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Streszczenie

Uzyskane wyniki, sktadajace si¢ na niniejszg dysertacj¢, majg praktyczne zastosowanie
w rolnictwie i agrobiotechnologii, co czyni je szczegdlnie wartosciowymi w kontekscie globalnych
wyzwan zwigzanych z biologiczng degradacja gleb.

Glownym celem przeprowadzonych badan byta analiza i rozpoznanie struktury oraz bogactwa
bakteriobiomu i mykobiomu (technika niezalezng od hodowli) srodowiska glebowego spod uprawy
kukurydzy (Zea mays L.), poddanego zréznicowanym zabiegom agrotechnicznym (migdzyplon,
ptodozmian, system orkowy i bezorkowy, redukcja nawozenia azotowego).

Material badawczy stanowita gleba pochodzaca z areatu uprawowego, nalezacego do Grupy
Fundacji Potulickiej CGFP Sp. z o.0. Probki gleby byty pobrane w trzech (Al — A2; wiosna, lato,
jesien) i dwoch punktach czasowych (A3; przed siewem kukurydzy i po zbiorze plonoéw), celem
wykonania molekularnych (izolacja DNA, analiza czystos$ci i ilosci izolatow, reakcja PCR, analiza
densytometryczna), fizykochemicznych (pH, Eh, EC, Wilgotnos$¢, SOC, TOC/SOC, N-NOsz, N-NO,
N-NHs, P-PO4, Olsen P, Ca, Mg, K) i biologicznych (RA i DA) analiz laboratoryjnych.
Sekwencjonowanie Nastepnej Generacji (NGS) zostato wykonane przez Genomed S.A. (Warszawa,
Polska), a otrzymane wyniki poddano analizom bioinformatycznym i statystycznym.

W toku realizacji badan udowodniono, Ze zastosowanie mieszanki gorzowskiej poprawito
aktywno$¢ biologiczng srodowiska glebowego (wzrost DA oraz RA), a w konsekwencji jako$¢ gleb,
przyczyniajac si¢ do zwigkszenia bogactwa i roznorodnosci bakteriobiomu glebowego (w poréwnaniu
do dlugotrwalej monokultury kukurydzy). Ponadto, wytypowano mikrobiologiczne wskazniki
wrazliwosci (Massilia i Haliangium) i odpornosci na dlugotrwala monokulture kukurydzy
(Sphingomonas). Przeprowadzone badania potwierdzity takze, ze bakterie nalezace do typu
Bacteroidota moga stanowi¢ wazny wskaznik jakosci gleby. Co wigcej, udowodniono, ze rodzaje
Mucilaginibacter i Edaphobaculum wykazaly najwicksza wrazliwo$¢ na zmiany parametrow
chemicznych gleby oraz ze rodzaj Flavobacterium moze by¢ wrazliwy na praktyki rolnicze, a jego
wysoka wzgledna obfitos¢ moze §wiadczy¢ o dobrej jakosci gleby rolniczej. Realizacja badan
pozwolita na wykazanie, ze redukcja nawozenia azotowego o 20% (92,0 kg N ha™), zgodnie
z zaleceniami KE, nie wplywa w sposob negatywny na bogactwo spolecznosci grzybiczej, wrecz moze
powodowa¢ wzrost obfitosci niektorych zidentyfikowanych grzybow. Co wigcej, niektore rodzaje
grzybow moga pehic¢ funkcje potencjalnych bioindykatoréw, §wiadczacych o pozytywnym wptywie
zredukowanego nawozenia azotowego na wzgledna obfito§¢ mykobiomu.

Podjeta tematyka badawcza stanowi probe uzupelnienia luk w dotychczasowej wiedzy, ktora moze
by¢ wykorzystana do opracowania zrownowazonych praktyk zarzadzania gleba, wspierajacych

roznorodno$¢ biologiczng oraz zdrowie srodowiska glebowego.



Summary

The results obtained, which make up this dissertation, have practical applications in agriculture
and agrobiotechnology, making them particularly valuable in the context of global challenges
related to biological soil degradation.

The main objective of the study was to analyse and identify the structure and bacteriobiom and
mycobiom richness (using a culture-independent technique) of the soil environment under maize
(Zea mays L.) cultivation, subjected to different agrotechnical treatments (intercropping, crop
rotation, plowing and no-till system, reduction of nitrogen fertilisation).

The research material consisted of soil from the cultivated acreage belonging to the Potulicka
Foundation Group CGFP Ltd. Soil samples were taken at three (A1 — A2; spring, summer, autumn)
and two time points (A3; before maize sowing and after harvesting), to perform molecular (DNA
isolation, purity and quantity analysis of isolates, PCR reaction, densitometric analysis),
physicochemical (pH, Eh, EC, Moisture, SOC, TOC/SOC, N-NOz, N-NO2, N-NH4, P-PQOg4, Olsen
P, Ca, Mg, K) and biological (RA and DA) laboratory analyses. Next Generation Sequencing
(NGS) was performed by Genomed S.A. (Warsaw, Poland), and the results obtained were
subjected to bioinformatics and statistical analyses.

In the course of the study, it was proven that the application of the gorzow mixture improved
the biological activity of the soil environment (increase in DA and RA) and, consequently, the
quality of the soils, contributing to an increase in the richness and diversity of the soil bacteriome
(compared to a long-term maize monoculture). In addition, microbial indicators of susceptibility
(Massilia and Haliangium) and resistance to long-term maize monoculture (Sphingomonas) were
selected. The study also confirmed that bacteria belonging to the Bacteroidota phylum can be an
important indicator of soil quality. Furthermore, it was proven that the genera Mucilaginibacter
and Edaphobaculum showed the greatest sensitivity to changes in soil chemical parameters and
that the genus Flavobacterium can be sensitive to agricultural practices and its high relative
abundance can be indicative of good agricultural soil quality. The implementation of the study
made it possible to show that a 20% reduction in nitrogen fertilisation (92.0 kg N ha), as
recommended by the EC, does not negatively affect the richness of the fungal community, in fact
it may cause an increase in the abundance of some identified fungi. Furthermore, some fungal
genera may act as potential bioindicators, indicating the positive effect of reduced nitrogen
fertilisation on the relative abundance of the mycobiome.

The research topic undertaken is an attempt to fill gaps in existing knowledge that can be used
to develop sustainable soil management practices that support biodiversity and the health of the

soil environment.
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1. Wstep

1.1. Technika metabarcodingu eDNA

Najbogatszym rezerwuarem mikroorganizmow jest srodowisko naturalne, ze szczegdlnym
uwzglednieniem ekosystemu glebowego 1 roslinnego (Chen i wsp. 2024a). Technika
metabarcodingu $rodowiskowego DNA (eDNA, ang. Environmental DNA) stanowi w tym
kontekscie niezwykle cenne narzedzie, wykorzystywane do identyfikacji zbiorowisk
biologicznych i ich réznorodnosci w rzekach, glebie, jeziorach, morzach i osadach (Zhang 2019;
Liang 1 wsp. 2025). Rozpoznanie spotecznos$ci zasiedlajacej badany ekosystem odbywa sie
poprzez ekstrakcjec DNA z probek srodowiskowych, przeprowadzenie reakcji tancuchowe;j
polimerazy (PCR, ang. Polymerase Chain Reaction) z uniwersalnymi starterami do amplifikacji
okres$lonych regionow DNA oraz sekwencjonowanie o wysokiej przepustowosci gendw markerow
kodow kreskowych, takich jak 16S dla prokariontow, ITS dla grzybéw i 18S dla wiekszo$ci
eukariontow (Zhang 2019; Semenov 2021; Liang i wsp. 2025). Jesli obiektem badan jest
mikrobiom, metabarkoding mozna uzna¢ za cz¢$¢ ogolnego obszaru badan, mikrobiomiki (Bakker
I wsp. 2013; Semenov 2021).

Gleba jest czesto nazywana "czarng skrzynka" ze wzgledu na duza liczebno$¢ populacji
drobnoustrojow glebowych i wyzwania metodologiczne zwigzane z ich charakteryzacja (Cortois i
De Deyn 2012; Francioli i wsp. 2021). Obecnie ta skrzynka zaczyna by¢ otwierana, gtoéwnie dzigki
postepom w narzgdziach molekularnych, ktore utorowaly droge badaczom zajmujacym si¢
mikroorganizmami glebowymi do zbadania sktadu 1 funkcji mikrobioty glebowej w ekosystemach
ladowych (Nannipieri i wsp. 2020). Nowatorskie podejscia molekularne, wykorzystujace PCR i
Sekwencjonowanie Nastepnej Generacji (NGS, ang. Next Generation Sequencing)
zrewolucjonizowaly sposob badania mikrobioty glebowej (Nannipieri i wsp. 2020). Co wigcej,
technika ta pozwala naukowcom na gromadzenie ogromnych ilo$ci informacji o organizmach i
mikroorganizmach obecnych w ekosystemach (Vasar i wsp. 202). Technologia ta zostata po raz
pierwszy zaproponowana w 2000 roku i zastosowana w dziedzinie mikrobiologii srodowiskowej
do testowania fragmentow sekwencji DNA, w celu uzyskania informacji o sekwencji i klasyfikacji
mikroorganizmoéow (Zhang 2019; Li i wsp. 2022; Liang i wsp. 2025).

Technologia metabarcodingu eDNA osiaggneta precedens w jej zastosowaniu, przy
monitorowaniu $rodowiska wodnego w 2008 roku, poprzez wykrycie obecnosci inwazyjnego
gatunku Zaby ryczacej (Lithobates catesbeianus) w wodach europejskich (Liang i wsp. 2025). Po
ponad 20 latach szybkiego rozwoju, technologia metabarcodingu eDNA jest nieustannie
doskonalona i stosowana w roznych dziedzinach (Liang i wsp. 2025). Wsrod technik oceny

réznorodnosci biologicznej, technika metabarcodingu eDNA stata si¢ kluczowym narzgdziem
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ekologow i mikrobiologdw, zyskujgc popularno$é i przyciaggajac uwage catego swiata (Taberlet i
wsp. 2018; Cowart i wsp. 2022). Glowng zaleta metabarcodingu jest mozliwo$¢ analizy calej
spoteczno$ci, w tym jej rdznorodnosci, ztozonos$ci sieci migdzygatunkowych oraz odmiennosci
mi¢dzy réznymi spoteczno$ciami (Semenov 2021). Ponadto, uwaza si¢, ze technika ta jest
najskuteczniejsza metodg identyfikacji kluczowych taksondéw, ktore charakteryzujg si¢
stosunkowo wysokim odsetkiem w zbiorowisku (Banerjee i wsp. 2018).

Analizy oparte na metabarcodingu DNA staly si¢ bardziej popularne w badaniach srodowiska
glebowego, ze wzgledu na ich wzgledng prostote, stosunkowo niski koszt i wyzszy poziom
rozdzielczo$ci (Nannipieri i wsp. 2020; Semenov 2021). Metabarcoding umozliwia identyfikacje
taksonow wraz z ich wzgledng obfitoscia, ktéora mozna wykorzystaé do oszacowania
nastepujacych parametrow stanu biologicznego gleby: (1) struktura taksonomiczna zbiorowiska;
(2) r6znorodnos¢ alfa; (3) roznice migdzy zbiorowiskami z roznych gleb (r6znorodnos¢ beta); (4)
sktad 1 udziat taksonow wskaznikowych w spotecznosci; 5) zlozonos¢ i1 strukture sieci
migdzygatunkowych; (6) sklad zbiorowiska, ktory jest zwigzany z pewnym procesem
(metabarcoding funkcjonalnych genow) (Semenov 2021; Zhang i wsp. 2025). Ponadto, dane
metabarcodingowe pozwalaja na okreslenie korelacji pomiedzy poszczegdlnymi taksonami lub

zbiorowiskami a parametrami srodowiskowymi gleby (Bell i wsp. 2024; Liang i wsp. 2025).
1.2. Réznorodnosé¢ mikrobiologiczna gleby

Roznorodnos¢ mikrobiologiczna gleby odnosi si¢ do roznorodnosci mikroorganizméw
glebowych w przyrodzie, w tym réznorodnosci funkcjonalnej, réznorodnosci genetycznej i
roznorodno$ci gatunkowej, a mikroorganizmy glebowe bezposrednio wplywaja na funkcje 1
strukture ekosystemow, a takze na zyzno$¢ gleby (Chen i wsp. 2024a). Najnowsze doniesienia
wskazuja, ze spoleczno$¢ drobnoustrojow glebowych jest krytycznym skladnikiem gleby i
kluczowym wskaznikiem jej zrownowazonego rozwoju (Mishra i wsp. 2025). Mikroorganizmy
glebowe uczestniczg w rozktadzie materii organicznej gleby (SOM, ang. Soil Organic Matter),
regulujg magazynowanie wegla 1 obieg sktadnikow odzywczych oraz wspomagajg pobieranie
sktadnikéw odzywczych przez rosliny (Poonam Srivastava i wsp. 2017; Oggioni i wsp. 2020;
Chen i wsp. 2024). Co wigcej, zbiorowiska mikroorganizméow glebowych odgrywaja istotng rolg
w zréwnowazonym rozwoju srodowiska glebowego (Hartmann i Six, 2023) 1 produktywnosci
upraw (Bardgett i van der Putten 2014; Krause 2023). Ponadto mikrobiota glebowa przyczynia si¢
do tolerancji roslin na stres, odporno$ci ogolnoustrojowej 1 budowania odpornosci (Singh 1 wsp.
2023). Jednak na sktad i funkcjonowanie tej spotecznosci drobnoustrojow znaczacy wptyw maja
praktyki zarzadzania gleba, zwtaszcza rodzaj i ilo$¢ stosowanych nawozéw (Hartman i wsp. 2008;
Enebe i Babalola, 2020; Che i Jin 2024). Aby przywr6ci¢ zdrowie gleby i jej zrownowazony
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rozwoj, stosuje si¢ wiele praktyk w zakresie gospodarowania glebg w celu promowania
zrownowazonego rozwoju rolnictwa i zwigkszenia plonéw (Montanarella 2015), a jednymi z
proponowanych alternatyw sa wybor mieszanki migedzyplonowej (Wolinska i wsp. 2022a) lub

ptodozmianu (Kruczynska i wsp. 2023).
1.2.1. Czynniki naturalne wplywajgce na roznorodnos¢ mikrobiologiczng gleby

Istnieje wiele czynnikow wplywajacych na r6znorodnos¢ mikrobiologiczng gleby, ktore mozna
podzieli¢ na czynniki naturalne (W tym m.in. pH, potencjal oksydacyjno-redukcyjny (Eh, ang.
Oxidation-reduction Potential), przewodnos¢ elektryczna (EC, ang. Electrical Conductivity),
wilgotnos¢ gleby, zawarto$¢ SOM, obieg wegla, czy aktywnos$¢ enzymatyczna) i antropogeniczne
(w tym systemy uprawy i srodki nawozenia).

Kwasowo$¢ lub zasadowo$¢ gleby moze by¢ odzwierciedlona przez warto$¢ pH, ktora jest
bardzo waznym parametrem zwigzanym z przezywalnoscia mikroorganizméw oraz ich
dostepnoscig (Hagh-Doust i wsp. 2023). Udowodniono, ze Wraz ze wzrostem warto$ci pH gleby
Wzrasta rowniez zawarto$¢ soli w glebie, co ostatecznie zmniejsza liczebno$¢ zbiorowisk
bakteryjnych, podczas gdy grzyby reaguja w znacznie mniejszym zakresie (Delgado-Baquerizo i
wsp. 2020). Jednoczesnie pH gleby moze rowniez wptywaé na wielofunkcyjnosc¢ gleby, posrednio
wplywajac na jej bogactwo biologiczne (Delgado-Baquerizo i wsp. 2020). Ponadto, pH oddziatuje
na mikroflor¢ poprzez wptyw na aktywnos¢ enzymow produkowanych przez drobnoustroje
(Custodio i wsp. 2022). Krotko mowiage, odczyn gleby istotnie wptywa na réznorodno$é
zbiorowisk drobnoustrojow (Yung i wsp. 2017; Zhang i wsp. 2020).

Wskazniki pH 1 Eh majg znaczacy wptyw na charakter 1 poziom metabolitow wytwarzanych
przez bakteriobiom i mykobiom glebowy, co przeklada si¢ na intensywno$¢ procesow
biologicznych (Husson, 2013). Kazdy typ mikroorganizmu przystosowany jest do specyficznego
zakresu potencjatu redoks (Husson, 2013). Przyktadowo, bakterie beztlenowe funkcjonuja
wylacznie w bardzo niskim zakresie Eh (Romaneckas i wsp. 2023), natomiast organizmy tlenowe,
takie jak przedstawiciele rodzaju Actinomyces czy Azotobacter, rozwijajg si¢ w $rodowiskach o
wysokim potencjale oksydacyjnym (Romaneckas i wsp. 2023). Badania pokazuja rowniez, ze
grzyby preferuja umiarkowanie redukujace warunki (Eh > +250 mV), podczas gdy bakterie
dominujg w Srodowiskach silnie redukujgcych (Eh <0 mV) (Seo i DeLaune, 2010; Husson, 2013;
Romaneckas i wsp. 2023).

Czgsto, rownolegle z pomiarami pH i1 Eh, analizowanym parametrem jest EC, ktory informuje
o zdolnos$ci gleby do przewodzenia pradu elektrycznego za posrednictwem wody w porach
glebowych (Bogati i wsp. 2023). Na EC gleby ma wplyw zasolenie, zawartos$¢ gliny i wody, a
dodanie sktadnikow odzywczych do srodowiska glebowego powoduje wzrost tego parametru
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(Kim i Park 2024). Udowodniono takze, ze wzrost zawartosci wody w glebie powoduje wzrost EC
w wyniku zwigkszonej rozpuszczalno$ci jonéw w glebie (Kim i Park 2024).

Wilgotnos¢ gleby jest nie tylko kluczowym czynnikiem dla przetrwania organizmoéw zywych,
ale takze kluczowym warunkiem przetrwania mikroorganizmow glebowych, a ilos¢ wilgoci w
glebie bezposrednio wplywa na srodowisko wzrostu mikroorganizmow, co z kolei wplywa na ich
aktywnos¢ wzrostowa (Gao i wsp. 2023; Garcia-Garcia i wsp. 2023). Co wigcej, parametr ten jest
dobrym prognostykiem przysztych plonow, ale takze w znacznym stopniu przyczynia si¢ do
bezpieczenstwa wodnego w rolnictwie (Rasheed i wsp. 2022). Zaréwno wyzsza, jak i nizsza
zawarto$¢ wody, w porownaniu z warto$ciami optymalnymi, moze zmieni¢ strukture zbiorowiska
drobnoustrojow | wptyna¢ na zmniejszenie aktywnosci mikrobiologicznej (Ren i wsp. 2022).
Nadmierna zawarto$¢ wody w glebie spowodowata ograniczenia w dyfuzji tlenu, poniewaz proces
ten przebiega znacznie wolniej w wodzie niz w powietrzu, co z kolei zmniejsza tempo tlenowych
procesOw mikrobiologicznych 1 zwieksza aktywno$¢ mikroorganizméw beztlenowych (Dlugosz i
wsp. 2023). Udowodniono ponadto, ze zmiany klimatyczne, prowadzace do dtugotrwatych
okres6w niedoboru wody, moga zaktoca¢ rownowage ekologiczng (Bogati i wsp. 2023).

Mikrobiota glebowa odgrywa zasadnicza rol¢ w przemianach pierwiastkéw i jest
odpowiedzialna za rozktad SOM, co wptywa na poziom wegla organicznego w glebie (SOC, ang.
Soil Organic Carbon) (Tian i wsp. 2019). Zwigkszenie zawartosci SOC przynosi korzysci dla
zdrowia gleby, rdéznorodno$ci biologicznej, stanowi podstawe sekwestracji ditlenku wegla i
wptywa hamujaco na degradacj¢ gleby, ktora uwazana jest za jedno z najwigkszych wyzwan
srodowiskowych dla ludzkosci (Feeney i wsp. 2024). SOC zostat uznany za wskaznik jakosci
gleby i produktywnosci rolniczej (Saha i wsp. 2023).

Badania dowodza rowniez, ze mikroorganizmy glebowe uczestnicza w emisji gazow
cieplarnianych, w tym ditlenku wegla, wpltywajac tym samym na zmiany klimatyczne (Wang i
wsp. 2024). Oprocz duzych ilosci ditlenku wegla uwalnianego przez dziatalno$¢ czlowieka
(procesy przemystowe, transport i produkcja energii), oddychanie mikrobiologiczne takze
przyczynia si¢ do powstawania ditlenku wegla w atmosferze poprzez wykorzystanie wegla z
materii organicznej gleb (Zou i wsp. 2024). Procesy metaboliczne mikroorganizmow odpowiadaja
za emisje CO: do atmosfery, a intensywnos$¢ tych proceséw mozna mierzy¢ poprzez aktywno$¢
respiracyjng gleby (RA) (Hartmann i Six, 2023; Wang i wsp. 2024; Zou i wsp. 2024).

Enzymy obecne w glebie petnig funkcje czutych biomarkerow stanu §rodowiska glebowego
(Daunoras i wsp. 2024). W procesach biochemicznych, ktore sktadaja si¢ na ekosystem glebowy,
enzymy glebowe odgrywaja kluczowa role w okreslaniu produktywnosci i jakosci gleby
(Divyadarshan i wsp. 2025). Wykazano, ze aktywnos$¢ enzymow glebowych moze stuzy¢ jako

czute wskazniki degradacji gleby poprzez taczenie danych dotyczacych sktadu
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fizykochemicznego i stanu mikrobiologicznego gleby (Divyadarshan i wsp. 2025). Szczegdlnie
istotna w tym kontekscie jest aktywno$¢ dehydrogenaz (DA, ang. Dehydrogenase Activity), ktora
odzwierciedla dynamike zycia mikroorganizméw w glebie oraz zmiany zachodzace na poziomie
mikrobiologicznym (Kaur i Kaur, 2021). Ponadto, DA moze by¢ uzywana do wykrywania
zaktocen wynikajacych z dziatalnos$ci cztowieka, zmian klimatycznych czy degradacji srodowiska

(Kaur i Kaur, 2021; Daunoras i wsp. 2024).
1.2.2. Czynniki antropogeniczne wplywajgce na roznorodnos¢ mikrobiologiczng gleby

Dziatalno$¢ czlowieka znaczaco wplywa na struktur¢ i funkcjonowanie spoteczno$ci
mikrobiologicznych w glebie (Kiprotich i wsp. 2025). Uprawa roli stanowi catoksztalt zabiegow
wykonywanych narzedziami i maszynami uprawowymi w celu stworzenia uprawianym roslinom
optymalnych warunkow wzrostu i rozwoju, stuzacych spulchnianiu gleb, zwalczaniu chwastow,
ograniczaniu fitopatogenow przenoszonych przez glebe, promowaniu rozktadu $ciotki poprzez
wprowadzanie resztek roslinnych, ale takze powodujgcych erozj¢ gleby i utrate sktadnikow
odzywczych (Zuber i Villamil 2016; Yang i wsp. 2021). W odpowiedzi na te zagrozenia, niektorzy
naukowcy wskazali, ze uprawa migdzyplonowa jest korzystniejsza anizeli uprawa
monokulturowa, ze wzgledu na poprawg srodowiska glebowego (D’Acunto i wsp. 2016; Abis i
wsp. 2020). Co wigcej, wykazano, ze uprawa migdzyplonowa mig¢dzy pomidorem a kukurydza
poprawia warunki glebowe 1 zwigksza zyzno$¢ gleby, roznorodno$¢ gatunkowg i1 aktywnos¢
enzymow, odgrywajac w ten sposob ogromng role w promowaniu produkcji rolnej (D’Acunto i
wsp. 2016; Abis i wsp. 2020). Niemniej jednak, istnieja doniesienia, wskazujace na wady systemu
miedzyplonowego (konkurencja o $§wiatlo, wode 1 sktadniki odzywcze, efekty allelopatyczne
(Glaze-Corcoran i wsp. 2020).

Badania opisane w pracy Al beda w tym kontekscie szczegélnie istotne, poniewaz
jednoznacznie wskazuja, ze zastosowanie uprawy miedzyplonowej (mieszanki gorzowskiej,
sktadajacej si¢ z zycicy trwatej, koniczyny krwistoczerwonej oraz wyki ozimej) korzystnie
wptywa na wlasciwosci biologiczne gleb. Co wigcej, zabieg ten przyczynia si¢ do poprawy jakosci
gleby oraz wzrostu bogactwa i réznorodnosci bakterii glebowych na poziomie taksonomicznym
rodzaju, w poréwnaniu z monokultura kukurydzy, o czym §wiadcza wyniki z trzech punktow
czasowych jednego sezonu wegetacyjnego (Wolinska i wsp. 2022a). Tym samym, potwierdzono,
ze zastosowanie miedzyplonu, ztlozonego z zycicy trwatej, koniczyny krwistoczerwonej oraz wyki
ozimej moze mie¢ duze znaczenie w walce z wciaz postgpujaca degradacja gleb uprawnych
(Wolinska i wsp. 2022a).

Ponadto, niektore badania wykazaly, ze plodozmian jest rdwniez sposobem na poprawe
zyznosci gleby w produkcji rolnej (Chen i wsp. 2024a). Czesto wigze si¢ to z rotacjg roznych

13



rodzajow zboz, takich jak pszenica i soja (Chen i wsp. 2024a). Ten system sadzenia moze poprawic¢
przepuszczalno$é gleby i przepuszczalno$é wody, promowac bakterie, grzyby, archeony i inne
mikroorganizmy pod wzgledem pobierania sktadnikow odzywczych z gleby, a takze promowaé
wzrost i rozmnazanie drobnoustrojow w Srodowisku (Chen i wsp. 2024a). Wiele wskaznikow
mikroorganizmow glebowych, takich jak wzgledna obfito$¢ i roznorodno$¢, uleglo znaczacym
zmianom w ptodozmianie pszenicy, ogérkéw i soi, przy czym wszystkie wykazuja tendencje
wzrostowa co sugeruje, ze ptodozmian moze pomoc w poprawie srodowiska mikroekologicznego
gleby (Chen i wsp. 2024b).

Badania opisane w pracy A2 stanowily probe okreslenia najlepszej praktyki rolniczej
(monokultura, miedzyplon, ptodozmian), bazujac na réznicach wzglednej obfitosci bakterii
nalezacych do typu Bacteroidota (Kruczynska i wsp. 2023), w oparciu 0 wczesniejsze doniesienia,
informujace, ze Bacteroidota sa czutymi biologicznymi wskaznikami zjawiska zmegczenia gleb
(Wolinska i wsp. 2017).

Stosowanie nawozow, a zatem podjecie przez ludzkos¢ krokow w celu poprawy zyznosci
gleby, stato sie jednym z najczestszych dziatan w uprawach rolnych (Zhao i wsp. 2019). Zrodtem
nawozow sg gtownie produkty chemiczne i obornik zwierzecy (Zhao i wsp. 2019). Udowodniono,
ze aplikacja nawozow powoduje zmiany niektérych wilasciwosci chemicznych gleby, co
ostatecznie wptywa na aktywnos$¢ mikroorganizmoéow glebowych i powoduje zmiany w strukturze
spoteczno$ci (Li 1 wsp. 2021a; Guan i wsp. 2022). Ponadto, dodatek nawozow ma rowniez
posredni wpltyw na struktur¢ spotecznosci drobnoustrojow glebowych poprzez wpltyw na
wlasciwosci fizyczne gleby i zmiang srodowiska glebowego dla wzrostu roslin (Li i wsp. 2023a).
Wykazano, ze szybko$¢ nitryfikacji mikroorganizméw glebowych zmienia si¢ wraz z dodatkiem
nawozu azotowego, co przyczynia si¢ do zwigkszenia produktywnosci upraw (Li i wsp. 2023a;
Luo i wsp. 2023). Niemniej jednak, istnieja doniesienia, wskazujace, ze dtugotrwate nawozenie
prowadzi do akumulacji wielu toksycznych substancji w glebie, a niektére mikroorganizmy nie
posiadajg zdolnosci rozktadu tych substancji, co zmniejsza z kolei szybkos$¢ konwersji azotu w
glebie i hamuje r6znorodno$¢ mikroorganizméw glebowych (Wang i wsp. 2022a; Sun i wsp.
2023). Niektore badania sugeruja, ze zdolno$¢ mikroorganizmow glebowych do wykorzystywania
zrodet wegla zmienia si¢ w warunkach dlugotrwatego nawozenia, a stosowanie nawozow
zwieksza wskazniki bogactwa i dominacji (Wang i wsp. 2022b; Yang i wsp. 2022).

Cykl azotu (N) odgrywa kluczowg role w regulowaniu dynamiki sktadnikéw odzywczych,
procesOw  biogeochemicznych 1 zroéwnowazonego rozwoju ekosystemu, obejmujac
skomplikowane przemiany, takie jak wigzanie azotu, nitryfikacja, denitryfikacja i amonifikacja
(Du i wsp. 2024). Najnowsze badania wykazaty, ze obecny wktad N do ekosystemow rolniczych
jest nadmierny, a ponad 50% nawozu azotowego na gruntach rolnych jest tracona do srodowiska
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poprzez wymywanie azotanow, emisje podtlenku azotu (N20) i ulatnianie si¢ amoniaku (NHz)
(Lassaletta i wsp. 2014; Sun i wsp. 2021; Du i wsp. 2024). Nadmierna podaz nawozoéw azotowych
spowodowata powazne problemy ekologiczne, w szczeg6lnosci destabilizacje cyklu azotowego i
zwickszong emisj¢ gazow cieplarnianych (Sun i wsp. 2021; Du i wsp. 2024). W zwigzku z tym
coraz wickszy nacisk ktadzie si¢ na zrozumienie, w jaki sposdb nawozenie wplywa na obieg N w
glebie. Dlugotrwale nawozenie azotem powoduje znaczace zmiany wlasciwosci
fizykochemicznych gleby (w tym prowadzi do obnizenia pH gleby) (Li i wsp. 2021b; Zhang i wsp.
2022), zwigkszong zawarto$¢ azotu w glebie (Li i wsp. 2023b) oraz zmiany w rozktadzie materii
organicznej (Hui wsp. 2022).

Majac na uwadze powyzsze, w pracy A3 zbadano, czy redukcja nawozenia azotowego ma
istotny wptyw na ksztaltowanie si¢ struktury mikrobioty grzybiczej w glebach rolnych, poddanych
réznym systemom uprawy (orkowo — P i bezorkowo — NT). Podjety problem badawczy jest
aktualny 1 niezwykle istotny z biologicznego, srodowiskowego i ekologicznego punktu widzenia,
a uzyskane wyniki poszerzaja wiedze¢ na temat wptywu zmniejszonej aplikacji azotu na strukture
I bogactwo mykobiomu glebowego (Kruczynska i wsp. 2023b).

Wykazano, ze spoleczno$¢ grzybow w srodowisku glebowym jest rownie wazna jak
spoteczno$¢ bakterii. Mykobiom stanowi duza cz¢s¢ mikrobioty glebowej, czesto dominujac pod
wzgledem biomasy nad bakteriami, w zalezno$ci od glgbokosci gleby 1 czynnikow
srodowiskowych (Ali i wsp. 2021). Grzyby odgrywaja wazng rol¢ w funkcjonowaniu
agroekosystemu, ze wzgledu na ich zdolno$¢ do rozktadu odpadow roslinnych i skladnikow
odzywczych (Hannula i wsp. 2021; Fernandes i wsp. 2022; Viscarra Rossel i wsp. 2022). Enzymy
wytwarzane przez te organizmy sg niezbedne do rozktadu wielu ztozonych zwigzkow, tj. pektyny,
ligniny i celulozy (Nair i Ngouajio, 2012; Furtak i wsp. 2021). Ponadto, wydzieliny grzybow
sprzyjaja rOwniez tworzeniu si¢ agregatow glebowych, poprawiajac w ten sposob strukture gleby
(Viscarra Rossel i wsp. 2022). Co wigcej, grzyby sg uwazane za bardzo czute wskazniki zmian w
ekosystemie glebowym (Gatazka i wsp. 2022; Wolinska i wsp. 2022b). Holik i wsp. (2019)
sugerowali, ze ilosciowq 1 jakoSciowa poprawe materii organicznej gleby obserwuje si¢ gldwnie
w Srodowisku glebowym o zréznicowanej liczebnosci grzybdéw (Holik 1 wsp. 2019).

Wigkszo$¢ badan nad mikrobiologia srodowiska glebowego, w polaczeniu z zaawansowanymi
technikami molekularnymi, stworzyta dobre podstawy do wykorzystania potencjatu mikrobiomu
glebowego dla zrownowazonego rolnictwa. Nalezy jednak podkresli¢ nieustanng potrzebe
kontynuowania badan, celem pelnego zrozumienia réznorodnosci mikrobiologicznej i przetozenia
wynikow badan laboratoryjnych na uzytek praktyczny. Zastosowana praktyka rolnicza wptywa na
ksztattowanie si¢ struktury i bogactwa spotecznosci bakteryjnej (Al, A2) i grzybiczej (A3)

srodowiska glebowego, co z kolei powinno determinowac¢ chgé doboru najodpowiedniejszej,
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poprawiajgcej, lub co najmniej zachowujacej dotychczasowg rdéznorodnos$¢ biologiczng gleb,
celem zapobiegnigcia postgpowi degradacji biologicznej $rodowiska glebowego. Proba

uzupetnienia luk w dotychczasowej wiedzy zostata podj¢ta i przedstawiona w artykutach A1 — A3.

1.3. Wspoélczesne wyzwania zwigzane z badaniem réznorodnosci biologicznej Srodowiska

glebowego

Chociaz korzysci ptyngce z rdéznorodnosci mikrobiologicznej gleby dla wzrostu roslin,
thumienia choréb i1 zdrowia gleby sa dos¢ dobrze poznane, istnieje kilka wyzwan zwigzanych z
pelnym zrozumieniem i wykorzystaniem bioréznorodnosci dla zréwnowazonego rolnictwa.
Sprostanie tym wyzwaniom wymaga multidyscyplinarnego podejscia, ktore taczy postepy w
biologii molekularnej, mikrobiologii, gleboznawstwa, ekologii i agronomii (Chen i wsp. 2024).

Jednym z glownych wyzwan zwigzanych z badaniem réznorodno$ci mikrobiologicznej gleby
jest ogromna ztozono$¢ zbiorowisk mikroorganizméw glebowych (Mishra i wsp. 2025). Gleby
zawieraja ogromng liczbe gatunkow drobnoustrojow, z ktorych wiele nadal jest
niezidentyfikowanych i niescharakteryzowanych. Zlozono$¢ te poteguje dynamiczna natura
zbiorowisk drobnoustrojow, ktéra moze si¢ szybko zmienia¢ w odpowiedzi na warunki
srodowiskowe, praktyki rolnicze i interakcje migdzy roslinami a mikroorganizmami (Bertola i
wsp. 2021). Aby w petni zrozumie¢ role réznych gatunkéw drobnoustrojéow w ekosystemach
glebowych, naukowcy muszg zastosowaé technologie sekwencjonowania o wysokiej
przepustowosci, takie jak metagenomika, metatranskryptomika i metaproteomika (Ejaz i wsp.
2024; Kumar i wsp. 2025). Techniki te pozwalaja na kompleksowa analize spoteczno$ci
drobnoustrojow, w tym identyfikacje kluczowych genow funkcjonalnych 1 szlakow
metabolicznych (Kumar i wsp. 2025).

Gatunki mikroorganizmow kluczowych definiuje si¢ jako te, ktore maja nieproporcjonalnie
duzy wptyw na srodowisko w stosunku do ich liczebnosci (Chen i wsp. 2024; Wu i wsp. 2025).
Gatunki te odgrywaja kluczowa role w utrzymaniu funkcji 1 stabilnosci ekosystemu, czesto
wplywajac na obieg sktadnikow odzywczych, strukture gleby lub zdrowie roslin (Wu i wsp. 2025).
Identyfikacja kluczowych gatunkow drobnoustrojéw zazwyczaj obejmuje polaczenie analizy sieci
ekologicznej, manipulacji eksperymentalnej i sekwencjonowania o wysokiej przepustowosci w
celu okreslenia, ktore gatunki maja kluczowe znaczenie dla utrzymania struktury i funkcji
spoteczno$ci (Wu i wsp. 2025). Niemniej jednak, interpretacja duzych zbiorow danych pozostaje
wyzwaniem, wymagajacym zaawansowanych narzedzi bioinformatycznych 1 podejs$¢
obliczeniowych. Przyszte badania powinny koncentrowac si¢ na opracowaniu ustandaryzowanych
metodologii analizy zbiorowisk drobnoustrojow glebowych, a takze na tworzeniu solidnych baz
danych, integrujacych dane genomiczne, transkryptomiczne i proteomiczne. Tak holistyczne
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podejscie, utatwi identyfikacje¢ kluczowych gatunkéw spotecznosci srodowiska glebowego i cech
funkcjonalnych, ktore maja kluczowe znaczenie dla zdrowia gleby i wydajnos$ci upraw.

Ponadto, aby w petni wykorzysta¢ korzysci plynace z rdéznorodno$ci mikroorganizmow
glebowych, konieczne jest potgczenie biologii mikroorganizméw z tradycyjnymi praktykami
uprawy roslin. Oznacza to stosowanie praktyk rolniczych sprzyjajacych roznorodnosci
mikroorganizmow, takich jak migdzyplon (Al), ptodozmian (A2), ograniczona uprawa roli (A3)
oraz stosowanie nawozow organicznych lub zredukowanych dawek nawozow mineralnych (A3).
Co wigcej, zrozumienie, w jaki sposob rozne praktyki rolniczce wplywaja na réznorodnos¢ i
funkcje mikroorganizmow, bedzie kluczem do opracowania zintegrowanych strategii zarzadzania,
ktore wspieraja zarowno wydajno$¢ upraw, jak i zdrowie gleby. Przyszle badania powinny
réwniez koncentrowa¢ si¢ na opracowaniu narzedzi wspomagajacych podejmowanie decyzji,
ktoére pomoga rolnikom i zarzadcom gruntow uwzgledni¢ kwestie mikrobiologiczne w swoich
planach zarzadzania uprawami. Narzedzia te powinny opiera¢ si¢ na solidnych danych naukowych
1 dostarczaé praktycznych zalecen dotyczacych zwickszania réznorodnosci mikrobiologicznej w

r6znych kontekstach rolniczych.
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2. Uzasadnienie wyboru tematu badawczego

Podobnie jak mikroorganizmy jelitowe odgrywaja kluczowa role w zdrowiu cztowieka,
struktura i funkcje bakteriobiomu i mykobiomu glebowego wptywajg na zdrowie ekosystemu
glebowego, zyznos¢ gleb oraz zdrowie ro$lin uprawnych (Hartmann i Six, 2022; Jurburg i wsp.
2022; Jiang i wsp. 2025). Tym samym, podjety problem badawczy jest aktualny i niezwykle
istotny z biologicznego, mikrobiologicznego i s$rodowiskowego punktu widzenia, a
przeprowadzone badania i uzyskane wyniki stanowig probe uzupelnienia brakow i luk w
dotychczasowej wiedzy na temat ksztaltowania si¢ réznorodnosci biologicznej i parametrow
charakteryzujacych srodowisko glebowe uprawy kukurydzy, w odpowiedzi na zastosowanie
zréznicowanych zabiegdw agrotechnicznych.

Warto doda¢, ze podjeta przeze mnie tematyka badawcza koncentruje si¢ na zastosowaniu
techniki niezaleznej od hodowli — NGS, dzigki ktorej przeprowadzono szczegoétowe badania
poswigcone identyfikacji mikroorganizméw, co z kolei pozwolito na uzyskanie cennych danych,
dotyczacych réznorodnosci i bogactwa mikrobiomu i mykobiomu $rodowiska glebowego uprawy
kukurydzy. Ponadto, przeprowadzone badania integruja analizy fizykochemiczne, biologiczne i
mikrobiologiczne ze wspodlczesnymi wyzwaniami zréwnowazonego rolnictwa oraz strategia
Komisji Europejskie;j ,,Od pola do stotu”, co z kolei wnosi znaczacy wktad w aktualny stan wiedzy.

Warto wspomnie¢, ze badania bedgce przedmiotem niniejszej rozprawy koncentrujg si¢ przede
wszystkim na: (1) identyfikacji mikroorganizmoéw na réznych poziomach taksonomicznych; (2)
analizach ich wzglednej obfitosci w odpowiedzi na szereg zabiegdw agrotechnicznych, tj.
zastosowanie mi¢dzyplonu, ptodozmianu, orkowego i bezorkowego systemu uprawy, redukcji
nawozenia azotowego; (3) wytypowaniu mikrobiologicznych wskaznikow, szeroko rozumianego
zdrowia gleby, co z kolei przektada si¢ na interdyscyplinarno$¢ podjetej przeze mnie tematyki
badawczej.

Co wigcej, uzyskane i opublikowane wyniki maja praktyczne zastosowanie w rolnictwie, co
czyni je szczegolnie wartosciowymi w kontekscie globalnych wyzwan zwigzanych z biologiczng
degradacja gleb.

Podjeta przeze mnie tematyka badawcza dostarcza nowej wiedzy, ktéra moze by¢
wykorzystana do opracowania zrownowazonych praktyk zarzadzania gleba, wspierajacych
bior6znorodnos¢ oraz zdrowie S$rodowiska glebowego. Gleboko wierze, ze dzigki
interdyscyplinarnemu podej$ciu, taczgcemu biologie, mikrobiologi¢, agrobiotechnologi¢ i
rolnictwo, wyniki moich badah moga wykazywac potencjat aplikacyjny, co z kolei moze stanowi¢

istotny wktad w przyszto$¢ rolnictwa oraz badania nad mikrobiologia gleby i agrobiotechnologia.
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3. Cel pracy

Glowny cel badan stanowita analiza i rozpoznanie struktury oraz bogactwa bakteriobiomu i

mykobiomu (technikg niezalezng od hodowli) Srodowiska glebowego spod uprawy kukurydzy

(Zea mays L.), poddanego zréznicowanym zabiegom agrotechnicznym (miedzyplon, ptodozmian,

system orkowy 1 bezorkowy, redukcja nawozenia azotowego).

Realizacja tego celu wymagata okreslenia celow szczegoétowych, ktére koresponduja z

artykulami naukowymi, stanowigcymi podstawe mojego osiggni¢cia naukowego.

Al.

A2.

A3.

1. Analiza poréwnawcza spoleczno$ci bakteriobiomu $rodowiska glebowego monokultury

kukurydzy oraz migdzyplonu na przestrzeni trzech por roku (wiosna, lato, jesien).

. Analiza wlasciwosci biologicznych (aktywnos$¢ dehydrogenaz — DA, aktywnosé

respiracyjna — RA) gleb monokulturowych.
Wytypowanie potencjalnych, bakteryjnych indykatorow wrazliwosci i odpornosci na

dlugotrwata monokulturg kukurydzy.

Rozpoznanie struktury bakterii nalezacych do typu Bacteroidota, w obliczu zastosowania
réznych praktyk rolniczych (ptodozmian, migdzyplon, monokultura kukurydzy) na

przestrzeni zmieniajacych si¢ por roku (wiosna, lato, jesien).

. Wytypowanie parametrow chemicznych, bezposrednio wplywajacych na wzgledng

obfito$¢ Bacteroidota w $rodowisku glebowym.

Okreslenie struktury mykobiomu $rodowiska glebowego, przeznaczonego pod uprawe
kukurydzy w dwoch systemach: orkowym — P i bezorkowym — NT, na ktorym zastosowano
gradient nawozenia azotowego (redukcja o 20 % 1 40 % w stosunku do dawki
rekomendowanej).

Identyfikacja potencjalnych, grzybiczych wskaznikow zredukowanego nawozenia

azotowego dla orkowego — P i bezorkowego — NT systemu uprawy.
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3.1. Hipotezy badawcze

W trakcie badan testowano nast¢pujgce hipotezy badawcze:

Al.

A2.

A3.

Uprawa miedzyplonowa moze poprawiac jakos¢ biologiczng gleby i wptywaé na wzrost
bogactwa bakteriobiomu $rodowiska glebowego, w porownaniu z dlugoletnig monokulturg
kukurydzy.

Zastosowanie mieszanki gorzowskiej (uprawa miedzyplonowa) moze wptynaé w sposob
pozytywny (wzrost wzglednej obfitosci) lub negatywny (spadek wzglednej obfitosci) na
niektore rodzaje bakterii, w poréwnaniu z dlugoletnig monokulturg kukurydzy; w zwigzku
z powyzszym mozna wytypowac potencjalne, mikrobiologiczne wskazniki wrazliwosci i

odpornosci na dlugotrwatg monokulturg Kukurydzy.

Roznorodnos¢ bakterii nalezacych do typu Bacteroidota moze stanowi¢ wazny wskaznik

jakosci gleby w konteks$cie doboru odpowiedniej praktyki rolnicze;j.

Zmiany w bogactwie mykobiomu moga by¢ zalezne od zastosowanej dawki nawozenia
azotowego (gradient nawozenia) w dwoch badanych systemach uprawy kukurydzy: P

(orkowo) i NT (bezorkowo).

. Niektore rodzaje grzybow moga szybko reagowac¢ na zmniejszenie nhawozenia azotem

poprzez wzrost lub spadek ich wzglednej obfitosci; w zwiazku z tym pierwszy z nich
mozna uzna¢ za wskaznik pozytywnego wplywu zmniejszonego nawozenia gleb
rolniczych, a drugi mozna rekomendowa¢ jako wskaznik wrazliwosci na zmniejszenie

nawozenia azotem.
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4. Materialy i metody
4.1. Artykul 1 (A1)
4.1.1. Obszar badan i pobieranie probek

Obszar badan zlokalizowany byt we wsi Wierzchucin Kroélewski (woj. kujawsko-pomorskie,
Polska), na terenie nalezagcym do Grupy Fundacji Potulickie;.

Do badan wybrano dwa sgsiadujgce ze sobg pola uprawne: K20, na ktérym wysiano mieszanke
gorzowska (mieszank¢ miedzyplonowg) w celu poprawy jakosci gleby po monokulturze
kukurydzy w 2020 r. oraz K21, na ktéorym kontynuowano wieloletnig (ponad 30 lat) uprawe
monokulturowa (Rys. 1). Co wazne, mieszanke¢ gorzowska wysiano wiosng, aby przerwaé
monokulture kukurydzy i poprawi¢ wlasciwosci gleby. Mieszanka zostata zebrana, jako zielona

masa na pasz¢ dla bydta (dwa pokosy) i1 przyorana jesienig jako nawoz zielony.

Rys. 1. Lokalizacja badanego obszaru wraz ze zdjeciem dwodch badanych pdl 1 wydzielonych

rastrow

Pole K20 (53°17'46"N, 17°4724"E) o powierzchni 15 ha stanowi wieloletnig monokulture
kukurydzy, lecz w 2020 r. zostalo obsiane mieszankg gorzowska (sktadajacg si¢ z zycicy trwate;j,
koniczyny inkarnatki i wyki ozimej) w celu poprawy struktury gleby.

Pole K21 (53°17'38"N, 17°47'17"E), o powierzchni 24 ha, jest wieloletnia monokulturg
kukurydzy, ale nigdy nie bylo obsiewane mieszanka migdzyplonowa. Co wazne, nawozenie
zastosowano w kwietniu 2020 r. (po pobraniu probek gleby, ale przed siewem kukurydzy) tylko
na polu K21, podczas gdy pole K20 nie bylo nawozone w 2020 r.). Nawozenie potasem (K)
przeprowadzono w dawce 100 kg ha o zawartosci 60% K20, natomiast nawozenie azotem (N) w
postaci mocznika 46% N zastosowano w dawce od 150 do 175 — 200 kg ha™, w zaleznosci od
potencjatu plonowania w kazdym rastrze K21.

Z kazdego pola wybrano pi¢¢ oddzielnych rastrow (kazdy o powierzchni okoto 3 ha), a probki
gleby pobrano z warstwy powierzchniowej (0-20 cm), zgodnie z Polskg Normg PN-1SO 10381-

61998, trzy razy w roku: wiosng (marzec 2020 r.), latem (czerwiec 2020 r.) 1 jesienig (listopad
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2020 r.). Probki gleby pobierano losowo z 20-30 miejsc kazdego rastra. Pobieranie probek
odbywalo si¢ w sposob zautomatyzowany z wykorzystaniem systemu informatycznego i GPS
dostepnego w gospodarstwach Fundacji Potulickiej, co pozwalalo na precyzyjne pobieranie
probek z tych samych lokalizacji w kazdym terminie. W warunkach laboratoryjnych materiat
glebowy przesiewano przez sito 2 mm 1 przechowywano w lodowce (4°C) do czasu analizy
chemicznej, natomiast ekstrakcje DNA i1 oznaczenie aktywnosci biologicznej przeprowadzono

bezposrednio po pobraniu probek.
4.1.2. Parametry fizykochemiczne gleby

Wartosci pH i Eh okreslono sporzadzajac zawiesing gleby w wodzie destylowanej w stosunku
2:1, przy uzyciu automatycznego wielofunkcyjnego potencjometru (Hach, Lange, Glasch,
Niemcy). Do oznaczenia stgzenia ogélnego wegla organicznego (TOC) wykorzystano
automatyczny analizator wegla TOC-VCSH SSM 5000A (Shimadzu, Kyoto, Japonia). Wilgotno$¢
gleby oznaczono metoda suszarkowa (24h, 105°C). Wszystkie pomiary wykonano w trzech

powtdrzeniach.
4.1.3. Aktywnos¢ biologiczna gleby

Analizy aktywnoSci respiracyjnej (RA) przeprowadzono na chromatografie gazowym (GC,
Varian C-3800), wyposazonym w detektor plomieniowo-jonizacyjny (FID) i detektor
przewodnictwa cieplnego (TCD). W tym celu, glebe w ilo$ci 10 g odwazono do sterylnych butelek
z ciemnego szkta (60 ml) w 3 niezaleznych powtdrzeniach, ktore nastepnie zamknigto gumowym
korkiem i aluminiowym kapslem. Probki inkubowano w temperaturze 20°C przez 7 dni. Nastgpnie
przeprowadzono analiz¢ chromatograficzng. Szybkos$¢ oddychania byta zwigzana ze zmianami
zawartosci uwalnianego CO, (mg kg™ s.m. d?).

Aktywnos$¢ dehydrogenaz (DA) oznaczono metoda, w ktorej odpowiedni substrat (TTC,
chlorek 2,3,5-trifenylotazoliowy) dodany do gleby jest przeksztalcany przez enzymy
oksydoredukcyjne (dehydrogenazy) w produkt oznaczany ilosciowo metoda kolorymetryczna.
Probke gleby (6,0 g) zmieszano z 0,12 g CaCOs, 1 ml 1% (w/v) TTC i 4 ml wody destylowanej i
inkubowano przez 20 godzin w temperaturze 30 + 1°C (Heraens Instruments). Aktywnos$¢
enzymatyczng okreslono ilosciowo w odniesieniu do krzywej kalibracyjnej skonstruowanej z
danych uzyskanych przez inkubacje¢ wzorcow TTC w warunkach opisanych powyzej. Uzyskane

wyniki wyrazono w ug TPF g min,
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4.1.4. Sekwencjonowanie Nastepnej Generacji i analizy bioinformatyczne

Do ekstrakcji DNA (0,35 g gleby) uzyto komercyjnego zestawu DNeasy Power Lyzer Power
Soil Kit (Qiagen, Hilden, Niemcy), a izolacj¢ przeprowadzono zgodnie z protokotem Quick-Start,
dotaczonym do zestawu (Qiagen Group, Germantown, MD, USA). Dla kazdego rastra gleby
wykonano trzy niezalezne powtorzenia izolacji DNA. Analiz¢ profilowania spotecznosci 16S
rRNA przeprowadzono w oparciu o hiperzmienny region V3-V4 genu 16S rRNA. Primery (341f,
785r) zostaly zastosowane zarowno do amplifikacji wybranego regionu, jak i przygotowania
biblioteki. Reakcje PCR przeprowadzono przy uzyciu Q5 Hot Start High-Fidelity 2X Master Mix
(New England Biolabs Inc., Ipswich, MA, USA). Po otrzymaniu pozytywnych wynikéw PCR,
potrojne probki DNA gleby zostaty polaczone.

NGS zostalo wykonane przez Genomed S.A. (Warszawa, Polska) na sekwenatorze MiSeq
(IMlumina, San Diego, CA, USA) w technologii paired-end (PE), 2 x 300 nt, przy uzyciu zestawu
Illumina v2 (San Diego, CA, USA).

Wstepna analize uzyskanych danych przeprowadzono za pomoca oprogramowania MiSeq
Reporter (MSR) v2.6 (Illumina, San Diego, CA, USA). Sekwencje zostalty zgrupowane w oparciu
o prog podobienstwa 97%.

Analizy bioinformatyczne przeprowadzono w R v4.1 przy uzyciu DADA2 v1.18, a sekwencje
sklasyfikowano przy uzyciu pakietu DECIPHER v2.20, w oparciu o baz¢ danych sekwencji
referencyjnych GreenGenes v13 8. Wyniki przedstawiono jako procent wzglednej liczebnosci
zidentyfikowanych sekwencji na wybranych poziomach taksonomicznych (typ, rodzaj).
Zidentyfikowane sekwencje s3a dostgpne pod numerem akcesyjnym PRINA725644 (GenBank
Database, NCBI: https://www.ncbi.nIm.nih.gov/bioproject/PRINA725644).

4.2. Artykul 2 (A2)
4.2.1. Obszar badan i pobieranie probek

Badania przeprowadzono na areale rolniczym, zlokalizowanym w miejscowosciach
Wierzchucin Krélewski i Janin (wojewodztwo kujawsko-pomorskie, pétnocno-zachodnia Polska)
na terenach nalezacych do Grupy Fundacji Potulickiej (Rys. 2). Ponad 60% tych terendw stanowi
uprawa kukurydzy, z przeznaczeniem na pasze 1 ziarno. Grunty orne Fundacji Potulickiej sktadaja
si¢ w okoto 50% z gleb klasy III i IV, podczas gdy pozostatg czgs¢ stanowiag gleby nalezace do
klasy Vi V1.
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Rys. 2. Pogladowa lokalizacja badanych pol (K3, K20 i K21)

Probki gleby pobrano z warstwy powierzchniowej (0-20 cm) trzech wybranych pél rolniczych,
oznaczonych jako K3, K20 i K21. Na kazdym z p6l wydzielono 5 odrgbnych rastrow (kazdy o
powierzchni okoto 3 ha), z ktoérych reprezentatywny materiat glebowy pobierano (zgodnie z polska
normg PN-I1SO 10381-6, 1998) trzy razy w roku: wiosna, latem i jesienig. Probki pobrano z okoto
20-30 miejsc, losowo wybranych w obrgbie jednego rastra. Waznym aspektem jest fakt, ze Grupa
Fundacji Potulickiej wdrozyta i rozwija zaawansowane systemy rolnictwa precyzyjnego od 2014
roku. Dzieki dostepnosci odpowiednich narzedzi IT oraz nowoczesnych maszyn, wyposazonych
w systemy rolnictwa precyzyjnego, probki gleby pobierane w poszczegdlnych porach roku
pochodzity z tych samych lokalizacji (punkty poboru oznaczone za pomoca GPS).
Reprezentatywne probki gleby pobierano za pomoca automatycznego probnika wyposazonego w
Wintex 1000 (AgroTechnology, Polska) z laskg Egnera.

Pole K3 (ptodozmian) znajduje si¢ w Janinie (53°10'37"N, 17°46'48"E; Rys. 2) i obejmuje
obszar 81 ha. Na tym areale rolniczym stosowano ptodozmian: pszenica (rok uprawowy 2014) —
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kukurydza (2015, 2016) — pszenica (2017) — kukurydza (2018) — pszenica (2019) — kukurydza
(2020). Resztki roslinne na polu byly orane, a stoma byta zbierana po zbiorach pszenicy.

Pole K20 (migdzyplon) zlokalizowane jest w Wierzchucinie Krolewskim (53°17'46"N,
17°4724"E; Rys. 2) i obejmuje obszar 15 ha. Pole K20 stanowi wieloletnia monokulturg
kukurydzy, ale w 2020 roku zostato obsiane mieszanka gorzowska (sktadajacg si¢ z zycicy trwatej,
koniczyny inkarnatki i wyki ozimej) w celu poprawy struktury gleby i jej jakosci biologicznej.

Pole K21 (monokultura kukurydzy) miesci si¢ rowniez w Wierzchucinie Krolewskim
(53°17'38"N, 17°47'17"E; Rys. 2), sasiaduje z polem K20 i obejmuje obszar 24 ha.

Cze$¢ pobranego materiatu glebowego suszono powietrznie, a nastgpnie suchg glebe
przesiewano przez sito o oczkach 2 mm, w warunkach laboratoryjnych. Do czasu wykonania
podstawowych analiz parametréw chemicznych gleby, materiat przechowywano w lodowece.
Izolacje¢ DNA wykonywano natychmiast po pobraniu probek (nie dtuzej anizeli 24 godziny od

momentu pobrania).
4.2.2. Oznaczanie podstawowych parametrow fizykochemicznych gleb

Odczyn gleby (pH) i potencjat redoks (Eh) oznaczano w zawiesinie gleby z woda destylowang
(stosunek gleba:woda wynosit 2:1). Do pomiaréw uzyto automatycznego wielofunkcyjnego
miernika potencjatu (Hach, Lange), wyposazonego w elektrody szklane i platynowe, przeznaczone
odpowiednio do oznaczania pH i Eh.

Zawarto$¢ catkowitego wegla organicznego (TOC) oznaczano za pomocg automatycznego
analizatora wegla TOC-VCSH SSM 5000 A (Shimadzu, Japonia). Probki gleby (0,15 Q)
rozdrabniano, suszono przed analiza, a nastgpnie spalano w temperaturze 900°C. W ten sposob
wszystkie zwigzki wegla przeksztalcano w ditlenek wegla, ktory wykrywano detektorem
podczerwieni.

Wilgotno$¢ gleby oznaczano metoda wagowa (suszenie przez 24h w temperaturze 105°C).

Wszystkie pomiary wykonywano w trzech niezaleznych powtdrzeniach.
4.2.3. Ekstrakcja DNA, amplifikacja i NGS

DNA wyizolowano z 0,35 g gleby przy uzyciu komercyjnego zestawu DNeasy PowerLyzer
PowerSoil Kit (Qiagen, Niemcy) zgodnie z zaleceniami producentow. Dla kazdej probki gleby
przeprowadzono trzy niezalezne powtorzenia ekstrakcji DNA.

Metabarcoding przeprowadzono w oparciu o hiperzmienny region V3-V4 genu 16 S rRNA.
Startery (341F: 5! -
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACGGGGGGGGGGCWGCAG — 37 i
785R: 5 — GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGATCAGGATC - 37)
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zastosowano zaréwno do amplifikacji wybranego regionu, jak i do przygotowania biblioteki.
Wszystkie etapy, w tym amplifikacja, indeksowanie i1 kwantyfikacja biblioteki, zostaly
przeprowadzone zgodnie z protokolem 16S Metagenomic Sequencing Library Preparation
(IMumina).

Reakcje PCR przeprowadzono za pomoca zestawu Q5 Hot Start High—Fidelity 2X Master Mix
(New England, Biolabs) w nastgpujacych warunkach reakcji: 95°C przez 3 min, 25 cykli: 95°C
przez 30 s, 55°C przez 30 s, 72°C przez 30 s, 72°C przez 5 min, zatrzymanie w 4°C. Uzyskane
amplikony byly indeksowane za pomocg zestawu Nextera XT Index Kit (Illumina). Wielkos¢
bibliotek oceniano na urzadzeniu Bioanalyzer 21000 (Agilent). NGS byto realizowane przez firme
Genomed S.A. (Warszawa, Polska) na sekwenatorze MiSeq (lllumina, San Diego, CA, USA) w
technologii paired—end (PE) 2 x 300 nt, przy uzyciu zestawu Illumina v2 (San Diego, CA, USA).
Wstepna analize uzyskanych danych przeprowadzono za pomoca oprogramowania MiSeq
Reporter (MSR) v2.6 (Illumina, San Diego, CA, USA). Sekwencje byly grupowane na podstawie

progu podobienstwa wynoszacego 97%.
4.2.4. Analizy bioinformatyczne i statystyczne

Demultipleksowane pliki FASTQ przetwarzano za pomoca pakietu DADA2 (1.18) w
oprogramowaniu R (4.1.0). Sekwencje primerdéw usuni¢to ze wszystkich odczytéw, eliminujac
pierwsze 20 zasad. Parametry filtracji byly nastepujace: maxN = 0, maxEE dla obu odczytéw = 3,
truncQ = 2. Bledy estymowano za pomocg funkcji learnErrors, na podstawie jednego miliona
odczytdow, a doktadne warianty sekwencji ustalano za pomoca funkcji dada. Nastepnie
zastosowano funkcje removeBimeraDenovo, aby usuna¢ sekwencje chimeryczne.

Taksonomi¢ przypisywano przy uzyciu funkcji IDTAXA na tabeli sekwencji uzyskanej z
procesu DADA?2. Skrypt do przypisywania taksonomii miat posta¢: ‘ldTaxa(dna, trainingSet,
strand = "both", processors = NULL, verbose = T, threshold = 55)". Analiz¢ przeprowadzono na
zmodyfikowanej bazie danych SILVA SSU r138. Wyniki konwertowano i importowano do
pakietu phyloseq (1.22.3). Sekwencje przypisane do chloroplastow lub DNA mitochondrialnego
byly wykluczane z analizy.

Dla dalszych analiz liczba odczytow dla poszczegdlnych taksondw zostata przeliczona na
procenty, przy zatozeniu, ze suma wszystkich taksondw w kazdej probce wynosita 100%. Wyniki
przedstawiono jako procent wzglednej obfitosci zidentyfikowanych sekwencji na wybranych
poziomach taksonomicznych (typ, klasa, rodzaj). Zidentyfikowane sekwencje sa dostepne pod
numerem PRINA725644.

Analizy korelacji wykonano za pomocag testu Spearmana oraz RDA. R6znice migdzy wynikami
z r6znych punktow czasowych pobierania probek przedstawiono jako wyniki testu ANOVA.
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Wszystkie analizy statystyczne przeprowadzono w R v4.1, korzystajac z pakietu microeco.
Analiza wynikéw podstawowych parametrow gleby zostata przeprowadzona réwniez w R v4.1.
Wszystkie wyniki zostaly sprawdzone testem Shapiro—Wilka, pod katem zgodno$ci z rozktadem
normalnym. Analizy poréwnawcze miedzy wynikami z roznych punktow czasowych/badanych
pol przeprowadzono za pomoca testu Wilcoxona (dla danych nienormalnych) lub testu T (dla

danych normalnych); o = 0,05.
4.3. Artykul 3 (A3)
4.3.1. Obszar badan

Obszar badan znajduje si¢ w potnocno-zachodniej czesci Polski, w wojewddztwie kujawsko-
pomorskim, we wsi Janin (53°17'02"N 17°43'36"E), na terenach rolniczych nalezacych do Grupy
Fundacji Potulickiej. Na potrzeby badan, wytypowano dwa sasiadujace ze soba pola (kazde o
powierzchni 10 ha), przeznaczone pod uprawe kukurydzy w systemie orkowym (P) i bezorkowym
(NT) (Rys. 3.). Badane pola byly uzytkowane rolniczo od 2015 roku, gdzie kukurydza byla
uprawiana w monokulturze na ziarno. Wazng zaleta tego eksperymentu bylo przeprowadzenie
badan na rzeczywistym, wielkoobszarowym obszarze gleb rolniczych nalezacych do
gospodarstwa Fundacji Potulickiej, co znalazto odzwierciedlenie w jakoS$ci 1 reprezentatywnosci

uzyskanych wynikow.

Rys. 3. Pogladowa lokalizacja obszaru badan, z uwzglednieniem zastosowanego gradientu

nawozenia azotowego na polach uprawy kukurydzy systemem orkowym (P) i bezorkowym (NT)
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4.3.2. Projekt doswiadczenia i pobieranie probek gleby

Doswiadczenie przeprowadzono na dwoch polach, oznaczonych jako P 1 NT, w zaleznosci od
zastosowanej praktyki rolniczej. Na kazdym z 10-hektarowych pdl (Rys. 3) wydzielono 0,5—
hektarowe ,,mikropoletka”, przeznaczone do roéznych wariantéw doswiadczenia (Rys. 3,
oznaczone réoznymi kolorami), tj. probek kontrolnych (bez nawozenia, 0,0 kg ha™) i zmiennych
dawek nawozu (dawka rekomendowana — 115,0 kg ha*; dawka zredukowana o 20% — 92,0 kg N
hal; dawka pomniejszona 0 40% — 69,0 kg N ha). Z kazdego ,,mikropoletka” pobrano po 5
reprezentatywnych prob, a kazda z nich byta ztozona z 20-30 losowo pobranych probek
kompozytowych. Tym samym, 1gcznie uzyskano probki gleby ponumerowane od 1 do 40 (Rys.

4). Wyniki uzyskane z 5 probek dla kazdego mikropoletka nast¢gpczo usredniono.

P NT

Rys. 4. Schemat punktow poboru probek, odpowiadajacych gradientowi nawozenia i kontroli na

dwoch polach przeznaczonych do orkowe;j (P) i bezorkowej (NT) uprawy kukurydzy

Probki gleby pobrano z warstwy powierzchniowej (0—20 cm), zgodnie z normg zgodnie z PN-
R-04031:1997, przy uzyciu automatycznego probnika (Wintex 100, AgroTechnology, Polska) z
laska Egnera. WdroZzone w gospodarstwie mapowanie pdl, z wykorzystaniem technologii GPS
stanowito gwarancj¢ precyzyjnej lokalizacji punktéw pomiarowych, z ktéorych pobrano
reprezentatywne probki glebowe w dwoch terminach: (1) przed siewem kukurydzy (kwiecien) —
oznaczone kodem bs oraz (2) po zbiorze plonow (listopad) — oznaczone kodem ah.
Reprezentatywne probki o numerach 1- 20 dotycza systemu orkowego (P), natomiast probki 21—

40 odnosza si¢ do bezorkowego systemu uprawy kukurydzy (NT) (Rys. 4).
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Ponadto, na badanych polach zastosowano nawozenie fosforem (Super FOS DAR 40™
superfosfat wzbogacony 40% P,0Os) w dawce 170 kg ha? (68,0 kg P-Os ha™) oraz nawozenie
wieloskladnikowe (ICL PotashpluS™) w dawce 150 kg ha™. Sktad nawozu ICL PotashpluS™ to
37% K20, 9% S (24% SO03), 3% MgO i 8% CaO. Warto wspomnie¢, ze ICL PotashpluS™ zawiera
bor, a 100% siarki, magnezu i wapnia w tym nawozie wystepuje w postaci siarczanu (SOa).

Otrzymane probki zostaly zakodowane w nastepujacy sposob: M_punkt czasowy pobierania
probek _liczba reprezentatywnych probek, gdzie punkt czasowy pobierania probek to ,,bs” (przed
siewem) lub ,,ah” (po zbiorze), a liczby oznaczajg dany wariant do$wiadczalny, czyli: 1-5 (P 0,0
kg N hat), 6-10 (P 69,0 kg N hal), 11-15 (P 92,0 kg N hal), 16-20 (P 115,0 kg N ha't), 21-25
(NT 0,0 kg N hat), 26-30 (NT 69,0 kg N ha), 31-35 (NT 92,0 kg N ha1) i 36-40 (NT 115,0 kg
N hal).

4.3.3. Analizy laboratoryjne

W warunkach laboratoryjnych §wiezo pobrane probki gleby suszono powietrznie, po czym
glebe przesiewano przez sito o oczkach 2 mm i przechowywano maksymalnie 5 dni do czasu
przeprowadzenia analiz chemicznych. Nawazki (0,35 g) do procedury izolacji DNA pobierano
natychmiast, po czym przechowywano je maksymalnie 24h w lodowce (4°C) do momentu
wykonania ekstrakcji.

Kwasowos$¢ gleby (pH) okreslano w zawiesinie gleby z woda destylowang w stosunku 2:1. Do
pomiaré6w pH uzywano automatycznego, wielofunkcyjnego miernika potencjatu (Hach, Lange),
wyposazonego w szklang elektrode pomiarowa.

Zawartos¢ wegla organicznego w glebie (SOC) okreslano za pomoca automatycznego
analizatora wegla TOC-VCSH SSM 5000 A (Shimadzu, Japonia). Probki gleby (0,15 g) mielono,
suszono 1 spalano w temperaturze 900°C, w kolumnie zawierajacej katalizator z tlenku platyny i
kobaltu. Wszystkie zwiazki wegla przeksztatcano w ditlenek wegla, ktory nastgpnie wykrywano
za pomocg detektora podczerwieni.

Zawartos¢ form azotu (N) 1 fosforu (P) mierzono kolorymetrycznie za pomoca systemu
AutoAnalyser 3 (Bran+Luebbe, Niemcy) w przygotowanych ekstraktach glebowych (35,0 g
swiezej gleby 1 100,0 ml wody). Szczegoty analizy zostaty opisane w pracy Wolinska 1 wsp.
(2014).

Catkowite stezenia potasu (K), magnezu (Mg) 1 wapnia (Ca) oznaczano technikg ptomieniowe;j
absorpcyjnej spektrometrii atomowej (FAAS) (ZA-3300 Hitachi, Japonia) po mineralizacji
materialu glebowego (Ethos One, Milestone, Wtochy). Wszystkie pomiary wykonywano w trzech

powtorzeniach.
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4.3.4. Analiza struktury mykobiomu i analizy statystyczne

DNA zostato wyizolowane z probek gleby (0,35 g) w trzech powtorzeniach, za pomocag
zestandaryzowanego protokotu DNeasy PowerLyzer Kit (Qiagen, Hilden, Niemcy). Jako$¢
izolowanych probek zweryfikowano za pomoca reakcji PCR przy uzyciu starterow ITS1 (5'-TCG
TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GAA CCW GCG GARGGATCA-3")
oraz 5.8S (§'—= GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GCG CTG CGT
TCT TCA TCG - 3') w nastepujacych warunkach PCR: 30s w 98°C, nastgpnie 25 cykli po 10s w
98°C, 30s w 55°C oraz 20s w 72°C, z koncowym etapem elongacji trwajacym 2 min w 72°C. Do
reakcji PCR zastosowano REDTaq® ReadyMix™ (Sigma, Saint Louis, Missouri, Stany
Zjednoczone). Po uzyskaniu pozytywnych wynikéw reakcji PCR, trzy powtorzenia izolatow
potaczono.

Przygotowanie bibliotek przeprowadzono z uzyciem Q5 Hotstart High—Fidelity 2x Master Mix
(New England, Biolabs). Biblioteki oczyszczono zgodnie z instrukcjami producenta AMPure
Beads XP (Beckman Coulter). Nastepnie probki zindeksowano przy uzyciu zestawu Nexter XT
Index Kit (Illumina) w reakcji amplifikacji obejmujacej siedem cykli. Sekwencjonowanie
przeprowadzono na urzadzeniu Illumina MiSeq i zostatlo wykonane przez firm¢ Genomed S.A.
(Warszawa, Polska) z wykorzystaniem technologii paired—end (PE) o dlugosci 2 x 300 nt.
Automatyczne analizy wstepnych danych przeprowadzono za pomoca MiSeq Reporter (MSR)
v2.6 z nastepujagcymi etapami: przycinanie sekwencji adapterowych za pomoca programu
cutadapt, kontrola jako$ci wraz z przycinaniem baz o niskiej jakosci (jakos¢ < 20, minimalna
dlugo$¢ — 30) za pomoca programu cutadapt, tgczenie parowanych odczytow przy uzyciu
algorytmu FASTQ, klastrowanie z 97% podobienstwem sekwencji z uzyciem algorytmu
UCLUST, wykrywanie 1 usuwanie chimerycznych sekwencji przy uzyciu algorytmu usearch61
oraz przypisanie taksonomii na podstawie bazy UNITE v8 za pomocg algorytmu blast.

a. Analizy bioinformatyczne i statystyczne

Testy bioinformatyczne przeprowadzono w programie R v4.1 z wykorzystaniem pakietu
DADA2 v1.18. Wszystkie uzyskane odczyty przycigto do dlugosci 250 bp, usuwajac 20
najbardziej lewostronnych nukleotydow zawierajacych bazy niskiej jakosci. Sekwencje starterow
usuni¢to za pomocg programu cutadapt. Sekwencje przefiltrowano zgodnie z nast¢pujgcymi
kryteriami: maxN = 0, maxEE = 2, truncQ = 2 (pozostale parametry ustawiono domys$lnie).
Standardowe wskazniki btgdow oszacowano za pomoca funkcji learnErrors (n-reads ustawiono
na 1-10°). Zreplikowane odczyty usunieto za pomocg funkcji derepFastq (parametry domy$lne),
w ten sposob uzyskujac doktadne ASV. Sekwencje chimeryczne usunig¢to za pomoca funkcji

removeBimeraDenovo. Taksonomia zostata przypisana z uzyciem Naive Bayesian Classifier w
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odniesieniu do bazy UNITE v. 8.3. Wszystkie taksony, inne niz z krolestwa grzybow zostaly
usuni¢te, a otrzymana taksonomia byla analizowana za pomoca pakietu phyloseq. Wyniki
wyrazono jako procent wzglednej obfitosci sekwencji zidentyfikowanych na wybranych
poziomach taksonomicznych (typy, klasy, rodzaje). Zidentyfikowane sekwencje sg dost¢pne pod
numerem PRINA918686 (Baza danych GenBank).

Analizy statystyczne, dotyczace wilasciwosci gleby, przeprowadzono za pomoca pakietu
STATISTICA.PL (Stat. Soft. Inc., Tulsa, Stany Zjednoczone). Analiz¢ korelacji wykonano przy
zastosowaniu testu korelacji Spearmana (a0 = 0,05). Réznice migedzy wynikami dla réznych
poziomoOw nawozenia i systemow upraw obliczono za pomocg ANOVA 1 analizy MDS. Indeksy
réznorodno$ci biologicznej obliczono w RStudio v2.6-4, z wykorzystaniem pakietu vegan.

Wszystkie analizy statystyczne i graficzne przygotowano w R v4.1 z uzyciem pakietu microeco.

31



5. WyniKki
5.1. Artykul 1 (A1)

W pracy Al pt. ,,Does the Use of an Intercropping Mixture Really Improve the Biology of
Monocultural Soils?—A Search for Bacterial Indicators of Sensitivity and Resistance to Long-
Term Maize Monoculture”, podjeto probe okreslenia potencjatu zastosowania migdzyplonu
(mieszanki Gorzowskiej, sktadajgcej si¢ z zycicy trwalej, koniczyny krwistoczerwonej oraz wyki
ozimej), jako narzedzia do poprawy réznorodno$ci mikrobiologicznej gleby monokulturowej, co
moze by¢ uzyteczne w opracowywaniu bardziej zroéwnowazonych praktyk rolniczych.
Oryginalno$¢ przeprowadzonych badan polegata takze na identyfikacji nowych, potencjalnych
mikrobiologicznych wskaznikow wrazliwosci (Massilia i Haliangium) i odpornosci
(Sphingomonas) na dtugoletnig monokulture kukurydzy. Ponadto, dowiedziono, ze zastosowanie
miedzyplonu, sktadajacego si¢ z zycicy trwatej, koniczyny krwistoczerwonej oraz wyki ozimej,
moze korzystnie wplywaé na poprawe chemizmu gleby oraz na aktywno$¢ enzymatyczng, co z
kolei moze przeciwdziata¢ degradacyjnym efektom dlugoletnich upraw monokulturowych.

W artykule Al oznaczono podstawowe parametry srodowiska glebowego (pH, Eh, TOC,
wilgotno$¢) badanych p6l (K20 — mieszanka migdzyplonowa oraz K21 —monokultura kukurydzy),
ktore ro6znity sie migdzy soba w réznych punktach czasowych poboru probek (wiosna, lato, jesien).
Co wigcej, testowane gleby, roznity si¢ aktywnoscia biologiczng (RA i DA), w zaleznosci od
zastosowanej praktyki rolniczej oraz punktu czasowego poboru probek. Udowodniono, ze §rednie
wartosci RA oraz DA byly zdecydowanie wyzsze w modelu uprawy mi¢dzyplonowej, anizeli w
modelu uprawy monokulturowej, co zaobserwowano szczegdlnie latem i jesienig. RA wykazata
maksymalne $rednie wartosci jesienig (33,73 mg CO2 kg™ na polu K20 i 28,16 mg CO2 kg™* na
polu K21). Podobny trend odnotowano dla DA jesienia (2,36 - 10™° ug TPF g * min~2 na polu K20
i 1,31 - 10°° pg TPF g * min~2 na polu K21).

Praca Al dostarcza rowniez kompleksowego wgladu w strukture roznorodnosci biologicznej
bakterii na dwoch poziomach taksonomicznych (typ i rodzaj). Stwierdzono, ze typy Proteobacteria
i Acidobacteriota stanowity dominujacy bakteriobiom w glebach pochodzacych z p6l K20 i K21.
Niemniej jednak, wzglgdna liczebno$¢ tych typow bakterii zmieniata si¢ w zaleznosci od pory
roku i systemu uprawy. Przeprowadzone badania pozwolity na zidentyfikowanie nowych
bakteryjnych wskaznikow wrazliwosci (Massilia i Haliangium) i odpornosci (Sphingomonas) na
dhugoletnia monokulture kukurydzy, w oparciu o odpowiednio spadek oraz wzrost wzglednej
obfitosci tych rodzajow bakterii na polu K20, w poréwnaniu do pola K21 (zar6wno wiosng, latem
jak i jesienig). Wzgledna obfito$¢ rodzaju Massilia wyniosta 3,40% (K20) i 2,90% (K21) wiosna,

analogicznie 1,95% 1 1,60% latem oraz 2,73% i 2,48% jesienig, z kolei bogactwo bakterii
32



nalezacych do rodzaju Haliangium wyniosto 1,55% (K20) i 1,26% (K21) wiosng, analogicznie
2,17% 1 1,07% latem oraz 2,19% i 1,86% jesienig. Ponadto, wzgledna obfitos¢ rodzaju
Sphingomonas wynosita odpowiednio 3,95% (K20) i 4,99% (K21) wiosna, odpowiednio 9,27% i
13,45% latem oraz 5,71% i 8,11% jesienia.

Co wigcej, wykonano diagram Venna, ktory wskazal, ze sposrod wszystkich
zidentyfikowanych taksonow bakteryjnych, 313 byto wspolnych dla pol K20 i K21. Dodatkowo,
pole K20, na ktorym zastosowano mieszanke gorzowska charakteryzowato si¢ 59 unikalnymi
taksonami, za$§ na polu K21, na ktorym uprawiano dilugotrwala monokulture kukurydzy
zidentyfikowano 67 taksonow bakteryjnych, ktore nie wystepowaty na polu K20. W pracy Al
wyznaczono rowniez wskazniki bior6znorodnosci alfa (Shannon-Weaver (H’) i Simpson (D)).
Uzyskane wartosci H' powyzej 4,0 wskazaly, ze na obu testowanych polach utrzymywat si¢
wysoki poziom réznorodnos$ci biologicznej, z czego wartosci te byty nieco wyzsze na polu K20.
Uzyskane wartosci D na obydwu testowanych polach, wskazaty na silng przewage kilku taksonow
bakteryjnych, przy jednoczesnym ograniczeniu ogélnej réznorodnosci mikrobiologicznej

badanych gleb.
5.2. Artykul 2 (A2)

W pracy A2 pt. ,,Bacteroidota structure in the face of varying agricultural practices as an
important indicator of soil quality — a culture independent approach”, przeprowadzono
kompleksowa analiz¢ struktury Bacteroidota agroekosystemu glebowego, z uwzglednieniem
réznych systemow zagospodarowania gleb rolniczych, takich jak plodozmian (pszenica —
kukurydza), migdzyplon (Zzycica trwata, koniczyna krwistoczerwona oraz wyka ozima) 1
monokultura kukurydzy, na przestrzeni zmieniajacych si¢ por roku (wiosna, lato, jesien).

Nalezy podkresli¢, ze nie przeprowadzono podobnych analiz spotecznosci Bacteroidota
srodowiska glebowego na terenie Polski i innych krajow, uwzgledniajac przy tym trzy punkty
czasowe poboru probek i stosowanie roznych praktyk rolniczych. Na podstawie uzyskanych
wynikow, zidentyfikowano specyficzne rodzaje bakterii (Mucilaginibacter oraz Edaphobaculum),
nalezace do typu Bacteroidota, ktore potencjalnie moga by¢ wrazliwe na zmieniajacy si¢ w
poszczeg6lnych porach roku chemizm gleby, a tym samym moga petni¢ funkcje bioindykatoréw
zmeczenia gleb rolnych, na skutek pogorszenia si¢ parametrow chemicznych $rodowiska
glebowego. Szczegotowa analiza pozwolita na wykazanie potencjalnej wrazliwosci bakterii z
rodzaju Flavobacterium na rolnicze uzytkowanie gleb. Wykazano jednoczesnie, ze spotecznos¢
Bacteroidota moze by¢ waznym wskaznikiem jakosci $rodowiska glebowego. Wyznaczenie

potencjalnych bioindykatoréw bakteryjnych moze otworzy¢ nowe mozliwosci precyzyjnego
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monitorowania stanu srodowiska glebowego, co stanowi istotny wktad w rozwdj nauki 1 nauk
biologicznych.

W artykule A2 dokonano charakterystyki badanego srodowiska glebowego (pola: K3 —
ptodozmian, K20 — mieszanka miedzyplonowa, K21 — monokultura kukurydzy), a tym samym
dokonano oznaczenia podstawowych parametrow fizykochemicznych (pH, Eh, EC, TOC,
wilgotnos¢). Stwierdzono réznice w uzyskanych warto$ciach charakteryzujacych badane gleby
oraz zmienno$¢ pomiedzy punktami czasowymi poboru probek gleby (wiosna, lato 1 jesien).
Najwyzsza kwasowos$c¢ gleby stwierdzono latem na wszystkich badanych polach, a istotny wptyw
na odczyn $rodowiska glebowego miala zastosowana praktyka rolnicza (najwyzsze wartosci
uzyskano na polu K3, nizsze na polu K20, a najnizsze na polu K21). Istotne statystycznie roznice
zaobserwowano dokonujac poréwnania probek glebowych z okresu wiosna/lato (p = 0,008964) i
jesien/lato (p = 0,002807).

Wszystkie rastry badanych pol wykazaty dobry stan natlenienia, o czym $§wiadczyty uzyskane
wartosci Eh, powyzej 300 mV. Oznaczone wartosci EC wszystkich badanych probek nie
przekraczaly 2 mS cm, co umiescilo je w kategorii gruntow lekko zasolonych. Wykazano, ze
Pola K3 i K20 charakteryzowaty si¢ porownywalng zawartoscig TOC we wszystkich testowanych
punktach czasowych, podczas gdy pole K21 bylo znacznie ubozsze w catkowity wegiel
organiczny.

Ponadto, wykazano, ze zastosowanie praktyki rolniczej jaka jest ptodozmian, pozwala na
uzyskanie niemalze dwukrotnie wyzszego plonu, w poréwnaniu z monokulturg kukurydzy, gdyz
sredni plon uzyskany na poszczegélnych rastrach pola K3 wyniost od 11,25 do 14,75 t ha™* rok 2,
gdzie dla porownania $redni plon uzyskany na poszczegolnych rastrach pola K21 wyniost od 6,46
do 8,54 t ha* rok ™.

Co wigcej, wyniki opublikowane w pracy A2, wykazaly do§¢ duzg zmienno$¢ we wzglednej
obfitosci Bacteroidota na trzech badanych poziomach taksonomicznych: typ, rodzina, rodzaj oraz
na trzech testowanych polach uprawnych w trzech punktach czasowych poboru probek. Tym
samym, nalezy zwrdci¢ szczegolng uwage na aspekt zmieniajacych sie por roku, ktore odgrywaty
niebagatelng rolg w ksztattowaniu si¢ struktury zbiorowisk bakteryjnych. Uzyskane wyniki
wskazaty, ze typ Bacteroidota i rodzaje nalezace do tej spotecznos$ci nie toleruja nadmiernego
zasolenia. Swiadczyt o tym drastyczny spadek wzglednej obfitosci tych bakterii latem na polu K3
(EC, bedace miara zasolenia, oscylowato w granicach od 50,17 do 103,83 pS cm ™), w poréwnaniu
z wiosng i jesienig, gdzie wartosci EC nie przekroczyty 50,0 uS cm™. Analiza struktury na
poziomie taksonomicznym rodzaju wskazata, ze rodzaj Flavobacterium jest wrazliwy na rolnicze
wykorzystanie gleb, co wczesniej udowodnita Wolinska i wsp. (2017), dlatego rodzaj ten zostat
zidentyfikowany jako najlepszy wskaznik biologicznej degradacji gleby (Wolinska i wsp. 2017).
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Ponadto, ten sam zespot badawczy wskazal dwa rodzaje Pedobacter i Mucilaginibacter, jako
wrazliwe na chemi¢ gleby (Wolinska i wsp. 2017).

Praca A2 potwierdzita i uzupelita poprzednie ustalenia, poniewaz rzeczywiscie rodzaj
Flavobacterium wykazal wrazliwos¢ na rolnicze wykorzystanie gleb i stosowang praktyke
rolniczg, o czym $wiadczyto wysokie bogactwo tego rodzaju na polu K3, nizsze na polu K20 i
najnizsze na polu K21. Co wigcej, praca A2 dostarcza informacji dotyczacych wrazliwosci na
parametry chemiczne gleby rodzajow Mucilaginibacter i Edaphobaculum, co potwierdza
wczesniejsze wyniki dla rodzaju Mucilaginibacter (Wolinska i wsp. 2017) i daje nowe spojrzenie
na rodzaj Edaphobaculum. Przeprowadzona analiza ANOVA wskazala na istotne statystycznie
zaleznosci pomiedzy oznaczanymi parametrami srodowiska glebowego a typem Bacteroidota oraz
rodzajami Flavobacterium, Pedobacter, Ferruginibacter, Mucilaginibacter oraz Edaphobaculum,
potwierdzajac tym samym wplyw tych parametréw na ksztaltowanie si¢ rdéznorodnosci
biologicznej tej spotecznosci bakterii. Ponadto, analiza RDA (ang. Redundancy Analysis)
wykazata silny wptyw rodzajow Flavobacterium, Pedobacter, Ferruginibacter, Mucilaginibacter

oraz Edaphobaculum na réznicowanie badanych probek.
5.3. Artykul 3 (A3)

W pracy A3 pt. ,,Changes in the mycobiome structure in response to reduced nitrogen
fertilization in two cropping systems of maize”, dokonano oceny wplywu zredukowanego
nawozenia azotowego (cztery rozne dawki nawozenia), na spoteczno$¢ mykobiomu §rodowiska
glebowego uprawy kukurydzy, w dwoch systemach uprawy (orkowej — P i bezorkowej — NT).
Wykorzystanie technologii NGS, pozwolito na doglgbng analize réznorodnosci 1 bogactwa
grzybow w glebie, co moze przyczyni¢ si¢ do wypelnienia luki w badaniach, koncentrujacych si¢
dotad gtéwnie na bakteriach. Nalezy podkresli¢, ze probki pobierano w dwoch punktach
czasowych (przed siewem kukurydzy oraz po zbiorze plonow).

Dowiedziono, ze redukcja nawozenia azotowego o 20% w stosunku do dawki zalecanej, nie
spowodowata spadku bogactwa spotecznosci grzybiczej na kazdym z badanych poziomow
taksonomicznych (typ, klasa, rodzaj). Co wigcej, badanie dowiodlo, ze niektore grzyby moga
pelni¢ funkcje potencjalnych bioindykatorow, $wiadczacych o pozytywnym wplywie
zredukowanego nawozenia azotowego, na wzgledng obfito§¢ mykobiomu (Epicoccum,
Metarhizium, Mycosphaerella i Paraconiothyrium w systemie uprawy orkowej oraz Peziza,
Podospora, Metarhizium, Trechispora i Umbelopsis w systemie uprawy bezorkowej). To
podej$cie dostarcza waznych informacji, ktére moga mie¢ praktyczne zastosowanie w
optymalizacji nawozenia, jednocze$nie zmniejszajac negatywny wptyw na srodowisko, zdrowie
roslin, a w konsekwencji na zdrowie czlowieka.

35



Badane gleby charakteryzowaty si¢ lekko kwasnym odczynem (6,20 — 6,90) wykazujacym
istotnie nizsze wartosci przed siewem kukurydzy w poréwnaniu do okresu po zbiorze plonow (p <
0,001), bez istotnego wptywu systemu uprawy roli i stopnia nawozenia (p > 0,05). Rezerwuar
wegla, w ktorym dominuje frakcja organiczna (SOC, ang. Soil Organic Carbon), byt istotnie
nizszy (p < 0,001) wiosng (3,85 — 4,85 g kg 1) anizeli jesienia (4,20 — 6,66 g kg ™), wykazujac
najwyzsze poziomy SOC w systemie uprawy NT po zbiorze plonéw bez nawozenia (p > 0,05).
Odnotowano zroznicowane ilosci poszczegdlnych form azotu (N-NOz, N-NOz i N-NHs), w
zaleznos$ci od punktu czasowego poboru probek oraz zastosowanego systemu uprawy. Dostepnosé¢
fosforandéw w probkach glebowych pobieranych przed siewem kukurydzy ksztaltowala si¢ na
podobnym poziomie w obu systemach uprawy roli (1,26 — 2,11 mg kg fw, p > 0,05).
Zaobserwowano (a) nieznaczny spadek P-POs w probkach pobranych po zbiorze plonow z
zaoranych dziatek nawozonych 0,0 i 69,0 kg N ha (0,46 — 0,82 mg kg* fw), b) znaczny wzrost
P-POs przy zastosowaniu wyzszych dawek azotu: 92,01 115,0 kg N ha® (ok. 1,5 mg kg* fw) oraz
(c) znaczny wzrost w modelu uprawy NT pomigdzy wiosng a jesienig (1,45 —1,75vs. 2,19 — 2,98
mg kg fw, p < 0,001) w probkach nie poddanych nawozeniu azotowemu (p > 0,05). Podobna
tendencje zaobserwowano w przypadku biologicznie dostepnego P (Olsen). Srednie wyniki Olsen
P w probkach pobranych po zbiorze plonéw byly podobne w obu systemach uprawy roli (p >
0,05). Zawarto$¢ Ca przed siewem kukurydzy byta bardzo niska (71 — 109 mg kg *dw) oraz nie
wykazywata istotnych réznic pomigdzy systemem uprawy roli a dawka nawozu (p > 0,05).
Zaobserwowano jednak silny wzrost poziomu Ca odnotowany po zbiorach plonow jesienia (p <
0,001). Badane gleby charakteryzowaty si¢ do§¢ wysokim poziomem potasu (K), a najwyzsze
wartosci byty odnotowywane po zbiorze plondw, zarowno w systemie P jak 1 NT.

Analiza trzech poziomoéw taksonomicznych (typ, klasa, rodzaj) pozwolila na wytypowanie
trzech kluczowych typoéw grzybow: Ascomycota, Mortierellomycota i1 Basidiomycota,
stanowigcych najwieksze bogactwo w S$rodowisku glebowym uprawy kukurydzy, zarowno
systemem P, jak i NT. Ponadto, zauwazalny wzrost wzglednej liczebnosci zidentyfikowanego
mykobiomu zaobserwowano przy zastosowaniu nawozenia N w dawce 92,0 kg N ha™* (20%
redukcja N) w dwoch systemach uprawy. Nie mniej, co ciekawe, uprawa kukurydzy systemem P
spowodowata najintensywniejszy rozwoj grzybow Mortierellomycota, a w konsekwencji
Mortierellomycetes i Mortierella, w porownaniu z glebg nienawozong W punkcie czasowym po
zbiorze plonéw. Warto wspomnie¢, ze zaobserwowano spadek wzglednej obfitosci spotecznosci
grzybiczej w probkach pozniwnych, anizeli w probkach pobranych przed siewem kukurydzy. Na
podstawie uzyskanych wynikéw, wykazano, ze grzyby Mortierellomycota moga by¢ wrazliwe na
nawozenie N w systemie P, poniewaz najwieksza liczebnos¢ tej spotecznosci zaobserwowano przy

zastosowaniu 40% redukcji nawozenia. Co ciekawe, zupelnie inny trend odnotowano w systemie
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NT, gdzie bogactwo grzybow Mortierellomycota, Mortierellomycetes i Mortierella zwigkszato si¢
wraz ze zwigkszajaca si¢ dawka N.

Zastosowanie nawozenia azotwego w uprawie systemem P faworyzowato grzyby nalezace do
typow Ascomycota i Rozellomycota, klasy Eurotiomycetes oraz rodzajow Penicillium i Hamigera
(zwigkszajac swoje bogactwo wraz ze zwigkszajaca si¢ dawkg N). Ponadto, wykazano, ze grzyby
nalezace do typu Basidiomycota, klas Dothideomycetes, Pezizomycetes i Saccharomycetes oraz
rodzajow Epicoccum, Metarhizium, Mycosphaerella i Paraconiothyrium byly liczniejsze w
probkach M ah 11-15 (92,0 kg N ha™?) anizeli w probkach M bs 11-15 (0,0 kg N ha™) i
M_ah_16-20 (115,0 kg N ha™). Z kolei, analiza wynikéw dotyczacych uprawy kukurydzy
systemem NT wykazata, ze grzyby nalezace do typow Basidiomycota i Ascomycota, klas
Agaricomycetes, Dothideomycetes, Leotiomycetes, Pezizomycetes, Sordariomycetes i
Tremellomycetes oraz rodzajow Peziza, Podospora, Metarhizium, Trechispora i Umbelopsis
wystepowaly obficiej w probkach M _ah 31-35 (92,0 kg N ha 1), w poréwnaniu z probkami
M_bs_31-35 (0,0 kg N hat) i M_ah-36-40 (115,0 kg N ha?).

Ogolnie rzecz biorgc, uzyskane wyniki dowiodly, ze 20% redukcja nawozenia azotowego po
jednym sezonie wegetacyjnym uprawy kukurydzy, nie wptywa negatywnie na wzgledna obfitos¢
wiekszosci grzybow wystepujacych w glebach rolnych, poddanych dwom réznym rezimom
gospodarowania. Co wigcej, rowniez najwyzszy $redni plon uzyskano przy 20 % redukcji
nawozenia azotem w systemie NT, podczas gdy sredni plon uzyskany w uprawie systemem P byt
poréwnywalny przy zastosowaniu najwyzszej dawki N (115,0 kg N ha™*) oraz zredukowanej o 20
% (92,0 kg N ha™).

37



6. Wnioski

Uzyskane wyniki pozwolily na sformulowanie nastepujacych wnioskow:

1.

10.

11.

12.

Zastosowanie mieszanki gorzowskiej (uprawa miedzyplonowa) wptywa na poprawe
aktywnosci biologicznej srodowiska glebowego (wzrost DA oraz RA), a w konsekwencji
na jakosc gleb.

Uprawa migdzyplonowa zwigksza bogactwo 1 roznorodno$¢ bakterii w glebie
(w poréwnaniu do dtugotrwalej monokultury kukurydzy).

Rodzaje Massilia i Haliangium sa potencjalnymi wskaznikami wrazliwosci na
monokulture kukurydzy.

Rodzaj Sphingomonas moze by¢ potencjalnym wskaznikiem odpornosci na uprawe
w monokulturze.

Wzgledna obfitos¢ Bacteroidota zmienia si¢ w zalezno$ci od zastosowanego systemu
upraw oraz pory roku.

Bakterie nalezace do typu Bacteroidota mogg stanowi¢ wazny wskaznik jakosci gleby.
Bacteroidota preferuja pH neutralne lub lekko zasadowe. Sa wrazliwe na wysokie
zasolenie gleby i nadmiar wilgoci.

Rodzaje Mucilaginibacter i Edaphobaculum wykazaty najwigksza wrazliwos$¢ na zmiany
parametréw chemicznych gleby w réznych porach roku, zatem ich zmniejszona obfito§¢
moze wskazywa¢ na nieodpowiednig chemi¢ gleby, a tym samym zmgczenie gleb
rolniczych.

Rodzaj Flavobacterium moze by¢ wrazliwy na praktyki rolnicze, a jego wysoka obfito$¢
moze $wiadczy¢ o dobrej jako$ci gleby rolnicze;.

System uprawy jest wazny pod wzgledem ksztattowania si¢ struktury spotecznosci
grzybow srodowiska glebowego 1 ich wzglednej obfitosci.

Redukcja nawozenia azotowego o 20% (92,0 kg N ha!), zgodnie z zaleceniami KE, nie
wplywa w sposOb negatywny na bogactwo spotecznosci grzybiczej na kazdym z badanych
poziomoéw taksonomicznych (typ, klasa, rodzaj), wrgcz moze powodowac¢ wzrost obfitosci
niektorych zidentytfikowanych rodzajow grzybow.

Niektore rodzaje grzybow moga peli¢ funkcje potencjalnych bioindykatorow,
swiadczacych o pozytywnym wptywie zredukowanego nawozenia azotowego na wzgledna
obfitos¢ mykobiomu (Epicoccum, Metarhizium, Mycosphaerella i Paraconiothyrium

w systemie P oraz Peziza, Podospora, Metarhizium, Trechispora i Umbelopsis w systemie

uprawy NT).
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Abstract: The choice of appropriate agricultural practices has a significant impact on soil quality,
crop productivity, or soil microbial community. Ten representative soil samples were collected in
Wierzchucin Krélewski (Kujawsko-Pomorskie Province, NW Poland), an agricultural area belonging
to the Potulicka Foundation Group. The cropping systems included a maize monoculture grown
continuously for over 30 years and an intercropping mixture (Gorzow mixture) applied in 2020. The
study aimed to determine the effect of the intercropping system on the quality and biodiversity of
the studied soils and to identify bacterial indicators of sensitivity and resistance to long-term maize
monoculture. Therefore, in this study, the impact of the intercrop mixture application on the chemical
and biological soil properties and on the diversity of the bacterial community was evaluated by
amplifying the 165 rRNA gene sequences and indicators of sensitivity and resistance to long-term
maize monoculture were recommended. The results showed that intercropping had a positive effect
on soil features and increased the richness and diversity of soil bacteria at the taxonomic level of
genera compared to the maize monoculture. Massilia and Haliangium were proposed to be bacterial
indicators of sensitivity, while Sphingomonas was recommended to be an indicator of resistance to
long-term maize monoculture. Overall, our results evidenced that using an intercropping system
may be a sustainable agricultural practice in this area and in north-western Poland.

Keywords: intercropping mixture; maize monoculture; bacterial indicators of sensitivity; bacterial
indicators of resistance; agricultural practice; soil microbial community; 16S rRNA

1. Introduction

Maize is one of the most profitable and promising field crops. At present, the farmers’
growing interest in maize cultivation is related to its high productivity and versatility of
use. Maize is a valuable fodder crop used in the nutrition for a wide range of livestock;
additionally, this industrial crop is increasingly being applied in the food industry and
as an energy source [1]. In many countries, e.g., China [2,3], Japan [4], Germany [5], Eng-
land [6], and Poland [7], the traditional cropping system has been replaced by conventional
agricultural practices that have a significant impact on crop productivity, soil quality, or the
soil microbial community [8,9]. Nevertheless, many literature sources have reported that
these practices may cause a decrease in soil organic matter (SOM), loss of soil biodiversity,
and an increase in soil erosion and degradation [9-13]. SOM, which plays a leading role
in the physical, chemical, and biological properties of soils, is an important indicator of
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soil quality [11]. Soil microbes, which are responsible for, e.g., nutrient cycling and crop
productivity, are the living part of SOM [12]. The changes in their diversity caused by
agricultural practices are often substantially less pronounced in arable soils than in natural
ecosystems soils [13]. Noteworthy, soil microbial activity is an important indicator of soil
fertility, and is one of the key biological components of soil [14,15].

Monoculture, i.e., cultivation of the same crops in the same place each year, deprives
the soil of nutrients and limits its ability to support healthy plant growth over time [16].
Hence, farmers are forced to use chemical fertilizers, which in turn disrupt the natural
composition of the soil and lead to further nutrient depletion. Monoculture also causes
the spread of pests and diseases, which must be controlled using even greater amounts of
chemicals [17].

One alternative to improve the quality of monoculture soils is the use of intercrop
mixtures. Intercropping (IC) involves the cultivation of several (two or more) crops si-
multaneously in the same field [16-19]. IC is a sustainable practice applied in modern
agricultural production systems in Poland and worldwide [20,21]. There are different types
of intercropping: row, strip, relay, temporary, mixed, conservation, alley, trap, deterrent,
and push-pull; they are equally effective in improving soil quality [22]. Many advantages
of the intercropping system are known, but the greatest benefit is the achievement of a
relatively higher yield due to the more efficient use of available growth resources while
using a mixture of crops with a different rooting ability, canopy structure, height, and
nutrient requirements [23]. Literature sources also report that intercropping significantly
improves soil fertility through biological nitrogen fixation by legumes, soil conservation
through a denser crop distribution than in monoculture, and higher resistance to lodging in
crops susceptible to this phenomenon [24]. In addition, the use of an intercropping mixture
promotes the improvement of forage plants, reduction of pests and diseases, and promo-
tion of biodiversity [24]. Nevertheless, the intercropping system has disadvantages, e.g.,
competition for light, water, and nutrients, allelopathic effects, and practical problems that
may result from failure to adapt agricultural practices to the intercropping system [24,25].

Climate change has a major impact on crop quality and productivity [26]. Hot weather,
droughts, or excessive rainfall and consequent floods often lead to crop failure and reduc-
tion in yield [26]. Therefore, in order to draw reasonable conclusions, this study was based
on three terms of the growing season (spring, summer, autumn).

This paper aims to answer the question about intercrop mixtures, i.e., whether their
application really supports the biological properties of monoculture soils. We selected two
biological factors, dehydrogenase and respiration activities, to measure soil fertility and
monitored their response to the intercropping mixture application in a long-term maize
monoculture field. There are several studies on the use of intercropping mixtures; however,
only a few have attempted to investigate the effects of intercrops on soil physical and chem-
ical properties and the diversity and composition of the soil microbial community [27-30].
Therefore, this paper focuses on comparing the chemical and biological properties of the
studied soils (under the intercropping mixture and the maize monoculture) and, most
importantly, examining the variation in bacterial biodiversity during three terms of the
vegetation season, with emphasis on indicators of sensitivity and resistance to long-term
maize monoculture. Based on literature data, we hypothesized that intercropping (i) might
have distinct effects on the soil bacterial community structure and diversity, and (ii) should
improve soil biological quality compared to long-term monocultures.

2. Materials and Methods
2.1. Description of the Study Area and Soil Sampling Procedure

The study area was located in Wierzchucin Kroélewski village (Kujawsko-Pomorskie
Province, NW Poland) on a site belonging to the Potulicka Foundation Group (Figure 1).
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Figure 1. Location of the study area with a photograph of the two studied fields and separated rasters.

The agricultural area held by the Potulicka Foundation covers approx. 6130 ha of
farmland and, importantly, over 60% of the crop is maize grown for forage and grain.
More than 95% of the Potulicka Foundation agricultural area has been mapped using GPS
technology, which is extremely important due to the irregular shapes of the fields and the
variability (heterogeneity) of the fields in terms of their nutrient contents (Figure 1).

Two neighboring fields were selected for this study: K20, on which the Gorzow
mixture (intercropping mixture) was sown to improve soil quality after maize monoculture
in 2020, and K21, on which the long-term (more than 30 years) monoculture cultivation was
continued (Figure 1). Importantly, the Gorzow mixture was sown in the main burn in spring
to break the maize monoculture and improve soil properties. The mixture was harvested
as green matter for cattle feed (two swaths) and plowed in autumn as green manure.

Field K20 (53.296° N, 17.790° E), covering an area of 15 ha, is a long-term maize
monoculture, but in 2020 it was sown with the Gorzow mixture (composed of perennial
ryegrass, incarnate clover, and winter vetch) to improve the soil structure. In turn, field K21
(53.294° N, 17.788° E), covering an area of 24 ha, is a perennial maize monoculture, but it
has never been sown with the intercropping mixture. Importantly, fertilization was applied
in April 2020 (after soil sampling but before maize sowing) only in field K21, whereas
K20 was not fertilized in 2020). Potassium (K) fertilization was carried out at a dose of
100 kg ha™! of K salt with 60% K,O, whereas nitrogen (N) fertilization in the form of urea
46% N was applied at a rate ranging from 150 through 175 to 200 kg ha~?!, depending on
the yield potential in each K21 raster.

From each field, five separate rasters (each about 3 ha) were selected, and soil sam-
ples were taken from the surface layer (0-20 cm) according to Polish Standard PN-ISO
10381-61998 three times a year: in spring (March 2020), summer (June 2020), and autumn
(November 2020). The soil samples were collected randomly from 20-30 sites of each raster.
Sampling was carried out in an automated manner using the IT system available on the
Potulicka Foundation farms, which allowed precise sampling from the same locations on
each date. In laboratory conditions, the soil materials were sieved through a 2-mm sieve
and stored in a refrigerator (4 °C) until chemical analysis, whereas DNA extraction and
determination of biological activities were performed immediately after the sampling.

2.2. Soil Chemical Features

The pH and redox potential (Eh) values were determined from a 2:1 soil suspension
prepared in distilled water using an automatic multifunctional potentiometer (Hach, Lange,
Glasch, Germany). To determine the total organic carbon (TOC) concentration, an automatic
carbon analyzer TOC-V gy SSM 5000A (Shimadzu, Kyoto, Japan) was used according to
the procedure described by Woliriska et al. [16]. The soil moisture was determined with the
gravimetric method (24 h, 105 °C). All measurements were taken in triplicate.
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2.3. Soil Biological Activities

Respiration activity (RA) analyses were performed on a gas chromatograph (GC,
Varian C-3800) equipped with a flame ionization detector (FID) and a thermal conductivity
detector (TCD). Briefly, 10 g of soil was weighed into sterile dark glass bottles (60 mL)
(in 3 independent replicates), and the bottles were sealed with a rubber stopper and an
aluminum cap. The samples were incubated at 20 °C for 7 days. Next, the chromatographic
analysis was performed [31]. The respiration rate was related to changes in the content of
released CO, (mg kg~! d.w. d~1).

Dehydrogenase activity (DA) was determined with the method developed by
Casida et al. [32], in which a suitable substrate (2.3.5-triphenyltertazolium chloride, TTC)
introduced into the soil is transformed by oxidoreductive enzymes (dehydrogenases) into
a product quantified easily with the colorimetric method. Shortly, a soil sample (6 g) was
mixed with 120 mg CaCOj3, 1 mL 1% (w/v) TTC, and 4 mL of distilled water and incubated
for 20 h at 30 £ 1 °C (Heraens Instruments). Enzymatic activity was quantified by reference
to a calibration curve constructed with data obtained by incubating TTC standards in the
conditions described above and was expressed in nug TPF g’1 min 2 [31].

2.4. Next Generation Sequencing and Bioinformatic Analysis

For DNA extraction (0.35 g soil), the commercial DNeasy Power Lyzer Power Soil
Kit (Qiagen, Hilden, Germany) was used, and the isolation was performed according to
the manufacturer’s Quick-Start Protocol (Qiagen Group, Germantown, MD, USA). Three
independent replicates of DNA isolation were performed for each of the soil rasters. Meta-
barcoding or 16S rRNA community profiling analysis was performed based on the hyper-
variable V3-V4 region of the 165 rRNA gene [33]. Primers (341f, 785r) were applied for both
the amplification of the selected region and the preparation of the library [33,34]. The PCR
reaction was carried out using Q5 Hot Start High-Fidelity 2X Master Mix (New England
Biolabs Inc., Ipswich, MA, USA) as described by Woliriska et al. [33,35]. After receiving
positive results of PCR, triplicate samples of soil DNA were pooled as recommended by
Kuzniar et al. [36].

Next Generation Sequencing (NGS) was performed by Genomed S.A. (Warsaw, Poland)
on a MiSeq sequencer (Illumina, San Diego, CA, USA) in paired-end (PE) technology,
2 x 300 nt, using an Illumina v2 kit (San Diego, CA, USA).

The preliminary analysis of the data obtained was carried out with MiSeq Reporter
(MSR) v2.6 software (Illumina, San Diego, CA, USA). A detailed description of the subse-
quent steps is included in our previous paper [33]. The sequences were clustered based on
a 97% similarity threshold [33].

Bioinformatic analyses were performed in R v4.1 using DADA2 v1.18 [37], and se-
quences were classified using the DECIPHER package v2.20 [37] based on the GreenGenes
v13_8 reference sequence database [38]. The results are presented as a percent of the rel-
ative abundance of identified sequences at the selected taxonomy levels (phyla, genera).
The identified sequences are available under accession number PRJNA725644 (GenBank
Database, NCBI: https:/ /www.ncbi.nlm.nih.gov/bioproject/PRINA725644 (accessed on
28 April 2021)).

3. Results
3.1. Soil Chemical Characteristics

The basic chemical properties (pH, Eh, TOC, moisture) of the investigated fields (K20-
intercropping mixture and K21-maize monoculture) varied over different seasons (spring,
summer, autumn), as shown in Table 1.

The acidity (pH) of soils where the intercrop mixture was applied (K20-144-K20-148)
ranged from 6.07 to 7.90 in spring, from 5.70 to 6.63 in summer, and from 5.99 to 6.94 in
autumn. A small difference in pH was observed in the soils under the long-term maize
monoculture (K21-149-K21-155), with values ranging from 5.82 to 7.93 in spring, 5.31 to 6.60
in summer, and 5.84 to 6.99 in autumn. The lower range of the pH values in the soils with
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the long-term maize monoculture indicates that they were slightly more acidic, with the
highest acidity in summer (pH = 5.31 for K21-149). All soils were well aerated. The highest
redox potential (Eh) level was noted in summer (534.57 mV for K20 and 568.03 mV for K21
soils), and its lowest value was recorded in autumn (417.73 mV for K20 and 426.17 mV for
K21 soils) in both studied fields. The content of TOC was higher in field K20, where the
intercrop mixture was applied (0.32% in spring, 0.37% in summer, and 0.47% in autumn).
The highest moisture values in the examined soils were recorded in autumn (13.35% for
K21-154 and 13.05% for K20-144), while the lowest value was noted in spring (4.59% for
K20-144 and 6.20% for K21-149).

Table 1. Basic chemical properties of the fields in different seasons: K20-intercropping mixture and
K21-maize monoculture (mean values of three replicates & standard deviation level).

No of Raster PHm20) Eh (mV) TOC (%) Moisture (%)
SPRING
K20-144 6.07 £ 0.04 509.23 £ 0.12 0.71 £0.01 4.59 +0.07
K20-145 6.07 + 0.03 526.50 + 0.85 0.82 + 0.04 5.89 +0.11
K20-146 7.90 + 0.03 493.60 + 0.08 0.61 +0.03 7.56 £+ 0.05
K20-147 6.21 £ 0.03 514.30 £ 0.16 1.16 + 0.04 9.53 + 0.08
K20-148 6.07 + 0.04 525.60 + 0.21 1.34 £ 0.03 8.92 + 0.06
K21-149 6.02 £ 0.01 514.70 + 0.04 0.52 +0.03 6.20 + 0.03
K21-151 6.40 £ 0.01 509.60 £+ 1.60 0.59 +0.03 7.36 £+ 0.06
K21-152 5.82 + 0.04 520.20 + 0.08 0.56 £ 0.01 8.51 +0.12
K21-154 6.83 £ 0.02 507.00 &+ 0.16 0.67 = 0.05 7.40 £ 0.06
K21-155 7.93 £+ 0.03 499.70 + 0.21 1.02 + 0.02 8.41 £ 0.05
SUMMER
K20-144 6.63 £ 0.05 534.40 4+ 0.20 0.85 + 0.02 10.26 £+ 0.03
K20-145 6.20 £ 0.05 534.33 £ 0.26 0.79 £ 0.02 7.70 £ 0.06
K20-146 5.95 4+ 0.01 533.86 + 0.25 0.77 £ 0.03 9.13 + 0.07
K20-147 6.29 £ 0.03 527.07 +0.20 0.77 £ 0.04 10.92 £+ 0.04
K20-148 5.70 £ 0.02 534.57 £ 0.05 1.14 +0.04 14.64 £ 0.08
K21-149 5.31 +0.02 561.53 + 0.70 0.71 +0.05 10.24 £ 0.03
K21-151 5.44 + 0.01 567.60 + 0.17 0.45 £+ 0.01 9.09 + 0.08
K21-152 5.46 £ 0.01 568.03 £+ 0.59 0.62 + 0.04 8.84 + 0.06
K21-154 6.08 + 0.02 542.67 £+ 0.37 0.77 +0.03 10.73 £ 0.09
K21-155 6.60 £ 0.04 537.73 + 0.95 0.70 £ 0.04 10.44 £ 0.05
AUTUMN

K20-144 6.17 +0.03 491.07 £+ 0.28 0.58 &+ 0.02 13.05 £ 0.06
K20-145 6.60 £ 0.01 417.73 + 3.02 0.52 +0.03 10.88 £ 0.08
K20-146 6.94 £ 0.01 424.83 +0.12 0.42 £ 0.01 12.23 £ 0.09
K20-147 6.61 +0.03 469.67 + 0.25 0.51 +0.05 12.01 £ 0.11
K20-148 599 £ 0.16 499.13 + 0.76 0.87 £ 0.01 16.32 £ 0.04
K21-149 5.99 + 0.02 496.53 + 0.33 0.23 +0.02 11.87 £+ 0.06
K21-151 5.84 +0.01 515.30 + 0.21 0.35 £+ 0.01 9.66 + 0.03
K21-152 6.33 £ 0.01 506.57 + 0.23 0.36 + 0.02 9.61 + 0.05
K21-154 6.55 + 0.02 484.07 £ 0.17 0.39 + 0.03 13.35 £ 0.02
K21-155 6.99 + 0.04 426.17 £ 0.12 0.40 = 0.03 11.88 £+ 0.03

3.2. Soil Biological Activities

The tested soils differed in their respiration activity (RA) and dehydrogenase activity
(DA), as shown in Figures 2 and 3, respectively.

The tested soil rasters were characterized by varying biological activities, even within
the same agricultural practice systems. The highest level of RA was recorded in raster
K20-145 in autumn (56.56 mg CO, kg~ d.w. d~1); for comparison, the highest respiration
in the monoculture soils was detected in raster K21-153 (43.98 mg CO, kg~ ' d.w. d71). In
general, the RA ranged from 13.64 to 56.56 mg CO, kg ! d.w. d ! for K20 and was in the
range of 14.42-43.98 mg CO, kg~ ! d.w. d~! for K21 (Figure 2).
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Figure 2. Respiration activity (RA) in the rasters of field K20 under the intercropping mixture and
field K21 under the maize monoculture in spring, summer, and autumn.

Figure 3. Dehydrogenase activity (DA) in the rasters of field K20 under the intercropping mixture
and field K21 under the maize monoculture in spring, summer, and autumn.

It was also evidenced that the season of the year was an important determinant of
the recorded RA values. The parameter exhibited the maximal mean values in autumn
(33.73mg CO, kg_1 d.w. d~! for K20 and 28.16 mg CO, kg_1 d.w. d~! for K21) and minimal
values in spring (24.03 mg CO, kg ! d.w. d ! and 15.52 mg CO, kg~! d.w. d~! for K20 and
K21, respectively). This trend was noted both in the Gorzow mixture-sown soils and in those
with the long-term maize monoculture (Figure 2). Nevertheless, there were cases in which
RA reached the highest value in spring, and such results were recorded in raster K20-146
(20.8 mg CO, kg1 d.w. d 1) or K20-147 (36.59 mg CO, kg ! d.w. d 1) and even in summer
in K20-148 (28.97 mg CO, kg~! d.w. d~') and K21-155 (26.19 mg CO, kg~ ! d.w. d1).
Importantly, compared to field K20, the RA value in field K21 was approx. 1.2-fold, 1.5-fold,
and 1.55-fold lower in autumn, summer, and spring, respectively.

The application of the intercropping mixture contributed to an increase in DA (Figure 3).

The highest DA value was recorded during autumn in raster K20-145
(3.73 x 107° ug TPF g~! min—2). It was substantially higher than the maximum DA deter-
mined simultaneously for raster K21-149 (1.73 x 10~° ug TPF g~ ! min~2). As in the case of
RA, the mean values of DA indicated dependence of the parameter on the season (Figure 3).
In both fields, K20 and K21, the highest DA level was noted in autumn (2.36 x 10~ ug TPF
g1 min~? for K20 and 1.31 x 10~ ug TPF g~! min~2 for K21). It was lower in summer
(9.95 x 107° ug TPF g~ ! min~2 for K20 and 7.28 x 10~® ug TPF g~ ! min~2 for K21) and the
lowest in spring (5.1 x 107® ug TPF g~! min~2 for K20 and 4.17 x 10~® ug TPF g~ ! min—2
for K21). Only one studied soil raster (K21-152) displayed a different trend, although the
highest DA was still detected in the monoculture soil in autumn. As a result of applying the
Gorzow mixture in field K20, DA increased (Figure 3), indicating more favorable conditions
for microbial growth and activity in the soil environment than in field K21.
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3.3. Bacterial Biodiversity at the Phylum Level

The main phyla of bacteria in the studied rasters of field K20 under the intercropping
mixture and field K21 under the maize monoculture in the spring, summer, and autumn
seasons are shown in Figure 4.

Figure 4. Bacterial phyla in the rasters of field K20 under the intercropping mixture and field K21
under the maize monoculture in spring, summer, and autumn.

Proteobacteria were the dominants (34.88-45.17% for K20 and 32.82-41.83% for K21 in
spring; 36.45-54.51% for K20 and 42.32-63.76% for K21 in summer; 25.97-49.69% for K20
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and 35.05-45.67% for K21 in autumn) in each of the studied rasters. However, their abun-
dance differed depending on the season and the mode of land cultivation (intercropping
mixture or long-term maize monoculture). The amount of Proteobacteria in spring was
relatively constant and comparable in both the K20 and K21 rasters, although a significant
increase in their abundance was observed in all the K21 rasters in summer, where the
long-term monoculture of maize was carried out, and especially in raster K21-149, where
the amount of Proteobacteria was 63.76% (approx. 1.9-fold higher than in spring).

Field K20 in summer was still rich in Proteobacteria; however, their presence de-
creased in two (K20-146 and K20-148) of the five rasters (by 7.35% and 1.01%, respectively).
Moreover, an increase in the Proteobacteria relative abundance was observed in autumn
compared to spring and summer, though rasters K20-147, K21-151, and K21-155 showed
relatively comparable Proteobacteria abundance in all seasons (spring, summer, and autumn).

Acidobacteriota appeared to be subdominant in summer (9.69-25.17% for rasters
K20-145 and K20-148, respectively; 10.74-21.59% for rasters K21-155 and K21-154, respec-
tively) and autumn (14.84-24.07% for K20-145 and K20-148, respectively; 9.94-18.17% for
K21-151 and K21-149, respectively). Interestingly, in spring, Actinobacteriota appeared to
be the subdominant phylum occurring in much higher abundance than Acidobacteriota,
especially in rasters K21-154 (31.89%) and K21-155 (30.10%). The analysis conducted in the
same season revealed that the mean abundance of Actinobacteriota (13.72%) in K20 slightly
exceeded that of Bacteroidota (13.54%), and Acidobacteriota (10.92%) ranked fourth in
abundance. In turn, the abundance of phyla in both fields in summer ranked as follows:
Proteobacteria > Acidobacteriota > Bacteroidota; however, Gemmatimonadota (5.69%)
ranked fourth place in K21, thus slightly surpassing Verrucomicrobiota (5.20%) and Acti-
nobacteriota (3.56%). In comparison, Verrucomicrobiota (6.88%) > Actinobacteriota (5.01%)
> Gemmatimonadota (4.90%) dominated in field K20, in addition to the first three types
common to both fields. The relative bacterial phylum biodiversity in autumn showed
similarity between the dominants and sub-dominants in both fields (K20 and K21), and
these were invariably Proteobacteria (37.91% and 42.50% for K20 and K21, respectively) and
Acidobacteriota (20.75% and 15.53%, respectively). The relative abundance of the phyla in
the studied soils decreased in the case of these two dominants compared to summer and au-
tumn for K20 and summer for K21. Besides the first two indicated phyla, Verrucomicrobiota
(11.83%) > Gemmatimonadota (7.06%) > Bacteroidota (6.77%) > Actinobacteriota (6.23%)
> Myxococcota (3.72%) > Planctomycetota (1.49%) > Nitrospirota (1.21%) dominated in K20,
while Bacteroidota (12.62%) > Gemmatimonadota (8.26%) > Verrucomicrobiota (7.67%)
> Actinobacteriota (6.17%) > Myxococcota (3.02%) > Nitrospirota (1.36%) were dominant
in K21. The relative abundance of Chloroflexi, Patescibacteria, Bdellovibrionota, and Fir-
micutes oscillated below 1% in each case. Sequences with an abundance of less than 0.1%
were included in the “other” group (Figure 4).

3.4. Bacterial Biodiversity at the Genus Level

At the genus taxonomic level, the bacterial structure was highly differentiated depend-
ing on the raster studied, the agricultural practice applied, and the season (Figure 5).

The NGS analysis showed that the following dominant bacterial genera in field K20
in spring: Gaiella (11.88% for K20-148 and 7.44% for K20-145); Rhodanobacter (8.22% for
K20-148), RB41 (7.03% for K20-144), Arenimonas (6.24% for K20-147, 6.01% for K20-146, and
5.65% for K20-144), Gemmatimonas (6.91% for K20-147 and approx. 4.0% in rasters K20-145,
K20-146, and K20-148), Mucilaginibacter (4.4% for K20-148 and 5.62% for K20-145), and
Bryobacter (0.78% for K20-146 and 5.68% for K20-148).

In comparison, the monoculture field K21 was dominated by the following genera
(Figure 5): Gaiella (3.75% for K21-152 and 8.60% for K21-155), Gemmatomonas (1.01% for
K21-155 and 6.86% for K21-152), RB41 (2.56% for K21-151 and 5.42% for K21-155), and
Bryobacter (0.60% for K21-155 and 5.99% for K21-149).
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Figure 5. Dominant bacterial genera in the rasters of field K20 under the intercropping mixture and
field K21 under the maize monoculture in spring, summer, and autumn.

In spring, the following genera of soil bacteria were present in field K20 as subdom-
inant microbiota (>2% of the identified sequences): Sphingomonas (2.74-4.62%), Massilia
(2.59-4.53%), Flavobacterium (0.32-3.89%), Ellin6067 (0.93-2.86%), Candidatus Udaeobacter
(0.32-2.83%), Candidatus Solibacter (0.28-4.68%), Pseudolabrys (0.22-3.66%), MND1 (0.66—4.37%),
Edaphobaculum (0.59-4.16%), and Nocardioides (0.46-2.13%). The same bacterial genera were
found as subdominants in field K21 in spring; they occurred in a similar percentage range,
suggesting that applying precision farming principles in long-term monocultures does not
degrade indigenous bacterial biodiversity (Figure 5).

In summer, in the field sown with the Gorzow mixture (K20), the NGS analyses re-
vealed the presence of 9 bacterial genera as dominants: Sphingomonas (6.35-12.99%), RB41
(0.43-10.55%), Arenimonas (2.56-7.54%), Gemmatimonas (1.97-6.36%), Massilia (0.55-5.54%),
Bryobacter (1.41-5.41%), Candidatus Solibacter (1.21-10.34%), Rhodanobacter (1.14-5.59), and
Candidatus Koribacter (1.23-5.58%). In comparison, field K21 was dominated by the follow-
ing 6 genera: Sphingomonas (8.41-18.09%), RB41 (1.81-13.90%), Arenimonas (0.88-8.17%),
Flavobacterium (0.65-5.06%), Gemmatimonas (3.12-5.93%), and Rhodanobacter (0.24-12.63%)
(Figure 5).

In autumn, field K20 was dominated by 9 bacterial genera: RB41, Sphingomonas,
Massilia, MND1, Gemmatimonas, Bryobacter, Candidatus Solibacter, Rhodanobacter, and Mu-
cilaginibacter, while 8 genera were identified as dominants in field K21: Sphingomonas,
RB41, Arenimonas, Rhodanobacter, Gemmatimonas, Candidatus Solibacter, Pseudolabrys, and
Mucilaginibacter. The subdominants in the bacterial structure in fields K20 and K21 in
autumn were represented by as many as 12 bacterial genera (Figure 5).
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3.5. Bacterial Indicators of Sensitivity and Resistance to Maize Monoculture

Our study allowed us to identify new bacterial indicators of the susceptibility to maize
monoculture in spring, summer, and autumn (Figure 6). During the early growing season
(spring), 14 bacterial genera showing sensitivity to the maize monoculture were detected,
and the relative abundance of these bacteria was in the range of 0.58-4.81% for field K20
and 0.53-3.72% (Lysobacter-Gemmatimonas) for field K21. Fields K20 and K21 had an
even higher abundance of bacteria showing sensitivity to the maize monoculture during
summer. At that time, 16 bacterial genera were recorded, whose abundance based on
Reyranella and Gemmatimonas was 1.02-4.44% for field K20 and 0.70-4.03% for field K21,
respectively. In the studied spectrum, the lowest biodiversity at the generic level was
observed in autumn. The presence of 11 bacterial genera was then observed, with the
highest abundance attributed to RB41 (6.59% and 4.51% for K20 and K21, respectively) and
the lowest abundance of Rhodanoplanes (1.09%) for field K20 and Chthoniobacter (0.53%)
for field K21. Our results indicate that the bacterial abundance was significantly higher in
field K20 with respect to field K21, where the long-term maize monoculture was used.

Figure 6. Bacterial genera with sensitivity to the maize monoculture in spring, summer, or autumn.

The analysis of the results discussed above distinguished two types of bacteria detected
in each of the three studied growing seasons (spring, summer, autumn). These include
Massilia (3.40% for K20 and 2.90% for K21 soils in spring, analogously 1.95% and 1.60%
in summer, and 2.73% and 2.48% in autumn) and Haliangium (1.55% and 1.26% for K20
and K21 soils in spring, analogously 2.17% and 1.07% in summer, and 2.19% and 1.86% in
autumn, respectively).

Due to their repeatability in each season (a decrease in the abundance in the maize
monoculture soil in respect to the intercropping mixture field), these genera of bacteria can
be recommended as indicators of sensitivity to maize monoculture (Figure 7).
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Figure 7. Bacterial genera recommended as sensitive to maize monoculture in all studied seasons.

We also analyzed the diversity of bacterial genera in the context of genera characterized
by higher relative abundance in the field under the maize monoculture (K21) compared to
K20-the intercropping mixture (Figure 8).

Figure 8. Bacterial genera with resistance to maize monoculture in spring, summer, or autumn.

Eleven genera of bacteria were characterized in the spring, with the following pre-
dominant genera: Gaiella (4.96% and 6.04% for K20 and K21), Sphingomonas (3.95% and
4.99%), and RB41 (3.09% and 4.33%). The highest abundance was observed in summer
when 10 bacterial genera were distinguished. The most representative bacterial genera in
this respect were Sphingomonas (9.27% and 13.45% for K20 and K21), RB41 (4.50% and 8.90%
for K20 and K21), and Arenimonas (3.95% and 4.03%). In autumn, 11 bacterial genera were
identified, with the dominance of Gemmatimonas (6.59%) in the K20 field and Sphingomonas
(8.11%) in the K21 field. Interestingly, the genus RB41, which was highly abundant in the
investigated soils in spring and summer, was not detected in autumn.
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The comparison of the results obtained during the three terms of the vegetation seasons
revealed that one genus of bacteria, i.e., Sphingomonas, was classified as resistant to the
maize monoculture, as it increased its abundance in field K21 versus K20 (Figure 9).

Figure 9. Bacterial genus recommended as resistant to maize monoculture in all studied seasons.

The relative abundance of Sphingomonas was 3.95% and 4.99% in K20 and K21, respec-
tively, in spring, 9.27% and 13.45% in summer, and 5.71 and 8.11% in autumn. Therefore, it
was concluded that the genus Sphingomonas could indicate resistance to maize monoculture
(Figure 9).

3.6. Biodiversity Indices and Beta-Diversity

The abundance of common and different bacterial genera in the soil under the in-
tercropping mixture and maize monoculture is presented in the form of a Venn diagram
(Figure 10).

Figure 10. Venn diagram illustrating the numbers of common and different genera in soils under the
intercropping mixture and maize monoculture.

It was noted that 313 genera of bacteria were common to both investigated fields
(K20 and K21). In the field where the Gorzow mixture was applied (K20), 59 bacterial
genera were detected, which, in turn, were not confirmed in the monoculture field (K21).
In comparison, 67 genera that did not occur in field K20 were detected in K21. Overall, a
more abundant microbiome at the genus taxonomic level was present in the monoculture
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soils, suggesting that applying precision agriculture principles to long-term monocultures
does not degrade indigenous bacterial biodiversity.

The biodiversity indices obtained from the NGS analyses were illustrated using
Shannon-Weaver and Simpson metrics (Figure 11). The Shannon diversity index (H")
reached values above 4.00 in both fields (K20 and K21) in each season. In spring, it ranged
from 4.45 to 4.48 in the field where the Gorzow mixture was applied (K20) and in the
monoculture field (K21), respectively.

Figure 11. Shannon-Weaver biodiversity index and Simpson dominance index values in the different
terms of the vegetation season in the fields under the intercropping mixture and maize monoculture.

In summer, H” decreased and ranged from 4.24 in field K20 and 4.11 in field K21.
Interestingly, the Shannon index in autumn reached a higher value (4.15) in field K21 than
in K20 (4.06) (Figure 10).

The changeability of the Simpson dominance index (D) is presented in Figure 11.
In soils where the intercrop mixture (K20) was applied, it remained relatively constant
in spring and summer (approx. 0.04) but was over 0.05 in autumn. In the long-term
monoculture field (K21), D reached the lowest value in spring (over 0.024), a higher level in
autumn (over 0.051), and the highest value in summer (over 0.063).
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4. Discussion

The use of the intercropping system can increase the yield potential [39] and improve
soil quality by reducing artificial chemical pollution [40], inhibiting soil diseases [41],
enhancing plant root function [42], increasing soil nutrient efficiency and spatial utiliza-
tion [43], and promoting the biofunctionality of soil microorganisms [44]. Many reports
show that agricultural practice and agrotechnical treatments have a great influence on
the modification of soil chemical parameters [40,45-47]. The finding that soil chemical
properties create specific niche conditions for microorganisms and thus indirectly affect
the biological activity and microbial diversity in the soil environment was reported by
Uzarowicz et al. [48] and Grzadziel et al. [49]. Our studies have shown that the application
of different cultivation systems induced differences, e.g., in the chemical parameters of
soils (pH, Eh, TOC, moisture), depending on the term of the growing season. It was also
confirmed that the indices of biological activity, such as enzymatic and respiratory activities,
differ depending on the soil properties and the season.

Soil pH is one of the most easily measurable parameters defining soil quality [47-49].
It is referred to as the “major soil variable” influencing myriads of biological, chemical, and
physical soil properties and processes involved in plant growth and biomass yield [50,51].
Importantly, adequate soil pH is essential for the proper enzymatic activity in soil [52,53]
and can indirectly regulate enzymes by influencing the microbiome producing these en-
zymes [54]. Our results showed a relationship between pH and the different seasons. It
turned out that, in spring, the soil pH value was the closest to neutral in both the inter-
cropping system (6.07-7.90 for field K20) and the long-term monoculture (5.82-7.93 for
field K21). The investigated soils had the lowest acidity in summer and a slightly higher
value in autumn in both fields K20 and K21. The Eh and pH of the environment largely
determine the types of metabolism occurring in the soil bacterial community and are
therefore important parameters of biological activity [55]. All the studied soils had an Eh
value above 400 mV, which indicates that they are well aerated [56]. There was a clear
increase in TOC, RA, and DA after applying the Gorzow mixture (K20), compared to the
results obtained in the field with the long-term maize monoculture (K21). The highest mean
values for RA (33.73 mg CO, kg ! d~! for K20 and 28.16 mg CO, kg ! d~! for K21), DA
(2.36 x 1075 ug TPF g~ ! min~2 for K20 and 1.31 x 10> pg TPF g~! min~2 for K21), and
TOC (an increase by 0.47% compared to field K21) were recorded in autumn. These results
suggest that the increase in the values of the above-mentioned parameters is reflected
in the improvement of the soil environment conditions promoting the development of
microorganisms and indicates a beneficial effect of the intercropping system on soil quality.

As evidenced by Bloniska [57], dehydrogenases are pH-dependent, and their activ-
ity tends to increase with soil pH, while Brzezifiska et al. [58] and Wlodarczyk [59] re-
ported that the best pH conditions for DA oscillated in the range from 6.6 to 7.2. How-
ever, our study shows a definite DA increase after applying the Gorzow mixture, com-
pared to the long-term maize monoculture. Moreover, in autumn, a higher DA value
(3.73 x 10~ ug TPF g~ ! min—?) was recorded in raster K20-145 at pH = 6.6 than in raster
K20-146 (DA = 1.82 x 10~° pg TPF g~ ! min~2), where pH = 6.95, which indicates that DA
does not always increase with increasing pH, as claimed by Bloriska [57]. A similar situa-
tion was observed in the case of raster K20-144, with DA = 2.25 x 107> ug TPF g~ ! min—2
and pH was 6.17, where a lower DA value was recorded in raster K20-147 despite the
higher pH equal to 6.61. Additionally, the lowest pH recorded (5.99) in raster K20-148
among all the K20 field rasters examined in autumn was not accompanied by the lowest
DA (DA =1.95 x 1072 ug TPF g~ ! min~—2), as in the case of raster K20-146 with pH = 6.94
(DA =1.82x107° ug TPF g’1 min~2). This is at odds with the thesis of the aforemen-
tioned researchers, showing that DA does not always increase with increasing pH and
that the highest DA values are not always reached at pH = 6.6-7.2, as demonstrated
in the present study. A comparison was also made with field K21 (long-term maize
monoculture), where significantly lower DA values were observed, although the trend
was similar to that in field K20 (intercropping system). Thus, in raster K21-149, a DA
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value of 1.73 x 10~ ug TPF g~ ! min~2 was recorded at pH = 5.99, while the DA value at
pH = 6.99 in raster K21-155 was 8.20 x 10— ug TPF g*1 min~2, i.e., the DA value was much
lower than in raster K21-149, which again contradicts the thesis presented by Btoriska [57],
Brzeziniska et al. [58], and Wtodarczyk [59].

The present work also provides a comprehensive insight into the bacterial biodiversity
structure at two taxonomic levels (phylum and genus). It was found that Proteobacteria and
Acidobacteriota were the dominant phyla in the soil microbiome in the soils sampled from
both fields K20 and K21. Nevertheless, the relative abundance of these bacteria varied with
the season and the cropping system, which is consistent with previous studies [60-62]. It
turned out that a marked increase in the Proteobacteria abundance was recorded in summer,
both in K20 and K21, although surprisingly, the highest abundance was also recorded in
the rasters of field K21, where the long-term maize monoculture was carried out. This may
indicate that these bacteria can adapt to less favorable environmental conditions, which
proves the validity of the study conducted by Woliriska et al. [63]. Acidobacteriota were
the subdominant bacterial phylum in terms of the relative abundance noted in summer
and autumn in fields K20 and K21. Interestingly, in spring, there was an increase in
Actinobacteriota abundance in the rasters of field K20 and an even greater increase in the
rasters of field K21, thus showing their subdominance at this time of year. It is known
that Acidobacteriota are commonly found in soils with acidic pH [64]; moreover, lower
pH levels support their higher abundance [65,66], which is related to the lowest pH values
obtained only in spring (Table 1). An ecologically important group of bacteria in soils are
representatives of the Bacteroidota phylum, which were also considerably abundant in
the studied rasters. There are studies confirming that Bacteroidota can be considered as
indicators of, e.g., fatigue of agricultural soils [67,68].

Our results show a definite increase in the richness of bacterial biodiversity at the
genus level in the rasters of the field treated with the intercropping system (K20) compared
to the field treated with the maize monoculture (K21) (Figure 5). A similar trend was
shown by Xiao et al. [69], who proved that intercropping with green garlic significantly
increased the population of bacteria and actinomycetes in cucumber/garlic intercrops [69].
Furthermore, it was proved that onion or garlic intercropping with cucumber promoted
both bacterial and fungal communities, and the effects persisted over subsequent grow-
ing seasons [70]. Overall, various studies confirm the positive effects of intercropping,
i.e., increased soil microbial diversity, for example, the intercropping system in wheat-
soybean [71], maize/wheat-fava bean [72], millet-mung bean [73], and maize-peanut [74].
It is argued that the level of soil bacterial diversity plays an important role in maintaining
the stability of the agricultural ecosystem, improving crop resistance, crop growth, yield
formation, and plant diversity. It also ensures the diversity of soil bacterial communities
and reduces the abundance of pathogenic microorganisms [75]. Similarly, in the present
study, one genus was selected as a pathogen, namely Bdellovibrio; however, it was present
in low numbers, and no negative effect of these bacteria on the studied soils was observed.

The NGS analysis allowed us to select indicators of sensitivity and resistance to
long-term maize monoculture, which is undoubtedly a novelty in the presented results.
Two types of bacteria: Massilia and Haliangium, were recognized and recommended as
indicators of sensitivity to maize monoculture, which was evidenced by the decrease in
their abundance in the soil with the maize monoculture (K21), compared with the field
with the intercrop mixture (K20) (Figure 7). One genus, Sphingomonas, was also identified
as resistant to maize monoculture, as evidenced by the increase in the abundance of this
bacterium in field K21 compared to field K20. Sphingomonas was abundant in our rasters,
especially in the samples of field K20, and dominated there especially in summer, autumn,
and spring, but it should be noted that it is one of the endophytic bacteria of maize [76].

5. Conclusions

Our results demonstrate that the application of the intercropping system has a benefi-
cial effect on the chemical properties and enzymatic activity. It contributes to improving
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soil quality and an increase in the richness and diversity of soil bacteria at the taxonomic
level of genera compared to maize monoculture, as shown by the results from the three
terms of the growing season. However, it should be noted that the level of biodiversity in
the field where the long-term maize monoculture was grown was also satisfactory.

We have shown that biodiversity and bacterial abundance were correlated with the
season and cropping system used, with a noticeable increase in the biodiversity and
abundance of the bacterial microbiome at the genus level in the rasters of field K20. Using
the NGS analysis, we were able to identify bacteria that act as indicators of sensitivity and
resistance to long-term maize monoculture. Thus, Massilia and Haliangium were selected
as indicators of sensitivity to maize monoculture, as evidenced by the decrease in their
abundance in the maize monoculture soil (K21) compared to the field with the intercropping
mixture (K20). We have proved that Sphingomonas is an indicator of resistance to maize
monoculture due to the increase in the abundance of this bacterium in field K21 compared
to field K20.

Considering the research hypotheses, we have proved that intercropping improves
soil biological quality compared to long-term monocultures. Nevertheless, further studies
are needed (i.e., lasting longer than one vegetation season) to elucidate its effect on soil
bacterial community structure and diversity.
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ABSTRACT

The choice of appropriate agricultural practices has a major impact on soil quality, crop productivity, and
bacterial community structure. The aim of our study was to gain insight into Bacteroidota structure, including
the phylum, family, and genus in the context of the application of different agricultural practices (crop rotation,
intercropping mixture, long-term maize monoculture) across changing seasons (spring, summer, autumn), which
is undoubtedly novel among previous reports on different cropping systems. Additionally, the Spearman cor-
relation test as well as ANOVA and RDA statistical analyses were conducted to expand the information on
chemical factors directly affecting Bacteroidota abundance in the soil environment. Bacteroidota were shown to
be present with varying abundance depending on the agricultural practice and the season. The highest abun-
dance of Bacteroidota occurred when crop rotation was the main agricultural practice, where the highest average
yield was also recorded. Thus, our study identified crop rotation as the best of the three agricultural practices
compared. The reduction in the relative abundance of Bacteroidota, in particular Flavobacterium sp. in fields K20
(intercropping) and K21 (monoculture), and the achievement of almost twice the lower average yield in field K21
than in field K3, indicated the poorer quality of these soils. We therefore concluded that the increased abundance
of Bacteroidota could indicate good quality agricultural soils. It was also proved that the genera Mucilaginibacter
and Edaphobaculum are the most sensitive to soil chemistry over the changing seasons, while the genus Fla-
vobacterium is sensitive to agricultural practices and its presence may indicate good quality of agricultural soils.
Statistical analyses indicated that chemical properties have a strong influence on Bacteroidota structure for-
mation in agricultural soils. Overall, our results have evidenced that the Bacteroidota community can be an
important indicator of soil quality in studies of soil biological degradation processes, since a decrease in the
abundance of these beneficial microorganisms potentially could be connected with reduction of the soil quality,
fertility and ultimately affects crop yield. They have also shown that the community of this group of bacteria
varies between seasons of the year.

1. Introduction

(Dunn et al., 2021; Wolinska et al., 2022), climate variability (Wolinska
et al., 2022), and soil properties, e.g. pH, moisture, and soil carbon

The soil environment accounts for a large proportion of global
biodiversity contributing to many key ecosystem services (Guerra et al.,
2020), and soil microorganisms play an extremely important role in this
environment (Bertini and Azevedo, 2022). The abundance and diversity
of the soil microbiome are influenced by applied agricultural practices

* Corresponding author.

content (Ren et al., 2018; Wolinska et al., 2022; Zhalnina et al., 2014;
Zhang et al., 2014). The use of diverse agricultural practices also affects
microhabitat conditions and resource availability (Choudhary et al.,
2018b; Qiang et al., 2021; Zhu et al., 2021; Yang et al., 2022). Therefore,
a comprehensive understanding of soil biodiversity dynamics can be
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beneficial for improved land use and climate change (Edlinger et al.,
2020) and for increasing crop yields (Morugan-Coronado et al., 2022).

A sizable body of research focuses on changes in overall bacterial
(Merloti et al., 2022; Orr et al., 2015; Tyler, 2019; Wolinska et al., 2022)
and fungal biodiversity (Choudhary et al., 2018b; Wolinska et al., 2022)
described in the context of different management practices. Based on our
previous studies, Bacteroidota have been shown to be sensitive biolog-
ical indicators of the soil fatigue phenomenon (Wolinska et al., 2017).
Therefore, in the current paper, the variability of Bacteroidota in three
cropping systems and seasons was analyzed in a large agricultural area
in order to recommend families and genera that are indicative of good
biological quality of maize monocultural soils as well as those that are
sensitive to changing chemical parameters and confirm fatigue and
poorer quality of these soils.

The phylum Bacteroidota represents a versatile group of bacteria
with many unique molecular mechanisms, all of which allow them to
occupy distinct ecological niches (Lidbury et al., 2020). These bacteria
are important and dominant carbohydrate degraders in two very
different environments: the soil and the human gut (Larsbrink and
McKee, 2020). Bacteroidota proliferation is favored by their ability to
secrete diverse sets of carbohydrate-active enzymes (CAZymes) that
target highly diverse glycans in soil (Larsbrink and McKee, 2020). This
gives Bacteroidetes a distinct advantage over other species in soil en-
vironments (Larsbrink and McKee, 2020). A very well-studied genus
belonging to Bacteroidota is Flavobacterium, which breaks down com-
plex organic compounds (Kraut-Cohen et al., 2021). Several Flavobac-
teria from roots and soil have been found to antagonize various plant
pathogens in different crops (Kolton et al., 2014; Kraut-Cohen et al.,
2021; Kwak et al., 2018), which is an undoubted benefit to the plant and,
consequently, to humans. Relatively recently, bacterial network analysis
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has shown that Flavobacterium representatives are also potential agents
of pathogen suppression in root ecosystems (Wei et al, 2019).
Furthermore, selected bacteria belonging to this genus have been clas-
sified as plant-growth-promoting rhizobacteria (PGPR) of various crops
(Manter et al., 2010; Sang et al., 2011; Sang and Kim, 2012).

Bacteroidota are ecologically important for the proper functioning of
soil; therefore, it is surprising that scientific reports on the abundance
and diversity of these bacteria are very limited, and Bacteroidota are
usually described in analyses of other groups of microorganisms
(Wolinska et al., 2017). To the best of our knowledge, the present work
is the first to report the diversity of Bacteroidota in soils subjected to
different agricultural practices and to investigate the relationships be-
tween the abundance of these bacteria and the chemical parameters of
soils in three seasons (spring — the beginning of the vegetation season,
summer — the middle of the vegetation season, and autumn - the end of
the vegetation season). The main objective of this study was to gain
insight into the structure of Bacteroidota, including the phylum, fam-
ilies, and genera in the context of application of different agricultural
practices (crop rotation, intercropping mixture, long-term maize
monoculture) during the changing seasons (spring, summer, autumn).
Additionally, statistical tests were performed to provide information on
chemical factors that directly affect Bacteroidota abundance in the soil
environment.

2. Materials and methods
2.1. Study area and sampling of the soil material

The agricultural study area was located in Wierzchucin Krélewski
and Janin villages (Kujawsko-Pomorskie Voivodeship, NW Poland) in

Fig. 1. Location of the study sites on the map of Poland and the view on the three fields (K3, K20, and K21) selected for the study.
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the sites belonging to the Potulicka Foundation Group (Fig. 1).

Over 60% of the crop in the Potulicka Foundation Group is maize
grown for forage and grain (Wolinska et al., 2022). The arable land of
the Potulicka Foundation consists of approximately 50% of class III and
IV soils, while the other part of the area is located on class V and VI soils
(Wolinska et al., 2022a).

Soil samples were taken from the 0-20 cm surface layer of the three
selected agricultural fields designated as K3, K20, and K21. In each of
the fields, 5 separate rasters were separated (each about 3 ha in size)
from which representative soil material was taken (according to Polish
Standard PN-ISO 10381-6,1998) three times a year: in spring
(25.03.2020), summer (24.06.2020), and autumn (19.11.2020). In each
raster, the soil samples were collected randomly (avoiding untypical soil
areas, i.e. associated with land depressions, presence of water basins)
from c.a. 20-30 sites in order to obtain representative soil material for
each raster (Wolinska et al., 2022a). Importantly, the Potulicka Foun-
dation Group has implemented and developed advanced precision
farming systems since 2014. Thanks to the availability of appropriate IT
tools and modern machines with implemented precision farming sys-
tems soil, samples taken in each season originated from the same loca-
tions (sampling points marked with GPS tracker). Representative soil
samples were taken using an automatic sampler equipped Wintex 1000
(AgroTechnology, Poland) with an Egner stick.

Field K3 (Crop rotation) was located in Janin (53.177N, 17.780E;
Fig. 1) and covered an area of 81 ha. The crop rotation applied in this
field was as follows: wheat (crop year 2014) - maize (2015, 2016) -
wheat (2017) - maize (2018) - wheat (2019) - maize (2020). The crop
residue in the field was plowed, while straw was harvested after wheat
harvest (Wolinska et al., 2022a).

Field K20 (Intercropping) was located in Wierzchucin Krdlewski
(53.296N, 17.790E, Fig. 1) and covered an area of 15 ha. This field was a
perennial maize monoculture, but in 2020 it was sown with a Gorzéw
mixture (composed of perennial ryegrass, incarnate clover, and winter
vetch) to improve the soil structure and biological quality (Wolinska
et al., 2022a).

Field K21 (Maize monoculture) in Wierzchucin Krélewski (53.294N,
17.788E, Fig. 1) was adjacent to field K20 and covered an area of 24 ha.
It was a perennial maize monoculture as well but had never been sown
with the intercropping mixture (Wolinska et al., 2022a).

After sampling, the soil samples were sieved in laboratory conditions
through a 2-mm sieve and shortly stored in a refrigerator (4 °C) until
basic chemical analysis, whereas DNA extraction was performed
immediately after sampling (no longer than 24 h after the sampling
time).

2.2. Determination of the basic chemical parameters of the soils

Soil acidity (pH) and redox potential (Eh) were determined from a
2:1 soil suspension prepared in distilled water (Wolinska et al., 2022).
An automatic multifunctional potential meter (Hach, Lange) equipped
with glass and platinum measuring electrodes dedicated for pH and Eh
determination, respectively, was used (Wolinska et al., 2017). All
measurements were conducted in three replicates.

The total organic carbon (TOC) content was determined using an
automatic carbon analyzer TOC-V¢sy SSM 5000 A (Shimadzu, Japan).
Soil samples (150 mg) were pulverized, dried prior to analysis, and then
combusted at 900 °C in a column containing a platinum and cobalt oxide
catalyst (Wolinska et al., 2022). Consequently, all carbon compounds
were converted into carbon dioxide and detected by an infrared detector
(Wolinska et al., 2022a). All TOC recordings were realized in triplicate.

The soil moisture was determined with a gravimetric method (24 h,
105 °C). All measurements were taken in triplicate.

2.3. DNA extraction, amplification, and next generation sequencing

DNA was isolated from 0.35 g of soil using the commercial DNeasy
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PowerLyzer PowerSoil Kit (Qiagen, Germany) according to the manu-
facturers’ recommendations. Three independent replicates of DNA
extraction were performed for each soil sample.

Meta-barcoding or 16 S rRNA community profiling analysis was
performed based on the hypervariable V3-V4 region of the 16 S rRNA
gene (Klindworth et al., 2013). Primers (341 F primer 5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG
CAG; 785 R primer 5 GTCTCGTGGGCTCGGAGATGTGTATAAGAGA-
CAGGACTACHVGGGTATCTAATC, Klindworth et al., 2013) were
applied for both the amplification of the selected region and the prep-
aration of the library (Wolinska et al., 2017a). All steps, including
amplification, indexing, and library quantification, were performed
according to the protocol 16 S Metagenomic Sequencing Library Prep-
aration (Illumina).

Briefly, the PCR reaction was performed with the Q5 Hot Start High-
Fidelity 2X Master Mix (new England Biolabs) in the following reaction
conditions: 95 °C for 3 min, 25 cycles of: 95 °C for 30 s, 55 °C for 30 s,
72 °C for 30 s, 72 °C for 5 min, Hold at 4 °C. The resulting amplicons
were then indexed with the Nextera XT Index Kit (Illumina). The library
size was evaluated on the Bioanalyzer 2100 DNA High Sensitivity chip
(Agilent). Sequencing was performed on the MiSeq, 2 x 300 PE (paired-
end) in order to obtain at least 50 000 read pairs per sample.

Next Generation Sequencing (NGS) was performed by Genomed S.A.
(Warsaw, Poland) on a MiSeq sequencer (Illumina, San Diego, CA, USA)
in paired-end (PE) technology, 2 x 300 nt, using an Illumina v2 kit (San
Diego, CA, USA). The preliminary analysis of the data obtained was
carried out with MiSeq Reporter (MSR) v2.6 software (Illumina, San
Diego, CA, USA). The sequences were clustered based on a 97% simi-
larity threshold (Wolinska et al., 2020).

2.4. Bioinformatic and statistical analyses

Demultiplexed fastq files were processed using the DADA2 (1.18)
package (Callahan et al., 2016) in R software (4.1.0) (Team, 2016).
Based on the quality plots, the last 30 and 60 bases were trimmed off
from forward and reverse reads accordingly using the filterAndTrim
command. Primer sequences were excluded from all reads by removing
the first 20 bases. The filter parameters were as follows: maxN = 0,
maxEE for both reads = 3, truncQ = 2. The error rates were estimated by
learnErrors using one million reads, and exact sequence variants were
resolved using dada. Then, removeBimeraDenovo was used to remove
chimeric sequences. Taxonomy was assigned using IDTAXA (Murali
et al.,, 2018) on the sequence table, which was the outcome of the
DADA2 workflow described above. The taxonomy was assigned using
the following script: “IdTaxa(dna, trainingSet, strand="both", processor-
s=NULL, verbose=T, threshold = 55)° against the modified SILVA SSU
r138 database (Quast et al., 2013) available in the download section of
the software (http://www2.decipher.codes/Downloads.html). Then,
the results were converted and imported into the phyloseq (1.22.3)
package (McMurdie and Holmes, 2013). Sequences that belonged to the
chloroplast or mitochondrial DNA were excluded. For further analysis,
the total number of reads of individual taxa was converted into a per-
centage, assuming the sum of all taxa in individual samples to be 100%.
The results are presented as a percent of the relative abundance of
identified sequences at the selected taxonomy levels (phyla, classes,
genera). The identified sequences are available under accession number
PRJINA725644 (GenBank Database, NCBL https://www.ncbi.nlm.nih.
gov/bioproject/PRINA725644, 28.04.2021).

Correlation analyses were prepared using the Spearman correlation
test and RDA analysis. Differences between the results from the different
sampling seasons were presented as the results of the ANOVA test. All
statistical analyses were carried out in R v4.1 using microeco (Liu et al.,
2021). The statistical analysis of the results of the basic chemical pa-
rameters of the soils was conducted in R v4.1. All results were checked
with the Shapiro-Wilk test for comparison with normal distribution. The
comparison analyses between the results from the different
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seasons/types of field were carried out with the use of the Wilcoxon test
(for non-parametric data) or T-test (for parametric data); o = 0.05.

3. Results
3.1. Basic chemical properties

The basic chemical properties (pH, Eh, EC, TOC, moisture) of the
investigated fields (K3, K20, and K21), varying in the different seasons
(spring, summer, autumn), are summarized in Table 1.

The studied soils were characterized in terms of their basic chemical
properties. There were differences within the investigated fields (K3,
K20, and K21) and between the seasons of soil sampling (spring, sum-
mer, and autumn). A more detailed description of the chemical features
of the soils is presented in Wolinska et al. (2022). The highest soil acidity
was determined in summer in all of the studied fields, and the applied
agricultural practice had a great influence on pH (the highest values
were obtained in K3, lower in K20, and the lowest in K21). Statistically
significant differences were observed in the comparison of samples from
spring/summer (p = 0.008964) and autumn/summer (p = 0.002807).
All the rasters of the studied fields showed good oxygenation status, as
evidenced by redox potential (Eh) values above 300 mV. Statistically
significant differences were observed in the comparison of samples from
all the analyzed seasons (spring/summer: p = 0.01855, spring/autumn:
p < 0.0001, and autumn/summer: p = 0.0001876). Moreover, in sum-
mer, we observed statistically significant differences between samples
from the different types of fields (K3/K20: p = 0.007937, K3/K21:
p = 0.007937, K20/K21: p = 0.007937). Considering the electric con-
ductivity (EC), it was found that the rasters of all the studied fields
belonged to the category of slightly saline soils, as the EC value did not
exceed 2000 pS cm ™! (2 mS cm™1). We observed statistically significant
differences in the comparison of samples from K3 an K20 from spring
(p = 0.01587) and summer (p = 0.007937). Moreover, in summer, such
differences were also evident between K20 and K21 (p = 0.007937).
Fields K3 and K20 were characterized by comparable TOC contents in all
seasons, while field K21 was much poorer in total organic carbon.
Samples from K3 and K21 were significantly different in autumn
(p = 0.007937). All the analyzed seasons were characterized by differ-
ences in TOC between K20 and K21 (spring: p = 0.03175, autumn:
p = 0.007937, summer: p = 0.03175). Statistically significant differ-
ences were observed in the comparison of samples from spring/autumn
(p = 0.007906) and autumn/summer (p = 0.0003582). All the analyzed
seasons were characterized by differences in the moisture content be-
tween K3 and K21 (spring: p = 0.007937, autumn: p = 0.01587, sum-
mer: p = 0.007937). Statistically significant differences were observed
in the comparison of samples from all the analyzed seasons (spring/-
summer: p < 0.0001, spring/autumn: p < 0.0001, and autumn/sum-
mer: p = 0.04636).

3.2. Average yield

In order to compare the agricultural practices in terms of average
yields, the results for the crop rotation (wheat/maize) (K3) and the long-
term maize monoculture (K21) were compared (Table 2).

At first, it is worth explaining why the average yield from field K20
(intercropping mixture) was not included in Table 2. Namely, the
Gorzéw mixture was harvested as green matter for cattle feed (two
swaths) and finally plowed in the autumn as green manure; hence, it was
impossible to collect data on the average amount of yield from this field
(K20). The discussion of the results of the average yield quantity will
therefore focus on fields K3 and K21.

Field K3 was characterized by a considerably higher harvested yield
compared to field K21. The average yield obtained in field K3 ranged
from 11.25 to 14.75 t ha™! yr ™! and these results were almost twice as
high as those obtained in field K21 - from 6.46 to 8.54 t ha~! yr 1. The
highest yield, i.e. 14.75 t ha~! yr !, was obtained from raster K3-1242,
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Table 1

Basic chemical properties of the fields in different seasons: K3-crop rotation,
K20-intercropping mixture, and K21-maize monoculture (mean values of three
replicates & SD are presented).

No of pH Eh (mV) EC (uS o TOC (g » Moisture

Raster (H20) em™ ) kg™H (%)

SPRING

K3-1229 6.8 513 45.2 8.2+0.04  10.4
+0.01 +0.26 +1.04 +0.04

K3-1230 7.3 507 41.9 7.1+0.02  9.3+0.04
+0.02 +0.37 +0.70

K3-1238 7.0 511 32.4 12.2 10.1
+0.04 +0.09 +0.54 + 0.04 + 0.04

K3-1241 6.7 516 43.0 9.3+£0.07 13.0
+0.02 +0.17 +0.31 +0.05

K3-1242 7.9 505 55.2 3.2+0.06 87+0.03
+0.04 +0.74 +0.29

K20-144 6.1 509 31.4 7.14+0.01 4.6 +0.04
+0.04 +0.12 +0.56

K20-145 6.1 527 9.9+004 83+0.04 59+0.11
+0.03 +0.85

K20-146 7.9 494 28.1 6.3+0.03 7.6+ 0.05
+0.03 +0.08 +0.29

K20-147 6.2 514 39.5 11.6 9.5 £ 0.08
+0.03 +0.16 +0.62 +0.04

K20-148 6.1 526 30.6 13.4 8.9 + 0.06
+0.04 +0.21 +0.22 +0.03

K21-149 6.0 515 21.0 52+0.03  6.2+0.03
+0.00 +0.04 +0.12

K21-151 6.4 510 16.7 6.0 £0.03 7.4+ 0.06
+0.01 +1.60 +0.35

K21-152 5.8 520 21.5 56+0.01  85+0.12
+0.04 +0.08 +0.33

K21-154 6.8 507 21.7 6.7 +£0.05 7.4+0.06
+0.02 +0.16 +0.08

K21-155 7.9 500 57.1 7.0+£0.02  8.4+0.05
+0.03 +0.21 +1.11

SUMMER

K3-1229 5.9 507 50.7 6.5+0.03 14.8
+0.03 +0.34 +1.08 +0.01

K3-1230 5.9 412 50.2 9.0+0.07  15.0
+0.02 +1.09 +0.48 +0.02

K3-1238 5.3 524 102.5 11.6 16.6
+0.01 +10.51 +0.75 +0.05 +0.04

K3-1241 6.1 503 62.9 10.2 16.1
+0.07 +9.05 +3.09 +0.01 +0.01

K3-1242 7.1 484 103.8 51+001 17.7
+0.03 +11.05 +0.95 +0.01

K20-144 6.6 534 29.9 85+0.02 103
+0.05 +0.20 +0.93 +0.03

K20-145 6.2 534 16.2 8.0+0.02 7.7+0.06
+0.05 +0.26 +0.26

K20-146 6.0 534 13.7 7.7+0.03 9.1 +0.07
+0.01 +0.25 +0.21

K20-147 6.3 527 14.7 7.8+ 0.04 109
+0.03 +0.20 +0.17 + 0.04

K20-148 5.7 535 17.8 11.4 14.6
+0.02 +0.05 +0.13 +0.04 +0.08

K21-149 5.3 562 75.7 7.2+0.05  10.2
+0.02 +0.70 +1.27 +0.03

K21-151 5.4 568 54.5 46+0.01 9.1 +0.08
+0.01 +0.17 +0.29

K21-152 5.5 568 44.7 6.2+0.04 88+0.06
+0.01 +0.59 +0.21

K21-154 6.1 543 54.8 7.8+0.03  10.7
+0.02 +0.37 +0.96 +0.09

K21-155 6.6 538 66.4 7.0£0.04 104
+0.04 +0.95 +0.41 +0.05

AUTUMN

K3-1229 7.2 450 21.2 55+0.02 144
+0.01 +0.09 +0.65 +0.01

K3-1230 6.7 469 32.0 43+002 159
+0.01 +0.17 +1.13 +0.01

K3-1238 6.4 475 46.3 7.5+0.03 17.7
+0.02 +0.17 +0.37 +0.02

K3-1241 6.5 477 37.1 724004 171
+0.05 +0.05 +1.23 +0.01

(continued on next page)
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Table 1 (continued)

No of pH Eh (mV) EC (uS o TOC (g o Moisture
Raster (H20) cm™Y) kg™ H (%)
SPRING
K3-1242 6.7 413 53.0 4.5+ 0.04 18.3
+0.02 +0.12 +0.34 + 0.01
K20-144 6.2 491 23.2 5.8 +£0.02 13.1
+ 0.03 +0.28 +1.25 + 0.06
K20-145 6.6 418 39.7 5.3+ 0.03 10.9
+0.01 + 3.02 +0.61 + 0.08
K20-146 6.9 425 36.2 4.2 +£0.01 12.2
+ 0.01 +0.12 +0.17 + 0.09
K20-147 6.6 470 27.4 5.1 +£0.05 12.0
+ 0.03 +0.25 +0.17 +0.11
K20-148 6.0 499 19.3 8.7 £0.01 16.3
+0.16 +0.76 +0.09 + 0.04
K21-149 6.0 497 21.5 2.3 £0.02 11.9
+ 0.02 +0.33 + 0.82 + 0.06
K21-151 5.8 515 27.1 3.5+ 0.01 9.7 £0.03
+0.01 +0.21 +0.41
K21-152 6.3 507 23.5 3.6 £ 0.02 9.6 £ 0.05
+ 0.01 +0.23 +0.34
K21-154 6.6 484 27.9 3.9+ 0.03 13.4
+ 0.02 +0.17 +1.36 + 0.02
K21-155 7.0 426 61.1 4.0 £0.03 11.9
+ 0.04 +0.12 + 0.86 + 0.03
Table 2

Average yield of fields K3-crop rotation and K21-maize monoculture.

No of Raster Average yield (t ha=! yr 1)

Crop rotation

K3-1229 11.3
K3-1230 13.9
K3-1238 13.2
K3-1241 12.4
K3-1242 14.8
Maize monoculture

K21-149 7.9
K21-151 8.5
K21-152 6.5
K21-154 8.3
K21-155 8.3

while raster K21-152 exhibited the lowest yield of 6.48 t ha=! yr~1. The
differences between these two analyzed groups were statistically sig-
nificant (p = 0.0002052).

3.3. Bacterial biodiversity at the phylum level

At the taxonomic phylum level, the bacterial structure varied greatly
depending on the raster studied, the agricultural practice used, and the
season (spring, summer, and autumn) (Fig. 2).

In the studied fields (K3, K20, and K21), there was a relatively high
abundance of bacteria belonging to the Bacteroidota phylum. An
increased abundance of Bacteroidota was evidenced in the variant with
the crop rotation (K3), especially in spring (40.39%, raster K3-1230)
and autumn (31.54%, raster K3-1229). The intercropping system (K21)
caused a decrease in the relative abundance of Bacteroidota compared to
the crop rotation (K3); nevertheless, their abundance was still quite high
in spring (16.01%, raster K20-147) and summer (18.86%, raster
K20-145), but the lowest levels were recorded in autumn (10.83%,
raster K20-146). Among the three agricultural practices compared, the
maize monoculture (K21) ranked third in terms of the abundance of
Bacteroidota in spring and summer, while their abundance in autumn
was slightly higher than that recorded in the Gorzéw mixture variant
(K20). Interestingly, in field K21, in each of the studied seasons, these
bacteria in some rasters, i.e. K21-149 in spring (16.40%), K21-155 in
summer (21.33%), and K21-151 in autumn (27.24%), were much more
abundant than the others in this group.
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Fig. 2. Bacteroidota relative abundance (%) in the rasters of K3 under the crop
rotation, K20 under the intercropping mixture, and K21 under the maize
monoculture in spring, summer, and autumn.

In general, in field K3, a high abundance of bacteria belonging to the
phylum Bacteroidota was observed in spring. It was lower in autumn,
whereas a drastic decrease in biodiversity was observed in this field in
summer. In field K20, the abundance decreased gradually with the
changing seasons, with the highest values recorded in spring and the
lowest in autumn (except for raster K20-145). In contrast, field K21 had
the lowest bacterial richness in spring, higher in summer, and the
highest in autumn.

3.4. Bacterial biodiversity at the family level

The analysis of the taxonomic family level indicated a high
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abundance of bacteria belonging to 6 families: Flavobacteriaceae, Chi-
tinophagaceae, Sphingobacteriaceae, Crocinitomicaceae, Micro-
scillaceae, and Hymenobacteraceae (Fig. 3a, Fig. 3b, Fig. 3c).

The analysis of the results revealed a large variation in the per-
centage of individual families depending on the season and the agri-
cultural practice used.

Field K3 exhibited the greatest bacterial abundance at the taxonomic
family level with Flavobacteriaceae as the dominant family in the three
seasons. The Flavobacteriaceae abundance was particularly high in
spring (4.11%-27.77%), slightly lower in autumn (2.70%-13.15%), and
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the lowest in summer (0.07%-14.54%). In rasters K3-1238 and
K3-1242, the abundance of Flavobacteriaceae did not even exceed 1%
in summer (0.07% and 0.88%, respectively), highlighting the drastic
decrease in the abundance of this family in summer compared to spring.
The Chitinophagaceae family was subdominant in K3 in spring (3.58%—
9.90%) and summer (1.08%-4.63%), while the Sphingobacteriaceae
family was subdominant in autumn (0.66-12.14%), when the abun-
dance of the Chitinophagaceae family ranged from 1.92% to 2.81%.
However, it should be noted that Sphingobacteriaceae bacteria in K3
also occurred with considerable abundance in spring, as their

Fig. 3. a. Bacteroidota families in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in spring b.
Bacteroidota families in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in summer c.
Bacteroidota families in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in autumn.
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percentages ranged from 1.31% to 5.76%.

K20, where the intercropping system was applied, was characterized
by the highest abundance of Chitinophagaceae bacteria in the three
examined seasons (1.58%-8.46% in spring, 2.81%-5.71% in summer,
and 0.90%-3.78% in autumn). The families.

Sphingobacteriaceae and Flavobacteriaceae exhibited varied abun-
dance depending on the season. The abundance of Sphingobacteriaceae
bacteria in K20 ranged from 1.84% (raster K20-146) to 5.72% (raster
K20-145) in spring and from 0.37% (raster K20-148) to 4.00% (raster
K20-145) in summer, whereas a large decrease in the abundance of this
family was observed in autumn, which ranged from 0.23% (raster
K20-147) to 4.82% (raster K20-146). K20 was characterized by a large
decrease in the abundance of Flavobacteriaceae bacteria in.

Agriculture, Ecosystems and Environment 342 (2023) 108252

autumn (0.22%-3.47%). Interestingly, their highest abundance was
noted in summer (0.04%-6.04%), which is in contrast to field K3, where
this family exhibited the lowest abundance in summer and the highest
abundance in spring and autumn. It was also noted that a lower abun-
dance of Sphingobacteriaceae representatives were recorded in rasters
where Flavobacteriaceae was more abundant and, conversely, the
abundance of these families was rarely comparable, e.g. raster K20-145
had an abundance of 0.32% of Flavobacteriaceae and 5.72% of Sphin-
gobacteriaceae in the spring, while the opposite trend was noted in
raster K20-146 (3.95% and 1.84% respectively).

The maize monoculture field (K21) was characterized by a high
abundance of Sphingobacteriaceae bacteria, especially in spring
(0.28%-5.05%) and autumn (0.50%-15.40%), and Chitinophagaceae in

Fig. 4. a. Bacterial genera in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in spring b.
Bacterial genera in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in summer c. Bacterial
genera in the rasters of K3 under the crop rotation, K20 under the intercropping mixture, and K21 under the maize monoculture in autumn.
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summer (1.41%-9.76%). Interestingly, the percentage of Sphingo-
bacteriaceae in raster K21-151 in autumn was 15.40%, where its
abundance in the same raster in summer was much lower (0.60%).

3.5. Bacterial biodiversity at the genus level

The analysis of results at the taxonomic genus level revealed high
variability within the 15 bacterial genera (Fig. 4a, Fig. 4b, Fig. 4c).

Field K3 was definitely dominated by the genus Flavobacterium,
whose relative abundance was very high in spring (4.11%-27.77%),
decreased significantly in summer (0.07%-14.55%), and increased
again in autumn (2.70%-13.15%). A relatively high abundance was
recorded in spring for bacteria of the genera Pedobacter (0.57%—2.81%),
Ferruginibacter (0.95%-3.79%), Edaphobacullum (0.80%-1.57%), and
Mucilaginibacter (0.51%-2.95%). A high abundance of bacteria
belonging to the genus Hymenobacter was observed in only one raster
(K3-1238; 2.03%), which did not exceed 1% in the other rasters. The
other genera, i.e. Terrimonas, OLB12, Flavisolibacter, Ohtaekwangia,
Aurantisolimonas, Taibaiella, Puia, and Chryseolinea were companion
bacteria, as their abundance did not exceed 1%. In comparison, in
addition to the genus Flavobacterium, only two genera exhibited bacte-
rial abundance exceeding 1% in the summer in field K3: Flavisolibacter
(1.23%, raster K3-1241) and Pedobacter (1.04%, raster K3-1229),
indicating a drastic decrease in the abundance of the bacterial genera in
question in this season of the year. In contrast, an increase in bacterial
biodiversity at the genus level was observed in autumn (Fig. 4a). Thus,
in this season, Pedobacter was sub-dominant (0.65%-9.92%). The bac-
teria belonging to the genus Mucilaginibacter represented from 1.12% to
2.59% and, interestingly, these bacteria were absent in two rasters:
K3-1241 and K3-1242. The other reads oscillated around 1%.

Field K20 exhibited a downward trend in the number of reads. The
highest number of reads was noted in spring, fewer reads were recorded
in summer, and very few reads were registered in autumn. In general,
within the rasters of the K20 field, the highest abundance of bacteria
belonging to the genera Flavobacterium and Mucilaginibacter was recor-
ded in all the seasons, and Edaphobaculum sp. was also recorded in
autumn. The abundance of other bacterial genera in this field (K20) most
often did not exceed 1%. The analysis of bacterial abundance at the
genus level in field K20 (intercropping) indicate much lower reads than
in K3 (crop rotation).

The analysis of the maize monoculture variant revealed very inter-
esting results, as a relatively constant level of diversity was observed in
each season (spring, summer, and autumn), and the generic diversity of
bacteria significantly deviated from the others in one raster in each
season: in raster K21-149 in spring (Mucilaginibacter — 4.44%; Hyme-
nobacter — 3.98%; Flavobacterium — 2.71%; Edaphobaculum — 2.03%), in
K21-155 in summer (Flavobacterium — 5.07%; Ferruginibacter — 3.95%;
Flavisolibacter — 1.21%; OLB12 - 1.60%; Chryseolinea — 1.22%; Ohtaek-
wangia — 2.04%; Terrimonas — 1.01%), and in K21-151 in autumn (Fla-
vobacterium — 4.41%; Pedobacter — 6.74%; Mucilaginibacter — 8.38%;
Edaphobaculum — 3.08%; Taibaiella — 1.01%). Field K21 was dominated
by the genus Mucilaginibacter in spring and autumn (0.04%-4.44% in
spring; 0.18%-8.38% in autumn) and by the genus Flavobacterium in
summer (0.12% — 5.07%). Interestingly, the reads of the genus Mucila-
ginibacter in this season of the year was quite low, ranging from 0.14% to
1.81%. Overall, the diversity of K21 compared to K3 was quite low;
compared to K20, it was lower in spring, comparable in summer, and
higher in autumn.

3.6. Overadll correlation analyses

The ANOVA analysis revealed statistically significant differences in
the pH value between autumn/summer and spring/summer. The level of
Eh was significantly different between all the analyzed seasons. Autumn
was significantly different from summer and spring in the TOC and
Ferruginibacter results. Spring was different from autumn and summer in
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the moisture results and from summer in the Pedobacter and Edapho-
baculum results (Fig. 5).

The Spearman correlation and RDA analyses were performed to
analyze the relationship between all the studied data. Significant cor-
relations were found in the presented analyses: Eh vs. pH (r = —0.527),
Eh vs. TOC (r = 0.441), Eh vs. Ferruginibacter (R = 0.299), Edaphobac-
ulum vs. Bacteroidota (R = —0.302), Pedobacter vs. Flavobacterium (R =
0.539), Ferruginibacter vs. Flavobacterium (R = 0.340), Ferruginibacter vs.
Pedobacter (R = 0.297), Ferruginibacter vs. Edaphobaculum (R = —0.089),
and Edaphobaculum vs. Mucilaginibacter (R = 0.584) (Fig. 6). The RDA
analysis revealed a strong effect of Mucilaginibacter, Edaphobaculum,
Pedobacter, Ferruginibacter, and Flavobacterium on the sample differen-
tiation (Fig. 7).

A statistically significant impact of pH on Edaphobaculum was
observed in the crop rotation system (K3). Correlations between Eh vs.
TOC and Moisture vs. TOC were obtained for samples from the crop
rotation (K3) and Gorzéw mixture samples (intercropping, K20). The Eh
value was negatively correlated with pH in the Gorzéw mixture (inter-
cropping, K20) and maize monoculture (K21) samples. The Gorzéw
mixture (intercropping, K20) was characterized by a negative correla-
tion in TOC vs. pH and Bacteroidota vs. EC, whereas a positive corre-
lation was found between Pedobacter vs. moisture, Pedobacter vs.
Flavobacterium, Ferruginibacter vs. Flavobacterium, and Ferruginibacter vs.
Pedobacter. Crop rotation (K3) was characterized by a positive correla-
tion between Flavobacterium vs. EC, Pedobacter vs. EC, Edaphobaculum
vs. Ferruginibacter, and Edaphobaculum vs. Mucilaginibacter. Maize
monoculture (K21) was characterized by a negative correlation between
Mucilaginibacter and pH, Flavobacterium vs. moisture, Edaphobaculum vs.
Bacteroidota and a positive correlation between Ferruginibacter vs. Eh,
TOC vs. EC, Mucilaginibacter vs. EC, and Edaphobaculum vs. TOC (Fig. 8).

A negative correlation of pH with Eh was observed in autumn and
spring. EC was positively correlated with pH and negatively correlated
with Eh in autumn. TOC was correlated with moisture in autumn. An
effect of the soil chemical properties on the bacterial composition was
observed in autumn (Edaphobaculum vs. moisture, Mucilaginibacter vs.
Eh) and spring (Mucilaginibacter vs. Eh). Flavobacterium was correlated
with Pedobacter (spring and summer), Ferruginibacter (spring), and
Edaphobaculum (spring). Pedobacter was correlated with Ferruginibacter
(spring). Edaphobaculum was positively correlated with Ferruginibacter
(spring) and Mucilaginibacter (autumn) (Fig. 9).

4. Discussion

The soil environment is one of the key elements sustaining life on
Earth (Bertola et al., 2021; Bouma et al., 2019), and the microbiome is
one of the essential components required for maintenance of both soil
fertility reflected by plant biomass production and plant health (Bertola
et al.,, 2021). Soils characterized by microbial activity and close in-
teractions between fauna and plants enhance efficient nutrient cycling,
pathogen resistance, and overall crop health and increase long-term
ecosystem stability (Bender et al., 2016).

In order to determine whether the mode of agricultural practice
applied (crop rotation, intercropping mixture, and maize monoculture),
the season of the year, and soil chemical parameters affect the relative
abundance of Bacteroidota in soil, our results were subjected to a
thorough analysis. It should be emphasized that, to our knowledge, no
similar analyses of Bacteroidota communities in the soils of Poland and
other countries, taking into account the three seasons and the applica-
tion of different agricultural practices, have been carried out. Our study
revealed a rather high degree of variability in the composition of Bac-
teroidota communities across the range of soils studied and a strong
influence of chemical parameters on their biodiversity.

Microbial diversity is part of biodiversity and is crucial in soil envi-
ronments because microorganisms are essential in maintaining
ecosystem services, nutrient cycling, influencing plant productivity,
increasing drought tolerance, and determining soil health and fertility
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Fig. 5. ANOVA analysis of results from different seasons (a« = 0.05, n = 15).

(Allison et al., 2010; Falkowski et al., 2008; Upton et al., 2019). Soil
biodiversity is linked and interacts simultaneously with agricultural
practices and soil fertility (Ofek et al., 2014; Pant et al., 2017). In
agroecosystems, rich soil biodiversity provides a variety of ecological
services and contributes to sustainable agriculture (Pant et al., 2017);
therefore, our work focuses the main attention on microbes belonging to
the phylum Bacteroidota, whose contributions to the agroecosystem are
so far underestimated, as evidenced by the scarcity of studies covering
this group of bacteria.

Six Bacteroidota families with relatively high abundance were
identified in all the soils studied, and three families (Flavobacteriaceae,
Chitinophagacae, and Sphingobacteriaceae) were dominant throughout
the seasons. In general, the plant rhizosphere contains groups of mi-
croorganisms associated with plants, soil properties, and root exudates,
thus determining the microbial community structure in soils (Chukwu-
neme et al.,, 2021; Zhalnina et al., 2018). We suppose that the sharp
decrease in the bacterial abundance in summer in the variant with crop
rotation (field K3) as an agricultural practice is precisely related to the
migration of these bacteria towards the roots and plant (Kolton et al.,
2016), making their abundance much lower in bulk soil. It is also worth
noting that the crop residues in field K3 were plowed, which resulted in
increased aeration and loosening of the soil, thus stimulating its bio-
logical activity. As Flavobacterium are highly aerobic bacteria (Hansen
and Cheong, 2019; Waskiewicz and Irzykowska, 2014), an increase in
soil aeration promotes their multiplication, which may explain the

increase in the relative abundance of these bacteria in autumn in field
K3. Yang et al. (2021) found that proper control of tillage practices in
crop rotation can help establish favorable soil microbial communities
that can improve soil health and promote yield (Yang et al., 2021),
which was also confirmed in our study, primarily by the average yield
obtained in field K3 (11.25-14.75 t ha™! yr’l), in contrast to field K20
(maize monoculture; 6.48-8.54 t ha~! yr™1). Interestingly, Choudhary
et al. (2018a) reported that continuous rice-wheat rotation resulted in a
decrease in productivity and degradation of soil resources, yet they
observed an increase in soil quality in a maize-wheat system (Choudhary
et al., 2018a). The studies conducted by these scientists confirm that the
use of crop rotation alone is not sufficient to improve soil quality, and it
is influenced by many factors, including soil physicochemical proper-
ties, which are directly related to soil management and sustainability
(Liu et al., 2018; Wickings and Grandy, 2013).

Our study also indicates that chemical parameters have a strong in-
fluence on Bacteroidota, mainly on their abundance in soil. It was found
that agricultural soils subjected to the different agricultural practices
differed in all the chemical parameters: pH, Eh, EC, TOC, and moisture
content (Table 1) in the studied seasons (spring, summer, autumn),
which consequently correlated with the relative abundance of Bacter-
oidota in the studied soils. Zhang et al. (2017) demonstrated that the
relative abundance of Bacteroidota was higher at near-neutral pH and
lower at acidic and basic pH (Zhang et al., 2017). The present study only
partially confirms these findings. We agree that the relative abundance
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Fig. 6. Autocorrelation of all analyzed results (Spearman test, o = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 45).

of Bacteroidota decreases at acidic pH, but we demonstrated that the
abundance of this bacterial phylum at alkaline pH is high, which is at
odds with the assumptions made by Zhang et al. (2017). For example,
the pH value in field K3 in spring ranged from 6.74 to 7.94 and the
relative abundance of Bacteroidota at such high values of this parameter
was the highest of all the fields (K3, K20, and K21) in the three seasons
studied. Additionally, the highest abundance of Bacteroidota was also
recorded in autumn at pH of 7.15 (raster K3-1229). It is also worth
mentioning that, in field K3, the effect of pH in all the cases had a
positive influence (p < 0.05) on Bacteroidota biodiversity, as shown by
the Spearman correlation analysis (Fig. 8). Regardless of the agricultural
practice used, all the soils were well aerated, as evidenced by Eh
> 400 mV (Husson, 2013). Husson (2013) concluded that each type of
microorganism is adapted to specific Eh conditions and is characterized
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by an ability to grow in a wider or narrower range of Eh (Husson, 2013).
There are reports that Eh is negatively correlated in soils (Bohrerova
et al., 2004; Husson, 2013). We observed that Eh correlated with the
Bacteroidota structure, with a noticeable variable effect depending on
the agricultural practice and the season, where the correlations were
either negative or positive (Fig. 8, Fig. 9). For example, statistically
significant positive correlations (p < 0.05) were observed in fields K3,
K20, and K21 between this parameter and Ferruginibacter sp. and
Mucilaginibacter sp., where, by comparison, Flavobacterium sp. was
negatively correlated with Eh in fields K3 and K21 and positively
correlated in field K20 (Fig. 8). The relationships showed variable trends
over the seasons studied, as statistically significant positive correlations
were recorded between Eh and Mucilaginibacter sp. in spring, summer,
and autumn, where, by comparison, Ferruginibacter sp. (spring) and
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Fig. 7. RDA analysis of all obtained results.

Fig. 8. Autocorrelation of results from different types of fields (Spearman test, « = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 45).

Flavobacterium sp. (spring and summer) were negatively correlated with
Eh (Fig. 9). Ma and Gong (2013) also identified Bacteroidota bacteria
(6.8%) among the predominant phyla of bacteria found in saline soils
(Ma and Gong, 2013). However, our results indicated that Bacteroidota
and genera belonging to this phylum do not tolerate excessive salinity.
This was evidenced by the drastic decrease in the abundance of these
bacteria in summer in field K3 (Fig. 4b) compared to spring (Fig. 4a) and
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autumn (Fig. 4c), and the salinity levels in this season in this field ranged
from 50.17 to 103.83 uS em L In comparison, in fields K20 and K21, the
salinity values were unlikely to exceed 50.0 uS cm ™! in all the seasons
(Table 1). Our results confirm the findings described by Wang et al.
(2020), who did not detect Bacteroidota in high-salinity soils (Wang
et al., 2020). In a large-scale study in northern China, Hu et al. (2014)
observed that soil TOC was a major factor affecting the composition of
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Fig. 9. Autocorrelation of results from different seasons (Spearman test, a = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 45).

the soil microbial community (Hu et al., 2014). In contrast, Yan et al.
(2020) found that Bacteroidota abundance was negatively correlated
with TOC (Yan et al., 2020), which is partially consistent with our re-
sults. TOC was primarily negatively correlated with the Edaphobaculum
genus in fields K3, K20, and K21 (Fig. 8) in three seasons (spring,
summer, and autumn) (Fig. 9). However, there were no statistically
significant correlations between the abundance of the other studied
bacterial genera and TOC, or the correlation was weak, which was also
confirmed by the Spearman correlation test of all the analyzed results
(Fig. 6). It has been proved that the Bacteroidota community is
controlled by soil water content, with this group of bacteria favored by
dry conditions (Moreno-Espindola et al., 2018). This may indicate that
Bacteroidota prefer low to moderate soil water content, because when
soil moisture is too high, oxygen diffusion is inhibited and, conse-
quently, microbial activity is reduced (Moreno-Espindola et al., 2018).
However, the results of the ANOVA analysis show a weak correlation
between the Bacteroidota community and moisture content (Fig. 5).
Nevertheless, it should be noted that the studied rasters of fields K3,
K20, and K21 were characterized by low water content (Table 1), thus
creating optimal conditions for Bacteroidota in the context of this
particular parameter.

The analysis of the structure at the taxonomic level of the genus
indicates that Flavobacterium appears to be the most sensitive to the
agricultural use of soils, as previously demonstrated by Wolinska et al.
(2017a); therefore, this genus was identified as the best indicator of
biological soil degradation (Wolinska et al., 2017). In addition, two
genera Pedobacter and Mucilaginibacter were recommended as sensitive
to soil chemistry (Wolinska et al., 2017). Our study complements the
previous findings, as indeed the genus Flavobacterium seems to be sen-
sitive to the agricultural use of soils. It is also sensitive to the applied
agricultural practice, as evidenced by the high abundance of this genus
in field K3, lower in field K20, and the lowest in field K21. Furthermore,
the genera Mucilaginibacter and Edaphobaculum were found to be the
most sensitive to the soil chemical parameters, which confirms previous
results for the genus Mucilaginibacter and gives new insights into the
genus Edaphobaculum.

We also want to draw attention to the aspect of the changing seasons,
which play a considerable role in formation of the bacterial community
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structure. Some researchers have found that seasons with high soil
moisture and temperature, such as summer, stimulate soil microbial
activity and nutrient cycling, compared to seasons with low soil mois-
ture and temperature, such as spring or autumn (Castro et al., 2010;
Madegwa and Uchida, 2021). However, these results refer to a general
analysis of bacterial biodiversity, and this pattern is not reflected by
Bacteroidota, which show the opposite trend. Our results evidenced that
the phylum, families, and genera representing this group of microor-
ganisms had different abundances depending on the agricultural prac-
tice applied during the three seasons studied. Thus, in field K3 (crop
rotation), the highest abundance of Bacteroidota was found in spring
and the lowest abundance in summer. The highest and lowest abun-
dance of Bacteroidota in field K20 (intercropping system) was found in
summer and autumn, respectively. In turn, field K21 (monoculture) was
characterized by a relatively comparable abundance of these bacteria
during the three seasons (spring, summer, autumn). This juxtaposition
gives undoubtedly new insight into the formation of the bacterial
structure during the changing seasons, especially the structure of
Bacteroidota.

5. Conclusions

This study is the first to present the structure of Bacteroidota in soils
subjected to different agricultural practices (crop rotation — field K3,
intercropping system — field K20, and monoculture - field K21) and to
examine the relationships between the abundance of these bacteria and
chemical parameters of the soils studied, taking into account changing
seasons (spring, summer, autumn).

The abundance of Bacteroidota was shown to vary, depending on the
agricultural practice and the season. Thus, their highest abundance was
recorded in field K3 (crop rotation) during the spring and autumn sea-
sons, which may indicate that, among these three agricultural systems,
crop rotation has the best effect on improving soil quality. It is note-
worthy that the average yield was almost twofold higher in field K3 with
crop rotation (11.25-14.75 t ha~! yr™!) than in field K21 with long-term
maize monoculture (6.48-8.54 t ha~! yr’l). Our results indicate that
near neutral or alkaline pH are the best conditions for the Bacteroidota
community. Additionally, these bacteria have been shown to be
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intolerant of high soil salinity and excessive soil moisture. Moreover, the
genera Mucilaginibacter and Edaphobaculum were proved to be the most
sensitive to soil chemistry over the changing seasons, thus their reduced
abundance may indicate inadequate soil chemistry parameters and,
consequently, fatigue of agricultural soils. On the other hand, the genus
Flavobacterium was the most sensitive to agricultural practices, and its
high abundance may indicate good quality of agricultural soils.

We therefore suggest that, due to their dominance in the soils studied
and their readability in determination with NGS techniques, four bac-
terial genera: Flavobacterium, Pedobacter, Mucilaginibacter, and Edapho-
baculum should be tested together in each study of soil biological
degradation processes in different agricultural cropping systems.
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Materialy uzupehiajace (A2) / Supplementary material (A2)

Dodatek 1. / Appendix 1. Wzgledna obfitos¢ (%) bakterii nalezacych do typu Bacteroidota,
zidentyfikowanych na poziomie taksonomicznym: typ, na trzech testowanych polach (K3, K20 i

K21) oraz na przestrzeni trzech badanych punktow czasowych (wiosna, lato, jesien)

SPRING
Phylum GGG A4l «20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155
Bacteroidota 2951566 40,39269 1849452 22,61333 22,15417 14,7903 11,00682 1582583 16,01077 9962874 1639765 9,01936 9,611251 3,511934 5977379

SUMMER

Phylum GRS ONG oSk oA TRET4al 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155

Bacteroidota 20,11804 11,82342 1,693442 9,675181 4,095548 10,93071 18,86217 8,104826 9,602993 6,057578 8,454029 10,41628 7,748266 9,036145 21,32963

AUTUMN
Phylum GGG ARGT4al «20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155
Bacteroidota 3153649 20,36322 11,5661 9,728935 12,5172 7,685153 4,725354 10,82948 4,656291 5969263 7,084221 27,2411 12,63314 7,257463 88383307



Dodatek 2. / Appendix 2. Wzgledna obfitos¢ (%) bakterii nalezacych do typu Bacteroidota na
poziomie taksonomicznym: rodzina, na trzech testowanych polach (K3, K20 i K21) oraz na

przestrzeni trzech badanych punktow czasowych (wiosna, lato, jesien)

SPRING
Family GG GGl «20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155
Flavobacteriaceae 16,82162 27,7449 4,113864 12,12032 8471233 2,350662 0,318257 3,952871 3,324357 12221364 2,712998 0,899944 103082 0,884811 1,366707
Chitinophagaceae 6,014528 3,581643 9902334 6,501166 7,661504 8,456773 1,831324 5600319 7,010795 1,582078 3,662914 2,739681 340755 0,893003 1,636383
Sphingobacteriaceae 3,769669 5,758973 1,836589 186054 1310288 1,98353 5723225 1,844992 3,688701 4,695608 5054822 3,832232 3,716378 0,275821 1,070849
Crocinitomicaceae 1,192317 0,280863 0,009528 0,262728 05541782 0,10963 0 1,237961 0,063364 0,031642 0,144075 0,212533 0,166934 0,027309 0,049746
Microscillaceae 0,722167 1,218789 0231062 0,68899 2,264295 0,104531 0,288589 1276199 0,701532 0,987217 0,564089 0,425066 0,375603 0215741 0,659789
Hymenobacteraceae 0,576039 0,404545 2,208194 0,919546 1504623 1295158 2,597298 1,519967 1,070402 0,968232 3,999902 0,660844 0532104 1,040472 1,144159
Other_less than 1% 0,419323 1,373393 0,192949 0,260047 0,400448 0,578742 0,248132 0303516 0,151621 0,476733 0,258846 0,249062 0,381863 0,174777 0,049746
SUMMER
Family SO oSG oA TIREEo4 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155
Flavobacteriaceae 14,54588 2,604238 0,070828 3,27421 0876005 3,26058 6,039149 0,037371 2,523384 0584665 3429465 1,135315 0,118423 0,65423 5065021
Chitinophagaceae 2,283229 4,632276 1,081742 2,823193 1901021 4,640227 5705449 2,966319 4,473083 2,816015 1410068 8067196 4,782045 5972276 9,762533
Sphingobacteriaceae 1,759018 1,152398 0,405653 1036472 0587013 0,989264 3,996256 3,741767 1197256 0373742 1,91412 0,604578 2,092145 0,790258 0,560686
Microscillaceae 0,671766 1,606098 0,022536 0398977 03206 085618 1,110975 1345354 1222199 0,399645 0,733746 0,087687 0,101506 0,78378 4,852997
Crocinitomicaceae 0,411603 0417404 0,006439 0,863004 0,009031 0,155266  0,9075 0 0,037414 0 0,133988 0 035527 007773 011308
Hymenobacteraceae 0,186386 1,175083 0,093365 0,411987 0,135465 0,776329 0476132 0 0,049886 0,103612 0,287118 0,489201 0,208651 0,634797 0,555974
Other_less than 1% 0260164 0,235924 0,012878 0,86734 0,266414 0,252861 0,626704 0,014014 0,099771 1,779899 0,545524 0,032306 0,090227 0,123073 0,419337
AUTUMN
Family eSO oSG oA TIREEo4 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155
Flavobacteriaceae 13,14787 1145984 4,511933 2,700147 5216075 3,470527 0,719597 0,22517 1434917 2,196996 2,380635 4,411616 3,106364 2,178896 3,692476
Sphingobacteriaceae 12,13781 3,916519 2,685674 0,658402 1572392 0,842925 0,575678 4,822907 0,230098 1543835 3,47666 1540284 4,613559 0,767723 0,502338
Chitinophagaceae 2,06621 2,746928 2,035306 1,922673 2,807597 2,214859 2278724 3,776168 2,096449 0,904645 0,843095 5402339 3,40899 2,720168 2,468387
Crocinitomicaceae 1,791141 0,351414 0,10162 1551446 0,178915 0,331357 0,139922 0 0 0 0 0,768882 023142 0,13808 1,49258
Microscillaceae 0,395891 1,113257 1,231055 2,195839 1,937104 0,627834 0,915487 1652264 0,661532 0,499476 0 0378139 085744 1,079782 0,158785
Hymenobacteraceae 0,053499 0,056333 0,052262 0 0,264933 0,081386 0 0 003835 0 0 0037814 0 0033133 0,34644

Other_less than 1% 1,744062 0,718923 0,638755 0,700427 0,540187 0,116266 0,095946 0,35297 0,194944 0,82431 0,38383 0,839468 0,415369 0,339676 0,222299



Dodatek 3. / Appendix 3. Wzgledna obfitos¢ (%) bakterii nalezacych do typu Bacteroidota na
poziomie taksonomicznym: rodzaj, na trzech testowanych polach (K3, K20 i K21) oraz na

przestrzeni trzech badanych punktow czasowych (wiosna, lato, jesien)

SPRING
genus TS0 A0l 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155

Flavobacterium 16,82162 27,7449 4,113864 12,12032 8,471233 2,350662 0,318257 3,890734 3,324357 1221364 2,712998 0,899944 1,03082 0,884811 1,366707
Pedobacter 2,111438 2,808627 0,87899 0,654138 0,565338 1,241618 0,102489 1,092178 0,812419 0,335401 0,612928 0,60439 0,252488 0,237588 1,000157
Ferruginibacter 1,982253 095081  3,7899 2,276078 2,504076 1481274 0026971 1904739 1,713096 0,196178 0,752118 0,199249 0461156 0,193894 0,280149
Edaphobaculum 1,478219 0,798784 1453073 098925 1,572346 4,160824 0,873857 1551036 3,077689 0,500643 2,031696 1215422 1237402 0,155661 0,159711
Mucilaginibacter 1,450687 2,950347 0948071 1206402 0,515282 0,716416 5620735 0,728915 2,876281 4,360208 4,441894 3,184671 3,46389 0,038233 0,047128
Fluviicola 1,088545 0,13399 0,009528 0,211791 0,338614 0,028045 0 1,147145 0,011315 0 0,144075 0,212533 0,166934 0 0,023564
Hymenobacter 0,548508 0,283439 2,034302 0,723841 0906896 1295158 2,597298 1,175824 0982145 0968232 3,975483 0,660844 0486197 0964007 0,772373
Terrimonas 0,531566 0,443196 0,888518 0,731884 0,90984 0,922928 0,110581 0,42062 0445812 0,052736 0,136749 0,265666 0,248315 0,147468 0,518406
oLB12 0391791 0,742096 0,014293 0,193024 0,874507 0,020396 0,153734 0,676338 0472968 0909168 052746 0,378574 0,296309 0,065542 0,120438
Flavisolibacter 0,3452 0,353011 1,355407 0,627329 0,603616 0,673074 0 0,458858 0,122202 0,094925 0,039071 0,056454 0,333869 0,150199 0,107347
Ohtaekwangia 0254135 030663 0 0,171577 0465226 071387 0,134854 0,439739 0,153884 0,040079 0,036629 0 0,029214 0,111967 0,065455
Aurantisolimonas  0,150363 0,115952 1074321 0,217152 0,497615 0,295745 0,032365 0,155343 0,101835 0,021094 0 0 0,029214 0,046425 0,026182
Taibaiella 014401 0206138 0,05717 0,206429 0,141334 0,10963 0,032365 0,043018 0,027156 0,03586 0 003985 0,060514 0 0
Puia 0,097418 0,061841 0,231062 0,276132 0,267947 0,071387 0,458505 0,045408 0,262509 0,434544 0,205123 0,488161 0,396469 0,062811 0,086401
Chryseolinea 007624 0,170064 0,21677 0,324388 0,924563 0,012748 0 0,160122 0,074679 0,03797 0 0046492 0,05008 0,038233 0473896

Other_less than 1% 2,043669 2,264939 1,386374 1,616579 2,461575 1,427734 0,496265 1,935808 1,552423 0,664473 0,647115 0,704015 1,016214 0,401442 0,858774

SUMMER
genus TS0 A4l 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155

Flavobacterium 14,54588 2,604238 0,070828 3,27421 0,876005 3,26058 6,039149 0,037371 2,523384 0,584665 3,429465 1,135315 0,118423 0,65423 5,065021
Pedobacter 1,044539 0,294905 0,202827 0,550761 0,063217 0,740839 1,062141 0,056056 0 0 0,823072 0,466125 0,225568 0,246146 0,320392
Ferruginibacter 0,473731 0,979992 0,090145 0,277549 0,392847 1,153403 0,813901 0,130798 1384328 0,281231 0 1,361455 0,603395 0,595932 3,94836
Edaphobaculum 0,190269 0,698698 0,090145 0,216835 0239321 0,576701 1,550482 1,284627 1101642 044405 0,063804 2,08141 0,890994 0427517 0,442895
Mucilaginibacter 0,71448 0,807586 0,202827 0,485711 0,501219 0,085 2934115 3,68571 1,168156 0,373742 1,091048 0,138453 1810184 0,544112 0,174331
Fluviicola 0411603 0,299442 0,006439 0,863004 0,009031 0,128649  0,9075 0 0 0 0,133988 0 035527 007773 0023558
Hymenobacter 0081544 027222 0,038634 0,203825 0,063217 0,137521 0,219753 0 0,020786 0 0,287118 0 0,208651 0,12955 0,193178
Terrimonas 0,465965 0,435552 0,164193 0,268875 0,266414 0,696478 0,529036 0,186855 0,369985 0,244227 0,057424 1,075318 0,964304 1010494 1,013004
oLB12 0442667 058981 0 0,169131 0212228 0,186319 0,655191 1,345354 03492 0377442 0,663562 0,050766 0 0,038865 1,597248
Flavisolibacter 0473731 0,970918 0,325167 1231623 0379301 0,811818 091157 0,163498 0216171 0,53656 0,271167 1,698357 0,56956 1645291 1,210893
Ohtaekwangia 0108725 0,458237 0,022536 0,091071 0 0,230681 0,227892 0 0,627728 0 0 0,036921 0,101506 0,323876 2,035432
Aurantisolimonas  0,093193 0,199628 0 0,095407 0,045155 0,177447 0,065112 0,018685 0,249428 0,029603 0 0,050766 0 0 0,433472
Taibaiella 0,042713 0 0,045073 0,030357 0 0,102032 0,170919 0 0,020786 0 0,169081 0,189219 0,56392 0,02591 0,108368
Puia 0,302877 0,376571 0,225363 0,169131 0,293507 0,204064 0,040695 0,714719 0,182914 1,050918 0,073375 0,046151 0,14098 0,621842 0,202601
Chryseolinea 0120374 0,558051 0 0,138774 0,108372 0,43918 0,227892 0 0,245271 0,022202 0,070184 0 0 0,421039 1,220317

Other_less than 1% 0,605755 2,204982 0,209266 1,608916 0,645715 1,814391 2,506816 0,481151 0,997714 2,035228 1,320743 1,901421 1,195511 2,228268 3,340558

AUTUMN
genus TS0 A0l 20-144  K20-145 K20-146 K20-147 K20-148 K21-149 K21-151 K21-152 K21-154 K21-155

Flavobacterium 13,14787 11,45984 4511933 2,700147 5216075 3,470527 0,719597 0,22517 1434917 2,196996 2,380635 4411616 3,106364 2,178896 3,692476
Pedobacter 9,916542 1,303718 1,413971 0,647895 1424443 0,095919 0,135924 0 0,108657 0447083 0,28399 6,74095 0,175048 0,499848 0,291587
Ferruginibacter 0,344532 0,233382 0,11033 0444771 0,264933 0,406929 0,055969 0,039557 0,111853 0,083828 0 0,156297 0,287791 0,049709 0,095271
Edaphobaculum 0,9052 1,311766 0,528425 0,301184 0,05161 0491222 1,355241 2,470789 0,29721 0391198 0,676695 3,080569 1,836523 0,43357 0,776604
Mucilaginibacter 2,221271 2,591341 1,123628 0 0 0,720846 0,439754 4822907 0,121441 1096752 3,19267 837955 4,438511 0267874 0,181881
Fluviicola 1,765461 0,278985 0,10162 0,707432 0,079136 0,331357 0,139922 0 0 0 0 0,768882 023142 0,093834 1,34823
Hymenobacter 0,053499 0 0,052262 0 0 0 0 0 0 0 0 0,037814 0 0 0
Terrimonas 0,261074 0,348731 0,632948 05542831 1094137 0,383676 0,479731 0,060857 0,949155 0 0 0,201674 0,338229 0,720775 0,170333
oLB12 0134817 0,718923 1,210731 1,898158 0,578035 0,427276 0,883505 1652264 0319581 0,328327 0 0,347887 0,720961 0,894756 0,075062
Flavisolibacter 0160496 0,037556  0,0842 0,038523 0,230526 0,078479 0 0 0,172574 0,083828 0 0,070586 0,148346 0,237497 0,51966
Ohtaekwangia 0173336 0,182413 0,020324 0,234643 0447289 0,078479 0 0 0,102266 0,171149 0 0 0 0,165696 0,023096
Aurantisolimonas  0,066339 0,045603 0 0 005161 0,171492 0 0 0,102266 0,013971 0 0 0 0 0
Taibaiella 0,072758  0,12608 0 0,042026 0 0,029066 0,051971 0 0 00489 0031061 1,01089 0 0,022093 0,020209
Puia 0,269634 0,388969 0,328088  0,1646 0,161712 0,209278 0,055969 1,055867 0,051133 0,261963 0,135339 0,35545 0,204717 0,759438 0,043305
Chryseolinea 0,087738 0,211921 0 0,063038 0911781 0,122079 0,031982 0 0,239686 0 0 0,030251 0,136478 0,019331 0,060627

Other_less than 1% 1,955917 1,056924 1,109111 1,943686 1,692816 0,552261 0,199888 0,480769 0,348343 0,845267 0,38383 1,512554 0,863373 0,914087 1,584964



Dodatek 4. / Appendix 4. Zbiér danych, ktory wykorzystano do wykonania analiz statystycznych

Raster nur Repeating
K3-1229
K3-1229
K3-1229
K3-1230
K3-1230
K3-1230
K3-1238
K3-1238
K3-1238
K3-1241
K3-1241
K3-1241
K3-1242
K3-1242
K3-1242
K20-144
K20-144
K20-144
K20-145
K20-145
K20-145
K20-146
K20-146
K20-146
K20-147
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K20-148
K20-148
K20-148
K21-149
K21-149
K21-149
K21-151
K21-151
K21-151
K21-152
K21-152
K21-152
K21-154
K21-154
K21-154
K21-155
K21-155
K21-155

WNROUNPFONRPBNPRONREPONROBNR,ONREEONRBNR, BN R, WONRBNR ®N R ®N R

pH_spring

638
68
638
73
74
74
70
70
69
67
67
68
79
79
80
60
6,1
61
61
6,1
60
79
79
79
62
62
62
6,1
6,1
60
60
60
60
64
64
64
59
58
58
638
68
69
79
79
80

Eh_spring (mV)

5133
512,8
512,7
507,0
5064
506,1
5108
5106
5106
515,7
5154
5153
505,7
504,3
504,0
509,4
509,2
509,1
5253
527,2
527,0
493,7
4935
4936
5145
5143
514,1
5254
525,5
5259
514,0
514,0
514,0
508,4
509,1
5113
5203
520,2
5201
507,2
507,0
506,8
499,9
499,8
4994

EC_spring (uS cm-1)

43,7
458
46,0
41,0
21
42,7
31,7
326
33,0
433
426
432
54,8
55,3
55,5
306
316
319
10,0

99

99
27,7
282
284
386
39,8
40,0
30,3
30,7
308
208
21,0
21,1
16,2
169
17,0
21,1
216
21,9
216
21,7
218
56,4
56,3
58,7

TOC_spring (g kg-1)

8,1
838
78
68
71
74

11,7

12,7

12,2
99
82
99
34
24
38
73
69
70
8,7
76
84
65
65
60

122

113

115

134

138

13,1
52
56
49
64
58
57
55
58
55
62
74
64
74
70
66

104
104
104
93
93
93
10,1
10,1
10,1
13,0
130
13,0
8,7
87
87
46
46
46
59
59
59
76
76
76
95
95
95
89
89
89
62
62
62
74
74
74
85
85
85
74
74
74
84
84
84

58
59
59
59
59
60
53
53
53
60
62
62
71
71
72
66
66
67
62
63
61
59
60
60
63
63
63
57
57
57
53
53
53
54
54
55
55
55
55
61
61
61
66
66
67

Eh_summer (mV)

5073
506,7
506,5
2416
4978
497,4
5237
5238
5236
503,6
503,4
503,0
484,0
4836
4833
5346
5344
534,2
5339
5343
534,8
5342
5338
5336
5273
527,1
5268
5345
5346
5346
560,6
561,7
562,3
567,7
567,6
567,5
567,2
568,4
568,5
543,1
542,2
542,7
5383
5385
536,4

EC_summer (1S cm-1)

49,2
51,2
51,7
49,5
50,4
50,6

102,0

102,0

103,6

1026

104,0

104,9

106,3

109,6

1100
286
30,2
308
15,9
164
16,5
135
138
14,0
144
14,8
14,8
176
18,0
17,8
74,1
758
77,2
54,2
54,5
54,9
44,4
44,9
44,7
53,9
54,3
56,1
65,9
66,3
66,9

TOC_summer (g kg-1)

69
62
64
82

10,0
838

109

122

115

102

102

102
53
52
48
838
83
85
82
77
79
73
81
7,7
72
83
79

109

115

11,8
78
65
71
45
46
46
67
57
61
73
81
79
65
75
70

Moisture_summer (%)

14,8
14,8
14,8
15,0
15,0
15,0
16,6
16,6
16,6
16,1
16,1
16,1
17,7
17,7
17,7
103
103
103

7,7

77

7,7

90

9,1

91
109
109
109
14,6
14,5
146
102
10,2
102

9,1

90

9,1

838

89

838
10,7
10,7
10,7
103
105
104

71
72
72
67
67
67
63
64
64
65
66
66
67
67
67
61
62
62
66
66
66
70
70
69
66
66
67
62
59
59
60
60
60
58
58
59
63
63
63
65
66
66
69
70
70

Eh_autumn (mV)

450,0
4498
4498
469,1
469,0
468,7
4748
4745
4744
4773
477,2
477,2
4132
4130
4129
4914
491,1
490,7
4135
4193
4204
424,7
4248
425,0
4700
469,6
469,4
498,1
499,4
499,9
496,1
4969
496,6
5156
5152
515,1
506,9
506,4
506,4
4843
484,0
4839
4263
4262
4260

EC_autumn (S cm-1)

31,1
324
32,9
304
32,7
36,0
459
46,3
46,8
354
379
381
52,7
52,9
535
214
239
2,2
389
404
39,7
36,1
36,0
364
27,2
27,4
276
19,2
193
19,4
205
21,5
225
266
27,1
276
23,0
236
238
26,1
282
29,4
62,9
64,5
64,9

TOC_autumn (g kg-1)

57
53
54
4,0
46
44
72
79
75
7,7
638
70
41
52
24
60
55
58
49
55
54
42
43
43
24
57
52
85
838
87
26
2,1
23
37
34
35
39
33
37
36
43
39
45
36
39

14,4
14,4
14,4
159
159
15,9
17,7
17,7
17,7
17,0
171
17,1
183
183
183
13,0
13,1
13,1
109
109
109
122
122
123
12,0
12,1
12,0
163
163
163
119
11,9
119

9,7

9,7

9,7

96

96

96
134
134
134
11,9
119
11,9

Average yield

113
113
113
13,9
13,9
139
132
132
132
124
12,4
124
14,8
14,8
14,8
0,0
00
00
00
00
0,0
00
00
00
00
00
00
00
00
00
79
79
79
85
85
85
65
65
65
83
83
83
83
83
83
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HIGHLIGHTS

e Cropping system and N fertilization
affect the relative abundance of fungi in
soils.

o Reduction of N fertilization can posi-
tively affect the fungal community in
soils.

e The properties of N-fertilized soils have
a major impact on fungal richness.

e Fungal indicators of reduced fertiliza-
tion in two cropping systems were
identified.
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GRAPHICAL ABSTRACT

ABSTRACT

Nitrogen (N) is an essential element for plant productivity; hence, it is abundantly applied to the soil in the form
of organic or chemical fertilizers, which consequently have a negative impact on the environment. Therefore, the
main objective of our study was to investigate the structure and richness of the soil mycobiome in response to
reduced nitrogen fertilization under two cropping systems: plowing (P) and no-till (NT). Moreover, the scope of
the study perfectly falls into the EU “From Field to Table” strategy, which recommends a 20 % reduction of
nitrogen fertilization of agricultural soils by 2030.

In our study, the samples were collected twice during a single growing season: before maize sowing (without
fertilization) and after harvesting the crop (four different fertilization rates). The mycobiome structure was
identified based on the next generation sequencing (NGS) technique.

Overall, our research has proved that the cropping system is important in terms of the formation of the fungal
mycobiome structure and relative abundance. In addition, we confirmed that soil properties have a significant
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impact on fungal communities. We determined that a 20 % lower nitrogen fertilization rate (92.0 kg N ha™!) had
a positive effect on the abundance of fungal communities. Moreover, the highest biodiversity at each of the
taxonomic levels tested (phylum, class, genus) in the NT system and at the class and genus levels in the P system
was also evidenced at the 20 % lower N fertilization rate. We also recommended potential indicators confirming
the positive impact of reduced fertilization in two cropping systems: plowing — Epicoccum, Metarhizium,
Mycosphaerella, and Paraconiothyrium and no-till — Peziza, Podospora, Metarhizium, Trechispora, and Umbelopsis.

1. Introduction

For centuries, tilling has been helping farmers to prepare land for
crops (Dinca et al., 2022). Even though it is known to increase soil
fertility and yield in a relatively short time, the plowing system leads to
major soil physical and biological structure disturbances (Sommermann
et al., 2018; Delitte et al., 2021). However, more is known about the
negative effect of tilling on bacterial diversity (Song et al., 2017;
Wolinska et al., 2017; Babin et al., 2019; Srour et al., 2020; Kruczynska
et al., 2023), whereas its impact on fungal communities still remains
unclear (Lourenco et al., 2020; Delitte et al., 2021; Hannula et al., 2021;
Semenov et al., 2022; Wolinska et al., 2022).

It should be strongly emphasized that the fungal community in the
soil environment is equally important as the bacterial community. Fungi
make up a large part of the soil microbiota, often accounting for more
biomass than bacteria, depending on soil depth and environmental
factors (Ali et al., 2021). Fungi play an important role in the ecosystem
function, owing to their ability to decompose plant wastes and nutrients
(Hannula et al., 2021; Fernandes et al., 2022; Rossel et al., 2022). The
enzymes produced by these organisms are necessary for transformation
of many complex compounds, i.e. pectin, lignin, and cellulose (Nair and
Ngouajio, 2012; Furtak et al., 2021). Furthermore, fungal exudates also
promote the formation of soil aggregates, thereby improving soil
structure (Rossel et al., 2022). What is more, fungi are regarded as very
sensitive indicators of changes in the soil ecosystem (Gatazka et al.,
2022; Wolinska et al., 2022). Usually, any disturbances resulting from
anthropogenic activity lead to changes in the fungal abundance, which
is the highest in the surface layer of soils (Hannula et al., 2021; Gatazka
et al., 2022). Holik et al. (2019) suggested that quantitative and quali-
tative improvements in soil organic matter are observed mostly in agro
environments with a varied abundance of fungus.

Ascomycota, Basidiomycota, Mortierellomycota, and Mucoromycota
are frequently reported as dominant phyla in soils (Tedersoo et al., 2014;
Lourenco et al., 2020; Matek et al., 2021; Yamauchi et al., 2021; Fer-
nandes et al., 2022; Naumova et al., 2022). Sommermann et al. (2018)
and Kim et al. (2022) added the presence of Zygomycota and Glomer-
omycota to this set. It is commonly known that healthy soil, which
means a diverse and abundant microbial community (both bacteria and
fungi) and activity, is a prerequisite for plant growth and for crop pro-
duction (Kandasamy et al., 2021; Dinca et al., 2022; Morugan-Coronado
et al., 2022); therefore, sustenance of biodiversity in agricultural soils is
necessary to prevent their biological degradation.

Banerjee et al. (2019) suggested that fungal abundance was higher
under the no till (NT) system, whilst intensive and systematical tillage
resulted in disruption of hyphal networks. Similarly, Dinca et al. (2022)
reported that fungi usually dominated under NT, whilst Morugan-
Coronado et al. (2022) observed that NT had no effect on the fungal
community. Concurrently, Semenov et al. (2022) evidenced that the
abundances of Ascomycota and Olpidiomycota were higher under
manure, while the abundances of Basidiomycota and Mono-
blepharomycota increased under NPK fertilization. As reported by
Hannula et al. (2021), there are no clear directional responses in fungi to
soil-improving cropping systems, but the responses vary depending on
soil abiotic conditions, crop type, and climatic conditions. Kandasamy
et al. (2021) suggested that higher yield sites had greater fungal

diversity (expressed by e.g. Fisher’s a and phylogenetic diversity) than
lower yield sites. Fernandes et al. (2022) reported that fungal biomass
decreases from forests and grasslands to shrublands. Other scientists
observed that high N fertilization may lead to a decrease in soil fungal
biomass (de Vries et al., 2011) and a reduction or cessation of mineral
fertilization may result in an increase in the abundance of fungi (Morrién
et al., 2017). Frequently, it is recommended that more cross-site studies
are required in order to manage beneficial soil fungi in agricultural
systems (Hannula et al., 2021), as found in the literature database. The
studies presented in the paper are integrating the impact of cultivation/
no-tillage practices with the influence of gradient nitrogen application
rates in accordance with the current European Union “From field to
table” strategy.

Having regard to the above, the following hypotheses were formu-
lated: (1) In both P and NT maize cropping systems, noticeable changes
in mycobiome richness may be observed as a function of the fertilization
rate; (2) The fungal community may be subject to more intensive
changes in soil samples taken after crop harvest than in those taken
before maize sowing; (3) Some fungal genera may react quickly to the
reduction of nitrogen fertilization through either an increase or a
decrease in their abundance; hence, the former can be considered as an
indicator of the positive effect of reduced fertilization on the mycobiome
of agricultural soils and the latter can be recommended as an indicator of
sensitivity to nitrogen fertilization reduction.

Therefore, the main goal of this study was to determine (using the
culture independent technique) the mycobiome structure in soils dedi-
cated to maize cultivation in the P and NT systems where a nitrogen
fertilization gradient was applied (by a 20 % and 40 % reduction in
relation to the standard fertilization rate). For more comprehensive
analysis, soil samples were collected twice from the same locations:
before sowing and after maize harvesting.

2. Materials and methods
2.1. Study area

The study site is located in the NW part of Poland, Kujawsko-
Pomorskie voivodeship, Janin village (53°17'02'N 17°43'36'E) in the
agricultural area belonging to the Potulicka Foundation Group. For the
purposes of the current study, two neighboring fields (10 ha each) were
established and dedicated to P and NT maize cultivation (Fig. 1). The
studied fields had been in agricultural use since 2015, where maize was
grown in monoculture for grain. An important advantage of this
experiment was the implementation of the study in a real large-scale
area of agricultural soils belonging to the Potulicka Foundation farm,
which was reflected in the validity, quality, and representativity of the
obtained results.

Importantly, over 95 % of the Potulicka Foundation agricultural site
has been mapped using GPS and, consequently, the precision farming
system is successfully applied on the whole area (Wolinska et al., 2022),
which makes it easier to precisely dose fertilizers and collect samples for
analysis. The study area was classified according to the Polish classifi-
cation of arable soils (Appendix A.1) (Paluszek, 2011). It consists of c.a.
50 % of class III and IV soils, while the other part of the area is located on
class V and VI soils.
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Fig. 1. Location of the sampling area in Poland’s territory with a gradient of fertilization applied on plowing (P) and no-till (NT) fields used for maize cultivation.

Fig. 2. Scheme of sample points corresponding to the fertilization gradient and controls in two fields dedicated to plowing and no-till maize cultivation together with

the patterns of collection of sub-samples from each 0.5-ha area.

2.2. Experimental design and soil sampling

The experiment was conducted on two fields indicated as P and NT,
depending on the cultivation techniques described above. Within each
of the 10 ha fields (Fig. 1), 0.5-ha “micro-plots” were separated and
dedicated to the different variants of the experiment (Fig. 1, marked
with different colors), i.e. control samples (no fertilization, 0.0 kg ha_l)

and variable fertilizer rates (standard rate suggested by the manufac-
turer - 115.0 kg ha™!; standard rate reduced by 20 %; standard rate
reduced by 40 %). There were 5 composite samples for each variant.
In order to obtain the greatest possible representativeness of soil
material, soil composite samples were collected from 25 to 30 randomly
selected sites from each experimental plot (0.5 ha area) separated from
the 2.5-ha plot (Fig. 1 and Fig. 2) at a soil depth of 0-20 c¢m, according to
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Fig. 3. Relative abundance of fungi in the studied soil samples taken from the P system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha™?!) before maize
sowing (M_bs_1-20) and after harvesting (M_ah_1-20) presented at the taxonomic level: phylum.

PN-R-04031:1997, using an automatic sampler (Wintex 100, Agro-
Technology, Poland) with an Egner stick. After homogenization, the sub-
samples formed a representative composite soil sample labeled with 1, 2,
3 etc. to 40 (Fig. 2). The field mapping using the GPS technology, which
is implemented on the farm, was a guarantee of the precise location of
the measurement points from which the representative soil samples
were taken on two terms: (1) before maize sowing (April) — coded bs and
(2) after harvesting the crop (November) — coded ah. Representative
samples numbered 1-20 are related to the P system, whereas samples
21-40 pertain to the NT maize cultivation system (Fig. 2). In the study
area, basal nitrogen fertilization with urea 46 % N was dosed directly via
a cultivator aggregated with a seeder to a depth of about 20 cm at NT
sowing and with a traditional fertilizer spreader before tillage and mixed
with about 5-10 cm of the soil layer with a cultivator in the P sowing
variant. In both technologies, the doses of 0.0, 150.0, 200.0, and 250.0
kg ha~! of urea corresponded to the N content of 0.0, 69.0, 92.0, and
115.0 kg Nha 1.

In addition, phosphorus fertilization (Super FOS DAR 40™ — super-
phosphate enriched with 40 % P,0s) at a rate of 170 kg ha' (68 kg P20s5
ha~!) and multi-nutrient fertilization (ICL PotashpluS™) at a rate of 150
kg ha~! were applied in the studied fields. The composition of ICL
PotashpluS™ fertilizer is 37 % K20, 9 % S (24 % SO3), 3 % MgO, and 8 %
CaO. It is worth mentioning that ICL PotashpluS™ contains boron, and
100 % of sulfur, magnesium, and calcium in this fertilizer are in the form
of sulfate (SOy4).

The resulting samples were coded as follows: M_season of sam-
pling_number of sub-samples, where the season of sampling is either ‘bs’
(before sowing) or ‘ah’ (after harvesting), and the numbers represent a
given experimental variant, i.e.: 1-5 (P 0.0 kgNha '), 6-10 (P 69.0 Nkg

N ha™1), 11-15 (P 92.0 N kg N ha™!), 16-20 (P 115.0 N kg N ha™}),
21-25 (NT 0.0 kg N ha1), 26-30 (NT 69.0 N kg N ha™1), 31-35 (NT
92.0 N kg N ha™1), and 36-40 (NT 115.0 N kg ha™1).

2.3. Laboratory analysis

In laboratory conditions, the fresh soil samples were immediately
sieved through a 2-mm sieve and stored up to 24 h at 4 °C until DNA
extraction and no longer than 5 days until chemical analyses.

Soil acidity (pH) was determined from a 2:1 soil suspension prepared
in distilled water. An automatic multifunctional potential meter (Hach,
Lange) equipped with a glass measuring electrode was used for pH
measurements (Wolinska et al., 2017).

The soil organic carbon (SOC) content was determined using an
automatic carbon analyzer TOC-V¢sy SSM 5000 A (Shimadzu, Japan).
Soil samples (150 mg) were pulverized, dried, and combusted at 900 °C
in a column containing a platinum and cobalt oxide catalyst. All carbon
compounds were converted into carbon dioxide and detected by an
infrared detector (Wolinska et al., 2022).

The content of nitrogen (N) and phosphorus (P) forms was measured
colorimetrically using an AutoAnalyser 3 System (Bran+Luebbe, Ger-
many) in the prepared soil extracts (35 g fresh soil and 100 ml water).
More details are presented in Wolinska et al. (2014).

The total concentrations of potassium (K), magnesium (Mg), and
calcium (Ca) were determined using the flame atomic absorption spec-
trometry (FAAS) technique (ZA-3300 Hitachi, Japan) after mineraliza-
tion of the soil material (Ethos One, Milestone, Italy). All the
measurements were taken in triplicate.
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Fig. 3a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the P system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N
ha™!) before maize sowing (M_bs_1-20) and after harvesting (M_ah_1-20) presented at the taxonomic level: phylum.

2.4. Mycobiome structure analysis

DNA was extracted from the soil samples (350 mg) in triplicate with
the use of the standardized DNeasyPowerLyzer Kit protocol (Qiagen,
Hilden, Germany). The quality of the isolates was verified by PCR re-
actions using primers (Schmidt et al., 2013) ITS1FI2 (5-TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG GAA CCW GCG GAR GGA TCA-
3" and 5.8S (5-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA
GCG CTG CGT TCT TCA TCG-3') in the following PCR conditions: 30s at
98 °C, followed by 25cycles of 10s at 98 °C, 30s at 55 °C, and 20s at
72 °C, and a final elongation step of 2min at 72 °C (Wolinska et al.,
2022). REDTaq® ReadyMix™ (Sigma, Saint Louis, Missouri, United
States) was applied for the PCR reaction. After receiving positive results
of the PCR reaction, triplicate samples of soil DNA were pooled as rec-
ommended by Kuzniar et al. (2020).

Library preparation was performed using the Q5 Hotstart High-
Fidelity 2x Master Mix (New England Biolabs). Libraries were purified
according to AMPure Beads XP (Beckman Coulter) manufacturer’s in-
structions. Then the samples were indexed with the Nexter XT Index Kit
(Illumina) in a seven-cycle amplification reaction. The sequencing step
was performed on an Illumina MiSeq by Genomed S.A. company
(Warsaw, Poland) using the paired-end (PE) technology with 2 x 300nt
with v3 chemistry according to manufacturer’s suggestions. Automatic
analyses of the preliminary data were carried out using MiSeq Reporter
(MSR) v2.6 with the following steps: trimming of adaptor sequences by
the cutadapt program, quality control combined with trimming of low
quality bases (quality < 20, min length — 30) with the cutadapt program,
joining of paired reads with the use of the fastg-join algorithm, clus-
tering with 97 % sequence similarity with application of the UCLUST
algorithm, detection and removal of chimeras by the usearch6l
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Fig. 4. Relative abundance of fungi in the studied soil samples taken from the P system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha~!) before maize
sowing (M_bs_1-20) and after harvesting (M_ah_1-20) presented at the taxonomic level: class.

algorithm, and taxonomy assignment based on the UNITE v8 database
by the blast algorithm (Wolinska et al., 2022).

2.5. Bioinformatic and statistical analyses

Bioinformatic tests were conducted in R v4.1 using DADA2 v1.18
package (Callahan et al., 2016). All obtained reads were trimmed to 250
bp; the leftmost 20 nt containing low-quality bases were removed. The
primer sequences were removed using cutadapt (Martin, 2011). The
sequences were filtered as follows: maxN = 0, maxEE = 2, and truncQ
=2 (other parameters were set to default). The standard error rates were
estimated by learnErrors (n-reads set to 1 - 106). The replicated reads
were removed using derepFastq (default parameters), and exact ASVs
were obtained. The chimeric sequences were removed with remov-
eBimeraDenovo. The taxonomy was assigned using a Naive Bayesian
Classifier against the UNITE v. 8.3 database (Wang et al., 2007). All taxa
other than from the fungal kingdom were removed and the resulting
taxonomy was analyzed with the phyloseq package (McMurdie and
Holmes, 2013). The results are expressed as the percentage of the rela-
tive abundance of sequences identified at the selected taxonomy levels
(phyla, classes, genera). The identified sequences are available under
accession number PRJNA918686 (GenBank Database, NCBIL: https
://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA918686).

The statistical analyses of soil properties were performed using the
STATISTICA.PL package (10; Stat. Soft. Inc., Tulsa, OK, United States).
The correlation analysis was performed using the Spearman correlation
test (a0 = 0.05). Differences between results from different fertilization
rate and cultivation systems were calculated using ANOVA and MDS
analysis. Biodiversity indices were calculated in RStudio v 2.6-4, using

the vegan package. All statistical and graphical analyses were prepared
in R v 4.1 using microeco (Liu et al., 2021).

3. Results
3.1. Soil properties — before sowing and after maize harvesting

The studied soils were characterized by neutral pH (6.2-6.9)
showing significantly lower values before maize sowing in comparison
to the harvesting period (p < 0.001) without a significant effect of the
tillage system and the fertilization level (p > 0.05). The carbon pool,
dominated by the organic fraction, was significantly lower (p < 0.001) in
spring (3.85-4.85 g kg 1) than in autumn (4.20-6.66 g kg~ 1), showing
the highest TC levels in the NT system after harvesting with no fertil-
ization effect (p > 0.05).

The studied soils contained various fractions of nitrogen compounds,
namely N-NOj, N-NO3, and N-NH4. The nitrate (III) levels were very
low (<0.3 mg kg~ 1fw) in the NT system, with no differences related to
the fertilizer dose, tillage system, and period of sampling (p > 0.05).
Although we recorded extremely high values reaching 0.4-0.73 mg kg ™!
fw in samples collected from the P system in autumn, these data are
burdened with a large error, as indicated by the SD values. Nevertheless,
this observation may be an indicator of toxicity and requires further
attention during next samplings. The highest concentration of nitrate
(V) was recorded in the P system in spring (5.66-7.42 mg kg ' fw)
followed by NT in the same sampling period (3.99-5.77 mg kg~ fw) and
samples collected after harvest (0.64-2.13 mg kg_1 fw) (p < 0.001). The
latter did not differ significantly (p > 0.05) and no significant fertilizer
effect was detected (p > 0.05). Before maize sowing, the level of N-NH4
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Fig. 4a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the plowing system at different fertilization rates (0.0, 69.0, 92.0, 115.0
kg N ha™1) before maize sowing (M_bs_1-20) and after harvesting (M_ah_21-40) presented at the taxonomic level: class

was in the range of 0.61-1.80 mg kg~! fw, with no significant differ-
ences between the tillage systems and the fertilizer doses (both p >
0.05). There was a significant increase in N-NHy4 in samples collected
after harvest (p < 0.001), with the highest increase recorded in the NT
system. In addition, we observed a fertilizer effect in the P system in this
period characterized by significantly higher levels of N-NH4 at 92.0 and
115.0 kg N ha™! (p < 0.001). After the application of the latter N dose,
the N-NHy4 levels were similar to these in the NT system.

The availability of phosphates in the soils collected in spring was on a
similar level in both tillage systems (1.26-2.11 mg kg’1 fw, p > 0.05).
We observed (a) an insignificant decrease in P-PO4 in samples collected
in autumn from plowed plots fertilized with 0.0 and 69.0 kg N ha™!
(0.46-0.82 mg kg ™! fw), (b) a significant increase in P-PO4 at the higher
N doses in this system (ca. 1.5 mg kg’1 fw), and (c) a significant increase

in the NT system between spring and autumn (1.45-1.75 vs. 2.19-2.98
mg kg1 fw, p < 0.001) with no fertilization effect within a given season
(p > 0.05). The biologically available P (Olsen) displayed a similar trend
— we observed lower levels in spring (9.3-15.0 mg kg™! fw) than in
autumn (23.7-37.5 mg kg ! fw, p < 0.001) in both systems. Specifically,
the lowest values were recorded in the P system followed by NT. The
average Olsen P levels in samples collected in autumn were similar in
both tillage systems (p > 0.05). However, there was a significant in-
crease in Olsen P in the P system when the dose of 69.0 kg N ha™! was
applied (p < 0.001), while the same dose in the NT system led to a
significant decrease in this parameter (p < 0.001).

The carbon pool, dominated by the organic fraction, was signifi-
cantly lower (p < 0.001) in spring (3.85-4.85 g kg™!) than in autumn
(4.20-6.66 g kg™1), showing the highest SOC levels in the NT system
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Fig. 5. Relative abundance of fungi in the studied soil samples taken from the P system, at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha~') before maize
sowing (M_bs_1-20) and after harvesting (M_ah_1-20) presented at the taxonomic level: genus.

after harvesting with no fertilization effect (p > 0.05).

The content of Ca was very low before sowing (71-109 mg kg~ 'dw),
showing no significant differences between the tillage system and the
fertilizer dose (p > 0.05). However, there was a strong increase in the Ca
levels recorded after crop harvesting in autumn (p < 0.001). The Ca
content reached values of 619-790 mg kg 'dw in the NT system (no
significant role of fertilization, p > 0.05) and 720-1224 mg kg dw in
the P system (p < 0.001). The content of Mg was increasing significantly
in the following manner: spring in the NT system (533-637 mg kg~ 'dw)
followed by P before sowing (752-996 mg kg 'dw), NT in autumn
(1312-1521 mg kg~ 'dw), and P in autumn (1512-1737 mg kg~ *dw) (p
< 0.001). We did not find any significant role of fertilization in the
observed Mg accumulation (p > 0.05). The K levels reached very high
content in the range from 8385 to 16,310 mg kg~ 'dw, showing signif-
icantly lower values before sowing. The significant increasing trend was
as follows: NT in spring > P in spring > NT in autumn > P in autumn (p
< 0.001). Again, the reduced fertilization had no significant effect on the
observed K accumulation (p > 0.05).

3.2. Soil mycobiome structure in the plowing cultivation system

3.2.1. Fungal community composition under reduced fertilization at the
phylum level

The NGS analysis identified 5 phyla of fungi in the studied fields
(Fig. 3, Fig. 3a).

Changes in the relative abundance under reduced nitrogen fertil-
ization in soils cultivated with the P system indicated three keystone
phyla of mycobiomes, i.e. Mortierellomycota, Ascomycota, and
Basidiomycota.

There was a definite decrease in the richness of Mortierellomycota

fungi in soils taken after harvesting the crop (M_ah_1-20; 8.66-22.58 %)
compared to control samples (without fertilization) taken before maize
sowing (M_bs_1-20; 32.32-45.04 %). It was also observed that the
reduction of fertilization by 20 % (M_ah_11-15; 92.0 kg N ha™!) and
even by 40 % (M_ah_6-10; 69.0 kg N ha™1) caused a decrease in the
relative abundance of Mortierellomycota in the P system compared to
the highest N application rate (M_ah_16-20).

Overall, there was an increase in the relative abundance of Asco-
mycota in soils taken after harvesting the crop (M_ah_1-20; 26.38-46.16
%) than in samples taken before maize sowing (M_bs_1-20; 12.15-30.67
%). In addition, the application of nitrogen fertilization positively
influenced the formation of Ascomycota fungal richness, as an increase
in the relative abundance of this phylum was observed with the
increasing fertilization rate (Fig. 3, Fig. 3a). These observations were
confirmed by the statistical analysis (Spearman test, a = 0.05, Appendix
B.1), where a statistically significant negative correlation was noted
between the key mycobiome community Mortierellomycota and Asco-
mycota (R = —0.65, p < 0.001, n = 60) at the fertilization rates of 69.0
kg Nha ! (R = —0.91, p < 0.001, n = 15) and 92.0 kg N ha ! (R =
—0.84, p < 0.001, n = 15).

The Basidiomycota phylum was more abundant in soils taken after
harvesting the crop (M_ah_1-15), with the exception of samples
M_ah_16-20 (115.0 kg N ha™1), than before maize sowing (M_bs_1-15).
Thus, it may seem that the 20 % reduction in fertilization (92.0 kg N
ha™!) had a positive effect on this phylum. At the highest fertilization
rate (115.0kg N ha~1) and the rate reduced by 40 % (69.0 kg N ha’l), a
decrease in both Mortierellomycota and Basidiomycota was noted (R =
0.77 and R = 0.69, p < 0.001, n = 15, respectively).

The relative abundance of fungi belonging to the Mucoromycota
phylum increased slightly (by 0.13 %) with the 20 % reduction in the N
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Fig. 5a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the P system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N
ha™1) before maize sowing (M_bs_1-20) and after harvesting (M_ah_1-20) presented at the taxonomic level: genus.

fertilization rate (M_ah_11-15) compared to samples collected before
sowing (M_bs_11-15). Nevertheless, the relative abundance of these
fungi was quite low, ranging from 0.58 to 1.92 % in samples M_bs_1-20
and from 0.91 to 1.19 % in samples M_ah_1-20.

Rozellomycota accounted for a small percentage of the community of
this taxonomic level in both M_bs_1-20 (0.84-2.45) and M_ah_1-20
(1.36-4.47 %) samples; nevertheless, an increase in the richness of
this phylum was registered at the fertilization rates of 92.0 and 115.0 kg
N ha™! (Fig. 3, Fig. 3a).

3.2.2. Fungal community composition under reduced fertilization at the
class level

The NGS analysis identified 10 classes of fungi based on ITS hyper-
variable sequences, as shown in Fig. 4 and Fig. 4a. In both M_bs_1-20

and M_ah_1-20 samples, the dominant fungal classes were Mortier-
ellomycetes (32.32-45.04 % and 8.66-22.58 %, respectively) and
Eurotiomycetes (2.43-13.50 % and 5.47-28.58 %, respectively). Fungi
belonging to the Sordariomycetes (5.00-9.82 %) and Tremellomycetes
(3.00-8.75 %) classes were among the subdominants in M_bs_1-20
samples, while the Dothideomycetes (5.62-8.61), Sordariomycetes
(6.36-8.26 %), and Tremellomycetes (3.71-7.50) classes were sub-
dominants in M_ah_1-20 samples.

Our results proved that the increasing doses of nitrogen fertilization
caused an increase in the abundance of the mycobiome representing the
class Eurotiomycetes (Fig. 4, Fig. 4a). The application of fertilization at
115.0 kg N ha™! resulted in a two-fold increase in the abundance of this
phylum in the M_ah_16-20 samples (28.58 %) compared to the M_bs_16-
20 samples (13.50 %).
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Fig. 6. Relative abundance of fungi in the studied soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha™!) before
maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: phylum.

Of the mycobiome classes analyzed, only Mortierellomycetes showed
particular sensitivity to nitrogen fertilization, as evidenced by the
decrease in the relative abundance of these fungal classes in the M_ah_1-
20 samples compared to the M_bs_1-20 samples (Fig. 4, Fig. 4a). Despite
the overall decrease in the Mortierellomycetes abundance, there was a
trend indicating an increase in the richness of this class in the variants
with the reduced fertilization by 20 and 40 % (Fig. 4, Fig. 4a).

In addition, it was noted that the strategy of 20 % fertilization
reduction had a favorable effect on the formation of the structure of
other classes of the mycobiome, as evidenced by the increase in the
abundance of these fungi in samples M_ah_11-15 (92.0 kg N ha™1)
compared to samples M_ah_16-20, where the highest rate of nitrogen
fertilization was applied (115.0 kg N ha™!). The above referred to
Dothideomycetes (2.99 % increase in abundance), Saccharomycetes
(2.22 % increase), Sordariomycetes (1.90 % increase), and Trem-
ellomycetes (3.78 % increase).

Our observations were confirmed by the statistical analysis
(Spearman test, o = 0.05, Appendix C.1, p < 0.001, n = 15) for a
fertilization rate of 92.0 kg N ha~! (M_ah_11-15), where the following
relationships were noted: Dothideomycetes vs. Saccharomycetes (R =
0.77), Dothideomycetes vs. Sordariomycetes (R = 0.80), Dothideomy-
cetes vs. Tremellomycetes (R = 0.94), Saccharomycetes vs. Sordar-
iomycetes (R = 0.67), Saccharomycetes vs. Tremellomycetes (R = 0.69),
and Sordariomycetes vs. Tremellomycetes (R = 0.68).

3.2.3. Fungal community composition under reduced fertilization at the
genus level

The NGS analysis identified 17 fungal genera in samples taken from
the P system (Fig. 5 and Fig. 5a).
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Mortierella confirmed the trend observed in the analysis of the results
of the Mortierellomycetes class. Thus, despite the overall decrease in
Mortierella abundance in the M_ah_1-20 samples, there was an increase
in the richness of this genus at the 20 and 40 % lower fertilization rates
(by 5.97 and 7.96 %, respectively) (Fig. 5, Fig. 5a).

The 20 % reduction in nitrogen fertilization (M_ah_11-15; 92.0 kg N
ha™! against samples M_ah_16-20 (115.0 kg N ha™1)) contributed to a
slight increase in the relative abundance of the following genera: Epi-
coccum, Metarhizium, Mycosphaerella, Paraconiothyrium, Podospora, Sai-
tozyma, Talaromyces, Umbelopsis, and Vishniacozyma (Fig. 5, Fig. 5a). In
comparison, the highest nitrogen fertilization rate (M_ah_16-20; 115.0
kg N ha™?!) favored the growth of mycobiome communities belonging
only to two genera: Hamigera and Penicillum (Appendix D.1, R = 0.63, p
< 0.001, n = 45), whose relative abundance in the M_ah_1-20 samples
increased with the increasing fertilization rates.

In addition, our results indicate that the 40 % reduction in nitrogen
fertilization (69.0 kg N ha!; M_ah_6-10) proved to be the best option for
the Humicola and Solicoccozyma genera, as evidenced by their highest
abundance relative to the M_ah_11-15 (92.0 kg N ha~!) and M_ah_16-20
(115.0 kg N ha ) samples (Fig. 5, Fig. 5a).

3.3. Soil mycobiome structure in the no-till cultivation system

3.3.1. Fungal community composition under reduced fertilization at the
phylum level

The relative abundance of fungal communities in samples taken
before sowing from the NT system (M_21-40) differed significantly from
that in samples from the P system (M_1-20). Nevertheless, the results of
the NGS analysis also indicated the phyla Ascomycota,
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Fig. 6a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N
ha!) before maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: phylum.

Mortierellomycota, and Basidiomycota as the keystone mycobiome
(Fig. 6, Fig. 6a).

The abundance of Ascomycota fungi decreased in the soils taken
after harvesting the crop compared to the soils taken before maize
sowing, representing the structure of the mycobiome before the appli-
cation of nitrogen fertilization. Only the M_ah_31-35 samples showed an
increase in the relative abundance of Ascomycota (by 12.62 %) with
respect to the same samples before the application of fertilization
(M_bs_31-35), which may mean that the reduced fertilization rate of 20
% (92.0 kg N ha™!) in the NT system had a favorable effect on the
development of this phylum.

Interestingly, a favorable effect of the nitrogen fertilization on the
Mortierellomycota mycobiome was observed in the NT system, as the
highest relative abundance (30.54 %) was observed in samples M_ah_36-
40 where the highest fertilization rate was applied (115.0 kg N ha 1.
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This increase amounted to 8.94 %, compared to the control sample taken
after harvesting the crop (M_ah_21-25) and by as much as 14.66 % with
respect to the control samples taken before maize sowing (M_bs_36-40).

A very similar trend was observed for the Basidiomycota and Asco-
mycota phyla. In general, only the 20 % lower fertilization rate
(M_ah_31-35; 92.0 kg N ha™!) produced an increase in Basidiomycota
richness (by 4.39 % in the M_ah_21-25 samples and by 3.70 % in the
M_bs_31-35 samples). This was confirmed by the results of the statistical
analysis (Spearman test, o = 0.05), which showed a statistically signif-
icant relationship between Ascomycota vs. Basidiomycota (Appendix
E.1, R = 0.48, p < 0.001, n = 45), with a particular focus on the fertil-
ization rates of 92.0 kg N ha ' (R = 0.79,p < 0.001,n =15) and 115.0
kg N ha ' R = 0.95, p < 0.001, n = 15). The relative abundance of
Mucoromycota and Rozellomycota in the studied soils did not exceed 1
%.
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Fig. 7. Relative abundance of fungi in the studied soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha™') before
maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: class.

3.3.2. Fungal community composition under reduced fertilization at the
class level

It was shown that Mortierellomycetes were the dominant class in the
samples taken before maize sowing (M_bs_21-40) and after harvesting
(M_ah_21-40) from the NT system, with ITS sequences accounting for
15.88-26.29 % and 20.95-30.54 % (M_bs_21-40 and M_ah_21-40,
respectively) of the pool of the sequences obtained from the DNA iso-
lates tested. The abundance of Mortierellomycetes increased with the
increasing fertilization rates, thus the highest relative abundance was
recorded in the M_ah_36-40 samples and amounted to 30.54 %, doubling
its abundance with respect to the samples before sowing (M_bs_36-40)
(Fig. 7, Fig. 7a).

Agaricomycetes, Dothideomycetes, and Pezizomycetes were the
classes whose relative abundance increased in samples M_ah_21-40,
with the highest number of Agaricomycetes (4.93 %) and Pezizomy-
cetes (4.54 %) readings recorded in samples M_ah_31-35, where the 20
% lower nitrogen fertilization rate (92.0 kg N ha™!) was applied. A
similar trend was also exhibited by Leotiomycetes fungi, which may
indicate that the 20 % reduction in fertilization had the most favorable
effect on the community of this class. A strong statistical relationship
was also observed for the application rate of 92.0 kg N ha™! (Appendix
F.1, p < 0.01, n = 15) between Leotiomycetes vs. Agaricomycetes (R =
0.76). An increase in the abundance of the Dothideomycetes class was
also noted in the M_ah_21-40 samples compared to the M_bs_21-40
samples; however, the relative abundance was higher in the control
sample taken after harvesting the crop (M_ah_21-25) than in the
M_ah_26-40 samples, which may indicate that the nitrogen fertilization
had no effect on the structure formation of this class in the samples taken
from the NT system (Fig. 7, Fig. 7a).
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In addition, we found that the classes Eurotiomycetes, Sordar-
iomycetes, and Tremellomycetes were characterized by a slight decrease
in the relative abundance in samples M_ah_21-40, although there was an
increase in the richness of these classes in samples M_ah_31-35 (92.0 kg
N ha™1), where the 20 % reduction in nitrogen fertilization was applied
with respect to samples M_ah_21- 25 (0.0 kg N ha 1) (Fig. 7, Fig. 7a).
This was confirmed by the statistical analysis (Spearman test, o = 0.05)
in the variant with the application rate of 92.0 kg N ha™? (Appendix F.1,
p < 0.001, n = 15), which indicated the presence of strongly significant
relationships between Sordariomycetes vs. Eurotiomycetes (R = 0.98),
Tremellomycetes vs. Sordariomycetes (R = 0.98), and Eurotiomycetes
vs. Tremellomycetes (R = 0.98).

3.3.3. Fungal community composition under reduced fertilization at the
genus level

The NGS analysis identified 17 fungal genera based on the ITS hy-
pervariable sequences, as shown in Fig. 8 and Fig. 8a. The N fertilization
with the simultaneous use of the NT system contributed to an increase in
the relative abundance of some fungal genera (Exophiala, Humicola,
Mortierella, Peziza, Trechispora, Vishniacozyma) (Fig. 8, Fig. 8a).

The structure of the mycobiome at the genus level in the soils taken
from the NT system developed most efficiently when the two highest
doses of nitrogen fertilization: 92.0 and 115.0 kg N ha! were applied.
Thus, an increase in the relative abundance in the variant with the 20 %
lower fertilization rate (92.0 kg N ha™! ; M_ah_31-35) was recorded for
fungi of the following genera: Podospora, Trechispora, Umbelopsis, Met-
arhizium and Peziza. Strong statistical correlations (Spearman test, a =
0.05, Appendix G.1) were noted in the variant with the rate of 92.0 kg N
ha~?, between e.g. the genera Podospora and Umbelopsis (R = 0.57, p <
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Fig. 7a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N
ha™') before maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: class.

0.5, n =15). The nitrogen fertilization rate of 115.0 kg N ha™? (M_ah_36-
40) had the most favorable effect on the increase in the relative abun-
dance of the genus Mortierella only, as there was a twofold increase in
the abundance of this genus in the M_ah_36-40 samples (30.52 %),
compared to the M_bs 36-40 samples (15.85 %), which was also
confirmed by the statistically significant negative relationships
(Spearman test, « = 0.05, Appendix G.1).

3.4. Biodiversity indices and multidimensional scaling

3.4.1. Plowing system

The MDS analysis indicated similarity in the spatial distribution
between the fungal community and the following fertilization rates: 0.0
and 69.0 kg N ha™! and 92.0 and 115.0 kg N ha™! in samples taken
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before sowing maize from the P system (Fig. 9).

In turn, the MDS analysis of the post-harvest samples indicated the
greatest dissimilarity of the fungal communities in the treatment with
the highest nitrogen fertilization rate (115.0 kg N ha™!) (Fig. 9). The
stress value representing the difference between the distances in the
reduced dimension compared to the complete multidimensional space
indicated a good fit of the samples (0.08 and 0.11, respectively).

Shannon’s diversity index (H') was significantly higher for the post-
harvest samples (M_ah_1-20) at each of the analyzed taxonomic levels
(phylum, class, genus) (Table 3). Its highest value was recorded in the
M_ah_11-15 (92.0 kg N ha b sample at the taxonomic class and genus
levels (2.23 and 2.28, respectively), which suggested the greatest di-
versity of the fungal community in this sample. Simpson’s Dominance
Index (D) confirmed the above relationship and indicated a high degree
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Fig. 8. Relative abundance of fungi in the studied soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N ha™!) before
maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: genus.

of heterogeneity in the M_ah_11-15 sample at the class (0.87) and genus
(0.85) levels. Also in the same sample, Pielou’s Evenness Index (J’) had
the highest value in the M_ah_11-15 sample with respect to the taxo-
nomic class (0.87) and genus (0.76) levels.

3.4.2. No-till system

The MDS analysis of samples taken before maize sowing indicated no
dissimilarity between the fungal community and the different rates of
nitrogen fertilization, as evidenced by the large scatter of points with the
same colors (Fig. 10).

The results for the post-harvest samples indicated that the myco-
biome was more dissimilar, with particular emphasis on differences
between the control (0.0 kg N ha’l) and the highest fertilization rate
(115.0 kg N ha™!). The clusters of points with the same colors on the
graph after harvesting evidenced that the fungal community mostly
differed depending on the applied fertilization rates (Fig. 10). The stress
value indicated a good fit of the samples (0.10 and 0.13, respectively).

The degree of the biodiversity of the fungal community was higher in
samples taken after harvesting, as noted in both cropping systems: P
(Table 3) and NT (Table 4). Interestingly, the analysis of biodiversity
expressed by the indicators studied showed a similar trend in soil sam-
ples M_ah_31-35 (92.0 kg N ha!) collected from the NT and P crop
variants, where the highest values of these indicators were recorded
(Table 3, Table 4). Thus, the ecological indices for the two taxonomic
class and genus levels: H' (2.13 and 2.03, respectively), D (0.85 and 0.81,
respectively), and J’ (0.83 and 0.69, respectively) (Table 4) confirmed
the highest heterogeneity and evenness of the mycobiome in this sample
(M_ah_31-35).
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4. Discussion

Nitrogen (N) is an essential element for plant productivity; hence, it
is abundantly applied to the soil in the form of organic or chemical
fertilizers, which consequently have a negative impact on the environ-
ment (Dellagi et al., 2020). Therefore, there is a trend to reduce N
application by 20 % by 2030. In our work, we investigated whether
reduced N fertilization has a significant impact on the formation of the
mycobiome structure and richness in agricultural soils subjected to
different management systems (P and NT). Moreover, the scope of our
research fits perfectly with the EU “From Field to Table” strategy, which
recommends reducing nitrogen fertilization of agricultural soils by 20 %
by 2030. Therefore, we are sure that the undertaken research problem is
extremely important from an agricultural, environmental, and ecolog-
ical point of view, and the obtained results can enhance the knowledge
of the effect of reduced N application on the soil mycobiome.

Cereal grains provide 60 % of food necessary to feed the world’s
population, either directly as part of the human diet or indirectly as
animal feed (Hirel et al., 2007; Lafiandra et al., 2014; Landberg et al.,
2019). Such cereals as maize require large inputs of N fertilizers (nitrates
in particular) to achieve optimum performance (Dellagi et al., 2020). In
addition, the type and amount of the N fertilizer affects the physical,
chemical, and biochemical properties of soil (Paungfoo-Lonhienne et al.,
2012) as well as the bacterial and arbuscular mycorrhizal fungal (AMF)
communities in the rhizosphere (Toljander et al., 2008; Verbruggen
et al., 2010; Paungfoo-Lonhienne et al., 2015). Our results suggest that
the amount of the fertilizer applied does not have a significant effect on
chemical parameters over the year of the experiment (Table 1, Table 2);
nevertheless, statistically significant relationships were noted between
the studied chemical parameters (Table 1, Table 2) and fungal richness
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Fig. 8a. Heatmaps illustrating the relative abundance of fungi in the soil samples taken from the NT system at different fertilization rates (0.0, 69.0, 92.0, 115.0 kg N
ha™1) before maize sowing (M_bs_21-40) and after harvesting (M_ah_21-40) presented at the taxonomic level: genus

in the two compared cropping systems (P and NT) subjected to different
fertilization rates (Appendices B.1 — G.1). For example, in the P system
(Appendix B.1), N-NO, was strongly correlated with Mortierellomycota
(R = 0.89, p < 0.001), Ascomycota (R = —0.81, p < 0.0001), and
Mucoromycota (R = —0.75, p < 0.01) at a fertilization rate reduced by
40 % (69.0 kg N ha ). In comparison, no correlations were noted be-
tween N-NO; and fungi at the taxonomic phylum level in the NT system
(Appendix E.1). At the 20 % lower fertilization rate (92.0 kg N ha’l),
there was a negative correlation of N-NO3 vs. Ascomycota (R = —0.68, p
< 0.01) and a positive N-NO3 vs. Mortierellomycota correlation (0.64, p
< 0.05) in the P system. In comparison, at the N fertilization rate
reduced by 40 % (69.0 kg N ha™!), N-NOs vs. Mortierellomycota (R =
0.58, p < 0.05) and N-NO3 vs. Mucoromycota (—0.84, p < 0.001) re-
lationships were recorded. In addition, in the P system, a statistically

15

significant positive relationship was obtained between N-NOj3 vs.
Ascomycota (R = 0.65, p < 0.01) in the variant treated at the recom-
mended rate (115.0 kg N ha 1) (Appendix B.1). On the other hand, the
analysis of the NT system indicated positive N-NO3 vs. Ascomycota (R =
0.56, p < 0.05) and N-NOj3 vs. Basidiomycota (R = 0.55, p < 0.05) re-
lationships at the fertilization rate of 115.0 kg N ha!, Rozellomycota
was negatively correlated with N-NO3 at the 20 % lower N rate, and
Mucoromycota interacted positively with N-NOg at the 40 % reduction
in the N fertilization. Thus, it was noticed that the correlations depended
on the land use system as well as the applied fertilization rate (Appen-
dices B.1 — G.1). Macronutrients, such as Ca, P, Mg, and K, seemed to
have a significant effect on the fungal community structure. Most nu-
trients were related to pH and SOC, which also influenced the fungal
richness in the studied soils. Interestingly, in our study, we observed a
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Fig. 9. Beta-diversity of fungal communities in response to four doses of nitrogen fertilization — P system; Multidimensional Scaling (MDS).

Fig. 10. Beta-diversity of fungal communities in response to four doses of nitrogen fertilization — NT system; Multidimensional Scaling (MDS).

significant SOC increase in soil samples collected after harvesting crops
in the NT system, which may have been related to the advantages in SOC
accumulation under the NT treatments (Francaviglia et al., 2017). In
general, SOC in agricultural soils is expected to increase, which ensures
improved soil fertility and a greater advantage in carbon storage, as well
as a higher potential for sequestering carbon in the atmosphere (Lal,
2004). There are scientific reports that confirm that no-till induces
carbon accumulation in the soil compared to conventional plow tillage
(Wang et al., 2020; Huang et al., 2006), which is consistent with our
reports. It is worth mentioning that soil pH affects the capacity to fix and
accumulate carbon and nitrogen by affecting the activities of soil
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microorganisms (Bai et al., 2003). In an alkaline environment, the ac-
tivity of microorganisms is inhibited, resulting in reduced carbon and
nitrogen content (Tong et al., 2023). Therefore, we agree with previous
findings that soil properties have a strong influence on fungal commu-
nities (Appendices B.1 — G.1), which is consistent with reports by Han-
nula et al. (2021) and Tedersoo et al. (2014).

Fungi account for most of the total microbial biomass in the soil
environment, contributing to over 50 % of the soil biomass (Moreno
etal., 2021). Fungi should be considered as a link in production not only
because of their properties but also because of their potential pathoge-
nicity in crop chains (Moreno et al., 2021). Based on the results, we
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Soil properties of the studied fields in different seasons: before sowing and after harvesting, taking into account the applied fertilization rates in the P system (average
values from fifteen repetitions [three measurements x 5 trials] & SD are presented).

Sampling Before sowing After harvesting
Fertilization (kg 0.0 0.0 0.0 0.0 0.0 69.0 92.0 115.0
Nha™)
pH 6.46 + 0.18c 6.45 + 0.14bc 6.37 + 0.15bc 6.10 + 0.18a 6.86 + 0.18d 6.82 + 0.07d 6.84 + 0.20d 6.52 + 0.17c
N-NOj3 (mg 5.66 + 1.49ab 6.71 + 3.32ab 5.81 + 2.47ab 7.42 £+ 2.33a 1.11 + 0.46¢d 2.13 4+ 1.28d 1.93 +1.11e 1.94 + 1.53ef
kg~ lfw)
N-NH4 (mg 0.98 + 0.82abc  1.22 + 1.46ab 1.01 + 0.78abc 0.61 + 0.46a 2.46 + 1.47e 3.12 + 0.76de 5.42 + 1.22e 6.33 + 0.84e
kg 'fw)
N-NO,, (mg 0.01 + 0.00a 0.01 £+ 0.01a 0.01 £+ 0.00a 0.00 £ 0.00a 0.71 + 0.45c¢ 0.73 £ 0.64c 0.41 + 0.99abc 0.59 + 1.02bc
kg~ 'fw)
P-PO, (mg 2.11 + 0.36abc  1.52 £+ 0.58bcd  1.44 + 0.66bcd 1.26 + 0.57cde 0.82 + 0.50de 0.46 + 0.41e 1.55 =+ 0.88bcd 1.59 + 0.81bcd
kg~ lfw)
Olsen P (mg 9.59 + 2.80a 9.33 + 2.63a 12.37 + 5.31a 12.70 + 3.71a 24.26 + 5.17b 23.71 + 3.74b 34.51 + 8.17cd 37.50 + 2.81d
kg~ 'fw)
SOC (gkg™) 4.15 + 1.06abc ~ 4.06 + 1.19ab 4.18 + 0.59abc 4.64 +1.23abed  5.15 + 4.20 + 0.85abc 4.73 £ 0.67abcd  4.74 + 0.66abcd
1.81bcde
Ca (mg kg~ 'dw) 102.27 + 96.59 +38.88a  109.36 + 107.08 + 1224.21 + 1093.81 + 1067.26 + 720.55 +
65.06a 100.31a 48.15a 369.06d 281.66¢cd 776.11cd 268.71bc
Mg (mg kgfldw) 996.48 + 857.20 + 761.17 + 752.66 + 1737.04 + 1695.72 + 1512.90 + 1678.08 +
212.37bc 203.26ab 351.51ab 116.84ab 371.40f 443.50ef 643.99def 322.80def
K (mg kg~ 'dw) 11,762.72 + 11,810.23 + 11,345.36 + 12,695.93 + 15,395.36 + 16,310.98 + 14,620.47 + 14,792.45 +
938.42b 756.91b 1482.16b 1212.28bc 308.40ef 1118.60f 1382.45de 1530.28de

Averages marked with the same letter indicate insignificant differences between experimental variants (p > 0.05).

Table 2

Soil properties of the studied fields in different seasons: before sowing and after harvesting, taking into account the applied fertilization rates in the NT system (average

values from fifteen repetitions [three measurements x 5 trials] & SD are presented).

Sampling Before sowing After harvesting
Fertilization (kg N 0.0 0.0 0.0 0.0 0.0 69.0 92.0 115.0
ha™ 1)
pH 6.21 + 0.30ab 6.21 + 0.22ab 6.34 + 0.23bc 6.35 + 0.19bc 6.87 + 0.15d 6.91 + 0.15d 6.80 + 0.16d 6.81 + 0.25d
N-NOj3 (mg 3.99 + 1.24ab 4.42 £+ 0.84bc 5.77 + 0.71ab 4.96 + 1.21ab 1.66 + 0.66f 1.16 £+ 0.61f 0.64 + 0.57f 0.97 + 0.39f
kg~ 'fw)
N-NH4 (mg 1.03 £ 0.33cd 1.80 + 0.89c 0.99 + 0.80 + 0.54bc 6.65 + 1.43e 7.44 + 1.02e 7.35 + 0.71e 6.71 + 0.84e
kg 'fw) 0.47abc
N-NO, (mg 0.04 £ 0.01a 0.09 + 0.02ab 0.11 4+ 0.01ab 0.14 4+ 0.01ab 0.21 + 0.35abc 0.07 4+ 0.13ab 0.04 £ 0.01a 0.04 £+ 0.00a
kg~ 'fw)
P-PO, (mgkg 'fw)  1.73 + 0.69bc 1.75 + 0.57bc 1.45 + 1.54 + 2.63 + 1.11a 2.98 + 0.88a 2.19 + 0.69ab 2.23 + 0.96ab
0.51bed 0.45bcd
Olsen P (mg 14.96 + 4.64a 14.68 + 3.05a 15.02 + 3.45a 13.45 £+ 2.95a 34.43 4+ 7.51cd 33.07 + 5.89cd 25.35 + 6.21b 29.81 + 8.16bc
kg~ 'fw)
SOC (gkg™) 4.43 + 4.18 £ 0.53abc  4.85 + 3.67 + 0.60a 5.99 + 0.67ef 5.78 + 0.92def 5.34 + 0.94cde 6.66 + 1.35f
0.57abc 1.20abcde
Ca (mg kg 'dw) 87.91 + 100.99 + 71.11 + 91.83 + 790.75 + 738.76 + 618.94 + 704.17 +
65.89a 28.93a 25.82a 55.76a 467.60bc 195.91bc 350.50b 539.29bc
Mg (mg kg~ dw) 636.77 + 583.53 + 533.24 + 569.42 + 1521.83 + 1318.50 + 1312.25 + 1457.42 +
102.53ab 109.37a 85.29a 153.17a 335.26def 286.83cde 79.61cd 342.27def
K (mg kg~ 'dw) 9438.42 + 8547.72 + 8385.47 + 8759.53 + 14,278.58 + 13,799.11 + 13,922.75 + 13,867.17 +
816.43a 1121.93a 648.46a 1351.62a 899.62de 1191.75cd 615.97cd 891.15cd

Averages marked with the same letter indicate insignificant differences between experimental variants (p > 0.05).

selected three keystone fungal phyla: Ascomycota, Mortierellomycota,
and Basidiomycota constituting the greatest mycobiome abundance in
soils taken from monoculture maize cultivation both in the P system
(Fig. 3) and in the NT system (Fig. 6). Furtak et al. (2021) noted
dominance of Ascomycota (44-56 %) and Basidiomycota (33-39 %) in
Polish fluvisols. In turn, Gatazka et al. (2022) observed that Basidio-
mycota species were most abundant in rhizosphere soil, followed by
Ascomycota and Mortierellomycota. Kim et al. (2022) noted that the
most abundant fungal phylum in the soil under maize cultivation was
Ascomycota (59.5 %), followed by Basidiomycota (29.7 %), Zygomycota
(5.7 %), and Glomeromycota (3.1 %).

Interestingly, after three years of application of different N rates to a
maize-soybean crop, Castle et al. (2021) found that the N fertilization
significantly altered soil chemistry, with no change in the fungal
composition or diversity, explaining that a moderate rate of N fertil-
ization (0 or 112-168 kg urea-N ha~!) was used in the study. In a way,

17

our results confirm the findings reported by these researchers, since a
noticeable increase in the relative abundance of fungi was observed at
the N fertilization rate of 200 kg urea-N ha=! (92.0 kg N ha ).
Nevertheless, in the maize cultivation with the P system, a rate of 150 kg
urea—N ha! (62.0 kg N ha~1) caused the most intense development of
Mortierellomycota fungi (Fig. 3) and, consequently, Mortierellomycetes
(Fig. 4) and Mortierella (Fig. 5), compared to the post-harvest N non-
fertilized soil. Noteworthy, a general decrease in the richness of this
fungal community was observed in the post-harvest samples than in
those taken before maize sowing. Fungi of the genus Mortierella are
widely distributed in bulk soil, rhizosphere, and plant tissues; their
characteristic features, e.g. the ability to survive in very adverse envi-
ronmental conditions and the utilization of such carbon sources as cel-
lulose, hemicellulose, chitin, make them very valuable decomposers in
agricultural soils (Naumova et al., 2022). In addition, Mortierella species
are soil saprotrophs. Trichoderma, Penicillium, and Mortierella species
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Table 3
Shannon’s Diversity (H'), Simpson’s Dominance (D), and Pielou’s Evenness (J’) indices for samples taken from the P system (average values from 5 trials + SD are
presented).
Cultivation Fertilization (kg N H D J
-1
system ha™) Phylum Class Genus Phylum Class Genus Phylum Class Genus
0.0 1.28 + 1.57 + 1.48 + 0.66 + 0.66 + 0.68 + 0.66 + 0.61 + 0.52 +
0.05ab 0.12b 0.08b 0.0lab 0.06bc 0.04bc 0.02ab 0.05b 0.03b
Before 0.0 1.23 + 1.49 + 1.44 + 0.63 + 0.62 £ 0.66 + 0.63 £ 0.58 + 0.51 £
0.15ab 0.37b 0.23b 0.07ab 0.13c 0.05¢ 0.07ab 0.14b 0.07b
sowing 0.0 1.24 + 1.90 + 1.95 + 0.62 + 0.77 + 0.78 + 0.64 + 0.74 + 0.66 +
0.07ab 0.43ab 0.29a 0.04ab 0.14abc 0.11ab 0.04ab 0.13ab 0.10a
PLOWING 0.0 1.06 + 1.92 + 197 + 0.52 + 0.79 £ 0.80 £ 0.54 + 0.75 £ 0.68 £
0.27b 0.14ab 0.18a 0.15b 0.05abc 0.04ab 0.14b 0.06ab 0.05a
0.0 1.48 £ 2.09 £ 2.07 + 0.74 £ 0.84 + 0.82 + 0.76 £ 0.82 + 0.70 £
0.07a 0.09a 0.14a 0.02a 0.02a 0.03a 0.04a 0.04a 0.04a
After 69.0 1.47 + 2.08 + 2.06 + 0.72 + 0.83 + 0.81 + 0.75 + 0.81 + 0.70 +
0.11a 0.19a 0.19a 0.05a 0.06ab 0.05a 0.06a 0.07a 0.06a
harvesting 92.0 1.46 + 223 + 2.28 + 0.71 £ 0.87 + 0.85 + 0.75 + 0.87 + 0.76 +
0.06a 0.06a 0.08a 0.04a 0.02a 0.03a 0.03a 0.03a 0.03a
115.0 1.26 + 1.94 + 213 + 0.60 + 0.78 + 0.82 + 0.65 + 0.76 + 0.72 +
0.30ab 0.35ab 0.26a 0.16ab 0.14abc 0.07a 0.15ab 0.14ab 0.08a

The letters indicate statistically significant changes between doses (p < 0.05).

Table 4
Shannon’s Diversity (H'), Simpson’s Dominance (D), and Pielou’s Evenness (J’) indices for samples taken from the NT system (average values from 5 trials + SD are
presented).
Cultivation Fertilization (kg N H D J
—1
system ha™) Phylum Class Genus Phylum Class Genus Phylum Class Genus
0.0 1.19 + 2.05 + 1.95 + 0.64 + 0.82 + 0.79 + 0.61 + 0.80 + 0.67 +
0.10d 0.18ab 0.23a 0.05d 0.06ab 0.05ab 0.05¢ 0.07ab 0.07a
Before 0.0 1.28 + 2.08 + 1.91 + 0.67 + 0.84 + 0.78 + 0.66 + 0.81 + 0.66 +
0.03bed 0.06ab 0.20a 0.01bed 0.02a 0.06ab 0.01bc 0.02ab 0.06a
Sowing 0.0 1.25 + 1.75 £ 1.60 + 0.65 + 0.73 £ 0.68 + 0.64 + 0.68 + 0.55 +
0.07cd 0.25b 0.26a 0.03cd 0.08b 0.09b 0.04c 0.10b 0.10a
NO TILL 0.0 1.15 + 2.03 £ 1.89 + 0.61 + 0.83 £ 0.77 £ 0.60 + 0.79 £ 0.65 +
0.14d 0.13ab 0.29a 0.05d 0.03ab 0.08ab 0.05¢ 0.05ab 0.09a
0.0 1.41 + 2.06 + 1.92 + 0.72 + 0.84 + 0.79 + 0.72 + 0.80 + 0.66 +
0.06ab 0.12ab 0.23a 0.03ab 0.03a 0.05ab 0.03ab 0.05ab 0.06a
After 69.0 1.46 + 2.09 + 1.92 + 0.74 + 0.83 + 0.79 + 0.75 + 0.81 + 0.65 +
0.04a 0.11ab 0.12a 0.01a 0.03ab 0.03ab 0.02a 0.04a 0.04a
Harvesting 92.0 1.45 + 213 + 2.03 £ 0.73 £ 0.85 + 0.81 + 0.74 + 0.83 + 0.69 +
0.04a 0.18a 0.20a 0.01a 0.04a 0.04a 0.02a 0.07a 0.06a
115.0 1.39 + 1.95 + 1.89 + 0.71 + 0.79 + 0.77 + 0.72 + 0.76 + 0.65 +
0.07abc 0.22ab 0.23a 0.02abc 0.06ab 0.05ab 0.02a 0.08ab 0.07a

The letters indicate statistically significant changes between doses (p < 0.05).

belong to an ecological group representing the first organisms that grow
on roots and initiate the processes of formation of humic substances and
soil (Galazka et al., 2022). Hannula et al. (2021) characterized Euro-
tiomycetes spp. and Mortierella sp. as fast-growing hyphal fungi and
considered them potentially sensitive to tillage. In turn, our results
partially confirm the reports by Hannula et al. (2021) and indicate that
Mortierella sp. may be sensitive to cultivation, as the relative abundance
of this genus decreased significantly in soil samples collected after
harvesting in the P system (Fig. 5, Fig. 5a). Nevertheless, we noted the
opposite trend with respect to Eurotiomycetes, where we recorded a
significant increase in the abundance of this fungal community in the
post-harvest samples (M_ah_1-20) in the P system and a decrease in the
post-harvest samples (M_ah_21-40) in the NT system in comparison to
the pre-sowing maize samples (M_bs_1-20 and M_bs_21-40) (Fig. 4,
Fig. 7).

We agree that Mortierellomycota fungi may also be sensitive to N
fertilization, as we observed the highest abundance of this phylum in the
soil where the 40 % reduction in the N fertilization was applied (Fig. 3,
Fig. 3a). Interestingly, we noted a completely different trend in the NT
system, where the richness of Mortierellomycota, Mortierellomycetes,
and Mortierella fungi increased with the fertilization rates (Fig. 6,
Fig. 6a).

The application of the N fertilization in the P system favored fungi
belonging to the phyla Ascomycota and Rozellomycota, the class Euro-
tiomycetes, and the genera Penicillium and Hamigera (increasing their
richness with the increasing N fertilization rates). Fungi belonging to the
phylum Basidiomycota, classes Dothideomycetes, Pezizomycetes, and
Saccharomycetes, and genera Epicoccum, Metarhizium, Mycosphaerella,
and Paraconiothyrium were more abundant in samples M_ah_11-15 (92.0
kg N ha™1) than in samples M_bs_11-15 (0.0 kg N ha~1) and M_ah_16-20
(115.0 kg N ha™h).

In turn, the analysis of the NT system indicated that fungi belonging
to the phyla Basidiomycota and Ascomycota, classes Agaricomycetes,
Dothideomycetes, Leotiomycetes, Pezizomycetes, Sordariomycetes, and
Tremellomycetes, and genera Peziza, Podospora, Metarhizium, Trechis-
pora, and Umbelopsis as occurred more abundantly in samples M_ah_31-
35(92.0 kg N ha™ 1) compared to samples M_bs_31-35 (0.0 kg N ha 1)
and M_ah-36-40 (115.0 kg N ha™1).

Overall, our results revealed that the 20 % reduction in nitrogen
fertilization after one maize vegetation season does not have a negative
effect on the formation of the relative abundance of the mycobiome of
agricultural soils subjected to two different management regimes.
Interestingly, also the highest average yield was obtained at the 20 %
reduction in N fertilization in the NT system, while the average amount
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of yield in the P system was almost comparable in the variants with the
highest rate (115.0 kg N ha™?!) and the rate reduced by 20 % (92.0 kg N
ha™!) (Appendix H.1). As previously mentioned, N fertilization applied
in large quantities and for a long time has a negative impact on the
environment and the quality of agricultural soils; therefore, we believe
that the 20 % reduction in N fertilization (as recommended by the UE
strategy) is reasonable and can have a positive impact on the mycobiome
richness in agricultural soils.

5. Conclusions

In conclusion, our research demonstrates that the cropping system is
important in terms of the formation of the fungal mycobiome structure
and relative abundance. In addition, we confirmed that soil properties
have a significant impact on fungal communities. We evidenced that the
20 % lower nitrogen fertilization rate (92.0 kg N ha™1), strictly following
the UE recommendations, may have a positive impact on the abundance
of fungal communities. Moreover, we proved the highest biodiversity at
each of the taxonomic levels tested (phylum, class, genus) in the NT
system and at the class and genus levels in the P system in the variants
with the 20 % lower N fertilization rate (92.0 kg N ha D). Consequently,
the assumptions of UE “From field to table” strategy are justified and do
not lead to biodiversity degradation. Mortierellomycota fungi may be
sensitive to maize monoculture cultivation in the P system. We also
identified potential indicators that may confirm the positive effect of the
reduced N fertilization in the two cultivation systems: P — Epicoccum,
Metarhizium, Mycosphaerella, and Paraconiothyrium and NT - Peziza,
Podospora, Metarhizium, Trechispora, and Umbelopsis. However, it is
worth mentioning that our research will be continued to confirm our
reports.
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Materialy uzupekiajace (A3) / Supplementary material (A3)

Dodatek A.1. / Appendix A.1. Klasyfikacja gruntow ornych w Polsce (Paluszek, 2011)

Soil class Soil quality Soil types Characteristics
*  Chemozem, Soils with high
. *  Brown formed from nutrient content, rich
1 The best arable soils loess: .
> in humus, properly
e  Some varieties of aerated and
mud and rendzina. moistened.
*  Chemozem; Similar in properties
* Brown; o to class I, but more
11| Very good arable soils * Some Varletles.of. difficult to cultivate,
Y& mud and rendzina; moderately rich in
e  Some varieties of nutrients.
grey brown podzolic
Worse properties than
classes I and II;
Ila Good arable soils include both soils
* Brown; with very little
*  Grey brown hydration and
podzolic; excessively hydrated
e Chernozem; soils.
e  Sandy muds; Similar in properties
e  Some rendzina; to class Illa, partially
I1b Medium good arable e  Peat-muck and peat. degraded, requiring
soils agrotechnical
treatments to increase
yields.
Inferior water and air
IVa Arable soils of medium ¢ ]éetterbbrown; Cgiiigziljélgzaﬁ\::r
. . rey brown
quality, better podZolic; than class II1b;
e Podzolic; require land
e Pseudoglay; improvet'nent.'
e Wet chernozem; They ha've 1nfer¥or
- ' o Heavy muds; properties to soils
IVb Arable soils of medium e Rendzina: classified as class I'Va;
quality, inferior ; they are too dry and
*  Peat-muck and peat. require irrigation or
are excessively wet.
e Brown;
e Rusty;
e  Grey brown
podzolic; Poor in minerals and
v Poor arable soils *  Podzolic - formed humus, over-dry or
from sands and contain too much
gravels; water.
e  Muds;
e Rendzina;
e  Stony.
Poor in nutrients and
* Rusty; ) humus, with a poorly
VI The weakest arable * Podzolic; developed soil profile,
soils * Rendzina; usually strongly moist
e Heavy muds. or too dry.




Dodatek B.1./ Appendix B.1. Autokorelacja wynikow gradientu nawozenia N w systemie P w probkach pobranych po zbiorze plonéw na poziomie
taksonomicznym: typ (test Spearmana, o. = 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



Dodatek C.1. / Appendix C.1. Autokorelacja wynikow gradientu nawozenia N w systemie P w probkach pobranych po zbiorze plonow na poziomie
taksonomicznym: klasa (test Spearmana, a. = 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



Dodatek D.1. / Appendix D.1. Autokorelacja wynikoéw gradientu nawozenia N w systemie P w probkach pobranych po zbiorze plonéw na poziomie
taksonomicznym: rodzaj (test Spearmana, a = 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



Dodatek E.1. / Appendix E.1. Autokorelacja wynikow gradientu nawozenia N w systemie NT w probkach pobranych po zbiorze plonéw na poziomie
taksonomicznym: typ (test Spearmana, oo = 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



Dodatek F.1./ Appendix F.1. Autokorelacja wynikow gradientu nawozenia N w systemie NT w probkach pobranych po zbiorze plonow na poziomie
taksonomicznym: klasa (test Spearmana, a.= 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



Dodatek G.1. / Appendix G.1. Autokorelacja wynikéw gradientu nawozenia N w systemie NT w probkach pobranych po zbiorze plonéw na poziomie
taksonomicznym: rodzaj (test Spearmana, a = 0,05, * p < 0,05, ** p < 0,01, *** p < 0,001, **** p < 0,0001, n = 45)



PLOWING SYSTEM

Soil samples Area [ha] Fertilization [kg N ha-1] | Yield [kg ha-1] Yield [t ha-1] Average yield for each N dose [kg ha-1] Average yield for each N dose [t ha-1]

M_1 0,5 3313,00 3,31

M_2 0,5 2494,00 2,49

M_3 0,5 4815,00 4,82

M_4 0,5 5757,00 5,76

M_5 0,5 0,0 4050,00 4,05 4085,80 4,09 M_1-5
M_6 0,5 5099,00 5,10

M_7 0,5 6090,00 6,09

M_8 0,5 5519,00 5,52

M_9 0,5 1925,00 1,93

M_10 0,5 69,0 2230,00 2,23 4172,60 4,17 M_6-10
M_11 0,5 2095,00 2,10

M_12 0,5 3919,00 3,92

M_13 0,5 4101,00 4,10

M_14 0,5 6798,00 6,80

M_15 0,5 5537,00 5,54 4490,00

M_16 0,5 5525,00 5,53

M_17 0,5 6305,00 6,31

M_18 0,5 3652,00 3,65

M_19 0,5 3015,00 3,02

M_20

0,5

4056,00

4,06

M_21 0,5 2911,00 2,91
M_22 0,5 2112,00 2,11
M_23 0,5 1708,00 1,71
M_24 0,5 1618,00 1,62
M_25 0,5 0,0 4773,00 4,77 2624,40 2,62 M_21-25
M_26 0,5 7046,00 7,05
M_27 0,5 2033,00 2,03
M_28 0,5 2087,00 2,09
M_29 0,5 2230,00 2,23
M_30 0,5 69,0 2519,00 2,52 3183,00 3,18 M_26-30
M_31 0,5 3926,00 3,93
M_32 0,5 2900,00 2,90
M_33 0,5 3329,00 3,33
M_34 0,5 3595,00 3,60
M_35 0,5 5374,00 5,37 3824,80 3,82 M_31-35
M_36 0,5 5039,00 5,04
M_37 0,5 3126,00 3,13
M_38 0,5 2404,00 2,40
M_39 0,5 2600,00 2,60
| M_40 0,5 3503,00 3,50 M_36-40

Dodatek H.1. / Appendix H.1. Sredni plon w systemach P i NT przy zastosowaniu gradientu nawozenia N
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