantly increased
the strawberry yield.

The disadvantage of using chemical soil fumigants is their high toxicity.
Mot only soil pathogens but also the beneficial microflora may be destroyed,
especially by broad-spectrum fumigants (Li et al. 2017, Fang et al. 2018).
Li et al. (2021) ohserved that chemical fumigation reduced the population
of protecbhacteria (responsible for the proper hinding and accumulation of
nitrogen) and Acidobacteria, which are considered a reliable indicator of the
degree of plant nutrition. As chemical fumigation is a nuisance to the envi-
ronment, researchers are searching for non-chemical methods for combating
phytopathogenic soil microflora.

Biological methods

In horticultural practice, the effects of ARD can be alleviated biclogically
by applying biopreparations containing various groups of beneficial micro-
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organisms into soil, which are antagonistic to pathogens. These may be arbu-
scular mycorrhizal fungi competing with phytopathogenic bacteria or Tricho-
derma spp. Zvdlik et al. (2021a) observed that the Trichoderma harzianum
gspecies increased the enzyme and respiratory activities of the soil. Note-
worhty is the fact that it is difficult to control soil fungi due to their exten-
give mycelia and numerous spores.

Plants used for biofumigation

The term biofumigafion introduced in 1993 is defined as a process
of decomposition of plant or animal tissues, leading to the production of vol-
atile biocidal compounds. Biofumigation consists in using phytosanitary
plants, which are antagonistic to pathogenic microorganisms in soils with
ARD and support the development of beneficial soil microflora. For example,
these are plants of the Brassicaceae family, with about 350 genera and about
4,000 species. Species of the Brassica, Raphanus, and Sinapis genera are the
most common plants of the Brassicaceae family used for biofumigation
(Hanschen, Winkelmann 2020, Morris et al. 2020). In general, these are usu-
ally plants eaten by humans and animals and those used for the production
of edible and industrial oils. The most common phytosanitary plants used for
biofumigation are: red mustard (Brassiea juncea), white mustard (Sinapis
alba), field mustard (Brassica rapa), rape (Brassica napus), arugula (Eruca
sativa), and radish (Raphanus salivus) — Neubauer et al. (2014), Rios et al.
(2016), Ntali and Caboni (2017).

Plants of the Brassicaceae family produce secondary metabolites, gluco-
sinolates, which after hydrolysis produce bioactive isothiocyanates: aliphatic
allyl isothiocyanate, aromatic isothiocyanates, 2-phenylethyl isothiocyanate,
and benzyl isothiocyanate (Gimsing and Kirkegaard 2009). These plants
produce over 2(M) types of glucosinolates, which are present in all parts
of the plant. The amounts of these compounds vary considerably depending
on the cultivation phase, species, cultivars, and growing season. The highest
concentration of glucosinolates was found in the tissues of plants of the
Brassicaceae family in the summer (Ngala et al. 2015). According to Doheny-
-Adams et al. (2018), the highest concentration of glucosinolates in the tis-
sues of mustard can be observed at the intensive flowering phase, but later
their amount gradually decreases as the plant develops. Other compounds
formed during the decomposition of Brassicaceae blomass can also be uzed
for biofumigation. These are volatile compounds containing sulphur, e.g. car-
bon disulphide, dimethyl sulphide, and dimethyl disulphide (Wang et al
2009).

Plants from the Asteraceae family (Asteraceae Dum) contain various fun-
gicidal components which kill fungi with short reproductive cycles, producing
large numbers of spores and easily developing resistance (Perera et al. 2019).
These plants produce potentially bioactive compounds which, apart from
their fungicidal effect, also have nematicidal, insecticidal, antiviral, and
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cytotoxic properties (Karakas et al. 2019). The Asferaceae kill nematodes
with metabolites released from the roots of mature plants, e.g. thiophene
compounds such as a-terthienyl (Hamaguchi et al. 2019). The greatest
amount of such compounds is produced by the roots of intensively growing
marigolds (Tagefes L). The amount of thiophene compounds depends on the
species. The highest content waz found in T. tenuifolia, followed by T. patula
and T. erecta (Marotti et al. 2010).

Allinm L. iz another genus of bicactive plants which can limit the deve-
lopment of soil diseases and improve plant growth (Arnault et al. 2013)
thanks to the substances secreted by the roots, including propyl disulphide
and methyl disulphide (Ngala et al. 2015).

The radish (Raphanus sativus), also classified as a cruciferous plant, is
less frequently used for biofumigation because it has high requirements con-
cerning soil fertility. However, Raphanus sativus may combat soil nematodes
maore effectively than white mustard (Sinapis alba).

The methods of using plants of the Brassicaceae family may vary depen-
ding on the species, the organism being controlled and the soil cultivation
method. The most common methods are growing as preceding crop, plough-
ing green manure, adding fresh or dried plant residues (e.g. meal) to the soil.
They are recommended in fruit production before fruit trees or berry bushes
are planted. Fresh biomass is particularly recommended because it has high
content of glucosinolates. The plant material should be thoroughly crushed
and then applied into the soil at a depth of 15-20 em (Kumar et al. 2018).

As results from reference publications, there have been various studies
on using plants from the Brassicaceae family to reduce the occurrence
of pathogens causing ARD. Experiments have been conducted on tomatoes,
cucumbers, peppers, lettuce, onions, napa cabbage, potatoes, sugar beets,
wheat, maize, gourds, grasses, pine, and ginger. As regards fruit cultivation,
such experiments are usually conducted in apple orchards, fruit tree nurser-
ies, and less often on strawberry plantations.

Effects of biofumigation

Mustard is often used in experiments with fruit plants to limit the ocecur-
rence of phytopathogens (fungi and nematodes) in so0il. The nematicidal effect
18 one of the best-investigated effects of biofumigation (Dutta et al. 2019).
Hollister ot al. (2012) observed that mustard meal effectively inhibited the
development of such fungal pathogens as Bacillus, Pseudomonas, and Strepilo-
myces. Mustard seed powder limited the infection of the roots of apple trees
growing in replanted soil by Pythium spp. (Weerakoon et al. 2012). Barrau
et al. (2009) used Ethiopian mustard (Brassica carinata) for biofumigation
and observed that it reduced the occurrence of the Phytophthora cactorum
pathogen in a strawberry plantation, which resulted in a higher yield
of fruits. Mazzola et al. (2009) and Weerakoon et al. (2012) found that
Brassicaceae seed meal reduced damage to apple rootstocks by Pythium.
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It also reduced the population of the phytopathogenic nematode Pratylenchus
penetrans in the soil. The researchers observed that B. juncea was more
effective than B. napus or Sinapis alba.

The marigold (Tagetes 1) is an annual herbaceous plant of the Asteraceas
genus, which has antifungal, bacteriostatic, and insecticidal properties
{Padalia, Chanda 2015). Thus far, about 40 species of marigolds have heen
identified, but nematodes in soil are most effectively destroyed by the French
marigold (Tagetes patula L.). Tageles plants are the most effective when they
are applied before planting fruit trees. A marigold preceding crop significantly
increased the vegetative growth of apple trees in an orchard on soil with
ARD (Yim et al. 2016, 2017). Du et al. (2017) conducted an experiment
with T. erecta and observed its fungicidal effect on F. exysporum, which
is one of the main causes of ARD. Wang et al. (2022) applied Tagetes erecta
to replanted soil and observed a decrease in the population of Fusarium
oxysporum — the fungus which is one of main causative factors of ARD.
The number of parasitic nematodes damaging plant roots also decreased sig-
nificantly. However, Kanfra et al. (2021) observed that T. patula was more
effective than T. fennifolio.

Phytosanitary plants used for biofumigation not only reduce the popula-
tions of pathogenic microorganisms respongible for the development of ARD,
but they also introduce significant amounts of organic material into soil
through the production of large amounts of biomass. This improves the
soil structure, increases the amount of nutrients and stimulates the develop-
ment of beneficial microflora. These may be bacteria from the Pseudomonas
genus, which are antagonistic to pathogenic fungi in soil (Behera et al. 2014),
Actinobacteria, which stimulate plant growth, or Bacillus (Sobiczewski et al.
2018), which are considered the main biological factor protecting plants from
soil-borne diseases. When mustard seed meal was applied to replanted soil
and when white mustard and winter wheat were grown as preceding crops
before the orchard was established, the content of Trichoederma fungi in the
soil increased significantly (Sobiczewski et al. 2018). These fungi play a sig-
nificant role in the decomposition of organic matter and in the reduction
of many soil pathogens.

Biofumigation reduces the population of pathogenic microorganisms
in replanted so0il and thus improves the vegetative growth of fruit trees.
This fact was observed by various scientistz, including Yim et al. (2017)
on marigold and Krzewiniska et al. (2008) on mustard. Kanfra et al. (2021)
used Tagetes for the biofumigation of replanted =oil in a fruit tree nursery.
As a result, the diameters of the trunks of apple trees grafted on M26 root-
stocks were several dozen per cent larger than those in the control variant.
The bicfumigation of replanted =o0il with the dry powder of Tageles erecia
increased the intensity of photosynthesis in the leaves of apple trees and
the respiration rate of their roots, which improved the vegetative growth
of the trees (Wang et al. 2022). The activity of root antioxidative enzymes,
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which protect plant cells from free radicals, al=o increased. In consequence,
the plants’ resistance to pathogens increased.

Good results can also be achieved by combining different methods
of using plants for biofumigation. When mustard seed meal was applied to
the soil and white mustard and winter wheat were grown as preceding crops
before establishing an orchard, the height of apple trees, the area of their
leaves and the intensity of photosynthesis increased (Sobiczewski et al.
2018).

Mixtures of plants used for biofumigation also very effectively limit
the development of pathogenic microbiome. The mixed cultivation of Allium
fistulosum and Brassica juncea limited the development of Fusarium proli-
feratum for a long time due to the continuous release of bioactive compounds
and improved the growth of apple trees growing on soil with ARD (Zhao
et al. 2022). The combined use of B. juncea and 5. alba effectively reduced
the population of Praivlenchus penetrans in the replanted soil, which
improved the growth and yield of apple trees (Mazzola et al. 2015, Wang
et al. 2019). Yim et al. (2016) also observed better growth of apple trees after
using B. juncea with K. sativus on replanted soil.

SUMMARY

The biofumigation of replanted =oil iz a promising method of mitigating
the consequences of ARD in fruit plantations. This fact has been proved
by the resultz of numerous studies, which showed that thiz method effecti-
vely limited the development and reduced the populations of biological causa-
tive factors of replantation disease — mainly fungi and nematodes. Biofumi-
gation enables the restoration of microbiological balance in replanted =oil,
which improves the health, growth, and vield of fruit trees and berry plants
growing on soil with ARD.

Further research is necessary due to the variety of causative factors
of ARD, the large number of plant species with phytosanitary properties,
and the influence of external factors on the effectiveness of biofumigation.
New plant species with the potential to combat pathogenic microorganisms
in orchards should be sought. It is also necessary to pay greater attention
to the timing of biocfumigation, selection of the right amounts of phytosani-
tary plants and optimal methods of their application in soil, and find
the most effective mixtures of these plants. New experiments should be con-
ducted not only on apple trees but also on other species of fruit plants that
are sensitive to ARD.
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Abstract: The imbalance of the soil mécrobioemne ks a primary indicatoe of ARD (apple replant dis-
wase). Baodumigation is a treatment that enables the restoration of microbloane balance. This study
Involved an analysis of the taxonoendc and functicoal diversity of bacterial coenmunities in replanted
soil (ARD), in replanted soils with farecrops of French marigold (Tagetes patuls L), white mustard
(Sinapés alby), and ollseed radishs (Raphonus sativus var. efeifend), and in agricultural soil. The béofu-
migation treatment with phytosanitary plants changed the structuse and abundarce of the re-
planted soil microbiame in a frult troe nuesery. The count of operational taxoncenic units (OTU) of
the Prefeodactenss, Bacterldota, Patescbacteris, Cloreflen), and Verrmoomlorablota plwla increased,
whereas the count of the Firmioutes, Ackiobacteriofe, and Actinebacteriote phivla decreased. Biotumi-
gation causad an increase in the content of some deeninant bacterial genera, such as Flanodacterivm,
Massita, Sphingomonss, Arenimeonss, and Dervsdr, In the replanied soil Their presence in the soll may
Impeove the growth of plants, induce their systemic resistance, and thus impeove the production
properties of soil with ARD. The research results kd to the conclusion that the use of phwitosanitary
plants In nursery production can be an effective alternative to the chemdcal fumsgation of soll.

Keywords: phytosanitary plants; ARD; bacterial gonera

1. Introduction

The cultivation of fruit trees is a very specific and demanding procedure because it
is a long-term monoculture. This problem also concems nurseries producing fruit trees.
As carly as the beginning of the 20th century, rescarchers found it important to establish
nurseries on the soil where such crops had not been grown before. Currently, doe to the
high specialisation of farms and the lack of new areas, nursery production needs to be
done in the same places. This may lead to apple replant disease (ARD). This problem
usually occurs in orchards with apple trees [1.2], especially those grown on dwarf root-
stocks [3], peach trees [4,5], and cherry trees [6,7]. ARD is increasingly commaon in plan-
tations with roses [8,9], vines [10,11] asparagus [12], medicinal plants such as Rehmannia
ghutinosa [13], and some forest tree species [14]. The high incdence of ARD in apple or-
chards results from the fact that the apple tree s one of the most common orchard species
in the world. Due to the intensive fruit production and the emergence of new, more at-
tractive varieties fruit growers increasingly often have to replace their plantings with new
ones. Apple replant disease (ARD) has been investigated by many scientists from all over
the world [15-23]. Research results have shown that when a new orchard is etablished in
place of an old one, trees usually grow worse and the development of small hair roots is
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impaired, which may result in the death of the roots. In consequence, the growth of the
aerial part is strongly reduced, whereas the fruits from these orchards are characterised
by low quality [24,25].

ARD is often described as a detrimentally disturbed physiological and morphologi-
cal response of apple plants to soils that have expenenced microbiome changes due to
previous apple crops [1] or as a soil microbiome dysbiosis [26-28]. Biotic factors are con-
sidered to be the main causative agents of this disease. These are fungi (Fusarium, Rihi-
zoctonia, Phyfium, Phytophthore spp., and others), bacteria (the Psendomonas and Bacillus
genera and the Acfinobacteria phylum) [2], as well as nematodes. According to Manici et
al. [29], ARD may primarily be caused by an imbalance in the structure of the soil micro-
biota and the accumulation of harmful microorganisms. According to Zhao et al. [30], the
intensity of ARD in apple orchards is assodated with increased soil acidification and the
resulting lack of available minerals. Due to the large diversity of causative factors and the
complexity of their interactions, it is difficult to effectively reduce the negative effects of
ARD [31-33].

ARD can be prevented by thermal decontamination within a temperature range of
50-100 °C, which may strongly reduce the total soil microbiota [34), or by gamma radia-
tion [35]. Another option is chemical fumigation, i.e., disinfecting the soil with chemicals.
It is considered an effective method, but it is expensive and harmful to the environment.
The chemicals used for this type of soil fumigation are toxic. Currently, these are mainly
dazomet or sodium methane (both release methyl isothincyvanate) as well as 1,3-dichloro-
propene/chloropicrin [36-39].

Drue to the non-selective action of chemicals and the deposition of their residues in
the so0il environment, the abundance of microbiota is reduced, and the time of soil regen-
eration is usually extended. Therefore, researchers increasingly often talk about the need
to reduce the amount of chemical crop protection products used in horticultural produc-
tion, including nursery production. Anaerobic soil disinfection (ASD) is an alternative to
the chemical decontamination of soils with ARD. The method consists of applying a rap-
idly biodegradable material {organic carbon) into the soil and covering the soil tightly
with a transparent film. As a result, soil microorganisms that decompose organic matter
consume oxygen completely. Such anaerobic conditions are not lethal for some organisms.
However, it is important to note that as a result of the decomposition of organic material,
free volatile fatty acids are released, which are toxic to many specdies of soil organisms,
including facultative anaerobes. The ASD method proved to be effective in nurseries with
apple trees and cherry trees [40,41]. Another strategy for fighting ARD is to change the
biodiversity of the soil environment by introducing composts [42,43].

Biofumigation is a promising method of reducing the negative effects of replantation.
It consists of using appropriate forecrops, especially phytosanitary plants, which may re-
duce the populations of harmful nematodes, bacteria, and pathogenic fungi in the soil.
Phytosanitary plants include marigold { Tagetes pafula L.), white mustard (Sinapis alba), oil
radish (Raphanus sativus var. oleifera), spring rape (Brassica napus), oats (Avena safiog), rye
(Secale cereale L.), and asparagus (Asparagus officinalis). Biofumigation is a process that
leads to the production of volatile biocidal compounds. Plants of the Brassicaceae family
{Sinapis alba, Raphanus safious) produce secondary metabolites — glucosinolates —after hy-
drolysis, of which biologically active compounds are formed: isothiocyanates — aliphatic
allyl isothiocyanate, aromatic isothiocyanates, 2-phenylethyl isothiocyanate, and benzyl
isothiocyanate [44]. The use of fresh biomass is recommended, as this form is particularly
rich in glucosinolates. Plants in the Asteracege Dum. family (primarily Tagetes L.) produce
compounds that exhibit, among other things, nematicidal and insecticidal effects, which
are the result of metabolites released from the roots of mature plants. These include thio-
phene compounds such as a- tertienyl [45]). When using phytosanitary plants, it is im-
portant to remember that the plant material should be thoroughly crushed and then ap-
plied into the soil at a depth of 15-20 cm [46]. Phytosanitary plants produce specific
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compounds that are released into the soil environment through the roots or through bio-
mass decomposition and thus may cause changes in the soil microbiome [47-49].

It was assumed that the biofumigation process based on the use of selected phyto-
sanitary plants would contribute to reducing the abundance of Finmicutes bacteria, which
include, among others, bacteria of the genus Baallus and Clostridium, produdng persistent
forms in unfavourable environmental conditions for growth, the abundance of the Actino-
bacterinta type indicating soil dryness, and the Actdobacterinta type indicating soil acidifi-
cation.

The aim of the study was to understand the structure of bacterial communities in soil
with ARD and to assess the direction of changes in the microbiome in replanted soil under
the influence of phytosanitary plants— marigold { Tagetes patula L), white mustard (Simaps
alba), and oil radish ( Raphamus satfous var. Oleifera)—in a fruit tree nursery (apple tree).

2. Materials and Methods
2.1. Experiment Design

The experiment was conducted between 2019 and 2021 on stagnic luvisol {according
to WRB) in a production nursery in Puszczykowo Zaborze, Poland (52°2549.10% N
17°11°34.08" E). Soil from two different sites was used in the experiment. The soil from the
first site had been used in agricultural production. It was optimally prepared for the cul-
tivation of apple trees in a nursery (hereinafter referred to as agricultural seil). The soil
from the other site had been used for growing apple trees for three years. It had ARD
symptoms (hereinafter referred to as replanted soil). Three different phytosanitary plants
were used in the experiment: Tagetes patule L., Sinapis alba, and Raphanus safivus var. oleifer.
There were five varants of the experiment: R1 —agricultural soil (control vanant); R2—
replanted soil; R3—replanted soil, with a French marigold forecrop (| Tagetes pafula L.);
E4—replanted soil, with a white mustard forecrop (Simapis alba); RS —replanted soil, with
an oil radish forecrop { Raphamus satiows var. oleifera).

All phytosanitary plants were sown into the soil in the autumn after the apple trees
had been dug out. In early spring (March), they were crushed and mixed with the soil. In
early May, the soil with the crushed phytosanitary plants was put into containers with a
capacity of 7.5 1, and the apple tree strains were planted there. Golden Delicous apple
trees on M9 rootstock obtained from winter grafting were used in the experiment. There
were 3 containers in each variant of the experiment.

Before starting the experiment, the physicochemical properties of the soil from both
sites were analysed. The analysis showed significant differences in the content of mineral
components, humus, and soil pH. The replanted soil had a higher specific weight and
significantly lower humus content (Table 1). The content of minerals P, K, Ca, and Mg in
the replanted so0il was lower than in the agricultural soil. The analysis showed that the
replanted soil was characterised by low fertility, and the results indicated the possible

occurrence of ARD.

Table 1. The chemical analysis of the soil before starting the experiment (Rl —agricultural soil; B2 —
replanted soil).

Properties of the Soil K1 e
pH (H=0) 7h 58
Bulk density (g dn-%) Loy 1830
Salimity (g Na Cl dm) 023 023
Hurnus content (%) 4.88 170
Mineral content (mg dm™): N-NOs =39 =39
F 127 an
E 229 839
Ca 1333 240
Mgz 1338 38
1 <213 <213
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The climatic conditions were characterised on the basis of data from a weather station
located 6 km away from the research site. Between 2018 and 2021, the average annual tem-
perature was much higher than the average temperature spanning a long-term period. The
amount of rainfall was also much lower (Figure 1).

40

35 N _rainlall - 180
water deficiency

30 temperature 150

Figure 1. The course of temperature and rainfall between 2018 and 2021.

The analysis of the total rainfall and the average air temperature in individual months
showed that in each growing season, there were dry periods, so irrigation was necessary
to ensure optimal plant growth. The greatest water shortage occurred in the growing sea-
sons of 2018 and 2019.

2.2. Soil Analyses

The composition of the soil microbiome was analysed in samples collected in Sep-
tember of each year of the research period. A soil sample weighing 30 g was collected with
a laboratory spatula from each container in the variant. They were mixed, and an aggre-
gate sample with a total weight of 900 g was obtained.

2.2.1. Identification of Soil Microorganisms—DNA Extraction

Total DNA was extracted from 500 mg of each sample with a Genomic Mini AX Soil
kit (A&A Biotechnology, Gdynia, Poland) according to the manufacturer’s instructions.
The extracted DNA was quantified with a Quant-iT HS dsDNA assay kit (Invitrogen
Carlsbad, CA, USA) on a Qubit2 fluorometer, and 2 uL of extracts were examined on a
0.8% agarose gel.

222 PCR Amplification

The metagenomic analysis was based on the hypervariable region V3-V4 of the 165
rRNA gene. Specific primers (341F and 785R) were used for the amplification of this region
and to prepare libraries. A PCR was conducted with a Q5 Hot Start High-Fidelity DNA
Polymerase kit (NEB Inc,, Ipswich, MA, USA). The reaction conditions were maintained
according to the manufacturer’s specifications. An [llumina MiSeq PE300 sequencer (Ge-
nomed S.A., Warsaw, Poland) in 2 x 250 bp paired-end (PE) technology with a v2 lllumina
chemistry kit was used for sequencing. The reactions were conducted according to the
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Mumina V3-V4 165 RN A amplification protocol (Tllumina, San Diego, CA, USA). The data
were analysed automatically with the MiSeq and in the [lumina BaseSpace cloud envi-
ronment according to the 165 Metagenomics protocol (ver. 1.0.1). The libraries were pre-
pared in an analogous way to the attached [lumina protocol.

2.3. Statistical and Biotnformatics Analyses

The data were subjected to a conventional analysis of variance with the STATISTICA=
10 software (StatSoft, Krakow, Poland). Venn diagrams were used to present the similari-
ties and differences in the genus composition of experimental variants, representing the
relative abundance of bacteria according to the type of forecrops used. Differences in the
mean abundance of bacteria between the soils, in which, before establishing the apple tree
nursery, the forecrops of French marigold (Tagefes patula L), white mustard (Sinapis aiba),
and oil radish { Raphanus sativus var. oleifera) had been used, and the soil after agricultural
crops were calculated and visualised. The datasets were also subjected to principal com-
ponent analysis (PCA), which showed the relationships between the experimental variants
and the relative abundance of the phylum composition of bacteria to the type of forecrops
used [50].

3. Results and Discussion

The obtained results of research on the bacterial microbiome of replanted soils sub-
jected to biofumigation with selected phytosanitary plants confirmed the thesis of reduc-
ing the population of bacteria indicating poor soil condition (Firmicutes, Acfinobacteriota,
and Acidobacferiota) in favour of increasing the population indicating its revitalisation
(Proteobacteriota, Bacferoidota, Patescibacteria, and Chioroflexr).

3.1. Bacterial Phyla

The metapopulation analysis based on the analysis of the 165 rEMA sequence
showed that the previous use of the soil in the nursery, the phytosanitary plants used in
the experiment, and the years of research influenced the number of operational taxonomic
units of bacteria in the soil (Table 2). Next-generation sequencing is an increasingly pop-
ular and extremely sensitive method of determining similarities and differences within
the soil microbiome. This fact was confirmed by the results of our research (Table 2, Fig-
ures 2—4) and the data provided in reference publications [51-53]. Depending on the soil
site and the year of the research, there were 20-34 bacterial phyla and 378-554 genera
identified (Table 2). Due to the large number of operational taxonomic units (OTUs), only
those with an average share of more than 1% were shown in Figures 2-4.

Table 2. Number of bacterial taxonomic units according to experimental combinations (K1 —agri-
cultural soil; B2 —replanted soil; B3 —replanted soil with Tagetes patule L. foregut; B4 —replanted
s0il with Sinagis alba foregut; RS —replanted soil with Raphanus sativus var. oleifera foregut).

Taxonomic Units R1 R2 R3 R4 R5
2019 year

Phylum 20 - 22 23 23

Class 4 - 48 50 47

Order 87 - 96 93 96

Family 180 - 2m 197 205

Genus 378 - 441 407 470

Species 456 - 591 532 704
2020 year

FPhylum Ell] 32 3 32 E)|

Class B4 89 bS] a0 85

Order 190 2m 216 224 207
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Family 280 294 320 338 37
Genus 457 499 554 510 513
Species g32 06 1007 935 940
2021 year

Phylum a2 a0 34 i3 30
Class 80 76 L] 85 7
Order 180 170 195 200 189
Family 272 255 302 am 280
Genus 480 458 552 553 505
Species B3& 774 953 942 88

Throughout the study period, the following bacterial phyla were dominant in the
soil: Protenbacteria (the relative abundance ranged from 33.23% to 60.08%), Firmicutes,
Actimobacteriota, Acidobacteriofa, Chioroflexi, and Verruconricrobiota (Figures 2—4). Depending
on the year of the soil metagenomic analyses, the following phyla were also dominant:
Bacteroidetes, Planctomycefes, Temericufes, Spirochaetes, Chlamydiae, Cyanobacteria, Gemmuafi-
monadota, Bacteroidota, and Fatescibacteria (Figures 2—4). Mahnkopp-Dirks et al. [54] found
that Profeobacteria were the dominant phylum in both the ARD soil and unaffected sodl {up
to 83.7% of the OTU content).

Fierer et al. [55] proposed the concept of bacterial classification, in which Profeohacte-
rig were described as fast-growing copiotrophs, ie, microorganisms developing in envi-
ronments with high carbon availability, whose abundance is closely correlated with the
degree of carbon mineralisation in the soil. Qur experiment showed that, regardless of the
year of the study, the most intensive proliferation of Proteobacteria was observed in the
soil in variant B3, slightly weaker—in the replanted soil with the white mustard forecrop
{Sinapis alba) (R4), and then in variant R5 (Figures 2—4). The lowest percentage of the OTU
content was found in the replanted soil (R2) in 2020. A vear earlier, despite several at-
tempts to isolate the bacterial DMNA, it was impossible to obtain research material due to
the degree of soil sterilisation.

In 2019, regardless of the experimental variant, Firmicutes bacteria were the most
dominant phylum (Figure 2). In the following years of the research, the count of Acfino-
bacteriota increased and was greater than the counts of other bacterial phyla (Figures 3 and
4). The intensive growth and development of Actimebacteriofs were particularly noticeable
in variant R2. According to Swedraynska and Malecka-Jankowiak [56] as well as Miewi-
adomska et al. [57), Actinobecteriofa are a saprophytic group of actinobacteria that quickly
adapt to unfavourable environmental conditions, such as desiccation. Theretore, they ac-
tively decompose organic matter when the soil moisture is low.

Figures 2—4 show relative differences between the dominant types of bacteria in the
control variant (K1) and the other experimental variants, expressed as a percentage of se-
quence. The analysis of the research results showed that regardless of the vear of the
study, the OTU content of the Proteobacteria phylum in all experimental variants was
lower than in the control variant (E1). However, it is necessary to stress the fact that the
difference in the content of OTUs of the Protesbacferia phylum in the soils subjected to
induced biofumigation with the phytosanitary plants — Tagetes patula L. (B3), Sinapis alba
{R4), and Raphanus sativus var. efeifera (R3)—in relation to the agricultural soml was sig-
nificantly lower than the difference observed in the soil with ARD (Figures 5-7). Apart
from that, in 2020, the application of French marigold (R3-R1) caused a significant increase
in the content in OTUs of the Profeobacteria phylum (Figure &). Thus, it can be concluded
that the application of phytosanitary plants to the soil with ARD causes an increase in the
content of OTUs belonging to the Profeobacteria phylum. This conclusion is similar to the
findings of the authors of studies on ARD soil recultivation by adding compaost [58,59] or
by exposure to gamma radiation [53).
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A similar trend was also observed for the Firmicutes phylum. The metagenomic anal-
yeis of the soil conducted between 2019 and 2021 showed that the sequence content of
seven bacterial phyla in the soil samples was lower than in the control variant. However,
these differences were not observed in all experimental variants (Figures 5-7). They were
ranked as follows according to the frequency of their occurrence in the soil: Bacteroidota =
Acidobacterinia > Actinobacterioin = Gemmatimonadota = Patescibacteria.

The Verrucomicrobiota and Chloroflexi bacterial phyla, and especially Planctomycefota
and Cyanobacteria, were isolated less often from the agricultural soil (R1), especially when
compared with the replanted soil subjected to fumigation. The Chloroflex: phylum encom-
passes nitrifying bacteria developing in anaerobic or microaerophilic conditions. They can
survive in intensively changing, extreme conditions. The incidence of the Chioroflext phy-
lum in soils with ARD after biofumigation was higher than in the control soil. This phe-
nomenon can be explained by the fact that the development of the community of these
bacteria is based on the use of cellular compounds from dead microorganisms and their
metabolites, which is typical of soils with ARD [60]. A similar dominance of this group of
microorganisms was observed by Tang et al. [61], who used rice straw and biochar to ef-
fectively improve soil quality. According to the information provided in reference publi-
cations, Cyanobacteria is an important phylum indicating the reconstruction of soils. They
are credited with an important role in fixing atmospheric nitrogen and the synthesis of
exopolysaccharides, which increase soil fertility and water retention and improve its
structure and stability [62). In our study, fumigation induced by the use of French mari-
gold (R3) increased the content of OTUs in the Cyanobacteria phylum by 83% as compared
with the soil with ARD and the agricultural soil.

] _
l
ki k3 k4 E5

3 3585855838458

H Proteobacteria B Firmicutes B Actinobacteroka
Flanctomycetota B Vermuoomicrobiosta B Bacteroidota

M Teneticutbes B Cyanobacteria B Acidobacteriota

B Chlamydiae W Chlorolexi B Spimochaetes
Other

Figure 2. Relative abundance of dominant phyla of bacteria in 2019. The classifications with less
than 1% abundance are gathered into the category "Other” (Rl —agricultural soil; E2—replanted
soil; B3 —replanted soil with Tagetes patuls L. foregut; Rd—replanted soil with Sirapis alba foregut;
R5—replanted soil with Raphmtus salivus var. seifera foregut).

66



Agrmn:uu'.u M3, 13, 3507

8 of 22

i ifiidiis

10%

R1 R2 B3 E4 R5

B Actinobacteriota
B Cemmatimonadota
M Firmicutes

M Proteobacteria
Acidobacteriota

W Chloroflexd
Oithier

m Bacteroddota
M Patescibacteria
W Verrucomicrobdota

Figure 3. Felative abundance of dominant phyla of bacteria in 2020. The classifications with less
than 1% abundance are gathered into the category “other” (Rl —agricultural soil; B2 —replanted
soil; R3—replanted soil with Tagetes patwla L. foregut; Rd—replanted soil with Sinapis alba foregut;
E5—replanted soil with Raphtus salivis var. sleifera foregut).

: FEE3FEIREE

Kl B2 K3 E4d RS
B Protecbacheria B Actinobacteriota M Patescibacteria
Bacteroidota B Acidobacteriota B Cemmatimonadota
B Chloroflexi B Cyanobacteria M Firmicutes
m Verrucomicrobiota m Planctomyoetota Other

Figure 4. Relative abundance of dominant phyla of bacteria in 2021. The classifications with less
than 1% abundance are gathered into the category “other” (Rl —agricultural soil; B2 —replanted
soil; R3—replanted soil with Tagetes patwla L. foregut; Bd—replanted soil with Sinapis alba foregut;
E5—replanted soil with Raphistus salivus var. sleifera foregut).
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Figure 5. Relative abundance of dominant classes of bacteria phyla in 2009 (A—R3 via E1; B—R4
via K1; C—RE5 via Rl). The classifications with less than 1% abundance are gathered into the category
“other” (K] —agricultural seil; R3 —replanted soil with Tagetes patula L. foregut; R4 —replanted soil
with Sinapis alba foregut; R5—replanted soil with Raphumus satives var. oleifera foregut; "vellow”
means negative difference; "blue” means positive difference)
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Figure 6. Relative abundance of dominant classes of bacteria phyla in 2020 (A—R2 via E1; B—R3
via R1; C—Fd via R1; D—RES5 via R1). The classifications with less than 1% abundance are gathered
into the category “other” (R1—agricultural soil; B2 —replanted soil; B3 —replanted soil with Tagefes
patulz L. foregut; R4—replanted soil with Sirapis alba foregut; R5—replanted soil with Rapharas sa-
tipis var. oleifera foregult; "vellow” means negative difference; "blue” means positive difference).
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Figure 7. Relative abundance of dominant classes of bacteria phyla in 2020 (A—R2 via E1; B—R3
via R1; C—Rd4 via R1; D—RE5 via R1}. The classifications with less than 1% abundance are gathered
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into the category “other”. (R1 —agriculbural soil; B2 —replanted soil; R3—replanted soil with Tagefes
pafula L. foregut; K4 —replanted soil with Sinapis alba foregut; R5—replanted soil with Rapharus sa-
Livus var. eifera foregut; "vellow” means negative difference; "blue” means positive difference.

The aforementioned changes in the qualitative and quantitative composition of the
bacterial microbiome caused by the previous use of soil and the effect of phytosanitary
plants enabled the identification of microorganisms, which can be regarded as bioindica-
tors of soil fertility. According to Fierer et al. [55], in order to better understand the soil
regenerabion process, it 1s mportant to know both the communities of microorgamsms
inhabiting the soil and their interrelationships. The principal component analysis (FCA)
revealed the relationships between the different types of soil bacteria in the experimental
variants during the three years of the research (Figure 8). It showed that soil biodiversity
ranged from F1.19% to 94.28%. It also showed that the relationships between the different
types of bacteria were related to the year of the study. Regardless of the experimental
variant, in the first year of the study, the analysis revealed a clear correlation between the
percentage of taxonomic sequences of the Verrucomicrobiota, Becferoidota, Cyanobacteria,
and Tenericufes phyla and between Acfinobacteriota and Plancfomycefota. A similar relation-
ship between Verrucomicrobiota and Bacteroidofa was also observed in the second year of
the study (Figure §). However, in 2020 and 2021, there was a correlation between the per-
centage of OTUs in the Profecbacteria phylum and Bactervidota, which was in line with the
results of the study by Faz et al. [63].
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Figure & Principal component analysis of the relative abundance of dominant phyvla of bacteria in
the different soils (R1 —agricultural soil; B2 —replanted soil; R3—replanted soil with Tagetes patula
L. foregut; Rd—replanted soil with Sinapis alba foregut; R5—replanted soil with Raphanus salivas
var. oleifera foregut).

3.2, Bacterial Genera

Drue to the fact that next-generation sequencing resulted in a relatively large number
of sequences of bacterial genera, only the most numerous of them (=19%) were shown in
Figures 9-11. In 2019, the dominant genera were: Pseudomonas (0L86-25.24%), Bacillus
{3.76-27 76%), Clostridium (2.59-18.12%), and Colmella {0.42-8 42%)—a highly cellulolytic
bacterial genus belonging to the Pasnibacillacear family (Figure 9). The metagenomic anal-
ysis of the soil showed that in the next two years of the research, the most common bacte-
rial genera in all experimental combinations were Rhodmnobacter (1.63-8.66%) and Sphin-
gomonas (2.80-5.01%), as well as Garllales uncul. (2.64-7.12%) in 2020 and Cellulosimicro-
bium (8.69-2534%) in 2021 (Figures 10 and 11).

The percentage of operational taxonomic units {OTUs) of individual bacterial genera
depended on the experimental variant. In the first year of the study, the highest counts of
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bacteria of the Pseudomonas and Clostridium genera were found in the agricultural soil (R1),
whereas the lowest were found in the soil in varant R5 (Figure 9). In the next two years
of research (Figures 10 and 11), it was mainly the Rhodanobacter genus of the Gammaprote-
obacteria class, Xanthomonadales order, and Xanthomonadaceae family that occurred more
often in the variant with replanted soil (R2). This genus of bacteria is considered an indi-
cator of soils degraded by agriculture. Wolinska et al. [64] selected the Rhodanobacter genus
as a metagenomic analysis indicator characteristic of soils degraded by agriculture. Ac-
cording to the researchers, these bacteria are resistant to agricultural practices. They can
be classified as oligotrophs with low nutritional requirements. This fact may account for
the high content of their OTUs found in varnants B1 and R2 in our study. The forecrop of
phytosanitary plants (variants B3, B4, and R5) resulted in a lower count of bacteria of the
Rhodamebacter genus (Figure 10). In 2020 and 2021, there was a smaller count of bacteria of
the Gaiellales genus in the replanted soil (Figures 10 and 11). According to the data pro-
vided in reference publications, this genus plays a key role in the soil because it inhibits
root rot caused by fungi of the Fusarinm genus [65). Moreover, according to Wu et al. [66],
if the soil conditions are unfavourable for plant growth, this genus can adjust its metabo-
lism s0 as to promote plant growth by increasing the availability of nutrents.

In 2020 and 2021, the presence of other resistant types of bacteria inhabiting the re-
planted soils with ARD was observed, ie., Peanibacillus and Chitinophagacess (Figures 10
and 11). According to the data provided in the reference publications, the former genus
has all possible characteristics of plant growth-promoting rhizobacteria (PGFR), which
can improve plant growth by induction of immunity, production of growth hormones,
sharing of phosphorus, etc.). On the other hand, some species of PGPR cause diseases in
honeybees. This has a negative influence on nurseries, which cannot produce high-quality
trees with high yields [67].

Another genus found in the replanted soil (R2) was Chitimophagaceas_srcul. These
bacteria are credited with an important role in the decomposition of organic carbon. They
increase the intensity of its mineralisation, which is a phenomenon characteristic of agn-
culturally degraded soils [68). Bacteria of the Chitimophagacene_uncul genus were also iden-
tified in the soils after induced biofumigation, but their count was lower than in the re-
planted soil without the forecrop of phytosanitary plants (Figures 9 and 10).

In our study, apart from the bacterial genera resistant to soil degradation, there were
also genera that did not react to soil dysfunction caused by ARD. The number of their
OTUs in the soil in all variants of the experiment was similar. In 2020 and 2021, it was the
Sphingomonas genus whose content in all variants of the expeniment was similar (Figures
10 and 11). According to sdentific publications, species belonging to this genus have mul-
tifaceted functions, ranging from the remediation of environmental pollution to the pro-
duction of phytohormones, gibberellins, and indole acetic acid, which have indirect mu-
tualistic effects on plants. Some spedes of this genus improve plant growth under soil
stress, such as drought, salinity, or the content of heavy metals [69].

Other genera of microorganisms that eccurred in identical counts in various combi-
nations were Devosin and  Preudolabrys in 2020 (Figure 10) and Chujaibacter and unculti-
vated bacteria of the Gemmatimonadacene family in 2021 {Figure 11). The presence of these
bacterial genera in agriculturally degraded soils and soils with ARD was also confirmed
in the available reference publications. The Devosia genus is well known for its dominance
in soil habitats contaminated with various toxins, and it is best characterised by its biore-
mediation potential. In addition, the authors of studies on this genus of microorganisms
stress their genomic plasticity to ensure adaptation, bioremediation, and the potential to
use a wide range of substrates in degraded soils [70].

In 2020, the genus found in the soil collected from all experimental variants was Psen-
dolabrys bacteria (Figure 10), whereas in 2021 it was Chujaibacter (Figure 11). These are
bacteria of the Nitrobacterizceae family that are involved in the nitrification process [71).
They are also characterised by very high resistance to negative environmental factors and
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by increased succession with decreasing soil pH, which is characteristic of soils with ARD

[72].
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Figure 9. Eelative abundance of the dominant (rodzaj) genus of bacteria in 2019, The classifications
with less than 1% abundance are gathered into the category “other” (R1 —agricultural soil; B2—
replanted soil; R3—replanted soil with Tagefes pabula L. foregut; R4 —replanted soil with Sinapis alla
foregut; R5—replanted soil with Raphienus sativws var. oleifera foregut).
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Figure 10. Relative abundance of the dominant genus of bacteria in 2020. The classifications with
less than 1% abundance are gathered into the category “other” (R1 —agricultural soil; B2 —replanted
soil; R3—replanted soil with Tagetes patula L. foregut; B4 —replanted soil with Sinapis alba foregut;
R5—replanted soil with Raphanus sativus var. seifera foregut).
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Figure 11. Relative abundance of the dominant genus of bacteria in 2021. The classifications with
less than 1% abundance are gathered into the category “other” {(R1 —agricultural soil; B2 —replanted
soil; B3 —replanted soil with Tagetes patuls L. foregut; Bd —replanted soil with Sinapis alba foregut;
E5—replanted soil with Raphartus salivus var. seifera foregul).

In 2020 and 2021, Flavobacferium, a sensitive bacterial genus, was detected in the re-
planted soil. Its smallest count was found in the replanted soil {R2), where it amounted to
0.82% in 2020 and 0.31% in 2021. After the application of the phytosanitary plants (variants
E3, B4, and E5), the abundance of these bacteria in 2020 and 2021, respectively, increased
to 1.08% and 0.46%, 1.61% and 1.68%, and 2.55% and 0.680% OTU (Figure 12). Flamohacte-
rium bacteria are potential inhibitors of pathogens in root ecosystems. Apart from that,
selected representatives of this genus are treated as plant growth-promoting rhizobacteria
(PGPR) [73]. If ARD occurs, these microorganisms interact antagonistically with nema-
todes, thus alleviating the symptoms of soil disease [74). The results of our experiment
concerming the influence of French marngold, white mustard, and oilseed radish on the
Flavobacterfum genus were in line with the findings of other scientific publications.
Hanschen and Winkelmann [75] observed that induced fumigation, e.g., by using Brassica
juncea and Smapis alba, increased the count of plant growth-promoting bacteria while in-
hibiting ARD.,

In 2020, Massilia, which has similar characteristics and properties to Filarobacterium,
was identified as an additional genus of sensitive bacteria in the replanted soil [76] (Figure
12). In 2021, apart from Flavobacterium, Saccharimomadales was another genus of ARD-sen-
sitive bacteria. Like the Massilis genus, these microorganisms stimulate the growth of
plants and play an important role in providing them with phosphorus and other nutrients
[49].

It is likely that the increase in the content of beneficial bacteria in the soils with ARD
after induced fumigation (variants R3-R5) was caused by the phytosanitary plants, which
produced bivactive compounds (including alpha-terthienyl). In consequence, they limited
the development of pathogens such as Rhizocfonia solant and Fusarium solanf and thus con-
tributed to the succession of the abovementioned genera of beneficial bacteria [54].
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Figure 12. Principal component analysis of the relative abundance of dominant phyla of bacteria in
the different soils (R1 —agricultural soil; R2—replanted soil; R3—replanted soil with Tagetes patula
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L foregut; R4 —replanted soil with Sinapis alba foregut; R5—replanted soil with Raphanus sativus
var. oleifera foregut).

The results of our experiment presented in the form of Venn diagrams confirmed the
influence of the previous method of soil use and the research period on the structure of
the bacterial microbiome (Figure 13). The presence of all taxa within a particular taxo-
nomic category and the research period were taken into account. As a result, 482-512 gen-
era common to all variants were selected. For example, the following bacterial genera were
identified in all experimental variants: Pseudomonas, Bacillus, Arthrobacter, Streptomyces,
Chujaibacter, Sphingomonas, Flavobacterium, and Devosia.

Figure 13. Venn diagram of overlapping bacterial communities (phyla) (A—2019; B—2020; C—
2021). (R1—agricultural soil; R2—replanted soil; R3 —replanted soil with Tagetes patula L. foregut;
Rd—replanted soil with Sinapis alba foregut; R5—replanted soil with Raphmus sativus var. oleifera
foregut.); the numbers indicate the number of unique bacterial sequences

The number of bacterial sequences identified in our study provides grounds for the
conclusion that the cultivation of the phytosanitary plants contributed to the change in the
qualitative composition of the soil microbiome. The highest number of unique taxa in the
experimental variants was observed in 2019 in variant R5 (Table 3). These were 28 bacterial
genera, which included saprophytic and plant growth-promoting species, as well as plant
pathogens. In the consecutive years of the analyses, the number of unique genera in vari-
ants R5, R3, and R4 decreased significantly. During the analyses, the lowest number of
unique bacterial taxa was found in the control variant, especially in the second and third
years of the study, when the Amycolatopsis genus of the Pseudonocardiacea family was iden-
tified (Tables 4 and 5). This genus includes species recognised as biocontrol factors, which
play an important role in destroying plant pathogens and in the bioremediation process
[77,78].

Table 3. Unique bacterial taxa in individual experimental variants in 2019. (R1 —agricultural soil;
R2—replanted soil; R3—replanted soil with Tagetes patula L. foregut; R4—replanted soil with Sinapis
alba foregut; R5—replanted soil with Raphanus sativus var. oleifera foregut).

R1 R3 R4 R5
Number of Unique Taxa
10 9 18 28
Anaerococcus Chlamydia Citricoccus Antarctobacter
Dorea Desulfonatronovibrio Cryobacterium Aureispira
Eggerthella Desulfotalea Dehalobacterivm Bulleidia
Enhydrobacter Flectobacillus Desulfomicrobium Butyricimonas
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Fructobacillus Heleocoecus Entomoplasma Coprococcus
Mitsuokella Muricauds Fusobacterium Halizcomenobacter
Paraprevotelln Roseateles Jentgalicoccus Lachnobacterium
Sarcima Sinowmonas Kibdelosporangiom Limmothrix
Thiocystis Spirochaeta Kytococcus Luteococcus
Verminephrobacter Octadecabacter MNevskia
Odoribacter Parabacteroides
Peptostreptococcus Porphyromonas
Roseococcus Propiomigenium
Saccharowronospora Pseudanabaena
Salinivibrio Psychroflexus
Sporanaerobacter Rhodothalassium
Thermococcus Roseburia
Xemococcus Roseiflexus
Rosetvipax
Saltmimacrobinm
Smrvella
Strepfomonospora
Sulfuricurvim
Sulfuritalea
Teredinibacter
Terriglobus
Thermacefogemiim
Zobellia

Table 4. Unique bacterial taxa in individual experimental variants in 2020, (R1 —agricultural soil;
E2—replanted soil; B3 —replanted soil with Tagetes patula L. foregut; B4 —replanted soil with Sinapis
alba foregut; RS —replanted soil with Raphenaes safivws var. oleifera foregut).

R1 R2 R3 R4 RS
MNumber of Unique Taxa
1 4 5 4 3
Haliscomenobacter f_Nostocaceae:0Other Vicimeus
Nowvibacillues Archangium _‘\’ ) o_Babeliales;
. Blastopirellula
. {_Enferobacteriacear; Aetherobacter A Other;
Amycolafopsis : . Chifintmona
) COrther f_Polyangiaceae;g ¢ Porachlanmdiacene: Lactoooccus
- [& CEmE; -
Hafwia- uncultured T uncul‘;'hrured OMBDINORS)_clade
Obesumbacterium Leptospira B
Table 5. Unique bacterial taxa in individual experimental variants in 2021. (R1 —agricultural soil;
K2 —replanted soil; R3—replanted soil with Tagetes pefula L. foregut; B4 —replanted soil with Sinapis
alba foregut; RS —replanted soil with Raphenaes safiows var. oleifera foregut).
R1 R2 R3 R4 RS
Number of Unique Taxa
1 1 2 16 0
Paludibacter
WCHB1-32
Vitellibacter
. f_Myxococcacene;Other .
Amycolafopsis Rahnellal . n";:l' tus Falkowbacter Bactertovorax -
5 - N
andidatus_Falkon eTlid Peeudarcobacter

Candidatus_Megmira
Tolwmonas
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Idiomarina
Shewanella
Noviherbaspirillum
Candidatus_Accumulibacter
f_Methylococcaceae;g_uncultured
Methylophaga
Halomonas
Alkanindiges
f=Cn"blam vdiareae;&umnltumd

4. Conclusions

The use of metagenomics (functional analysis of genetic material isolated from the
soil) as a tool for assessing soil biodiversity in the nursery after replantation proved to be
a sensitive and precise method of assessment of the soil microbiome in the nursery. The
analyses of the microbiome composition showed that biofumigation with phytosanitary
plants — French marigold (Tagetes patula L.), white mustard (Sinapis alba), and oil radish
(Raphanus sativus var. oleifera)—changed the structure and count of bacteria in the re-
planted soil in the fruit tree nursery. The phytosanitary plants increased the abundance of
operational taxonomic units (OTU) of the Profeobacteria, Bacteroidota, Patescibacteria, Chlor-
oflexi, Fatescibacteria, and Verrucomicrobiota phyla, but decreased the abundance of the Fir-
micutes, Acidobacteriofa, and Actinobacteriofa phyla. The biofumigation also increased the
content of some dominant bacterial genera in the replanted soil, such as Flavobacterium,
Massila, Sphingomonas, Arenimonas, and Devosia. These genera are considered crucial in
promoting plant growth and inducing plant systemic immunity, which may indicate the
regeneration of replanted soil.

Studies have shown that regardless of the species of phytosanitary plants used, there
was an increase in the abundance of beneficial microbiomes. In practice, when planning
production plantings, it is recommended to use a one-year break during which phytosan-
itary plants will be cultivated.
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Abstract: Apple replant disease (ARD) may cause significant losses both in commercial orchards
and in fruit tree nurseries. The negative effects of ARD may be limited by wsing bicfumigation. The
aim of the study was to assess the influence of this treatment on the biological properties of re-
planted soil in a tree nursery. In two-yvear experiment, apple trees of the ‘Golden Delicious’ cultivar
were used. The trees were planted into soil from two sites. The soil from one site had not been used
in a nursery before {crop rotation soil). The other soil had been used for the production of apple
trees (replanted soil). Three species of plants were used in the replanted soil as a forecrop: French
marigold (Tagetes patula), white nvustard (Sinapis alba), and oilseed radish (Raphonus satious var. oleif-
era). The following parameters were assessed in the experiment: the enzyme and respiratory activity
of the soil, the total count of bacteria, fungi, oomycetes and actinobacteria in the soil, as well as the
count and species composiion of soil nematodes. The vegetative growth parameters of the apple
trees were also assessed. The biological properties of the replanted soil were worse than those of the
crop rotation soil. In the replanted soil, the organic matter content, enzyme and respiratory activity
as well as the count of soil microorganisms were lower. The biofumigants, used as a forecrop on the
replanted soil, significantly increased its enzyme activity and respiratory activity. Dehydrogenase
activity increased more than twofold. Growth parameters of the trees were significantly improved.
The height of the trees increased by more than 50%, and the leaf area, weight and total length of
side shoots were higher as well. The density of nematodes in the replanted soil after biofumigation
was significantly reduced, with a larger reduction in the marigold fumigated soil. Eight of the eleven
nematode species were completely reduced in the first year after biofumigation treatment.

Keywords: replanted soil; biofumigation; enzyme and respiratory activity; vegetative growth;
nematodes; plant trees

1. Introduction

Intensification is a prerequisite for high profitability of fruit production. It involves
growing a large number of low-vigorous trees, which requires a large amount of high-
quality nursery material. Due to changing market requirements for the selection of culti-
vars, nurserymen have to change plantings frequently and search for new areas for
nursery plantations. Mew nurseries may be established in areas used as nursenes before
because of the high risks due to replanting disease [1], soil fatigue [2] or, usually, apple
replant disease (ARD). The occurrence of ARD is most common in apple plantations. Re-
search on the effects of replant disease 15 also usually conducted in apple plantations, but
rather rarely in fruit tree nursenies. Regardless of the crop type, researchers generally
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agres on the effects of ARD. When establishing new orchards in the place of old ones, the
production properties of the soil may decrease due to its low enzyme activity and respir-
atory activity [3,4]. As a result, the content of soil nutrients decreases [5,6). In consequence
of decreased productive properties of the soil affected by ARD, the vegetative growth of
plants is poorer [7-11), and the yield and quality of fruit are lower [1,12,13].

Owing to the progressive intensification of fruit cultivation, the inddence of ARD is
expected to increase, especially in regions where the regular replacement of land is limited
due bo its intensive use. Thus, it is necessary to find an effective method of mitigating the
consequences of the disease. First, it is necessary to clearly identify the causes of ARD,
which is not an easy task. As results from numerous studies show, ARD may be caused
by abiotic or biotic factors. The former include soil acdification, high salinity, and phe-
nolic compounds formed after the decomposition of root residues [14]. The latter are bac-
teria of the Bacillins and Pseudomonas genera [15,16], fungi/oomycetes of the Cylindrocar-
pon, Rhizoctonia Alfernaria, Phyfophtora, and Pyflium genera [17,18), and nematodes [19-
21]. The fact that the fumigation of replanted soil significantly reduces the consequences
of ARD may indicate the decisive role of binlogical factors in its development. This treat-
ment is particularly effective against nematodes [12,19,21]. It is estimated that there are
several hundred to several million species of nematodes in the environment, but only a
small group of them are considered to be plant parasites. The largest population of soil
nematodes are non-pathogenic species [22], which are bioindicators of soil quality. Para-
sitic nematodes have been best investigated, espedially the Prafylenchidae family [17]. They
damage plant roots as they move through the soil in search of food [16]. Kantra et al. [21]
observed that when nematodes extracted from ARD so0il were added to the soil in a
nursery, they inhibited the growth of the root system of apple rootstocks. Available refer-
ence publications on nematodes indude some results that do not confirm the relationship
between parasitic nematodes and the occurrence of ARD [10,23]. Moreover, the symptoms
of nematodes feeding on plants are rather non-specific, which makes it difficult to identify

It may take a dozen yvears or so to restore the fertility of soil with ARD symptoms.
According to Long et al. [24], the structure of soil microorganisms in replanted soil be-
comes imbalanced. In consequence, pathogenic organisms gain an advantage. Therefore,
the primary goal should be to restore the balance of the species composition in the soil
microflora, which invelves reducing the count of pathogenic organisms in replanted soil.
This can be performed by thermal sterilisation or chemical fumigation. Currently, daz-
omet, sodium methane, or chloropicrin are mainly used in the latter procedure [25,26].
Both methods very effectively reduce the count of biological perpetrators of ARD, includ-
ing the Fusarium spp. [27] and Phyptophtora spp. [28]. However, both thermal sterilisation
of the substrate [29] and chemical fumigation [30] may also reduce the soil microbiota
completely.

The undesirable effects of ARD can also be reduced through soil biofumigation. This
involves using some plant spedes, mainly as forecrops, to reduce the count of harmful
nematodes, pathogenic bacteria or fungi and oomycetes in the soil. The most common of
these plants are margold (Tagefes L), white mustard (Sinapis alba), oilseed radish
(Raphanus sativns var. oleifera), spring rapeseed (Brassica napus), and rye (Secale cereale L)
[31]. Plants used for biofumigation produce spedfic compounds—secondary metabolites
(e.g., glucosinolates) and thiophene compounds, which have fungicidal, nematocidal, in-
secticidal, and antiviral effects [32]. Such plant properties make it possible to reduce the
number of pathogenic organisms in the soil, including comycetes: Phytophthora cactorum
[33], and fungi as Fusarium oxysporam [34]. One of the best-investigated effects of biofumi-
gation is the nematocidal effect [35]. Plants from the Asteraceae family (Asferaceas Dum)
are also highly effective in combating nematodes, thanks to thiophene compounds re-
leased by their roots [36). The highest content of these compounds was found in Tagefes
patule and Tagefes erecta. Their cultivation causes significantly increase the vegetative
growth of apple trees in an orchard on soil with ARD [37].

82



.-'I.__l,;'.unr!!urf MM, 14, 1023

3of 15

The aim of the study was to assess the influence of three plant species — French mar-
igold (Tagetes patula), white mustard (Sinapis alba), and vilseed radish (Raphanus sativns
var. oleifera) on improving the biological properties of replanted soil measured by its mi-
crobial activity in a fruit tree nursery.

2. Materials and Methods
2.1. Experiment Desiyn

Between 2019 and 2021, an experiment was conducted on apple trees growing in a
commercial nursery in western Poland (52°25'49.10" N 17°11734.08" E). The trees were
planted in containers with soil taken from two sites. The soil from one site had been used
for agricultural crops (crop rotation soil — CRS). The other one came from a nursery where
apple trees had been produced for two seasons (replanted soil —RS). At the first site, crops
had been cultivated in a rotation system for 10 years. Mo treatments had been applied to
improve the productive properties of the soil in the other site. The physicochemical prop-
erties of the soil from both sites are shown in Table 1. The soils from the two sites differed
significantly in the content of nutrients. The content of P, K, Ca, Mg, and Zn in the re-
planted soil was lower than in the crop rotation soil. The humus content was also much

lower (4.08% and 1.70¢%, respectively), but the acdity was higher (Table 1).

Table 1. Physicochemical and biological properties of the soil (CES = crop rotation soil; ES = re-
Planted soil}.

Properties of the Seil CRS RS
pH (H20) 72 5.8
Bulk density (kg m-) 100 1830
Salinity (g NaCl dm-3) 023 0.23
Humus content (%) 488 1.70
Content of macro- and microelements (mg dm-)
N-NO: 11 9
P 127 30
K 229 L]
Ca 1333 240
Mg 158 38
Zn 620 3.03
Cu 210 1.27
Mn 338 111.63
Fe 17060 358085

Three speces of plants were used in the experiment: French marngold (Tagetes pafula),
white mustard (Simapis alba), and vilseed radish ( Raphamus satious var. oleifera). They were
sown in the autumn of 2019 at the site with replanted soil. In the next year, in early spring.
the plants were comminuted, mixed with the soil, and put into 8 L plastic containers. Ap-
ple trees of the “Golden Delicious’ cultivar, grafted on M9 rootstock, were planted in the
containers.

Five treatments in the experiment were used: crop rotation soil {(control variant—1),
replanted soil (variant 2), replanted soil with a French marigold forecrop { Tagetes patula)
{variant 3), replanted soil with a white mustard forecrop (Simapis alba) (variant 4), and re-
planted soil with an oilseed radish forecrop (Raphanus saffous var. oleiformis) (variant 5).
There were twenty containers (replicates) in each variant.

In 2020 and 2021, the containers with the plants were systematically weeded and wa-
tered with a drip irrigation system. The plants were protected in accordance with the rec-
ommendations for such crops. In each growing season, the plants were fertilised with a
multi-component fertiliser (NPE 16468+12+ micronutrients) at a dose of 3 g dm™.

83



Agriculture H0M, 14, 1023

4 of 15

The analysis of the climatic conditions at the site of the experiment included the av-
erage annual temperature and the amount of rainfall. Both of these parameters were
higher (temperature) or lower (rainfall) than the long-term average values (1982-2016)

(Appendix A).

2.2, Soil Analyses

The following sl analyses were conducted in the experiment: the enzyme activity
and respiratory activity, the content of available form of macro- and micronutrients, the
total counts of bacteria, nomycetes, fungi, and actinobacteria, and the number and species
composition of soil nematodes. Sml samples for the analysis of the content of macronutn-
ents (N-NOk, P, K, Mg, Ca) and micronutrients {(Zn, Cu, Mn, Fe) were collected in Septem-
ber 2021. A small amount of soil was collected from each container (replicate) with a la-
boratory spoon. Each soil sample representing one experimental variant was mixed and
had a total weight of 900 g. The N-NCk: content was measured by microdistillation, the I
content— colorimetrically, the K and Ca content—photometrically, the Mg content—by
atomic absorption spectrometry (AAS). Lindsay's Solution was used to extract micronu-
trents from the soil and their content was measured by AAS. The potentiometric method
was applied to measure the soil acidity, Tiurins method for the determination of humus
content, weight method for bulk density, and conductivity method for the determination
of salinity.

Soil samples for the analysis of biological properties were collected in 2020 and 2021
in spring, summer, and autumn. In each container, samples were collected from the rhi-
zosphere, and after their mixing, one 0.5 kg sample representative of the treatment was
obtained. The protease activity in the soil was measured with the spectrophotometric
method developed by Ladd and Butler [38]. The measurements were made after one-hour
mncubation of the samples at 50 °C and at a wavelength of 578 nm. The dehydrogenase
activity was measured with a spectrophotometer and 1% TTC solution, according to the
methodology developed by Thalman. The measurements were made after 24 h incubation
of the samples at 30 °C at a wavelength of 485 nm (TTC test). The absorption method
according by Golebiowska and Pedziwilk [39] was applied to measure the soil respiratory
activity. It was based on the amount of COq released (COz mg kg 48 '), All analyses
were quadruplicated.

Soil samples for microbial abundance analyses were collected once —in autumn 2021,
The microbial analysis was based on serial dilution—the method used in soil microbial
ecology research. A selective agar was used to determine the counts of colony-forming
units of bacteria, actinobacteria, oomycetes and fungi. The total count of bacteria (CFU 108
gt dom.) was measured on standard Merck agar after five days of incubation at 28 °C; the
count of actinobacteria (CFU 10¢ g d.m.) — on Pochon agar after seven days of incubation
at 24 *C {according to Grabinska-Eoniewska [40]); the count of oomycetes and fungi (CFU
10F gt d.m.)—om Martin agar after five days of incubation at 24 °C [41]. The cultures were
quintuplicated.

The number and spedes composition of soil nematodes were analysed twice—in
2020 and 2021. Soil samples were collected with a soil sampler (diameter— 30 mmi) directly
from the rhizosphere of the trees. The samples were collected from each container. Then,
they were mixed, and a pooled sample was prepared (500 mL) for each variant. The quan-
titative analysis of nematodes was conducted at the Department of Mematology, Flant
Protection Institute, Posnan, Poland. Existing keys were used to initially identify the spe-
cies of nematodes [42,43). The identifications based on morphology were confirmed by
sequencing of molecular markers (D2-D3 285 rDMN A).
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2.3, Growth Strength Mensurements

In autumn 2021, the strength of vegetative growth of two-year-old trees was meas-
ured. The following parameters were measured: the height of trees (cm), the number and
total growth of side shoots (cm), the leaf weight (g) and area (cm?). The height of all trees
in each variant was measured from the root collar to the top of the main shoot. At the end
of the growing season, 40 leaves were randomly collected from each vanant and weighed.
After weighing, the leaves were scanned and their area was measured with the DigiShape
19 software. The measurements were quadruplicated.

24 Statistical Analyses

The results were analysed statistically with the analysis of variance and Duncan’s
test, using the STATISTICA 121 program. The significance of differences was set at a =
.05,

3. Results and Discussion
3.1. Physicochemical and Biological Properties of Soil

The quality of soil was assessed on the basis of its enzyme activity and respiratory
activity, the content of micro- and macronutrients, humidity, pH, and the count of micro-
organisms. Our experiment revealed significant differences in the physicochemical pa-
rameters of the soil, which depended on its earlier use. The replanted soil (R5) was more
acidic than the crop rotation soil (CRS) (pH 4.8 and 5.0, respectively) and contained almost
three times less organic matter ((L8% and 2.17%) (Table 2). The quality of replanted soil
was significantly better in the variants with biofumigation. The soil pH increased from 4.8
to 5.0 (French marigold) and 5.5 (oilseed radish). The humus content also increased sig-
nificantly and was the highest in the variant with white mustard. It was over 50% higher
than in the variant with replanted soil without forecrops (RS), 1.e, 0L8% and 1.09% (Table
2).

Table 1. Physicochemical and biological properties of the soil in 2021 (CRS = crop rotation seil; 5 =
replanted soil).

Bulk Den-  Salinity (g Humus Content

Treatments H (H:0
redmen PHULO) o kgm?) NaCldm) %)

CRS 50:034b 1660237c 013=00dc  217:00e

RS 18:071a 1790=45¢ 097006a  080:0.1la

French marigold forecrop 502 027b  1610x26a 012:0.04b 119006 ¢

White mustard forecrop 53+£032¢ 1pd0x41b 0182003 e 124007 d

Ohlseed radish forecrop 55+028d 1740+35d 0.14+003d 1.09 =006 b

Means marked with the same letters do not differ significantly at a = (.05,

Humus is a basic source of nutrients available to plants. The rate of its mineralisation
depends on the efficiency of the activity of soil microorganisms, which can be measured
with the activity of soil enzymes [44]. It is believed that the assessment of quality of soil
should be based on the activity of soil enzymes and other properties of soil [45]. Soil mi-
croorganisms (mainly bacteria) and root debris are basic sources of soil enzymes. One of
the most important soil enzymes are oxidoreductases (dehydrogenases) and hydrolases
(protease, urease). Cur experiment showed significant differences in the activity of soil
emzymes, which depended on the earlier use of the soil. The biggest differences were
found in the dehydrogenase activity (0.56 and 1.22 cm™ H: 24 b kg! DM, respectively)
(Table 3). These enzymes are considered very sensitive indicators of changes in soil prop-
erties [46].

Table 3. Enzymatic and respiratory activity of the soil (average for vears 2020-2021) (CES = crop
rotation soil; RS = replanted soil).
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Dehydrogenase Ac- Protease Activity ) ..
Respiratory Activity

Treatments tivity (in cm* H: 24 (in mg Tyrosine . ;
h-* kg DM) bt kgt DM) (CO:in mg kg * 48 ht)

CRS 122 + 013 be 206+028b M70:103b

RS 056 =008 a 197+013a 1925+ 497 a
French marigold fore- 130+017 ¢ 388+03c 1222:184d
crop

White msghared foog- 1.03£003b 304:039b 2962+ 363 ¢

crop

Oilsexd radish fore- 1.31+005¢ 336+025b Pe1:12d
crop

Means marked with the same letters do not differ significantly at a =0.05.

The amount of CO: released from soil indicates the respiratory activity of soil micro-
organisms [47]. The earlier method of soil use significantly influenced the values of this
parameter. The respiratory activity of the replanted soil (RS)—19.25 CO: in mg kgt 48 b
was significantly lower than that of the crop rotation soil (CRS)—27.70 COz in mg kg 48
hre.

The worse biological properties of the replanted soil, manifested by its enzyme activ-
ity and respiratory activity, were also observed in earlier studies [48]. The decrease in the
enzyme activity and respiratory activity of replanted soil may result from its higher acid-
ity Jarvan et al. [49] indicated that the count and activity of soil bacteria are reduced inan
acidic environment. As a result, the dehydrogenase activity also decreases. An increase in
the soil pH increases the activity of this enesyme [30,51].

A significant increase in both the enzyme activity and respiratory activity of the re-
planted soil in the variants with biofumigation were noted. On average, over the two yvears
of the research, the dehydrogenase activity in the replanted soil in the variants with fore-
crops of French marnigold (Tagefes pafula) and oilseed radish (Raphanis sations var. oleifera)
was more than two times greater than in the soil without forecrops (1.3 and 0.56 cm™ Hz
24 b kg DM, respectively) (Table 3). The analysis of the soil respiratory activity led toa
similar conclusion (326 and 19.25 COr mg kgt 48 het). The protease activity in the re-
planted soil was the highest in the variant with French marigold. It is noteworthy that
both the enzyme activity and respiratory activity of the replanted soil in the variants with
binfumigation were significantly higher than in the control treatment with the crop rota-
tion soal {CRS).

Plants used for binfumigation provide the soil with a large amount of organic matter.
In consequence, there are a sufficient amount of nutrients for microorganisms, which pro-
duce more enzymes. These are the reasons for the increased enzyme activity and respira-
tory activity of the replanted soil in the variants with biofumigation treatment. Other re-
searchers indicate a positive correlation between the content of organic matter in the soil
and its enzyme activity [52,53]).

The activity of soil enzymes depends on the physicochemical properties of soil (pH,
organic matter content, heavy metal contamination), climate, and cultivation system
[53.54]. According to Weaver [55], an insufficient amount of water in the soil may signifi-
cantly limit the enzyme activity. In our experiment, the enzyme activity and respiratory
activity of the of soil were analysed in spring, summer, and autumn. There were differ-
ences in the results depending on the vegetation period. The activity of soil dehydrogen-
ases and proteases was the highest in autumn but the lowest in spring (Table 4).
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Table 4. The enzymatic and respiratory activity of the of soil during the vegetation period (average
for years 2020-2021).

Dehydrogenase Ac- Protease ACTIVITY Respiratory Activity
Vegetation Period  tivity (incm? H: 24 (in mg tyrosine ht (C0: in mg kg1 48

h-t kgt DM) kgt DM) h-1)

Spring 089+ 0.08a 231072 a 3153201 b
Summer 1.00£007 a 317:025h 3224:212b
Autumn 136+0.09b 366+ 029 C 2107194

Means marked with the same letters do not differ significantly at a =005,

The high dehydrogenase activity in the soil in autumn was also observed by Yuan
and Yue [52] and Zydlik et al. [6). There was a different relationship in the soil respiratory
activity. On average, in 2020 and 2021, it was the lowest at the end of the growing season.
In autummn, the soil humidity is usually high and there 1s optimal temperature for the de-
velopment of soil microorganisms. The availability of water considerably influences the
activity of soil enzymes because increased moisture facilitates the solution of organic mat-
ter in the sl [36)]. Sardans et al. [57) observed that a 10% decrease in the soil moisture
caused the protease activity to drop by 15-66%. Results from the analysis of the weather
conditions at the site of the experiment show that in September 2020 and 2021, the
monthly rainfall was higher than the long-term average (Appendix A).

The high enzyme activity and respiratory activity of soil depends on the count and
diversity of microbial communities. The analysis of the count of soil microorganisms con-
ducted in our experiment confirmed the positive effect of biofumigation treatment on this
parameter. The most effective plant was French marigold (Tagetes patula). The total bacte-
rial count in the French marigold variant was almost two imes greater than in the variant
without it (Figure 14) -

The total count of bacteria
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Figure 1. Microbial abundance in the soil {CRS = crop rotation seil; RS = replanted soil). Means
marked with the same letters do not differ significantly at = (.05. {A) The total count of bacteria; (B)
The total count of fungi; {C) The total count of actinobacteria.

Hanschen and Winkelmann [31] also observed an increase in the count of plant
growth-promoting bacteria in the replanted soil after the application of Brassica funces and
Sinapis alta. The analysis of the count of oomycetes and fungl gave similar results. The
total count of comycetes and fungi in the variants with French marigold and white mus-
tard was more than two times greater than in the replanted soil without forecrops (Figurne
1B). There was a slightly different result in the count of actinobacteria. The total count of
these microorganisms (17.92 CFU 10F g d.m.) was the highest in the oilseed radish variant
{Raphanus sativus var. oleifera) (Figure 1C).

The increase in the soil enzyme activity increased the rate of mineralisation of organic
matter, and consequently, the amount of macro- and micronutrients available to plants.
In our experiment, significant differences in the content of macro- and micronutrients in
the soil, depending on its earlier use, were noted. The content of all macro- and micronu-
trients (except Mn) in the replanted soil was significantly lower than in the crop rotation
soil (Table 5). Other researchers also observed the low content of nutrients in replanted
soil [5,6].

88



.-'I:.;'.rn'lrl.'urf M, 14, 1023

9 of 15

Table 5. Content of macro- and microelements (mg dm-) in the soil in 2021 (CRS = crop rotation

soil; RS = replanted soil).

Mineral Ele- French Marigold ~ White Mustard — Oilseed Radish
CRS RS
ments Forecrop Forecrop Forecrop
N-N= 95.1+862¢ 832:104a 91.3+977b 13262112¢ 1245107 d
P JN03x164c 2492+£217a T50£266b JiB5+309d 4400+385e
K 24706 b 1902 +198a 2504 +223d 2514+x196c 2908+219e
Ca 11752103 ¢ 101.1+94a 1050990 b 1286+11.2d 1274136 d
Mg 150+134a 160+£172a 190+163b l60+145a 190+19b
Zn 77067 d 437£074a 617 0560 73x080c BizD49e
Cu 22+0,11¢c 156 £009a 19z005b 23z010d 23x094d
Mn S08x234e 282+19%b MN4x136a 41.1+045d 01+£217 ¢
Fe 1e1+103d 26.9+£975b 797+832a 1116+96%¢ 1W073£973d

Means marked with the same letters do not differ significantly at a = (105,

The increase in the microbial activity manifested by the higher enzyvme activity and
respiratory achivity of the soil in the vanants with forecrops of three spedes of biofumi-
gants translated into an increase in the content of soil macro- and micronutrients. There
was a significant increase in the content of N, P, K, Zn, Cu, and Fe in the replanted soil
with the phytosanitary plants, espedally in the varant with Tagetes patula. The content of
minerals in the oilseed radish variant (Raphanus saffous var. oleifera) was from about 9%
{Fe) to about 90% (Zn) greater than in the replanted soil (RS) without forecrops (Table 5).

3.2 Growth Strength of Apple Trees

The worse binlogical properties of the replanted soil, manifested by its eneyme activ-
ity and respiratory activity, resulted in a weaker vegetative growth of the apple trees. The
plants in the RS variant were significantly shorter than those in the CRS treatment (117.3
and 1387 cm, respectively). They had a smaller number of side shoots, and their total
length was shorter (Table &).

Table 6. Vegetative growth of the apple trees (CES = crop rotation soil; BS = replanted soil).

Number of Side  Total Length of Shoots

Treatments Height {cm)

Shoots {cm)
CRS 138751522 ¢ 40:126b 2524+1374b
RS 11730 19.75 20+087a 687 £427 a
French marigold fore- 100 03 L 1945ab 302120ab 2426+420b
CTOp
:J:F'l“ht mustard fore- 2 10+ 1677 30+141ab 2036+737b
Otlseed radish forecrop 121.05 £ 20.22 ab 3.0+1.19 ab 2411+£11.755b

Means marked with the same letters do not differ significantly at o = (105,

The values of the other parameters of apple tree leaves under analysis, e, the weight
and, especially, the surface area, were also several dozen per cent lower (Figure 2). Weil
et al. [9] also observed poor vegetative growth of apple rootstocks growing under ARD
conditions in their experiment. Sobiczewski et al. [10] found that the leaf area of apple
trees growing under ARD conditions was smaller. One of the reasons for the poor growth
of plants growing under ARD conditions is the limited growth of their root system. Ac-
cording to Grunewaldt-Sticker et al. [58], ARD causes the necrosis of root cells and inhib-
its the growth of hairy roots. In consequence, the uptake of water and nutrients by plants
was significantly reduced.
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Figure 2. Biometric parameters of apple tree leaves (CRS = crop rotation soil; RS = replanted soil).
Means marked with the same letters do not differ significantly at a =005

Three species of biofumigants used in our experiment improved the growth param-
eters of the apple trees cultivated on the replanted soil. The best effect was observed in the
white mustard variant (Sinapis alba), where the weight of apple tree leaves was over 50%
greater than in the replanted soil without forecrops—RS (15.1 and 10.1 g, respectively)
(Figure 2). There were smaller differences between the French marigold and vilseed radish
variants and the replanted soil without forecrops. The leaf area in the variants with the
phytosanitary plants was about 50% greater than in the RS vanant. The apple trees in the
variants with the forecrops of phytosanitary plants were sigruficantly taller than in the
varant without forecrops (RS). The biggest differences were observed in the vanants with
Simapis alba and Raphanus satious var. oleifera (125, 126 and 177 cm, respectively) (Table é).

In comparison with the RS variant, the total length of side shoots in the other variants
increased significantly, regardless of the used plant species. The measured values were
similar to those recorded in the control variant (CRS). There were no significant variant-
dependent differences in the number of side shoots of the apple trees. As results from
earlier studies show, biofumigation has a positive effect on the vegetative growth of plants
growing under ARD conditions. This effect was observed in fruit trees growing on soil
with French marigold [12,34] and in trees growing in a nursery [59%]. The positive effect of
phytosanitary plants on vegetative growth of fruit trees may result from the fact that they
reduce pathogenic soil microorganisms responsible for the development of ARD, eg.,
Fusarium oooysporum [34].

3.3, Species Composition and Number of Nematodes in Soil

Mematodes are among the biological causative agents responsible for the develop-
ment of ARD [21). In our experiment, eleven species of nematodes were identified in the
soil (Table 7). In the control variant (CRS), there were four species of nematodes, mostly
Ecumenicus monohystera (about 34 individuals i 100 cm® of soil). The population of Meso-
rhabditis spiculigera was much smaller. The replanted soil (RS) had the most nematodes of
the Mesorhabditis spiculigers and Tylenchorhynohus dubins species (79 and 80 individuals in
100 em? of soil, respectively) (Table 7).

90



Agriculiure HOH, 14, 1023

11 of 15

Table 7. Average for vears 2000-2021 nematode abundance in the soil {in 100 cm- of soil) (CRS =
crop rotation soil; RS = replanted sodl).

Species

CRS RS French Marigold Whight Mustard Oilseed Radish

Forecrop Forecrop Forecrop
Cephalobus persegnis 41£0%a 449:£92b 0.0x0.0a 29x10a 1.0x0.0a
Cuticularin oxycerca Lox00a J3zx1la 128+34b jdzxlba 132+31a
Ecumenicus monohystera 339£80¢ px56¢C 442+60c 00+00a 427xlb¢c
Gencenamus nothis L0x00a l65+£54b 0.0+0.0a Llz00a 0.0x0.0a
Mesorhabditis spiculigera 192+52b 792+83c J95:£49b 99+22a 759+148¢
Mononhoides sp. hex2la 132+67c fiixllhb lz00a 99+33b
Panagralaimues rigidus L0z0.0a S62x92a 2492+ 245b M09:273b 2112+ 281b
Pratylenhus penetrans Liz00a 335+58¢c 0.2+0.0a 73x20b 72+22b
Prismatolainus sp. L0z00a 49577 ¢c thzlla 19.5x58b 132+35a
Terrfocephalus terrestris Loz00a 213+43b 16.1+37b 360297Db 0.0+00b
Tuylenchorhynchus dubins D0z00a 6.1+88¢ 37x12a 253x440b 251x53b

Means marked with the same letters do not differ significantly at o = (.05,

According to Dutta et al. [35), the nematocidal properties of plants used for biofumi-
gation have been well investigated. In our experiment, all the three species of biofumi-
gants effectively reduced the number of nematodes, especially in the replanted soil. The
French mangold (Tagetes patula) was highly effective, because in the varnant with it, the
number of nematodes of the Pratylenhies penetrans species was reduced from about 33 in-
dividuals in 100 cm? of soil to zero. This species belongs to the Pratylenchidee family, which
is considered one of the most important pests in orchards as well as plantations of vege-
tables and ornamental plants. The Prafwlenhus penetrans feed on roots, where they cause
necrotic spots, which significantly reduce the active surface of the roots. The experiments
conducted by Weerakoon et al. [60], Mazolla et al. [61], and Wang et al. [62] showed that
the use of plants from the Brassicaceae family (Brassica funces, Simapis alba) or radish
(Raphanus sativus) [16] reduced the number of phytopathogenic nematodes of the
Pratylenhus pemetrans species in replanted soil. In comparison with the variant without
forecrops (R5), the forecrop of French mangoeld reduced the population of Tylenchorhym-
chus dubius several dozen times, the populations of Prismatolaimus sp. and Geocenamus
nothus—about a dozen times, and the population of Mononkoides sp. —several times (Table
7). It is noteworthy that the population of Tylenchorhynchus dubins (another internal plant
parasite after Prafylenhus penetrans that feeds on roots) in the replanted soil was signifi-
cantly reduced. Tylenchorinymehns dubius is able to survive and develop in various environ-
mental condibions. It ooours in the oot zone of over one hundred plant species. The pop-
ulations of species such as Ecumenicus monohystera and Mononhoides sp. in the soil with the
white mustard forecrop (Sinapis alba) were completely reduced. The populations of Ceplr-
alobus persegnis and Geocenamus mothus were also reduced several times. There were no
significant variant-dependent differences in the population of Cuficuleria coyeerca. Cilseed
radish was relatively the least effective in redudng the number of nematodes in the re-
planted soil. In the varant with the forecrop of this plant, the number of nematodes of the
Geocenamus nothus and Terrtocephalus ferrestris species in the soil was reduced to zero.
However, the populations of Ecumenicies momohystera and Mononhoides sp. did not change.

The analysis of the populations of soil nematodes in individual vears of the research
showed that the nematocidal effect of the plants used for biofumigation was noticeable as
early as one year after their application. The populations of eight of the eleven species of
nematodes identified in 2020 decreased significantly in the following year of the research
(Figure 3). These were mostly Geocenmamus nothus, Mesorhabditis spiculigera, Mononhotdes
sp., Pratylenhus penetrans, and Prismatolaimms sp. In the second yvear of the experiment, no
nematodes of these species were found in the soil.

91



Agriculiure HI24, 14, 1023

12 of 15

Tylenchorhynchus dubivs [ "
Terrtocephalis terrestris S 14
]

Prismatolaimus sp. .

Pratylenfius penelrans R

Panagralainus rigdibus | ————————————

Movohoides sp. gy 14
]

Geocenamns s

Mesorhabditis spiculipent | i/
i
]

Ecumenicus monohystera — &

Cephalabus persignis

Cueticularia oxycera _ 2
]

@021 W00

Figure 3. Nematode abundance in the replanted soil after biofumigation treatment (in 100' cm of
soil) in 2020 and 2021.

4. Conclusions

The results of our experiment confirmed the fact that the replanted soil was charac-
terised by a lesser production value. [t contained fewer minerals than the crop rotation
s0il and had worse biological parameters manifested by the enzyme activity and respira-
tory activity. The apple trees grew worse in such conditions. It was possible to improwve
the binlogical properties of the replanted soil by using three species of plants as forecrops.
A more than double increase in the content of humus, as well as significant higher enzyme
activity and respiratory activity in the replanted soil, in the variants with French marigold,
white mustard, and oilseed radish was noted. Compared to the treatments without biofu-
migation, there was also a significant increase in the number of bacteria in the soil, espe-
clally in the variant with the use of Tagefes patula. This significantly improved the growth
strength of the apple trees. The leaves of the trees in the variants with the biofumigation
treatment had a larger surface area and weight (increase by 50%) than those from the trees
growing on the replanted soil without forecrops. Also, the trees were taller and had a
greater total growth of side shoots. The experiment also confirmed the nematocidal effect
of the three species of the biofumigants, especially French marigold. The biofumigation
treatment with its use made it possible to reduce the population of nematode Prafylenfus
penetrans species from 33 to 0 individuals in 100 cm™ of soil.

Biofumigation treatments using Tagefes patula, Sinaps alba and Raphamus safivus on
replanted soil should be considered a safer and futuristic alternative to thermal disinfec-
tion and chemical fumigation, because it improves the biological properties of replanted
soil and reduces the number of parasitic nematodes feeding on plants. It restores the bal-
ance of soil microorganisms and improves the growth strength of fruit trees in nurseries.
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Appendix A

Table Al The course of temperabures and precipitation in the 20019-202] growing seasons.

Months Total Precipitation (mm) Average Temperature (*C)
1982-2016 2019 2020 2011 1962-2016 2019 2020 2021
1 30.9 438 12 438 -0.8 -0.1 32 .6
I 244 130 L] 244 0.1 28 46 0.7
I 343 414 30.4 16.2 35 .1 47 49
IV 208 b6 4.6 35.2 93 103 8.9 71
W 49.5 744 494 946 145 121 116 11.9
W1 62.5 6.0 48.6 42 12 25 152 199
VI 78.2 3B 78.2 208 19.5 194 18.5 20.7
VI &l.0 354 374 6.6 189 20.6 20.3 189
IX 40.9 45.0 46 42 141 141 15.1 15.6
X 342 290 532 18.3 9.0 100 10.5 9.8
X1 375 M7 114 212 39 8.9 59 77
XII ] 29 258 19.1 0.6 31 23 24
Total/Average 516.3 3672 4354 411.6 9.1 10.8 10.3 9.9
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Abstract: In a long-termn monoculture with fruit trees and tree nurseries, it is necessary Lo regenerate
the soil due to the risk of apple replant disease (ARD). The occurrence of ARD is manifested in
the structure of the mycobiome. The assumption of our experiment was that the use of oil radish
(Fapharnus sativus var. oleifera), white rustard (Simapis ella), and marigold (Tagetes patula L) as phy-
tsanitary plants for biofumigation would provide crops with nutrients, improve soil physicochemical
properties, and influence the diversity of microbiota, including fungal networks, towards a beneficial
mycobiome. Metagenomic analysis of fungal populations based on the hypervariable ITS1 region
was used for assessing changes in the soil mycobiome. It showed that bicfumigation, mainly with a
forecrop of marigold (Tagetes patula L) (R3), caused an improvement in soil physicochemical proper-
ties {bulk density and humus) and the highest increase in the abundance of operational taxomomic
units (OTUs) of the Fungi kingdom, which was similar to that of agriculturally undegraded soils,
and amounted to 54.37%. In this variant of the experiment, the most OTUs were identified at the
phylum level, for Ascomycote (39.82%) and Mortierellornypoota beneficial fungi (7.73%). There were
no such dependencies in the soils replanted with forecrops of oilseed radish (Raphanns satipis var.
oleifera) and white mustard (Sinepis alba). Biofumigation with marigold and oil radish contributed to
a reduction in the genus Fusarim, which contains several significant plant-pathogenic species. The
percentages of operational taxonomic units (OTUs) of Fusariem spp. decreased from 1.57% to 0.17%
and (.47%, respectively.

Keywords: biodiversity; fungal networks; Morbierellomycots; Eurotiales; physicochemical properties
of soil

1. Introduction

Intensive farming affects the natural soil microbiome, including its mycobiome, due
to the lack of nutrient circulation as well as the use of large amounts of pesticides and
monocultures [1]. This influence can also be observed in orchards. The soil mycobiome,
also known as the fungal microbiome, 15 one of the main components of the integrative
microbiome, which includes various groups of microorganisms inhabiting agroecosys-
tems [2]. So far, the soil mycobiome has not been thoroughly investigated in relative terms,
as in recent studies researchers around the world have focused mainly on soil bacteria [3].
Although up to now there have been rather few studies om fungi, these microorganisms
are widely known to support various processes occurring in the ecosystem. They are also
absolutely necessary for the sustainable development of agriculture [4]. They are involved
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in plant-soil interactions, the decomposition of organic matter [5], plant health promotion,
and nutrition [6].

Nowadays the vast majority of agricultural land requires soil regeneration and restora-
tion of biological processes [7], which includes the restoration of all components of the soil
mycobiome. It is important to stress the fact that it is particularly necessary to regenerate
the soil under fruit trees, including the nurseries producing such trees, due to long-term
monoculture. Due to the scarcity of new areas, producers establish nurseries in the same
places, which often causes apple replant disease (ARD). ARD is usually described as a
harmfully disordered physiomorphological response of apple plants to soils whose micro-
biome has changed as a result of an earlier plantation of apple trees [S]. It is also described
as dysbiosis of the soil microbiome [9-11]. This soil dysfunction is believed to be mainly
caused by fungi (Rhizoctonia, Fusarium, Phytium, Phyophtora spp., and others) and bacteria
(the Actinobacteria phylum and the Pseudomonas and Bacillus genera) [12], as well as nema-
todes. According to Manici et al. [11], the main causes of ARD may be imbalance in the
soil microbiota structure and the accumulation of harmful microorganisms. Zhao et al. [13]
found that the severity of ARD in apple plantations was related to the increase in soil
acidification and, consequently, a shortage of available minerals. Due to the wide variety of
factors responsible for the occurrence of ARD and the complexity of their interactions, it is
difficult to reduce the negative consequences of this disease [14-16].

ARD usually occurs in orchards with apple trees [§,12]. It is so frequent in these
settings because apple trees are some of the most commonly grown fruit species in the
world. Driven by the intensification of fruit production and the introduction of novel,
more desirable cultivars, fruit growers are increasingly replacing their orchards with new
plantings. Scientific reports show that when a new orchard replaces an old one, the new
trees vield low-quality fruit and their aerial parts grow shorter [17,18].

As the authors of reference publications indicate, ARD can be counteracted by chemical
fumigation, which involves disinfecting the soil with chemicals. However, the chemicals
used for soil fumigation are toxic. The primary fumigants employed are dazomet and
sodium methyldithiocarbamate (both precursors to methyl isothiocyanate), along with
the mixture of 1,3-dichloropropene and chloropicrin [19-22]. These chemicals act totally
(non-selectively). Their residues remain in the soil environment for a very long time, which
significantly reduces the microbial populations and often extends the soil regeneration time.
Therefore, the need to limit the use of chemical crop-protection products in horticultural
production, including nursery production, is more and more often advocated.

ARD can also be limited by thermal disinfection (50-100 °C) or gamma radiation,
which also strongly reduces the total soil microbiota [23,24].

Another method of combating ARD in orchard soils is anaerobic soil disinfection
(ASD). The process involves the application of fast-biodegradable organic carbon to the soil,
followed by the hermetic sealing of the soil surface with transparent foil. Consequently,
soil microorganisms decomposing organic substances use the supply of oxygen completely.
Despite these anaerobic conditions, some organisms do not die. However, it is noteworthy
that the decomposition of organic material leads to the production of free volatile fatty
acids. The toxicity of these acids reduces the abundance of the soil microbiota, including
facultative anaerobes. ARD can also be combatted by applying composts to change the
biodiversity of the soil environment [25,26].

The problem of soil recultivation in orchards can be solved through environmentally
friendly agriculture, also known as sustainable agriculture. The holistic approach combin-
ing agricultural production with an uncontaminated environment is known as regenerative
agriculture [27]. Biofumigation, which is based on the phenomenon of allelopathy, is a
promising method of limiting the negative influence of replantation. Biofumigation entails
the release of volatile organic compounds with biocidal properties. The deployment of
suitable forecrops, particularly phytosanitary plant species, which emit phytoncides into
the environment, can effectively reduce populations of harmful nematodes, bacteria, and
pathogenic fungi within the soil. Commonly utilized phytosanitary plants include marigold
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(Tagetes patula L.), white mustard (Sinapis alba), oilseed radish (Raphanus saffvus var. oleifera),
spring rapeseed (Brassica napus L.), oats (Avena sativa L.), rye (Secale cereale), and asparagus
(Asparagus officinalis L.) [28].

Plants of the Brassicaceae family, including Sinapis alba and Raphanus sativus, produce
secondary metabolites known as glucosinolates. These compounds undergo hydrolysis
to yield bioactive isothiocyanates, which can be classified as aromatic (e.g., benzyl isoth-
iocyanate and 2-phenylethyl isothiocyanate) or aliphatic (e.g., allyl isothiocyanate) [29].
The application of fresh biomass is advocated due to its elevated glucosinolate content.
Members of the Asteraceae family, particularly Tagetes spp., synthesize insecticidal and
nematicidal compounds. These phytochemicals, released as root exudates by mature plants,
encompass thiophene derivatives such as a-terthienyl [30]. When employing phytosanitary
plants, it is imperative to ensure thorough maceration prior to soil incorporation at a depth
of 15-20 cm [31].

The use of phytosanitary plants is a vital aspect of the environmentally friendly agri-
cultural policy of the European Union and a significant agrotechnical measure. These plants
are seen as elements that protect the soil from erosion and regenerate habitats. Moreover,
they decrease greenhouse gas emissions and thus limit the causes of global warming,.

The use of appropriate quantities and compositions of phytosanitary plants at the right
time is assumed to provide crops with nutrients, influence biochemical changes occurring
in the soil, and improve its physicochemical properties. Consequently, the treatment will
improve soil fertility and, above all, the diversity of microbiota. As a result, the fungal
network will be altered towards the beneficial mycobiome.

The objective of this study was to characterize the mycobiome composition of apple
tree nursery soil affected by apple replant disease (ARD) and to evaluate the impact of
phytosanitary plants (Tagetes pafula L., Sinapis alba, and Raphanus sativus var. oleifera) on
mycobiome dynamics and soil physicochemical properties.

2. Materials and Methods
2.1. Experimental Design

The experiment was carried out on stagnic luvisol soil (according to the World Ref-
erence Base for Soil Resources) at a commercial apple nursery in Puszczykowo Zaborze,
western Poland (52725'49.10" N, 17°11'34.08" E), from 2019 to 2021. Soil samples were
obtained from two distinct sites. The first site comprised agricultural soil optimally pre-
pared for apple tree cultivation (henceforth, agricultural soil). The second site featured soil
under apple trees for three consecutive years, exhibiting symptoms of apple replant disease
(ARD) (henceforth, replanted soil). Three phytosanitary plant species were employed:
Tagetes patula L. (var. Honey Moon), Sinapis alba (var. Gracia), and Raphanus sativus var.
oleifera (var. Romesa), sourced from the Legutko Seed Company, Poland. The experimental
design included five treatments: R1—agricultural soil (control variant), R2—replanted soil,
R3—replanted soil with a forecrop of marigold (Tagetes patula L.), R4—replanted soil with
a forecrop of white mustard (Sinapis alba), and R5—replanted soil with a forecrop of oil
radish (Raphanus safivus var. oleifera). All phytosanitary plants were sown directly into
the soil following the removal of apple trees. During the subsequent early spring (March),
the plants were incorporated into the soil through crushing. In early May, 7.5 L containers
were filled with the amended soil, and apple grafts were planted therein. The experimental
material consisted of Golden Delicious apple cultivars grafted onto M.9 rootstocks. Graft-
ing was performed manually during the preceding winter. Each experimental treatment
included 30 replicate containers.

2.2. Soil Analyses

Soil mycobiome composition was assessed once, using samples collected in September
2021. A 30 g soil aliquot was obtained from each experimental unit using a sterile laboratory
spoon. Subsequently, these aliquots were pooled to form a composite sample of 900 g.
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2.2.1. Physicochemical Analyses of Soil

Before the experiment, the physicochemical properties of the replanted soil and the
agricultural soil were analyzed. After the experiment, the physicochemical properties of
the replanted soil were determined after the application of the phytosanitary plants: Tagetes
patula L. (R3), Sinapis alba (R4), and Raphanus sativus var. oleifera (R5). The pH of the soil
was measured with the potentiometric method in H>0 (1:2 m/v). Salinity was determined
using the conductometric method, the percentage of humus and carbon content using the
Tiurin method, and the bulk density using the picnometric method. The universal method
developed by Nowosielski, with 0.03N CH3;COOH (1:10 m /v) as an extract, was used to
measure the content of mineral components. The content of N-NO; was measured with
an ion-selective electrode (ISE). Atomic Absorption Spectrometry (AAS) was applied to
analyze the contents of mineral nutrients, such as K and Mg. The chloride content was
measured using the nephelometric method, the Ca content using the photometric method,
and the P content using the colorimetric method.

2.2.2. Metagenomic Analysis of Fungi in Soil

The fungal populations were analyzed metagenomically based on hypervariable
region ITS1. The specific primer sequences ITS1FI2 and 5.85 were used to amplify the
selected region and prepare the library. A Q5 Hot Start High-Fidelity 2 Master Mix was
used for the polymerase chain reaction (PCR). The PCR was conducted according to the
recommendations given by the device manufacturer. An MiSeq sequencer was used for
sequencing, with paired-end (PE) technology, 2 x 300 nt, and an [llumina v3 kit. Detailed
information is available on the websites of the reagent manufacturers. The MiSeq device
and MiSeq Reporter (MSR) v2.6 software were used for automatic preliminary data analysis.
There were two stages of the analysis: 1. automatic sample demultiplexing; 2. generating
fastq files containing raw reads.

The UNITE v8 reference sequence databases and the QIIME v2 software package
ensured the classification of reads in the bioinformatic analysis at the species level. There
were six stages of the analysis: (1) removal of adapter sequences—the Cutadapt program;
(2) analysis of the quality of reads and removal of low-quality sequences (quality < 20, min-
imum length: 30)—the Cutadapt program; (3) combining paired sequences—the fastg-join
algorithm; (4) clustering based on the selected database of reference sequences—the uclust
algorithm; (5) removal of sequence chimeras—the usearché1 algorithm; (6) assignment of
taxonomy to the selected reference sequence database—the blast algorithm.

2.3. Statistical Analysis

A comparative analysis of genus composition between experimental variants was
visualized using several types of plots [32]. Differences in the mean abundance of bacteria
between the variants were calculated and visualized. All analyses were conducted using
the statistical package GenStat version 23.1 [33].

3. Results and Discussion
3.1. Soil Physicochemical Properties

Physicochemical analysis showed significant differences in mineral composition, hu-
mus content, and pH between all soil variants. The transplanted soil (R2) showed a higher
bulk density and a significantly lower humus content compared to agricultural soil (R1)
and soils subjected to biofumigation with phytosanitary plants, namely, French marigold
(R3), white mustard (R4), and oilseed radish (R5) (Table 1). In addition, R2 contained
reduced concentrations of mineral components (P, K, Ca, and Mg) compared to R1, R3,
R4, and R5. This means that the replanted soil was characterized by low fertility, and it
may indicate the occurrence of ARD. It is important to stress the fact that after the appli-
cation of Tagetes patula L. (R3), Sinapis alba (R4), and Raphanus sativus var. oleifera (R5) as
phytosanitary plants in the replanted soil, the analysis of physicochemical properties of
the soil revealed an increase in the humus content from 1.70% (R1) to 3.10% (R3), 2.80%
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(R4), and 2.9% (R5), respectively. The soil salinity was at the same level in all experimental
variants, but the content of mineral components (P, K, Ca, and Mg) increased (Table 1).
The bulk density of the soil decreased, which means that it was more aerated and thus
a better environment for the development of microorganisms, including populations of
beneficial fungi. There were similar findings in the research conducted by Zhang et al. [34],
who found a significant increase in soil NH;"-N, NO; ™ -N, available P and K, and organic
matter after the application of chicken manure in a strawberry plantation. Sennett et al. [35]
observed that biofumigation with mustard residues significantly increased soil respiration
by reducing bulk density.

Table 1. The chemical analysis of the soil: agricultural soil—R1, replanted soil before the experiment—R2,
replanted soil with a forecrop of marigold—R3, replanted soil with a forecrop of white mustard—Rd4,
replanted soil with a forecrop of oil radish—R5.

Soil Properties R1 R2 R3 R4 R5
pH (H20) 76 5.8 69 67 6.8
Bulk density (g dm %) 1600 1830 1610 1640 1740
Salinity (g Na Cldm3) 023 023 023 0.23 023
Humus content (%) 488 170 3.10 2.80 295
N-NO; (mg dm " #) <39 <39 <39 <39 <39
P (mgdm ) 127 30 115 105 98
K (mg dm~3) 29 89 180 167 156
Ca (mg dm *) 1333 240 1200 1180 1100
Mg (mg dm ) 188 38 160 166 140
Cl(mg dm3) <213 <213 <213 <21.3 <213

3.2. Mycobiome Structure after Application of Phytosanitary Plants

To investigate metapopulation dynamics of fungi within ARD soils subjected to bio-
fumigation, the ITS1 hypervariable region was analyzed. Next-generation sequencing, a
highly sensitive technique for characterizing soil mycobiome composition and diversity, has
gained widespread adoption. This fact was confirmed by the findings of our experiment
and data in reference publications [36-38]. The ITS analysis showed that in each of the soil
samples, Fungi (18.94-54.19%) and Viridiplantae (14.13-18.69%) were the largest populations
of organisms (Figure 1).

The percentage of operational taxonomic units (OTUs) representing fungi identified
in our research showed that the share of OTUs in the agricultural soil amounted to 54.19%,
whereas the share of OTUs in the ARD soil was only 25.65%. Biofumigation applied to
the ARD soil, mainly with the forecrop of marigold (Tagetes patula L) (R3), increased the
abundance of fungi most. No such relationships were observed in the replanted soil with
the forecrops of white mustard and oil radish, where the shares of OTUs representing
fungi amounted to 31.38% and 18.94%, respectively. This effect may have been caused by
the improved air conditions in the soil. In comparison with the soil variants of the other
phytosanitary plants, the bulk density of the soil in which marigold had been applied
decreased significantly (Table 1). Zhang et al. [34] and Sennett et al. [35] made similar
observations in their studies.

A significant reduction in the abundance of fungal taxa is not always a beneficial phe-
nomenon for the soil environment. It is important to remember that this group of Eucariota
includes not only pathogens but also symbionts (mycorrhizal fungi) and decomposers. This
kingdom plays a key role in biogeochemical cycles [39]. Some species of fungi inhabiting
the soil contribute to its bioremediation by absorbing large amounts of pollutants from the
environment. Moreover, the mycelium, which extends underground like blood vessels in
the human body, carries water and nutrients from and to various plants. Fungi support
numerous processes taking place in the ecosystem and their functions are essential for
the sustainability of agriculture in the future [4]. They are responsible for interactions
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between plants and soil, decomposition of organic matter [5], and plant health promotion
and nutrition [6].
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Figure 1. The percentages of operational taxonomic units (OTUs) of 11 eukaryotic organisms in five
variants of the experiment: Rl—agricultural soil (control variant), R2—replanted soil, R3—replanted
soil with a forecrop of marigold (Tagetes patula L.), R4—replanted soil with a forecrop of white mustard
(Sinapis alba), and R5—replanted soil with a forecrop of oil radish (Raphanus sativus var. oleifera).

Apart from fungi, Viridiplantae, which occur in large numbers, are a clade of eukaryotic
organisms with several hundred thousand species. According to reference publications,
they also play an important role in both terrestrial and aquatic ecosystems [40]. The clade
includes land plants (embryophytes), which evolved from green algae [41,42].

In our study, the highest percentage of OTUs belonging to this kingdom was found
in the ARD soil (18.69%). There were smaller percentages of OTUs in the agricultural soil
(14.18%) and in the replanted soils with the forecrops of marigold (14.23%), white mustard
(14.28%), and oil radish (14.13%). Qiao et al. [43] observed similar dependencies in the
reduction in Viridiplantae. The researchers conducted an experiment on a tomato plantation,
where instead of biofumigation plants they treated the soil with beneficial microorganisms
belonging to the PGPR (Plant-Growth-Promoting Rhizobacteria) group. After the treatment,
the abundance of Viridiplantae, mainly organisms of the Chlamydomonas genus, was reduced.
These microorganisms, isolated from fertile soils, secreted several antagonistic compounds,
such as lipopeptide antibiotics, including surfactin, iturin, and fengycin, which significantly
reduced the Viridiplantae population.

It is likely that in our study the plants used for biofumigation secreted secondary
metabolites and reduced the abundance of the Viridiplantae, which was smaller than in
the ARD soil. According to the data provided in reference publications, Sinapis alba and
Raphanus sativus, which were used for biofumigation in our experiment, produce glucosi-
nolates. They are hydrolyzed into bioactive isothiocyanate compounds—aromatic isoth-
iocyanates, aliphatic allyl isothiocyanate, benzyl isothiocyanate, and 2-phenylethyl [29].
Tagetes L. produces thiophene compounds such as a—terthienyl [30].
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The observations within the Kingdom category also revealed the presence of eukaryohbic
microorganisms which had not been classified before. Their shares amounted to 30.05%
in the replanted soil with the forecrop of marigold (Tagefes patula L) (R3), 30.28% in the
agricultural soil (R1—comtrol variant), up to 58.05% in the replanted soil with the oil radish
forecrop, and 54.02% in the ARD soil (Figure 1).

According to Furtak et al. [38] and Wolna-Maruwka et al. [44], in data analysis, all
obtained sequences should be taken into account, including those identified as unclassified
or other. Unclassified taxa cannot be excluded or averaged and considered as a collective
entity, as their contributions to the structure of soil eukaryotic and prokaryotic communities
are substantial. Although this group of orgamisms have not been classified yet, they
probably cause changes in environmental conditions and have a significant influence on
changes ocourring in the soil [45,46].

Apart from assessing and indicating the dominant kingdoms of eukaryotic organisms
found in the soil samples, our research also included a relative analysis of differences in the
number of operational taxonomic units (OTUs) between the ARD soil variant and the ARD
soils subjected to binfumigation and the control soil varant: B2 vs. R1, B3 vs. R1, B4 vs R1,
and B3 vs. R1. The results are shown in Figure 2. The greatest differences were found in RS
vs. Bl for the fungt and for the unclassified microorgamisms. The smallest differences wene
observed in B3 vs. R1. However, it is noteworthy that there were significant differences in
all variants for the unclassified organisms.
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Figure 2. Relative abundance of 11 eukaryotic organisms in five variants of the experiment: R1—
agricultural soil {control variant), R2—replanted soil, R3—replanted soil with a forecrop of marigold
(Tagetes pretula L.}, R4—replanted soil with a forecrop of white mustard (Sinapis albe), and R5—replanted
soil with a forecrop of oil radish (Rapharis sativis var oleffera). Green dots indicate positive differences;
red dots indicate negative differences.

Metapopulation analysis targeting the hypervanable ITS1 region revealed that the

prior utilization of s0il in the nursery and the phytosanitary status of plants employed in
the experiment impacted the richness (OTU count) of fungal taxa exclusively at the phylum
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level (Figure 3). Depending on the soil variant, there were 7-11 phyla found in the kingdom
of fungi (Figure 3).
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Figure 3. The percentages of operational taxonomic units (OTUs) of dominant phyla of fungi in five
variants of the experiment: R1—agricultural soil (control variant), R2—replanted soil, R3—replanted
soil with a forecrop of marigold (Tagetes patula L.), R4—replanted soil with a forecrop of white mustard
(Sinapis alba), and R5—replanted soil with a forecrop of oil radish (Raphanus sativus var. oleifera).

In all variants of the experiment, the largest number of OTUs within the phylum
category was identified for Ascomycota. Their shares were much greater in the control
soil and in the replanted soil with the forecrop of marigold (R3), i.e., 42.78% and 39.82%,
respectively (Figure 3). By contrast, the number of OTUs was significantly reduced in the
ARD soil, where their absolute value amounted to 14.48%.

According to the data provided in reference publications, Ascomycota commonly occur
in agricultural soils. The microorganisms belonging to this group have various genes
which make them resistant to the stress caused by agrotechnical treatments and, above all,
environmental hypoxia. Our experiment showed that marigold (Tagetes pafula L.) used as
a forecrop (R3) in the ARD soil significantly increased the relative count of this group of
fungi to a similar value to the one found in the agricultural soil.

Mortier¢llomycota was another dominant phylum in the soils under analysis. Its highest
level was found in the replanted soil with the forecrop of marigold (Tagetes pafula L.) (R3)
(7.73%). The lowest level was in the replanted soil with the forecrop of oilseed radish (R5)
(2.37%). In the R1 (control soil), the share of OTUs for Mortierellomycota was 4.07%, whereas
in the ARD soil it was 4.68%.

According to the data provided in reference publications, members of the Mortierel-
lomycota phylum are beneficial fungi. They support the production of phytohormones (e.g.,
gibberellins and indoleacetic acid) and provide symbiotic plants with nutrients, mainly
phosphorus [47], by releasing various organic acids which dissolve recalcitrant inorganic
forms of phosphorus [45].

103



Agromonry 3024, 14, 1961

Bof 16

The dominant members of the Morfierellomycota phylum play an important role, as
they regulate the functional processes of the network ecosystem [49]. They are mainly
involved in the soil phosphorus cycle [50]. However, further research is necessary to
specifically determine how these spedes promote the soil phosphorus cycle.

The smallest absolute differences in the OTUs in the phyla identified in the analysis
were found between B3 and R1, whereas the biggest difference was found between R5
and R1. For Ascomycota, the difference between all variants was greater than 2% (Figure 4).
There was alsa a difference of over 2% between B2 and R1 and between B3 and R1 for the
unclassified microorganisms and between B3 and R1 for Mortierellonnycota.
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Figure 4. Relative abundance of dominant phyvla of fungi in five variants of the experiment: R1—
agricultural soil {control variant), R2—replanted soil, R3—replanted soil with a forecrop of marigold
(Tagetes patule L), R4—replanted soil with a forecrop of white mustard (Simapis alba), and R5—
replanted soil with a forecrop of oil radish (Raphanies sativus var. oleifera). Green dots indicate positive
differences; red dots indicate negative differences.

Further analyses involved assessment of the level of dominant classes within the
mycobiome in the ARD soil; in the ARD soils with the forecrops of marigold, white mustard,
and oil radish; and in the agricultural seil. As there was a large number of operational
taxonomic units (OTUs) of fungi at the class level (29), only those whose share in at least one
of the experimental variants exceeded 1% are shown in Figure 5. The observations of the
metapopulation at the class level revealed the dominance of Eurofiomycefes in all variants
(ranging from 6.10% in RS to 37.78% in R1), except R4, where Serdariomycetes had the largest
number of OTUs (9.29%). Generally, in all variants of our experiment, Tremellonycetes was
the class with the lowest number of taxonomic units.

The greatest negative differences in OTUs at the class level between the ARD soil
(R1), the ARD soils where biofumigation had been applied, and the control soil (R1) were
observed for Eurotiommycetes (—31.68-—9.21%). The greatest positive difference (6.53% OTUs)
was observed for the Sorderimmycetfes class between variants B4 and R1. Moreover, in four
cases, the OTU difference between variants B3 and Rl was greater than 2% (the absolute
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value): unclassified microorganisms (—2.9%), Mortierellomycetes (3.66%), Sordariomycetes
(2.35%), and Ascomycota;c__unidentified (3.05%) (Figure 6).
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Figure 5. The percentages of operational taxonomic units (OTUs) of the dominant classes of fungi in five
variants of the experiment: R1—agricultural soil (control variant), R2—replanted soil, R3—replanted
soil with a forecrop of marigold (Tagetes patula L.}, R4—replanted soil with a forecrop of white mustard
(Sinapis alba), and R5—replanted soil with a forecrop of oil radish (Raphanus sativus var. oleifera).

The results of our research showed that biofumigation positively affected the changes
occurring in the replanted soils, especially in the variant with the forecrop of marigold
(R3). Eurotiomycetes and Sordariomycetes were the dominant classes, depending on the
biofumigation plant variant and in the agricultural soil. Other researchers observed similar
correlations, i.e., the development and dominance of the Eurotiomycetes and Sordariomycetes
classes of filamentous fungi in agricultural soils. These classes of fungi secrete antimicrobial
proteins (AMPs), which play an important role in combating fungal diseases of crops and
in soils with ARD. Hegediis and Marx [51] as well as Meyer and Jung [52] demonstrated
that AMPs function as defensive and /or signaling molecules within their host organisms.
Fungal AMPs have been shown to exhibit potent activity against phytopathogenic fungi,
including Botrytis spp. and Fusarium spp. [53]. Furthermore, certain fungal AMPs possess
antiyeast properties and effectively inhibit the growth of pathogenic yeasts like Candida
albicans at low micromolar concentrations [uM] [54-56]. According to Huber et al. [56],
apart from inhibiting the growth of yeasts and filamentous fungi, some AMPs also have
antiviral potential but do not exhibit any cytotoxic or hemolytic activity in mammalian cells.
It is a serious challenge to control plant diseases caused by filamentous fungi due to the fact
that species such as Fusarium spp. are responsible for enormous crop losses every year [57].
Therefore, researchers are continuing investigations to develop alternative antifungal
treatments and strategies of treating fungal diseases. It is believed that new therapeutic
compounds can be developed from AMPs. These small (~5.6-6.6 kDa), cysteine-rich, and
amphipathic proteins are secreted into a culture supernatant and can be easily purified
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by applyving ion-exchange chromatography due to their net positive charge. Therefore, it
would be easy and mexpensive to launch large-scale industnal production of AMPs [58,59].
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Figure 6. Relative abundance of the dominant classes of fungi in five variants of the experiment:
Rl—agricultural soil (control variant), E2—replanted soil, R3—replanted soil with a forecrop of
marigold (Tagetes patuli L), R4—replanted soil with a forecrop of white mustard (Sirapis alba), and
R5—replanted soil with a forecrop of oil radish (Raphianus sativws var. oleifera). Green dots indicate
positive differences; red dols indicate negative differences.

The relative number of OTUs of fungal orders was also estimated in our study. The
analysis of the hypervariable ITS resulted in the identification of 61 orders. Similar to the
analysis of the level of the classes of fungi, only those orders whose number in at least one
of the tested variants exceeded 1% are shown in Figure 7.

Eurofinles was the dominant order in all variants of the experiment (ranging from
596% in B5 to 37.54% in R1). There was also a significant share of Mortierellales (ranging
from 2.37% in R5 to 7.73% in R3) (Figure 7).

The analysis of differences in OTUs between the ARD soil, the ARD soils after biofu-
migation, and the control soil revealed the lowest negative values for Eurofinles (Figure #).
The difference in the OTUs between vanants B4 and R1 for Trewellales was noteworthy, as
it amounted to 6.02%. For B3 vs. B, there were bwo differences of at least 2.5% observed:
Mortierellales (3.66%) and unclassified microonganisms (- 2.96%).

The analysis of fungal communities at the genus level showed that the binfumigation
with marigold and ml radish reduced the population of the Fusartum genus, which indudes
several important plant-pathogenic species. The number of operational taxonomic units
(OTUs) of Fusarium spp. decreased from 1.57% to 0.17% and 0.47%, respectively (Figure 9).
The forecrop of white mustard did not have this effect. Wang et al. [60] also observed that
selected phytosanitary plants caused vanous reductions in the population of Fusiarinm
spp. fungi. Their study showed the highest reduction in a Fuserium spp. population,
which included several important plant-pathogenic species, after the application of Brassica
juncen. When Allium fistulosum and Triticem aestivum were used as phytosanitary plants,
they reduced the population of these fungi to a much lesser extent.
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soil with a forecrop of marigold (Tagetes patula L.), R4—replanted soil with a forecrop of white mustard
(Sinapis alba), and R5—replanted soil with a forecrop of oil radish (Raplanus sativus var. oleifera).
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Figure 8. Relative abundance of the dominant orders of fungi in five variants of the experiment:
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marigold (Tagetes patula L.), R4—replanted soil with a forecrop of white mustard (Sinapis alba), and
R5—replanted soil with a forecrop of oil radish (Raphanus sativus var. oleifera). Green dots indicate
positive differences; red dots indicate negative differences.
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4. Conclusions

Metagenomic analysis, a functional assessment of soil-derived genetic material, was
emploved to evaluate alterations in the mycobiome following soil replantation in a fruit
tree nursery. These analyses revealed that the implementation of phytosanitary plants,
specifically marigold, white mustard, and oil radish, for biocfumigation, significantly modi-
fied the fungal community structure and abundance in the replanted soil, which was also
associated with an improvement in its physicochemical properties. This was particularly
noticeable after the use of Tagefes patula L. The ITS analysis revealed an increase in the
percentage of taxonomic units for the Fungi kingdom. Moreover, the number of OTUs for
the Ascomycota phyla in this soil variant was a few times greater, and it was similar to the
value in the control soil. The population of unclassified fungi in the replanted soil with the
forecrop of marigold (Tagetes patuls L) was reduced. These fungi may have included some
species which negatively affected the condition of trees in the nursery. Another dominant
phylum in this experimental variant was Mortierellomycote. The analyses of the classes
and orders showed that biofumigation, mainly with the marigold forecrop, resulted in the
dominance of the Eurotionycetes class and the Eurotiales order. This class of fungi plays an
important role in combatting fungal diseases of plants, as well as in ARD soils. The use
of white mustard and oil radish as forecrops did not have such strong analogous effects.
Biofumigation with marigold and oil radish contributed to the reduction in fungi of the
genus Fusarium, which includes several important plant-pathogenic species. The demon-
stration of the effect of biofumigation using phytosanitary plants as a tool for improving
the physicochemical properties of the soil and the development of beneficial fungi and
the reduction in pathogenic fungi of the genus Fusarium spp. is an important indicator for
future scientific research and horticultural practice.
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