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Ekologia bakterii celulolitycznych w glebie rolniczej pozostaje wciąż stosunkowo 

nieznana. Nadal istnieje zaledwie kilka prac dotyczących obfitości i różnorodności tej grupy 

bakterii w glebach użytkowanych rolniczo. Niniejsze badania miały na celu określenie wpływu 

różnych systemów uprawy roślin i nawożenia obornikiem na relatywną liczebność 

i różnorodność względnie beztlenowych przetrwalnikujących bakterii celulolitycznych oraz 

względnie beztlenowych przetrwalnikujących bakterii potencjalnie celulolitycznych 

(WBPBC).  

Miejscem badań był prawie 100-letni eksperyment nawozowy, jeden z najstarszych 

nadal kontynuowanych eksperymentów polowych w Europie. Relatywna obfitość WBPBC 

i potencjalnych WBPBC oceniano za pomocą klasycznych metod mikrobiologicznych, 

najbardziej prawdopodobnych liczb (NPL) oraz sekwencjonowania 16S rRNA Illumina 

MiSeq. Najwyższe NPL badanej grupy bakterii odnotowano w glebie spod upraw ze 

zmianowaniem bez roślin bobowatych nawożonej obornikiem (ARP-FYM) (382 jednostek 

tworzących kolonie (jtk) g−1). W wyniku analizy bioinformatycznej najwyższe wartości 

indeksu Shannon-Wienera i największą liczbę operacyjnych jednostek taksonomicznych 

(OTUs) znaleziono w ARP-FYM, podczas gdy najniższe wartości tych parametrów 

odnotowano w glebie pochodzącej z ARP bez nawożenia obornikiem. We wszystkich 

próbkach dominujące na poziomie rzędu były: Brevibacillales (13,1–43,4%), Paenibacillales 

(5,3–36,9%), Bacillales (4,0–0,9%). Natomiast Brevibacillaceae (13,1–43,4%), 
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Paenibacillaceae (8,2–36,9%) i Clostridiaceae (5,4–11,9%) dominowały na poziomie rodziny 

we wszystkich badanych próbkach. Rodziny Aneurinibacillaceae i Hungateiclostridiaceae 

miały większą relatywną liczebność w glebie nawożonej obornikiem. Podsumowując, wyniki 

uzyskane w ramach niniejszej pracy doktorskiej pokazują, że wpływ systemu uprawy na 

WBPBC był znikomy, podczas gdy rzeczywistym czynnikiem kształtującym społeczność 

WBPBC było stosowanie w płodozmianie obornika. 

Celem potwierdzenia występowania WBPBC w badanej glebie i oznaczenia 

aktywności ich enzymów celulolitycznych wyizolowano kilkadziesiąt szczepów bakterii 

przetrwalnikujących, spośród których jeden został wybrany do dalszych badań. Poprzez 

sekwencjonowanie genu 16S rRN wybrany szczep bakterii został zidentyfikowany jaki 

należący do rodzaju Bacillus (szczep 8E1A). Bacillus sp. 8E1A wykazał produkcję 

karboksymetylocelulazy (CMCazy) z wizualizacją z użyciem czerwieni Kongo  

(25 mm - rozmiar strefy przejrzystej). Ponadto badano aktywności CMCazy, hydrolazy papieru 

filtracyjnego (FPazy) oraz hydrolazy Avicel mikrokrystalicznej celulozy (avicelazy). Do 

hodowli szczepu wykorzystano trzy różne źródła celulozy: karboksymetylocelulozy (CMC), 

papier filtracyjny (FP) i mikrokrystaliczną celulozę Avicel. Najwyższa aktywność CMCazy 

(0,617 U mL−1), FPazy (0,903 U mL−1) i Avicelazy (0,645 U mL−1) przez Bacillus sp. 8E1A 

zaobserwowana została przy użyciu: CMC (po 216 h inkubacji), celulozy Avicel (po 144 h 

inkubacji) oraz CMC (po 144 h inkubacji). Następnie aktywność celulaz była mierzona 

w różnych temperaturach i przy różnych wartościach pH. Optymalna temperatura dla 

aktywności CMCazy (0,535 U mL−1) i Avicelazy (0,666 U mL−1) wynosiła 70 °C. Jednak 

najwyższa aktywność FPazy (0,868 U mL−1) została zarejestrowana w 60 °C. Najwyższą 

aktywność CMCazy i Avicelazy odnotowano przy pH 7,0 (odpowiednio przy 0,520  

i 0,507 U mL−), a optymalną aktywność FPazy stwierdzono przy pH 6,0 (0,895 U mL−1). 

Powyższe wyniki wskazują, że celulazy produkowane przez Bacillus sp. 8E1A potencjalnie 

mogą być wykorzystywane do degradacji odpadów lignocelulozowych w warunkach 

przemysłowych. 

Słowa kluczowe: systemy upraw, Firmicutes, nawożenie, celulazy 
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Abstract of the doctoral thesis 

The ecology of cellulolytic bacteria in agricultural soil remains relatively unknown. 

There are still only a few studies concerning the abundance and diversity of this bacterial group 

in agriculturally managed soils. The presented research aims to determine the influence of 

different plant cultivation systems and manure fertilization on the relative abundance and 

diversity of facultatively anaerobic spore-forming cellulolytic bacteria (FASCB) and 

facultatively anaerobic spore-forming potentially cellulolytic bacteria (FAPSCB). 

The study site is a nearly 100-year-old fertilization experiment, one of the oldest 

continuously active field experiments in Europe. The relative abundance of FASCB and 

potential FASCB was assessed using classical microbiological methods - most probable 

numbers (MPN) and Illumina MiSeq 16S rRNA sequencing. The highest MPN of the studied 

bacterial group was recorded in soil subjected to crop rotation without legumes (ARP) fertilized 

with manure (382 colony-forming units (CFU) g−1). Through bioinformatic analysis, the 

highest Shannon-Wiener index values and the greatest number of operational taxonomic units 

(OTUs) were found in ARP-FYM, while the lowest values of these parameters were recorded 

in soil originating from CRWL without manure fertilization. At the order level, the dominant 

taxa in all samples were Brevibacillales (13.1–43.4%), Paenibacillales (5.3–36.9%), and 

Bacillales (4.0–0.9%). Meanwhile, Brevibacillaceae (13.1–43.4%), Paenibacillaceae  

(8.2–36.9%), and Clostridiaceae (5.4–11.9%) dominated at the family level in all examined 



7 
 

samples. The families Aneurinibacillaceae and Hungateiclostridiaceae exhibited higher 

relative abundances in manure-fertilized soil. In summary, the results obtained in this doctoral 

thesis demonstrate that the influence of crop cultivation on FASCB was negligible, while the 

actual factor shaping the FASCB community was the use of manure in crop rotation. 

To confirm the presence of FAPCB in the studied soil and determine the activity  

of their cellulolytic enzymes, dozens of spore-forming bacterial strains were isolated, one  

of which was selected for further research. Through 16S rRNA gene sequencing, the selected 

bacterial strain was identified as belonging to the genus Bacillus (strain 8E1A). Bacillus sp. 

8E1A showed carboxymethylcellulase (CMCase) production with visualization using Congo 

red (the size of the clear zone was 25mm). Furthermore, the activity of CMCase, filter paperase 

(FPase), and microcrystalline cellulose Avicel hydrolase (avicelase) was investigated.  

In the cultivation of the strain, three different cellulose sources were utilized: 

carboxymethyl cellulose (CMC), filter paper (FP), and microcrystalline cellulose Avicel. The 

highest CMCase (0.617 U mL−1), FPase (0.903 U mL−1), and avicelase (0.645 U mL−1) 

activities by Bacillus sp. 8E1A were observed using CMC (after 216 h of incubation), Avicel 

cellulose (after 144 h of incubation), and CMC (after 144 h of incubation), respectively. 

Subsequently, cellulase activity was measured at different temperatures and pH values. The 

optimal temperature for CMCase (0.535 U mL−1) and avicelase (0.666 U mL−1) activities was 

70 °C. However, the highest FPase activity (0.868 U mL−1) was recorded at 60 °C. The highest 

CMCase and avicelase activities were noted at pH 7.0 (0.520 and 0.507 U mL−1, respectively), 

and the optimal FPase activity was found at pH 6.0 (0.895 U mL−1). These results indicate that 

the cellulases produced by Bacillus sp. 8E1A potentially could be utilized for the degradation 

of lignocellulosic waste under industrial conditions. 

 

Keywords: crop management, Firmicutes, fertilization, cellulases 
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Wykaz skrótów 

ARP –  zmianowanie bez bobowatych bez obornika (ang. arbitrary rotation without legume) 

ARP-FYM – zmianowanie bez bobowatych z obornikiem (ang. arbitrary rotation without 

legumes with FYM) 

CMC – karboksymetyloceluloza (ang. carboxymethyl cellulose) 

CMCaza – karboksymetylocelulaza (ang. carboxymethylcellulase) 

DNS – odczynnik z kwasem 3,5-dinitrosalicylowy 

EC – Komisja Enzymatyczna (ang. Enzyme Commission) 

EC – przewodność elektryczna (ang. electrical conductivity) 

FP – bibuła filtracyjna (ang. filter paper) 

FPaza – hydrolazy bibuły filtracyjnej (ang. filter paper-ase) 

FRP – zmianowanie pięciopolowe (ziemniak) (ang. five-year rotation (potato)) 

FRR – zmianowanie pięciopolowe (żyto) (ang. five-year rotation (rye)) 

FYM – obornik (ang. farmyard manure) 

IAA – kwas indolilo-3-octowy (ang. indole-3-acetic acid) 

ISR – indukowana odporność ogólnoustrojowa (ang. induced systemic resistance) 

Jtk – jednostka tworząca kolonie 

LRL – zmianowanie z bobowatymi (łubin) (ang. rotation with legumes) 

MP –  monokultura ziemniaków (ang. potato monoculture) 

MR – monokultura żyta (ang. rye monoculture) 

NGS – Sekwencjonowanie Nowej Generacji (ang. Next-Generation Sequencing) 

NPL – Najbardziej Prawdopodobna Liczba 

PCoA – analiza współrzędnych głównych (ang. Principal Coordinates Analysis) 

WBPBC – względnie beztlenowe przetrwalnikujące bakterie celulolityczne 
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1. Wprowadzenie 

 

W ostatnich dziesięcioleciach obserwujemy szybki wzrost produkcji rolnej. Dążenie do 

maksymalizacji plonów prowadzi do zmian właściwości chemicznych, fizycznych 

i biologicznych gleby (Burzyńska i wsp. 2019, Dinka et al. 2019). Zjawisko to jest 

spowodowane stosowaniem różnych praktyk agrotechnicznych, w tym stosowaniem środków 

ochrony roślin, długotrwałym i jednostronnym nawożeniem mineralnym i długotrwałymi 

uprawami roślin w systemie monokulturowym (Zhao i wsp. 2018, Kiełbasa i wsp. 2018). 

Ciągłe uprawy tych samych gatunków i brak zmianowania mogą prowadzić do zmniejszenia 

plonów, wzrostu liczby fitopatogenów grzybowych i braku równowagi biologicznej w glebie, 

w tym obniżenia różnorodności mikroorganizmów i zmian w ich składzie taksonomicznym 

(Liu i wsp. 2012, Xiong i wsp. 2015). Mikroorganizmy są w dużej mierze odpowiedzialne za 

utrzymanie równowagi biologicznej i kształtowanie kierunku procesów biochemicznych 

zachodzących w glebie (Barrios i wsp. 2007). W związku z tym wiedza na temat wpływu 

praktyk agrotechnicznych na liczebność i różnorodność mikroorganizmów w glebie jest 

istotna. 

Celuloza jest najczęściej występującym biopolimerem w glebie. Dlatego ważną grupą 

mikroorganizmów zaangażowanych w obieg pierwiastków w glebie są mikroorganizmy 

rozkładające celulozę (Dimarogona i wsp. 2012). Na szybkość mikrobiologicznej degradacji 

celulozy wpływają m.in. pH, wilgotność oraz właściwości chemiczne gleby, takie jak 

zawartość azotu oraz węgla organicznego w glebie. Ponadto proces degradacji celulozy 

wymaga kompleksu enzymów należących do klasy hydrolaz O-glikozydowych, w tym endo-

β-1,4-glukanazy (EC 3.2.1.4), egzoglukanazy, syn. celobiohydrolazy 1,4-β-glukanu  

(EC 3.2.1.91) i celobiazy, syn. β-glukozydazy (EC 3.2.1.21) (Maki i wsp. 2009, Khalili i wsp. 

2011).   

Celulazy są wytwarzane przez większość grup systematycznych organizmów, w tym 

przez protisty, rośliny i zwierzęta (w tym ssaki) oraz mikroorganizmy (Zhang i wsp. 2013). 

Pierwsze komercyjne celulazy pochodziły z grzybów, np. z Trichoderma i Aspergillus (Bishof 

i wsp. 2016, Imraz i wsp. 2018), jednakże w ostatnim czasie znacznie wzrosło znaczenie 

celulaz bakteryjnych. Enzymy celulolityczne są wytwarzane zarówno przez bakterie tlenowe 

jak i beztlenowe, do których zaliczamy m.in. bakterie z rodzajów Bacillus, Butyrivibrio, 

Cellulomonas, Clostridium, Paenibacillus czy Ruminococcus (Poulsen i wsp. 2016,  
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Liu i wsp. 2021). Ze względu na odporność na trudne warunki środowiskowe jedną 

z najbardziej interesujących grup bakterii celulolitycznych są względnie beztlenowe bakterie 

przetrwalnikujące (WBPBC), które zalicza się do typu Firmicutes (m.in z rodzin Bacilliaceae, 

Paenibacilliaceae, Clostridriaceae) (Deka i wsp. 2021). Dotychczas wyizolowano 

i scharakteryzowano kilkadziesiąt szczepów produkujących celulazy, w tym m.in. 

Alicyclobacillus acidiphilus (Matsubara i wsp. 2005), A. cellulosilyticus (Kusube i wsp. 2014), 

B. sphaericus (Singh i wsp. 2004), B. subtilis (Vijayaraghavan i wsp. 2016), Geobacillus sp. 

HTA426 (Potprommanee i wsp. 2017) i Lysinibacillus fusiformis (Ahmed i wsp. 2007, 

Khianngam i wsp. 2014).  

Co więcej, względnie beztlenowe bakterie tworzące przetrwalniki mogą być 

wykorzystywane jako promotory wzrostu roślin. WBPBC mogą promować wzrost roślin 

poprzez bezpośrednie i pośrednie mechanizmy. Mechanizmy bezpośrednie obejmują 

wydzielanie fitohormonów, np. auksyn (np. kwasu indolilo-3-octowego - IAA) i giberelin, 

wiązanie azotu atmosferycznego (produkcja nitrogenazy) oraz solubilizację składników 

odżywczych, takich jak nierozpuszczalne formy fosforu (Dobrzyński i wsp. 2022, Kulkova 

i wsp. 2023). Natomiast do pośrednich mechanizmów promocji wzrostu roślin zaliczamy m.in. 

enzymy degradujące ściany komórkowe grzybów (np. chitynazy i glukanazy), lipopetydy 

antybiotyczne czy pobudzanie indukowanej odporność systemicznej (ISR) (Dobrzyński i wsp. 

2023, Jiang i wsp. 2016). 
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3. Problematyka, cel i hipoteza badawcza rozprawy doktorskiej  

 

Chociaż istnieją dowody na to, że różne praktyki zarządzania glebą, w tym uprawa w 

monokulturze i stosowanie płodozmianu determinują społeczność drobnoustrojów glebowych 

(Bielińska i wsp. 2021, Dobrzyński i wsp. 2023), to tylko kilka długoterminowych badań 

dotyczyło ich wpływu na skład i różnorodność taksonomiczną społeczności drobnoustrojów 

(Langer i wsp. 2006, Gałązka i Grządziel 2018, Hartmann i wsp. 2015). Jak donoszą inni 

autorzy, zbiorowiska mikroorganizmów w stosunkowo krótko użytkowanych glebach mogą 

szybko powrócić do stanu początkowego, stąd w niektórych przypadkach nie obserwuje się 

zmian w tych zbiorowiskach po kilku latach uprawy roślin w systemie monokulturowym czy 

w zmianowaniu (Geissler i Scow 2014, Wierzchowski i wsp. 2021).  

W literaturze przedmiotu nie ma zbyt wielu informacji dotyczących wpływu sposobu 

użytkowania gleby oraz nawożenia obornikiem na liczebność, a zwłaszcza różnorodność 

taksonomiczną względnie beztlenowych, przetrwalnikujących bakterii celulolitycznych 

(WBPBC) w glebie. Badania te przeprowadzano głównie wykorzystując klasyczne techniki 

mikrobiologii oparte o hodowle mikroorganizmów na podłożach selektywnych. Przykładowo, 

Górska i wsp. (1999) badając wpływ nawożenia mineralnego i obornika na liczebność w glebie 

przetrwalnikujących, mezofilnych bakterii celulolitycznych z rodzaju Bacillus dowiedli, że 

występowanie badanych mikroorganizmów w glebie zależy od sposobu nawożenia. 

Największą liczebność badanej grupy mikroorganizmów stwierdzono na obiekcie nawozowym 

przy równoczesnym zastosowaniu pełnego nawożenia mineralnego (NPK) i obornika. 

Odmienne relacje, ale dotyczące tylko nieprzetrwalnikujących bakterii celulolitycznych, 

odnotowali Mikanova i wsp. (1996). Badania tych autorów nie wykazały istotnych różnic 

w liczebności bakterii celulolitycznych w glebie nawożonej NPK i nienawożonej. 

W związku z powyższym głównym celem badań przeprowadzonych w ramach 

rozprawy doktorskiej jest ocena wpływu długoterminowego rolniczego gospodarowania glebą 

na populację WBPBC, których ekologia jest nadal stosunkowo słabo poznana a znaczenie w 

glebie, ze względu na pełnione przez nie funkcje, jest bardzo istotne. Badania przeprowadzono 

na 100-letnim doświadczeniu polowym należącym do Instytutu Rolnictwa Szkoły Głównej 

Gospodarstwa Wiejskiego w Warszawie. Biorąc pod uwagę fakt, że na świecie istnieje tylko 

kilka takich doświadczeń, np. Rothamsted (Wielka Brytania), Halle (Niemcy) czy Morrow 

Plots (USA), badanie to jest wyjątkową okazją do zbadania relacji między praktykami 
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zarządzania glebą a społecznością WBPBC w glebie po tak długim okresie użytkowania. Warto 

również zauważyć, że przy w/w założeniach badania wpisują się w cele ważnych dyrektyw, 

w tym Zielonego Ładu i unijnej strategii ochrony gleby na 2030 rok. 

Dodatkowo, celem potwierdzenia występowania hodowlanych szczepów WBPBC, 

które mogłyby mieć zastosowanie w rolnictwie lub przemyśle, przeprowadzono izolację 

i charakterystykę bakterii z tej grupy pochodzących z gleby uprawianej w monokulturze 

i w zmianowaniach. 

3.1.  Główny cel badań: 

Ocena wpływu zmianowania, monokultury i wieloletniego nawożenia na występowanie 

przetrwalnikujących bakterii celulolitycznych w glebie pozaryzosferowej. 

3.2. Cele szczegółowe: 

1. Ocena wpływu systemów monokultury i płodozmianu oraz nawożenia obornikiem 

bydlęcym na liczebność potencjalnych bakterii celulolitycznych i celulolitycznych 

tworzących przetrwalniki w glebie z prawie stuletniego doświadczenia nawozowego. 

2. Izolacja przetrwalnikujących bakterii celulolitycznych z długoterminowo użytkowanej 

gleby, ich identyfikacja oraz określenie właściwości wybranych celulaz, w tym 

karboksymetylocelulazy (CMCaza), FPazy (hydrolazy bibuły filtracyjnej) i Avicelazy.  

3.3. Hipoteza badawcza: 

Rodzaj uprawy i nawożenie gleby mają wpływ na występowanie w tym kształtowanie się 

składu taksonomicznego i różnorodność społeczności przetrwalnikujących bakterii 

celulolitycznych w glebie pozaryzosferowej. 
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4. Schemat doświadczenia 

 

Badania mikrobiologiczne przeprowadzono w glebie pochodzącej z obiektów 

nawozowych wieloletniego, statycznego doświadczenia nawozowego zlokalizowanego 

w Skierniewickiej Stacji Doświadczalnej im. prof. Mariana Górskiego Wydziału Rolnictwa 

i Biologii SGGW w Warszawie, które założono w latach 1922-24. Badania zostały 

przeprowadzone w glebie różnie użytkowanej rolniczo (tabela 1, oryginalna w załączniku 2).  

 

 

Tab. 1 Warianty doświadczenia 

 

Skrót Rodzaj uprawy Rośliny 
Nawożenie 

obornikiem 

ARP 
Zmianowanie bez bobowatych 

bez oborniaka (od 1923) 

ziemniaki *-pszenica ozima- 

jęczmień jary 
Nie 

ARP-

FYM 

Zmianowanie bez bobowatych 

z oborniakiem (od 1923) 

ziemniaki *-pszenica ozima- 

jęczmień jary 
Tak (30 t ha−1) 

LRL 
Zmianowanie z bobowatymi 

(od 1924) 

łubin*- pszenżyto wiosenne 

- jęczmień 
Nie 

FRR 
Zmianowanie pięciopolowe 

(od 1924) 

łubin -pszenica ozima-

żyto*-ziemniaki-jęczmień 

jary 

Tak (30 t ha−1) 

FRP 
Zmianowanie pięciopolowe  

(od 1924) 

łubin -pszenica ozima-żyto-

ziemniaki*-jęczmień jary 
Tak (30 t ha−1) 

MP Monokultura (od 1923) Ziemniaki Tak (20 t ha−1) 

MR Monokultura (od 1923) Żyto Tak (20 t ha−1) 

* Roślina obecna podczas pobierania próbek. 
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5. Wybór metody badawczej pozwalającej na określenie występowania 

WBPBC w glebie rolniczej - konkluzje z publikacji nr 1 

 

Pierwszy artykuł o charakterze przeglądowym (załącznik 1) wchodzący w skład cyklu 

prac stanowiących rozprawę doktorską został opublikowany w 2023 roku w czasopiśmie 

Agriculture i nosi tytuł “Taxonomy, Ecology, and Cellulolytic Properties of the Genus 

Bacillus and Related Genera”. Publikacja ta przedstawia problemy związane z taksonomią 

bakterii z rodzaju Bacillus i pokrewnych rodzajów należących do typu Firmicutes oraz ich 

ekologię i właściwości celulolityczne.  

Bakterie z rodzaju Bacillus i rodzajów pokrewnych stanowią ważną grupę bakterii, 

które zasiedlają glebę i inne środowiska w dużej liczbie, ale ich taksonomia jest nadal 

niewystarczająco zdefiniowana, między innymi ze względu na ich dużą różnorodność i wybór 

niewystarczająco odpowiednich technik molekularnych i biochemicznych do określenia ich 

pokrewieństwa. Wśród tej grupy bakterii, bakterie celulolityczne są jednymi 

z najważniejszych, jednak wiedza na temat ich występowania w środowisku glebowym jest 

wciąż ograniczona, co spowodowane jest trudnościami metodologicznymi, z jakimi borykają 

się badający je naukowcy. Większość badań nad obecnością bakterii celulolitycznych w glebie 

ogranicza się do określenia liczebności genów kodujących celulazę, co ze względu na 

różnorodność tych genów uniemożliwia określenie liczebności poszczególnych grup bakterii 

celulolitycznych. Ponadto, w literaturze istnieją również informacje o badaniach 

z wykorzystaniem technik klasycznych do oznaczenia NPL bakterii celulolitycznych, które nie 

dają możliwości wglądu w skład taksonomiczny badanej grupy drobnoustrojów.    

W związku z powyższym w niniejszej rozprawie doktorskiej do badań nad występowaniem 

WBPBC w glebie użytkowanej rolniczo wykorzystano metodę sekwencjonowania genów 

hiperzmiennego regionu V4 w genach 16S rRNA z użyciem sekwenatora nowej generacji 

MiSeq (Illumina), co daje możliwość głębszej analizy wybranej grupy drobnoustrojów.  
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6. Metody badawcze wykorzystane w pracy doktorskiej 

 

Oznaczenie najbardziej prawdopodobnej liczby badanych drobnoustrojów w glebie 

zostało wykonane w lipcu (2016 r.). Do analiz została wykorzystana pożywka wg Park’a 

(Vardavakis 1989) z dodatkiem bibuły filtracyjnej, jako źródło celulozy. Hodowle 

drobnoustrojów były inkubowane w temp. 28˚C przez 21 dni. Odczyt badań przeprowadzono 

na podstawie cech makroskopowych (nadżerki, przerwanie bibuły filtracyjnej na granicy fazy 

wodnej i powietrznej, żółte barwniki) 21-dniowych, wzbogaconych hodowli drobnoustrojów. 

NPL mikroorganizmów odczytano z tablic statystycznych McCrady’ego (Meynell i Meynell, 

1970).  

Skład i różnorodność taksonomiczną WBPB celulolitycznych i potencjalnie 

celulolitycznych oznaczono w 2016 r. (w lipcu) z wykorzystaniem metody sekwencjonowania 

nowej generacji (NGS- Next-Generation Sequencing; firma Genomed) w hodowlach 

wzbogaconych badanej grupy fizjologicznej mikroorganizmów. Hodowle te założono na bazie 

próbek gleby pobranej z poletek z każdego sposobu użytkowania gleby wapnowanej (wariant 

nawozowy Ca). Materiał genetyczny do badań nad różnorodnością WBPB celulolitycznych 

i potencjalnie celulolitycznych wyizolowano z 21-dniowych hodowli. Następnie jego analizę 

metagenomiczną przeprowadzono na podstawie hiperzmiennego regionu V4 w genach  

16S rRNA. Do oznaczenia sekwencji nukleotydowej regionu V4 w genach 16S rRNA 

zastosowano sekwenator MiSeq. Natomiast różnorodność biologiczną próbek oznaczono 

różnymi testami bioinformatycznymi m.in. współczynnikiem Shannona-Wiennera.  

Hodowle WBPBC, w których makroskopowo oznaczono intensywny rozkład celulozy 

wykorzystano również do izolacji najaktywniejszych w rozkładzie celulozy bakterii 

przetrwalnikujących. Uzyskane szczepy poddano oczyszczeniu, następnie otrzymane izolaty 

bakterii przebadano pod kątem ich zdolności do produkcji enzymów celulolitycznych. Izolację 

i oczyszczenie celulolitycznych szczepów Bacillus sp. i Paenibacillus sp. przeprowadzono 

z zastosowaniem podłóż selektywnych z wykorzystaniem karboksymetylocelulozy i bibuły 

filtracyjnej (jako źródła celulozy). Identyfikację izolatów wykonano na podstawie morfologii 

kolonii i komórek bakterii, ich cech biochemicznych z zastosowaniem ApiTestów oraz 

wybranych właściwości hodowlanych (np. wzrost w warunkach beztlenowych) i sekwencji 

genów 16S rRNA. Wybór najaktywniejszego izolatu w rozkładzie celulozy przeprowadzono 

na podłożu Dubosa z dodatkiem 1% karboksymetylocelulozy (CMC) oraz z wykorzystaniem 
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roztworów czerwieni Kongo i NaCl przeprowadzono wizualizację ich aktywności 

celulolitycznej (Teather and Wood 1982). Ocenę syntezy celulaz (ogólna aktywność 

scukrzająca celulozę - FPaza i karboksymetylocelulaza - CMCaza) izolatu najaktywniejszego 

w hydrolizie CMC przeprowadzono z zastosowaniem selektywnych pożywek hodowlanych 

z dodatkiem różnych źródeł celulozy (CMC, bibuły filtracyjnej Whatman nr 1 – FP lub 

celulozy mikrokrystalicznej Avicel) zmodyfikowaną metodą Ghose (brak fenolu w odczynniku 

DNS; 1987). 

Wpływ zmianowania, monokultury i nawożenia obornikiem dla poszczególnych sposobów 

użytkowania gleby na liczebność WBPBC w glebie oraz aktywność celulaz wybranego izolatu 

zweryfikowano z zastosowaniem analizy wariancji z wyznaczeniem grup jednorodnych (test 

Tukeya). 
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7. Reakcja celulolitycznych i potencjalnie celulolitycznych bakterii 

przetrwalnikujących na różne rodzaje upraw i nawożenie obornikiem 

w glebie - wyniki i dyskusja publikacji nr 2 

 

Drugi artykuł (załącznik 2) wchodzący w skład cyklu prac stanowiących rozprawę 

doktorską został opublikowany w 2021 roku w czasopiśmie Agronomy i nosi tytuł “The 

Reaction of Cellulolytic and Potentially Cellulolytic Spore-Forming Bacteria to Various 

Types of Crop Management and Farmyard Manure Fertilization in Bulk Soil”. Publikacja 

ta przedstawia wyniki dotyczące odpowiedzi WBPBC na sposoby użytkowania gleby, w tym 

długoterminową uprawę w systemie monokulturowym i zmianowanie oraz nawożenie 

obornikiem bydlęcym. 

 

Wyniki i dyskusja 

W ramach pracy doktorskiej zbadano wpływ zarządzania glebą, w tym monokultur, 

zmianowania i nawożenia obornikiem, na występowanie WBPBC. Istotnie wyższą wartość 

NPL WBPBC odnotowano w przypadku zmianowania pięciopolowego z żytem (FRR)  

(293 jtk g-1) i w zmianowaniu pięciopolowym z ziemniakiem (FRP) (249 jtk g-1) niż w glebie 

pochodzącej z uprawy ziemniaka w monokulturze (MP) (30 jtk g-1) i MR (50 jtk g-1) (tabela 2, 

załącznik 2). Uzyskane wyniki można wytłumaczyć wpływem większej ilości resztek 

pożniwnych, które stymulowały wzrost przetrwalnikujących bakterii celulolitycznych w glebie 

uprawianej w systemie płodozmianowym. Dostępna literatura dostarcza niewielu informacji 

na temat wpływu zarządzania uprawami i nawożenia obornikiem bydlęcym na NPL WBPBC. 

Niemniej, Gregorutti i Caviglia (2019) nie stwierdzili żadnych powiązań między obecnością 

resztek pożniwny w glebach a NPL bakterii celulolitycznych w doświadczeniu polowym 

przeprowadzonym w Argentynie. Ponadto Pankhurst i wsp. (1995) wykazali brak istotnych 

różnic między aktywnością mikroorganizmów rozkładających celulozę w glebie po 

zastosowaniu płodozmianu (pastwisko obsiane pszenicą) i glebie pochodzącej z wieloletniej 

uprawy pszenicy w monokulturze (w Australii Południowej). Autorzy tłumaczyli swoje wyniki 

niskimi opadami zimowymi i suchymi warunkami glebowymi. Rozbieżność między naszymi 

wynikami a badaniami z literatury można prawdopodobnie wyjaśnić różnicami we 

właściwościach gleby i warunkach klimatycznych. 

Ponadto odnotowano istotnie wyższą liczbę WBPBC w glebie w wariancie 

z płodozmianem bez roślin bobowatych z nawożeniem (ARP-FYM) (382 jtk g-1) 

w porównaniu do zmianowania bez bobowatych i bez nawożenia obornikiem (ARP)  
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(45 jtk g-1) (tabela 2, załącznik 2). Najprawdopodobniej długotrwałe nawożenie obornikiem 

bydlęcym spowodowało wzrost ilości N i C w glebie, co doprowadziło do wzrostu NPL 

badanych bakterii. Podobne prawidłowości zaobserwowali Górska i wsp. (1999).  

Analiza genów 16S rRNA została przeprowadzona na hodowlach WBPBC. Stąd 

badana grupa bakterii określana jest dalej jako celulolityczne bakterie przetrwalnikujące 

i potencjalnie celulolityczne bakterie przetrwalnikujące. W wyniku sekwencjonowania 

hodowli WBPBC, we wszystkich próbkach około 100% OTU zostało przypisanych do typu 

Firmicutes;  Firmicutes to dominujący typ bakteryjny w glebach uprawnych. Jego relatywna 

obfitość w społecznościach bakteryjnych gleby waha się od 3% do 18%, w zależności od 

praktyk agrotechnicznych (Hartmann i wsp. 2006, Zhao i wsp. 2020). Wartości indeksu 

Shannona i OTU są częściowo zgodne z wynikami uzyskanymi w analizie techniką klasyczną. 

Większość OTU zaobserwowano w próbce ARP-FYM (1288), a nieco mniej OTU znaleziono 

w próbce MP (1270). Natomiast najniższe liczby OTU (poniżej 1000) odnotowano w próbkach 

pochodzących z wariantów MR i ARP, co jest zgodne z niższymi wartościami NPL 

uzyskanymi dla tych próbek (tabela 3, załącznik 2). Indeks Shannona był częściowo zgodny 

z liczbą OTU. Najwyższe wartości Shannona odnotowano w próbkach ARP-FYM i MR, które 

wynosiły odpowiednio 3,52 i 3,51, podczas gdy najniższe zaobserwowano w ARP (2,73) 

(tabela 3, załącznik 2). Opinie na temat wpływu systemów uprawy gleby (monokultur 

i płodozmianów) na liczbę OTU i indeksy różnorodności całkowitej społeczności bakteryjnej 

gleby są rozbieżne. Na przykład Yin i wsp. (2010) zaobserwowali spadek bogactwa i indeksu 

Shannona w glebie, na której stosowano zmianowanie roślin (płodozmian z pszenicą i soją 

w porównaniu do monokultury pszenicy). Podobne wzorce zauważono w badaniach Mayera 

i wsp. (2019). Natomiast Soman i wsp. (2017) nie zgłosili różnic w różnorodności bakteryjnej 

i liczbie OTU w glebie z dwóch różnych płodozmianów (kukurydza i soja przez dwa lata oraz 

kukurydza-owies-lucerna przez trzy lata) - badania były przeprowadzone na polach 

doświadczalnych (long-term trials) Morrow Plots (Urbana, Illinois, Stany Zjednoczone). Warto 

również wspomnieć o pracy Venter i wsp. (2016). Autorzy ci, na podstawie metaanalizy badań 

dotyczących bogactwa i różnorodności bakterii w glebie z różnych praktyk zarządzania glebą 

wykazali, że wyższe wartości bogactwa bakterii i różnorodności występują w glebach objętych 

płodozmianem. Natomiast w niniejszej pracy, opartej na typie Firmicutes, nie zaobserwowano 

istotnych różnic pomiędzy wartościami tych parametrów. Przykładowo, Zhao i wsp. (2020) 

odnotowali znacznie zwiększoną relatywną obfitości typu Firmicutes w społecznościach 

bakteryjnych w glebie, na której uprawiano ogórka w 15- i 22-letniej monokulturze 

w porównaniu do gleby, na której ogórki uprawiano przez jeden sezon. Wcześniej Zhao i in. 
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(2018) stwierdzili te same wzorce w monokulturze kawy. Jednak autorzy ci nie wyjaśnili 

dokładnie swoich wyników. Ogólnie rzecz biorąc, Firmicutes występuje w większych 

relatywnie liczebnościach w glebach objętych płodozmianem niż w glebach spod upraw 

w monokulturze (Yang i wsp. 2018, Li i wsp. 2019, Li i wsp. 2020, Zhu i wsp. 2018). To 

zjawisko zostało wyjaśnione wpływem obecności resztek pożniwnych (pozostałości po plonie 

i rozkładających się korzeni), których składniki odżywcze gromadziły się w glebie przez 

dłuższy czas, a także bardziej ogólnie przez tzw. “zdrowie” gleby wynikające ze stosowania 

zmianowania roślin. Niemniej jednak różnice między wynikami nie są jasne i mogą być 

spowodowane innymi czynnikami, takimi jak zawartość mikroelementów czy przewodnictwo 

elektryczne gleby (EC). Zatem celem wyjaśnienia tego zjawiska konieczne są dalsze badania, 

mające na celu na przykład ustalenie korelacji między bardziej szczegółowymi właściwościami 

fizykochemicznymi gleby a relatywną obfitością mikroorganizmów typu Firmicutes. Na 

przykład wcześniejsze badania dotyczące wpływu uprawy bawełny w monokulturze (20 lat) 

na społeczności bakterii glebowych wykazały dodatnią korelację między obfitością typu 

Firmicutes a przewodnictwem elektrycznym gleby (Yang i wsp. 2018). Należy również dodać, 

iż różnice w liczebnościach Firmicutes w glebach użytkowanych w ten sam sposób mogą być 

również spowodowane różnorodnością i czasową zmiennością ryzodepozytów (w tym 

wydzielin korzeniowych) oraz zróżnicowaniem praktyk rolniczych (zabiegów 

agrotechnicznych), w tym stosowaniem różnych środków ochronny roślin (pestycydów, 

herbicydów) (Soman i wsp. 2017).  

Analiza PCoA pokazała, że nawożenie obornikiem w porównaniu do stosowania 

zmianowania roślin było silniejszym czynnikiem modyfikującym społeczności bakteryjne 

w analizowanych próbkach, na co wskazują znaczne różnice między społecznościami WBPBC 

w glebach z lub bez nawożenia obornikiem (wykres 1, załącznik 2). Takie zjawisko można 

tłumaczyć obecnością celulozy w słomie obornikowej, która mogła być odpowiedzialna za 

stymulowanie wzrostu liczebności WBPBC i potencjalnie WBPBC. Ponadto większość 

mikroorganizmów zaliczonych do Firmicutes została opisana jako mikroorganizmy 

kopiotroficzne, które są szybko rosnącymi organizmami preferującymi środowiska bogate w 

materię organiczną (Lienhard i wsp. 2014). Przykładowo, Francioli i wsp. (2016) 

zaobserwowali stosunkowo więcej Firmicutes w glebach nawożonych obornikiem 

w wieloletnim doświadczeniu nawozowym. Podobnie Hartmann i wsp. (2015) zaobserwowali 

zwiększony odsetek Firmicutes w glebach przez wiele lat nawożonych obornikiem 

w porównaniu z glebami nawożonymi nawozami mineralnymi. Zjawisko to zostało dodatkowo 

potwierdzone w doświadczeniu badającym wpływ różnych praktyk uprawowych na 
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mikrobiomy gleby i ryzosfery (Hartmann i wsp. 2018). Co więcej, kilkakrotnie odnotowano 

korzystny wpływ FYM na bogactwo i różnorodność całych zbiorowisk bakterii glebowych 

(Das i wsp. 2017, Zhen i wsp. 2014, Legrand i wsp. 2018). 

W badanych wariantach doświadczalnych zidentyfikowano jedenaście rzędów bakterii; 

dominującymi były Brevibacillales (13,1-23,4%), Paenibacillales (5,3-36,9%), Bacillales  

(4,0-30,9%) (wykres 2, załącznik 2). Najliczniej występujący rząd Brevibacillales odnotowano 

w glebie z ARP, który stanowił prawie 50% wszystkich uwzględnionych taksonów. Ponadto 

dużą liczebność Brevibacillales zaobserwowano w wariantach FRR (23,6%) i FRP (22,7%). 

Liczebność rzędu Paenibacillales była dość zróżnicowana w wariantach doświadczalnych; 

wysoką liczbę OTU, należących do tego rzędu, odnotowano w wariantach LRL (36,9%) i ARP 

(22,8%). Z kolei najwyższą liczebność Bacillales zaobserwowano w LRL (30,9%). Wartości 

procentowe Aneurinibacillales były podobne w większości wariantów i wahały się od 16,7 do 

20,1%, wyjątkami były LRL i ARP (poniżej 2%). Wyższe wartości uzyskano również dla 

rzędów Clostridia (3,0-21,7%) i Clostridiales (5,6-11,3%). 

Uzyskane wzorce społeczności WBPBC na poziomie rodzin były podobne do wartości 

odnotowanych dla rzędów (wykres 3, załącznik 2). Brevibacillaceae (13,1-43,4%), 

Paenibacillaceae (8,2-36,9%) i Clostridiaceae (5,4-11,9%) dominowały na poziomie rodzin we 

wszystkich wariantach doświadczenia. Obecnie nie ma dostępnych danych z innych badań, 

które opisywałyby możliwe zmiany w zbiorowiskach celulolitycznych i potencjalnie 

celulolitycznych WBPB na poziomie rzędu i rodziny w zależności od systemu uprawy 

i stosowania nawożenia FYM. Wyższa liczebność rodziny Paenibacillaceae w wariantach LRL 

i ARP, w porównaniu do pozostałych wariantów, może być związana z brakiem nawożenia 

FYM w tych płodozmianach. Bakterie należące do rodziny Paenibacillaceae zostały 

wyizolowane z różnych środowisk glebowych i są jedną z najlepiej opisanych rodzin 

Firmicutes (Grady i wsp. 2016, Huq i wsp. 2020). Duża liczba szczepów Paenibacillus jest 

zdolna do wytwarzania bezpośrednich promotorów wzrostu roślin, w tym fitohormonów, 

kwasów organicznych solubilizujących niedostępne dla roślin formy fosforu czy nitrogenazy 

redukującej azot atmosferyczny do dostępnej dla roślin formy amonowej (Liu i wsp. 2019, 

Brito i wsp. 2020). Ponadto bakterie należące do rodzaju Paenibacillus mogą pomagać 

w kontrolowaniu fitopatogenów poprzez wywoływanie indukowanej odporności 

ogólnoustrojowej (ISR) lub poprzez wytwarzanie różnych związków biologicznych, w tym 

lipopeptydów o właściwościach antybiotycznych (Grady i wsp. 2016, Naing i wsp. 2014, 

Nasran i wsp. 2020). Tak więc obecność tych członków rodziny może przyczynić się do 

poprawy zdrowia roślin i gleby. 
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Wyniki uzyskane na poziomie rodziny potwierdziły również niższą obfitość 

Aneurinibacillales w społecznościach bakteryjnych gleb z wariantów ARP i LRL. Duża 

obfitość rodziny Aneurinibacillaceae w większości próbek może być tłumaczona nawożeniem 

obornikiem, ale przyczyna tego zjawiska wydaje się niejasna, a jej szczegółowe wyjaśnienie 

wymaga dalszych badań. Bakterie należące do rodziny Aneurinibacillaceae zostały 

wyizolowane z różnych środowisk. Według danych literaturowych kilka szczepów 

Aneurinibacillaceae było zdolnych do promowania wzrostu roślin. Przykładowo, Chauhan 

i wsp. (2017) wykryli produkcję nitrogenaz, IAA oraz zdolność do solubilizacji fosforu przez 

nowy szczep Aneurinibacillus aneurinilyticus CKMV1. Autorzy wykryli także aktywność 

przeciwgrzybiczą przeciwko kilku fitopatogenom, takim jak Fusarium oxysporum, Alternaria 

sp. i Rhizoctonia solani. Alenezi i wsp. (2017) również odkryli możliwość biokontroli chorób 

roślin przez szczep Aneurinibacillus migulanus, który produkował nową gramicydynę. 

Aktywność przeciwgrzybicza Aneurinibacillus migulanus została również wykryta przez 

Schustera i Schmitta (2018). Dodatkowo trzy geny nitrogenaz znaleziono w genomie 

Aneurinibacillus terranovensis (2021). Zatem obecność bakterii należących do rodziny 

Aneurinibacillaceae może mieć pozytywny wpływ na zdrowie gleby. 

Rodzina Planococcaceae, należąca do rzędu Bacillales, była wyraźnie dominującą 

w płodozmianie z roślinami bobowatymi - LRL (28,5%). To zjawisko można tłumaczyć 

wpływem specyficznych ryzodepozytów lub rozkładającymi się korzeniami bobowatych. 

Obecność przedstawicieli Planococcaceae w ryzosferze roślin bobowatych została także 

odnotowana przez innych autorów (Kumar i wsp. 2008, Yu i wsp. 2019). 

Dodatkowo, wykres 3 (załącznik 2) przedstawia informacje na temat bakterii 

beztlenowych. Obfitość rodziny Hungateiclostridiaceae w LRL wyniosła mniej niż 2%, 

podczas gdy obfitość Hungateiclostridiaceae w ARP osiągnęła 3%. Relatywnie niska obfitość 

tego taksonu w porównaniu z innymi wariantami doświadczenia może być związana z brakiem 

nawożenia obornikiem tych gleb. Jednakże, hipoteza ta jest trudna do wyjaśnienia, ponieważ 

obfitość pokrewnego rodzaju bakterii beztlenowych, Clostridaceae, była stosunkowo wysoka 

we wszystkich testowanych próbkach. Hungateiclostridiaceae to nowa rodzina bakterii 

beztlenowych należących do typu Firmicutes i do tej pory badacze wyizolowali (z różnych 

środowisk) i opisali tylko kilka szczepów z tej rodziny, w tym Defluviitalea raffinosedens, 

Hungateiclostridium mesophilum i Hungateiclostridium thermocellum. Wyżej wymienione 

szczepy bakterii były zdolne do produkcji enzymów celulolitycznych i ksylanolitycznych 

(Zhang i wsp. 2018, Rettenmaier i wsp. 2019, Rettenmaier i wsp. 2020). 
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8. Właściwości celulolityczne Bacillus sp. 8E1A wyizolowanego z gleby 

pozaryzosferowej - wyniki i dyskusja publikacji nr 3 

 

Trzeci artykuł (załącznik 3.) wchodzący w skład cyklu prac stanowiących rozprawę 

doktorską został opublikowany w 2022 roku w czasopiśmie Agronomy i nosi tytuł 

“Cellulolytic Properties of a Potentially Lignocellulose-Degrading Bacillus sp. 8E1A 

Strain Isolated from Bulk Soil”. Publikacja ta przedstawia wyniki dotyczące izolacji 

szczepów WBPBC z gleby ze 100 letniego doświadczenia polowego oraz oznaczenia 

właściwości celulolitycznych wybranego izolatu celem potwierdzenia występowania 

hodowalnych WBPBC oraz określenia ich przydatności do potencjalnego wykorzystania 

w rolnictwie i przemyśle np. do utylizacji odpadów lignocelulozowych.  

 

Wyniki i dyskusja  

W niniejszym badaniu wyizolowano kilkadziesiąt szczepów bakterii wykazujących 

właściwości celulolityczne, a do dalszych testów wybrano siedem izolatów, które wykazały 

najwyższą aktywność karboskymetylocelulazy (CMCazy). Na podstawie oceny 

mikroskopowej badane izolaty sklasyfikowano jako Gram-dodatnie bakterie 

przetrwalnikujące. Właściwości biochemiczne izolatów określone za pomocą API 50 CHB 

przedstawiono w tabeli 1 (załącznik 3). Wszystkie szczepy bakterii były zdolne do rozkładu 

D-rybozy, D-galaktozy, D-glukozy, D-fruktozy, D-mannitolu, amigdaliny, eskuliny,  

D-celobiozy, D-maltozy, skrobi, D-melibiozy i D-sacharozy. Większość izolatów 

hydrolizowała L-arabinozę, D-mannozę, N-acetyloglukozaminę, salicynę, glikogen  

i D-rafinozę. Jednak żaden z izolatów nie był w stanie rozłożyć erytrytolu, D-arabinozy,  

L-ksylozy, D-adonitolu, L-sorbozy, dulcytolu, M-α-D-mannopiranozydu, inuliny, D-likozy, 

D-tagatozy, D-fukozy, L-arabitolu, glukonianu potasu, 2-ketoglukonianu potasu  

lub 5- ketoglukonianu potasu. Bakterie z rodzaju Bacillus i Paenibacillus badane przez 

Akaracharanya i wsp. (2014) również degradowały skulinę, D-celobiozę, D-maltozę, skrobię, 

L-ramnozę, inozytol i d-sorbitol. Podobne właściwości biochemiczne WBPBC uzyskali 

również Liang i wsp. (2014). 

Następnie, na podstawie analizy sekwencji 16S rRNA, izolaty zaklasyfikowano do 

rodzaju Bacillus i Paenibacillus: Paenibacullus sp. 15AV1 (MZ482019), Bacillus sp. 15E1A 
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(MZ481907), Bacillus sp. 24DV (MZ481906), Bacillus sp. 15AV2 (MZ481905), Bacillus sp. 

14AV2 (MZ479750), Bacillus sp. 14AV1 (MZ479749) oraz Bacillus sp. 8E1A (MZ479383). 

Najwyższą aktywność CMCazy mierzoną przy użyciu czerwieni Kongo i wyrażoną 

średnicą wyraźnych stref wykazał Bacillus sp. 8E1A (25 mm). Nieco niższe wartości 

zaobserwowano dla Bacillus sp. 14AV1 (18 mm) i Bacillus sp. 15AV2 (17 mm). Najmniejszą 

wyraźną strefę zaobserwowano dla Paenibacillus sp. 15AV2 (10 mm). Średnice wyraźnych 

stref dla bakterii przetrwalnikujących opisywane w literaturze wahają się od 15 do 50 mm 

(Mihajlovski i wsp. 2015, Budi i wsp. 2000, Gupta i wsp. 2012, Maki i wsp. 2009). Metody 

wykorzystujące czerwień Kongo są szeroko rozpowszechnione w badaniach nad wykrywaniem 

aktywności celulazy mikrobiologicznej, jednakże badacze podkreślają, że związek między 

średnicą wyraźnych stref a aktywnością enzymów nie jest tak oczywisty (Teather i wsp. 1982). 

Tak więc mikroorganizmy dające stosunkowo niskie średnice jasnych stref mogą wytwarzać 

wysokie wartości CMCazy i innych celulaz, i odwrotnie. Zjawisko to zostało potwierdzone 

również przez Sadhu i wsp. (2014) oraz Liang i wsp. (2014). Dlatego też, w celu 

przeprowadzenia bardziej szczegółowych badań, selekcję izolatów bakteryjnych oparto 

również na teście z użyciem odczynnika DNS. Po 168 h inkubacji w podłożu Park z CMC, 

najwyższą aktywność CMCazy i FPazy stwierdzono u Bacillus sp. 8E1A wyizolowanego 

z gleby pozaryzosferowej pobranej ze zmianowania pięciopolowego. 

Większość badań nad przetrwalnikującymi bakteriami celulolitycznymi koncentruje się 

wyłącznie na aktywności CMCazy (Imran i wsp. 2018, Singh i wsp. 2014). Całkowita 

degradacja celulozy wymaga synergistycznego działania wszystkich typów celulaz 

(Mihajlovski i wsp; 2015, Lynd i wsp. 2002). Dlatego w tym badaniu analizowano aktywność 

trzech najważniejszych enzymów celulolitycznych. 

Aktywność celulazy Bacillus sp. 8E1A utrzymywała się przez 216-288 h inkubacji 

i spadała w późnej fazie logarytmicznej badanego szczepu bakterii; podobne wzorce 

odnotowali Sadhu i wsp. (2014). Co ważne, poziom aktywności celulazy był kształtowany 

przez rodzaj celulozy. Najwyższa aktywność CMCazy wystąpiła po 216 h inkubacji 

w pożywce z CMC (0,617 U mL-1) (wykres 1, załącznik 3). Wartości aktywności CMCazy 

zmierzone w pożywce z celulozą Avicel i FP były około czterokrotnie niższe niż aktywność 

w pożywce z CMC po tym samym czasie (wykres 1, załącznik 3).Natomiast najwyższą 

aktywność Avicelazy wykryto po 144 h inkubacji z CMC (0,645 U mL-1). Dodatkowo, 

w hodowlach bakteryjnych z innymi rodzajami celulozy, najwyższe wartości stwierdzono 

również po 144 godzinach inkubacji (wykres 2, załącznik 3). Jednak wartości w hodowlach 

bakteryjnych z celulozą FP i Avicel były prawie dwukrotnie niższe w porównaniu z hodowlami 
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bakteryjnymi z CMC (wykres 2, załącznik 3). Podobne wzorce zostały zaobserwowane przez 

innych autorów. Sadhu i wsp. (2014) zaobserwowali, że CMC była lepszym aktywatorem dla 

produkcji CMCaz i Avicelazy przez Bacillus sp. (MTCC10046) w porównaniu z innymi 

źródłami węgla, w tym maltozą, glukozą, skrobią i sacharozą. Akaracharanya i wsp. (2014) 

wykazali, że Bacillus sp. P3-1 i P4-6 miały wyższe aktywności celulazy, gdy były hodowane 

w pożywce z CMC (wartość dla obu szczepów oscylowały w granicach 0,015 U mL-1) 

w porównaniu do pożywki z proszkiem celulozowym. Ponadto Thomas i wsp. (2018) 

wykazali, że aktywność CMCazy przez Bacillus sp. SV1 była większa w pożywce z CMC niż 

z Avicel i innymi źródłami węgla (np. chityną, glicerolem, laktozą, mannitolem). 

Aktywność FPazy została wykryta po 72 godzinach inkubacji. Najwyższą wartość 

FPazy stwierdzono po 144 godzinach inkubacji z celulozą Avicel - 0,903 U mL-1 (wykres 3, 

załącznik 3). Wcześniej celuloza Avicel również była już uznawana za substrat w bulionie 

zwiększający aktywność FPazy przez bakterie przetrwalnikujące. Mihajlovski i wsp. (2015) 

zaobserwowali nieco wyższą aktywność FPazy w pożywce z Avicel (około 0,2 U mL-1) 

w porównaniu do pożywce z CMC (około 0,1 U mL-1 ) u P. chitinolyticus CKS1. Ponadto Kim 

i Kim (1992) odnotowali dużo większą aktywność FPazy w termofilnym Bacillus sp. K-12 gdy 

był on hodowany w pożywce z Avicel (jednak wytwarzał również wysokie wartości CMCazy 

i Avicelazy, gdy był hodowany w bulionie Avicel). Różnice między badaniami mogą wynikać 

z różnorodności szczepów użytych do badań i warunków hodowli (Geetha i Gunasekaran 2010, 

Saratale 2011).  

Celulazy 8E1A były aktywne w zakresie temperatur 30-90 °C i co ważne, istniały 

znaczące różnice w aktywności celulazy pomiędzy różnymi wartościami temperatury 

(p <0,001). Najwyższą aktywność CMCazy i Avicelazy odnotowano w temperaturze 70 °C 

i wynosiła ona odpowiednio 0,535 i 0,666 U mL-1, a najwyższą  aktywność FPazy odnotowano 

w temperaturze 60 °C (0,868 U mL-1) (wykres 4, załącznik 3). Wyniki z niniejszej pracy są 

podobne do wyników innych autorów. Przykładowo, Ladeira i wsp. (2015) wykazali, że izolat 

Bacillus sp. miał maksymalną aktywność CMCazy i Avicelazy w temperaturze 70 °C. 

Natomiast Rastogi i wsp. (2010) wykazali, że Bacillus sp. DUSELR13 miał maksymalną 

aktywność CMCazy w temperaturze 75 °C. Podobne optymalne wartości temperatury dla 

aktywności badanych enzymów odnotowano wcześniej u innych szczepów bakteryjnych 

z rodzaju Bacillus (Seo i wsp. 2013). Wyizolowany z jelita środkowego jedwabnika, B. pumilus 

MGB05 osiągnął najwyższą aktywność FPazy w temperaturze 50 °C (Bhuyan i wsp. 2018). 

Wcześniej Kazeem i wsp. (2016) odnotowali o 20 °C wyższą optymalną temperaturę dla FPazy 

produkowaną przez B. licheniformis 2D55.  
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Dodatkowo, aktywność CMCazy i Avicelazy, po osiągnięciu maksimum w 70 °C, 

pozostawała na podobnym poziomie do 90 °C, co potwierdza ich stabilność w wysokich 

temperaturach (wykres 4, załącznik 3). Termofilne enzymy celulolityczne mają duży potencjał 

do zastosowania w przemyśle tekstylnym, biopaliwowym i rolnictwie (Seo i wsp. 2013, Trivedi 

i wsp. 2011). Jednak nie wszystkie celulazy produkowane przez bakterie przetrwalnikujące 

mają odpowiednie właściwości. W poprzednim badaniu termofilny izolat Bacillus wytwarzał 

maksymalną aktywność celulazy w temperaturze 50 °C; jednak aktywność enzymu znacznie 

spadła powyżej tej temperatury (Li i wsp. 2008). Natomiast Tai i wsp. (2004) wykazali, że 

aktywność CMCazy Geobacillus thermoleovorans T4 spadała w temperaturach powyżej 

70 °C.  

Badany izolat 8E1A wykazał aktywność celulazy w zakresie pH od 3,0 do 10,0. Istniały 

znaczące różnice w aktywności celulaz pomiędzy różnymi wartościami pH (p < 0,001). 

Najwyższą aktywność CMCazy i Avicelazy odnotowano przy pH 7,0 (wykres 5, załącznik 3). 

Podobne wyniki uzyskali Ladeira i wsp. (2015): CMCazy i Avicelazy produkowane przez 

Bacillus sp. SMIA-2 miały optymalną aktywność odpowiednio przy pH 8,0 i 7,5. Co więcej, 

podobne optymalne pH dla FPazy odnotowali Kazeem i wsp. (2016), gdzie najwyższą 

aktywność FPazy szczepu Bacillus sp. zaobserwowano przy pH 6,0. W literaturze można 

również znaleźć przykłady celulaz wykazujących optymalną aktywność przy pH poniżej 6,0. 

Mihajlovski i wsp. (2015) donieśli, że P. chitinolyticus CKS1 uzyskał maksymalną aktywność 

awicelazy przy pH 4,8. Podobnie Seo i wsp. (2013) wykryli acidofilny szczep B. licheniformis 

produkujący celulazę, której stabilność oscylowała w zakresie pH 4,0-6,0. Rozbieżności 

między badaniami mogą być spowodowane dużą różnorodnością celulazy bakterii 

przetrwalnikujących (Talamantes i wsp. 2016). 
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9. Wnioski 

 

1. Analiza metagenomiczna wykazała, iż płodozmian i długoterminowa uprawa 

w monokulturze mają stosunkowo niewielki wpływ na różnorodność 

i kształtowanie się społeczności glebowych WBPBC (i potencjalnych 

WBPBC).  

2. Różnice między wariantami ARP-FYM i ARP wskazują, że nawożenie 

obornikiem było silniejszym czynnikiem kształtującym badaną społeczność 

bakterii niż system uprawy (najprawdopodobniej ze względu na słomę obecną 

w aplikowanym FYM). 

3. Kluczową różnicą w strukturze społeczności badanych bakterii było 

zwiększone relatywne występowanie przedstawicieli rodzin 

Aneurinibacillaceae i Hungateiclostridiaceae w wariantach nawożonych 

obornikiem. 

4. Izolat Bacillus sp. 8E1A był w stanie produkować wszystkie badane enzymy na 

każdym z substratów użytych do hodowli. Poziom aktywności celulaz zależał 

od rodzaju celulozy.  

5. Aktywność CMCazy i Avicelazy była indukowana obecnością CMC 

w pożywce, a najwyższe wartości aktywności FPazy odnotowano przy użyciu 

celulozy Avicel jako źródła węgla.  

6. Szeroki zakres optymalnej temperatury i pH sugeruje, że celulazy produkowane 

przez Bacillus sp. 8E1A mają potencjał do ich wykorzystania w różnych 

procesach przemysłowych.  
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Abstract: Bacteria of the genus Bacillus and related genera (e.g., Paenibacillus, Alicyclobacillus or
Brevibacillus) belong to the phylum Firmicutes. Taxonomically, it is a diverse group of bacteria that,
to date, has not been well described phylogenetically. The group consists of aerobic and relatively
anaerobic bacteria, capable of spore-forming. Bacillus spp. and related genera are widely distributed
in the environment, with a particular role in soil. Their abundance in the agricultural environment
depends mainly on fertilization, but can also depend on soil cultivated methods, meaning whether
the plants are grown in monoculture or rotation systems. The highest abundance of the phylum
Firmicutes is usually recorded in soil fertilized with manure. Due to the great abundance of cellulose
in the environment, one of the most important physiological groups among these spore-forming
bacteria are cellulolytic bacteria. Three key cellulases produced by Bacillus spp. and related genera
are required for complete cellulose degradation and include endoglucanases, exoglucanases, and
β-glucosidases. Due to probable independent evolution, cellulases are encoded by hundreds of
genes, which results in a large structural diversity of these enzymes. The microbial degradation of
cellulose depends on its type and environmental conditions such as pH, temperature, and various
substances including metal ions. In addition, Bacillus spp. are among a few bacteria capable of
producing multi-enzymatic protein complexes called cellulosomes. In conclusion, the taxonomy of
Bacillus spp. and related bacteria needs to be reorganized based on, among other things, additional
genetic markers. Also, the ecology of soil bacteria of the genus Bacillus requires additions, especially
in the identification of physical and chemical parameters affecting the occurrence of the group
of bacteria. Finally, it is worth adding that despite many spore-forming strains well-studied for
cellulolytic activity, still few are used in industry, for instance for biodegradation or bioconversion of
lignocellulosic waste into biogas or biofuel. Therefore, research aimed at optimizing the cellulolytic
properties of spore-forming bacteria is needed for more efficient commercialization.

Keywords: taxonomy; Firmicutes; spore-forming bacteria; cellulases

1. Introduction

Bacillus spp. and related genera, including Paenibacillus, Alicyclobacillus, or Brevibacillus,
are mostly Gram-positive and have the ability to produce spores and display metabolic
capabilities under aerobic as well as relatively anaerobic conditions (Figure 1). Due to their
characteristics, bacteria of this group have high resistance to environmental stresses such
as drought, water stress, UV radiation, or low nutrient content in the environment [1,2].
Bacillus spp. and related genera commonly populate the Earth and occur in a variety of
environments of both natural and anthropogenic origin [2–4].
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In recent decades, rapid population growth has resulted in a significant 
intensification of agriculture, which has contributed to environmental pollution affecting 
both community structure and physiology of most microbial groups in the soil [5–7]. 
Because of the high cellulose abundance, organisms that have cellulolytic activity gained 
importance. Cellulases are synthesized by almost all groups of systematic organisms 
including microorganisms such as bacteria, fungi, protists, plants, and nematodes [8]. The 
bacteria capable of producing cellulolytic enzymes include both aerobic bacteria, e.g., 
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In recent decades, rapid population growth has resulted in a significant intensification
of agriculture, which has contributed to environmental pollution affecting both commu-
nity structure and physiology of most microbial groups in the soil [5–7]. Because of the
high cellulose abundance, organisms that have cellulolytic activity gained importance.
Cellulases are synthesized by almost all groups of systematic organisms including microor-
ganisms such as bacteria, fungi, protists, plants, and nematodes [8]. The bacteria capable of
producing cellulolytic enzymes include both aerobic bacteria, e.g., Butyrivibrio spp. and
Cellulomonas spp., as well as anaerobic bacteria, e.g., Clostridium spp. or Ruminococcus spp.
bacteria [9]. However, due to their resistance to unfavorable environmental conditions,
aerobic and relatively anaerobic, spore-forming bacteria of the phylum Firmicutes (i.e.,
bacterial strains of the genus Bacillus and related genera) are the most interesting [10]. So
far, hundreds of cellulolytic spore-forming strains belonging to the phylum Firmicutes
were isolated, including the genus Bacillus (e.g., B. subtilis) [11]; the genus Alicyclobacillus
(e.g., A. cellulosilyticus [12] and A. acidocaldarius [13]); the genus Geobacillus (e.g., Geobacillus
sp. HTA426) [14], or the genus Lysinibacillus (e.g., Lysinibacillus fusiformis) [15]. Despite the
large number of isolated strains, still only a small part of them is commercialized, e.g., in
the biodegradation of lignocellulosic waste.

The aim of the review is to summarize current knowledge of the taxonomy, ecology
and properties of cellulolytic bacteria and to find gaps, the filling of which may lead
to a better understanding of the ecology of Bacillus spp. and related genera, improving
taxonomy and to a better exploitation of the cellulolytic potential of the bacteria group.

2. Taxonomy of the Genus Bacillus and Related Genera

The genus Bacillus and related genera (e.g., Paenibacillus or Alicylobacillus) are a very di-
verse group of bacteria that belongs to the phylum Firmicutes. The phylum includes several
classes such as Bacilli, Clostridia, Mollicutes, and Erysipelotrichia. The group of bacteria
which is the subject of the review belongs to the class Bacilli. Currently, it is classified into
several families including Bacillaceae, Paenibacillaceae, etc. [16,17]. However, earlier, there
was only the genus Bacillus which was first described in 1874. One of the first species speci-
fied in the genus Bacillus is type species-B. subtilis. The species is also one of the best-studied
organisms belonging to the prokaryota and thus is extensively used as a model microor-
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ganism for Gram-positive bacteria. Also, in the past, B. subtilis was the model organism in
studies conducted to understand spore formation mechanisms [18,19]. However, despite
numerous and extensive studies on Bacillus and related bacteria, the overall phylogenetic
and evolutionary history of these genera remains unclear and relatively unexplored.

Initially, bacteria were identified by phenotypic methods using light microscopy and
staining techniques including Gram staining [20]. Other older techniques that remain
helpful nowadays include evaluation of bacterial biochemical properties, for example deter-
mining the metabolic profile, which can be used to differentiate between bacterial species.
An example of such identification methods is the API® 50 CHB/E system, which is based
on 50 biochemical tests that test the carbohydrate metabolism of the data from Bacillus spp.
and related genera [21]. On the other hand, an improved version for bacterial identification
using rapid tests is the Biolog OmniLog System. In addition to carbon source metabolism,
the method also includes 23 chemical tests that determine, for example, the bacteria’s toler-
ance to salinity or sensitivity to other chemicals [22]. In both cases, the obtained results can
be compared with databases and, to some extent, determine the taxonomic affiliation of the
studied bacteria. However, it was not until the development of sequencing techniques in the
1990s that major changes in the taxonomy of spore-forming bacteria occurred. Then, other
genera began to be separated from the genus Bacillus. Most phylogenetic studies are based
on 16S rRNA gene sequences [23]. Based on branching in phylogenetic trees, initial phylo-
genetic studies delineated and identified five clusters of Bacillus species [24]. One of these
clusters including B. subtilis was named Bacillus sensu stricto [24], while bacterial species
from the other clusters were subsequently reclassified to form the following genera: Paeni-
bacillus, Lysinibacillus Brevibacillus, and Geobacillus [23,25,26]. In subsequent years, based on
phylogenetic and phenotypic results, many other Bacillus species were reclassified to form
several new genera, for instance Aneurinibacillus, Alicyclobacillus, Alkalicoccus, Sporosarcina,
Gracilibacillus, Virgibacillus, Hydrogenibacillus, Ureibacillus, Solibacillus. [23,25,27,28]. The
bacterial genera listed above belong to different families, as shown in Table 1. For instance,
Alicylobacillus, along with Tumebacillus, Effusibacillus, Kyrpidia, and Sulfobacillus, have been
assigned to the family Alicylobacillace; a particularly important genus among those listed
is Alicylobacillus [29,30]. On the other hand, the Paenibacillace family includes 14 genera of
spore-forming bacteria of which Paenibacillus and Brevibacillus are the most interesting in
terms of potential industrial use [31].

Table 1. List of families assigned to the order Bacillales [17,23,29,32–39].

Family Name Proposed by Type Genus Other Example of Genus

Alicyclobacillaceae da Costa and Rainey Alicyclobacillus Effusibacillus, Kyrpidia, Tumebacillus

Bacillaceae Fischer Bacillus
Perribacillus, Weizmannia, Neobacillus,

Metabacillus, Ferdinandcohnia, Gottfriedia,
Heyndrickxia, Lederbergia

Caryophanaceae Peshkoff Caryophanon

Bhargavaea, Chryseomicrobium, Chungangia,
Filibacter, Indiicoccus, Jeotgalibacillus, Kurthia,

Lysinibacillus, Marinibacillus,
Metalysinibacillus, Metaplanococcus,

Metasolibacillus, Paenisporosarcina, Planococcus,
Psychrobacillus, Rummeliibacillus, Savagea,

Solibacillus, Sporosarcina, Ureibacillus

Desulfuribacillaceae Sorokin et al. Desulfuribacillus —

Listeriaceae Ludwig et al. Listeria Brochothrix



Agriculture 2023, 13, 1979 4 of 20

Table 1. Cont.

Family Name Proposed by Type Genus Other Example of Genus

Paenibacillaceae De Vos et al. Paenibacillus

Ammoniibacillus, Aneurinibacillus group,
(Ammoniphilus, Aneurinibacillus, Oxalophagus),

Brevibacillus, Chengkuizengella, Cohnella,
Fontibacillus, Gorillibacterium, Longirhabdus,
Marinicrinis, Paludirhabdus, Saccharibacillus,

Thermobacillus, Xylanibacillus

Pasteuriaceae Laurent Pasteuria —

Sporolactobacillaceae Ludwig et al. Sporolactobacillus Caenibacillus, Camelliibacillus Pullulanibacillus,
Scopulibacillus, Sinobaca, Tuberibacillus

Staphylococcaceae Schleifer and Bell Staphylococcus
Abyssicoccus, Aliicoccus, Auricoccus
Corticicoccus, Gemella, Jeotgalicoccus

Macrococcus, Nosocomiicoccus, Salinicoccus

Thermoactinomycetaceae Matsuo et al. Thermoactinomyces

Baia, Croceifilum, Desmospora,
Geothermomicrobium, Hazenella, Kroppenstedtia,

Laceyella, Lihuaxuella, Marininema,
Marinithermofilum, Mechercharimyces,

Melghirimyces, Novibacillus, Paludifilum,
Planifilum, Polycladomyces, Risungbinella,

Salinithrix, Seinonella, Shimazuella,
Thermoflavimicrobium

Although studies using sequences coding 16S rRNA have led to the reclassification
of many species to new genera, according to many researchers, analyzes based on this
variable gene are not fully sufficient to correctly distinguish taxa at the species level [40–43].
Similarly to other taxa, the previous classification of order Bacillales and other related
orders was mostly based on 16S rRNA gene sequences. Moreover, research based on
this type of analysis contributes to the formation of various types of anomalies. The
occurrence of anomalies among the order is confirmed by the fact that several families
and genera forming spores and non-spores were placed in it. Such patterns suggest
that one gene marker is not sufficient to determine the phylogenetic structure of the
Bacillales order [41]. Phylogenetic analyses have also been carried out using several
other gene or protein sequences [44–46]. However, due to the relatively small number
of Bacillus species studied in these researches, the analysis is insufficient to elucidate
species relationships within this large genus. Consequently, Bacillus spp. is still a highly
heterogeneous genus characterized by extensive polyphyletic branching with other genera
of the family Bacillaceae [47,48]. Furthermore, as a result of the diverse branching of current
species in the genus Bacillus, it was difficult to limit the addition of new species to this genus,
even despite the large differences between the new species and the type species. Therefore,
more valid methods should be studied and used to delineate the genus Bacillus and limit
the placement of unrelated species within it [23]. For instance, comparative analysis of
whole genomes (based on NCBI available sequences/genomes) makes it possible to study
the evolutionary relations of species, and thus provide opportunities to identify molecular
markers (molecular synpomorphies) [23,49]. For example, molecular synapomorphies that
contain conserved insertions and signature deletions in protein sequences are good means
of differentiating species from the two major clades of the genus Bacillus, i.e., the “Subtilis
clade” and the “Cereus clade”. According to ICNP rule 56a, the transfer of a species
from the Cereus clade to a new genus may play some part in human health; therefore,
transfer to another species is not advisable. As evidenced by a comprehensive genomic
analysis of Bacillaceae species, 36 new genetic markers (i.e., conserved signature indels
(CSIs)) were detected [23]. Importantly, based on new CSIs, the monophyletic groups
found in all reconstructed or new phylogenetic trees were named as follows: Simplex,
Firmus, Alcalophilus, Niacini, Fastidiosus, and Jeotgali clades, and collectively included
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from 5 to 23 Bacillus species. In addition, researchers also performed a phylogenomic
analysis on various Firmicutes proteins including core and conserved proteins. Moreover,
the combined sequences of highly conserved proteins such as GyrB, GyrA, RpoC, RpoB,
UvrD, or PolA were also studied, and confirmed by an extended comparative analysis
of the genome of the above-mentioned protein sequences [23]. The authors of this study,
based on robust evidence from many lines of research (conducted in parallel) confirming
the existence of six distinct Bacillus clades, propose the transfer of species from these clades
to six novel genera of Bacillaceae family, namely Alkalihalobacillus gen. nov., Cytobacillus gen.
nov., Mesobacillus gen. nov., Neobacillus gen. nov., Metabacillus gen. nov., and Peribacillus
gen. nov. [23]. Moreover, as a result of the creation of these new genera, 103 erroneously
assigned species, that were insufficiently related to the genus Bacillus, were assigned to the
new genera. The results above constitute an important step in elucidating the taxonomy of
the Bacillus spp. and related genera. However, as indicated above, comprehensive studies
are still needed for the correct classification of Bacillus spp. and related species.

3. Occurrence of Spore-Forming Bacteria in Arable Soils

Bacteria of the genus Bacillus and related genera are widely distributed in the environ-
ment, e.g., in soil, air, water, animals, plants, or sediments [50–53]. This group of bacteria
plays a particularly important role in the soil, including the decay of matter [54], promotion
of plant growth, and protection against phytopathogens.

A very good and widely used tool for assessing the abundance of bacteria is the next-
generation sequencing (NGS), including 16S rRNA genes sequencing. However, due to the
still existing limitations of sequencing technologies, most studies present the abundance of
bacteria at high taxonomic levels, i.e., phyla or orders, and rarely present the abundance of
bacteria at the genus level, which is a subject to much greater error [55,56].

The phylum Firmicutes is one of the dominant phyla in cultivation soils. Its relative
abundance in the soil ranges from 2% to about 20% depending on agrotechnical practices
used, including crop rotation systems and fertilization type [57–61]. In general, the Fir-
micutes type is more abundant in soils from crop rotation than in soils from continuous
cropping [62–64]. The reason for these patterns is probably a greater influence of crop
residues and decomposing roots in the soil from crop rotation compared to monoculture
soil. For instance, in a greenhouse experiment, Li et al. [59] detected a higher number of
sequences assigned to the phylum Firmicutes in soil (Mollisol with sandy loam texture)
derived from rotation (tomato/potato-onion) compared to monoculture (tomato). The
same patterns were noted for the genus Bacillus. The abundance values obtained by the
authors at the level of the phylum Firmicutes and the genus Bacillus did not exceed 10%.
However, there are also cases where more Firmicutes are detected in monocultures than in
rotations, or in longer monocultures than shorter ones. For example, in the soil from the
Morrow Plots experiment (USA), the relative abundance of the phylum Firmicutes ranged
from a few to a maximum of 14%. Its abundance was dependent on soil management;
in this case, the highest value was recorded in soil from a maize monoculture, while the
lowest abundance of sequences assigned to the phylum Firmicutes was noted in soil from a
maize-soybean rotation [6]. Similarly, Zhao et al. [60] observed a significantly increased
number of sequences belonging to phylum Firmicutes in soil from 15- and 22-year continu-
ous cropping of cucumber in comparison with cucumber grown for only one year. Earlier,
Zhao et al. [65] noted similar patterns in continuous cropping of coffee. However, these
authors did not find specific reasons for this phenomenon [60,65]. Hence, further studies
are needed to find parameters that have a considerable role in shaping the abundance of
the phylum Firmicutes including Bacillus spp. and related genera, e.g., identifying detailed
correlations between physical and chemical properties of the soil and the abundance of
bacteria belonging to the phylum Firmicutes in differently managed soils. For example,
Alami et al. [66] observed robust correlations between the phylum Firmicutes and the
physicochemical properties of arable soil including continuous cropping of maize and
cabbage continuous cropping of cabbage (Hubei province, China); total phosphorus, avail-
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able potassium, and available boron contents were positively correlated with the phylum
Firmicutes. Furthermore, a study on the effect of continuous cotton cultivation (20 years)
on the bacterial communities of the soil showed a positive correlation between the number
of the OTUs of the phylum Firmicutes and the EC of the soil [66].

In addition, fertilization also affects the abundance of the phylum Firmicutes in the soil.
Particularly because most members of the phylum Firmicutes are considered copiotrophs
which are fast-growing microorganisms that prefer environments rich in C and N [67]. For
instance, Li et al. [68] also found a several percent abundance of the phylum Firmicutes in
fertilized soil (rice-rape rotation), and the highest number of OTUs belonging to the phylum
was found in soil fertilized with NPKS (NPK + straw). Similar values were also found by
Zeng et al. [58] who observed an abundance of the phylum Firmicutes at an average of
7% (the highest value was 10%) in soil fertilized with nitrogen fertilizer. Dang et al. [69]
observed a significant increase in the abundance of Firmicutes in soil fertilized with manure
(compared to the controls) across the globe, and detected a positive correlation between the
SOC content and the abundance of the phylum. Furthermore, Francioli et al. [70] noted
more OTUs assigned to the phylum Firmicutes in farmyard manure (FYM) fertilized soils
compared to mineral fertilization (in a long-term fertilization trial). Hartmann et al. [71]
also observed higher abundance of the phylum Firmicutes in long-term FYM fertilization
in comparison with mineral fertilization. Similar findings were noted in a study on the
effects of various treatments on the microbial community of bulk and rhizosphere soil [72].
Importantly, it was also found that manure fertilization is a factor influencing the bacterial
community (including the abundance of Firmicutes) more strongly than the method of
cultivation, including monoculture and crop rotation [31,73].

In conclusion, it should be noted that the abundance of bacteria of the phylum Firmi-
cutes in soil may also be influenced by other agronomic treatments such as the use of plant
protection agents. Thus, the study results may also have been caused by the heterogeneity
of agricultural practices, as previously recorded by Soman et al. [6]. Moreover, the discrep-
ancies in studies in this aspect may be an effect of the diversity of soils around the world,
e.g., in terms of physical properties.

4. Cellulolytic Properties of Bacillus Spp. and Related Genera
4.1. Cellulases

Cellulose is the most common (bio)polymer on earth, made of glucose linked by
β-1,4-glycosidic bonds. It contains two types of regions—crystalline and amorphous
regions [74]. Hence, an important group of microbes that are participating in the element’s
circulation in the soil are microorganisms that decompose cellulose [75]. Soil properties
such as pH, organic carbon content, nitrogen content, and moisture impact microbial
cellulose degradation. The process of cellulose degradation depends on the presence of a
complex of enzymes belonging to the class of O-glycoside hydrolases, including the three
main cellulases [74]. Cellulolytic enzymes include: (i) endo-β-1,4-glucanases (EC 3.2.1.4)
whose mechanism of action is based on random degradation of β-1,4-glycosidic bonds
in amorphous regions of cellulose–endoglucanase activity is measured using cellulose
derivatives, for instance, semi-soluble carboxymethylcellulose (CMC); the enzyme that
degrades CMC is carboxymethylcellulase (CMCase); (ii) exo-1,4-β-glucanases (EC 3.2.1.91)
that separate single molecules of glucose and cellobiose from reducing or non-reducing
ends of the cellulose. Exoglucanases include e.g., avicelase–microcrystalline–cellulose
(Avicel) degrading enzyme; and (iii) β-glucosidase whose mechanism of action is the
conversion of cellobiose into glucose (EC 3.2.1.21) [76,77]. The synergistic cooperation of
the above-mentioned enzymes and, in particular, the presence of a processive exoglucanase
is required for cellulose degradation [Figure 2].
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Cellulases have a modular structure that contains catalytic modules (CM) that act
synergistically and/or with non-catalytic modules, i.e., substrate-binding modules [78]. In
the case of cellulases, substrate-binding modules are called cellulose–binding modules (also
called carbohydrate-binding module) (CBMs) and they can have affinity for amorphous
or crystalline cellulose as well as binding to other similar polymers composed of carbon
chains [79]. Due to the enzyme’s ability to bind to cellulase, the local concentration of
the enzyme increases, resulting in better substrate degradation efficiency. Some CBMs
also have a structural function of stabilizing the catalytic module or altering its activity,
for instance by inserting a substrate molecule into a substrate pocket [79]. Although the
binding of cellulase by CBM is very stable, the enzyme can still diffuse across the substrate
surface and, in some cases, CBM can also catalyze the breaking of non-covalent bonds
located between the cellulose chains of crystalline cellulose [80].

4.2. Structural Diversity of Cellulases

Cellulases belong to the glycoside hydrolases (GH). The classification of GH is based
on similarities in amino acid sequence and is included in the carbohydrate-active enzymes
(CAZy) database. The CAZy database contains the CAZy families and subfamilies and
is very dynamically updated. Due to the large differences in amino acid sequences, the
GH group is remarkably heterogeneous and is divided into as many as 165 families [81].
The enzymes involved in cellulose degradation are classified in the following families of
glycoside hydrolases: endoglucanases in families 5, 6, 7, 8, 12, 44, 45, 48, 51, 64, 71, 74, 81,
87, 124, 128, exoglucanases 5, 6, 7 and 4, and β-glucosidases in families 1, 3, 4, 17, 30, and
116 [82,83].

Sequence diversity can be related to a distinct modular architecture. It has been shown
that the domain architecture in fungi is not very complex. However, in bacterial cellulases,
there are many combinations of domain architectures, even though most sequences consist
of a single catalytic domain [84]. In terms of carbohydrate-binding modules, CBM2 is
related to the cellulolytic GH families and is found in the following families–GH5, GH12,
GH44, GH45, GH48, GH51, and GH74. So far, it has been shown that the common CBM2
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domain (in bacterial cellulases) in most cases binds cellulose, and less often chitin and
xylan. Importantly, CBM2 is often found together with other accessory domains including
CBM3 and CBM4, as well as catalytic domains [85]. In the terms of bacteria of the genus
Bacillus, B. licheniformis possesses the H1AD14 gene encoding an endoglucanase belonging
to the GH9 family and the cellulase has a CBM3 domain that is attached to the C-terminal
end and plays a significant role in substrate degradation [86]. CBM3 has also been de-
tected in a cellulase belonging to the GH9 family in B. pumilus [87]. Interestingly, Honda
et al. [88] found that a unique chitinase domain in B. thuringiensis enabled binding to both
crystalline chitin and cellulose, indicating that CBMs with affinity to multiple substrates
could contribute to the increased occurrence of multifunctional hydrolytic enzymes [88].
On the other hand, previously, in the B. subtilis IFO 3034, an endoglucanase was detected
that possessed a microcrystalline cellulose-binding domain but was unable to degrade
microcrystalline cellulose [89]. Also in species related to Bacillus spp. CBMs were detected;
in the Paenibacillus lautus BHU3 as many as four domains were detected, including CBM6,
CBM46, CBM56, and CBM9, showing affinity for amorphous cellulose [90]. The CBM9 was
also found in the genome of P. dendritiformis CRN1 [91].

Furthermore, cellulases belonging to different families have various protein fold
structures, including the (β/α)8 barrel fold, which is found in the GH5, GH44 and GH51
families, modified α/β barrel in family GH6, β-jelly roll—GH7 and GH12, the 7-fold
β-propeller (GH74), (α/α)6 barrel—GH8, GH9 and GH48, the superhelical fold—GH124,
and modified β barrel (GH45) [81]. Importantly, within a single GH family, structures
are globally conserved, but sequences can be remarkably different. For example, GH5,
one of the largest GH families, is currently divided into 166 subfamilies on the basis of
sequence similarity, with only eight residues conserved across the family, including two
catalytic glutamic acid residues [92]. In conclusion, GH families exhibiting different classes
of protein folds have evolved to bind and degrade the same substrate, indicating that
cellulolytic enzymes may have evolved independently and may be derived from many
evolutionary origins, but have converged functionally [81]. Similar patterns regarding the
evolution of cellulases can be inferred from the large number of cellulose-binding domains.

4.3. Cellulases Genes

Referring to the number of cellulases, it can be concluded that cellulolytic enzymes are
highly diverse, which is further manifested in the large number of genes that are responsible
for encoding these hydrolases. The number of genes encoding cellulases exceeds 100 [83,93].
As mentioned earlier, the reason for such a large number of cellulase-encoding genes may
be due to independent evolution [81]. In fungi, the genes encoding cellulases in bacteria are
located on a chromosome [94]. The spatial organization of these genes may differ between
microorganism species, for example, in the bacterial species Clostridium thermocellum there
is a random distribution, whereas in C. cellulovorans “clustered” distribution in a cluster
occurs [95,96]. The cellulosome gene cluster in C. cellulovorans is about 22 kpz in size
and contains nine genes encoding cellulosome domains with a putative transposon gene
in the flanking region. A similar organization was also detected in the chromosome
of the bacterial species C. acetobutylicum and C. cellulolyticum, suggesting the presence
of a common bacterial ancestor of the clostridia [97]. In contrast, in fungi the genes
encoding cellulases are usually distributed randomly, in which case each gene has its own
transcriptional regulation. Only in exceptional cases, e.g., in Phanerochaete chrysosporium
(fungus), the cellulase genes form a three-gene cluster [94].

In terms of Bacillus spp., in the genome of B. licheniformis [98] detected two clusters of
genes involved in the cellulose decomposition. For instance, in the genome of the strain
B. subtilis 168 no equivalents of the cluster were found. The enzymes encoded by the first
gene cluster are likely endoglucanases belonging to the GH9 and GH5 families, and the
probable cellulase–1,4-β-cellobiosidase belonging to GH48 and the potential β-mannanase
belonging to GH5. Importantly, β-mannanase (GH5) and endoglucanase (GH9) contain
carbohydrate-binding modules. In addition, with the exception of 1,4-β-cellobiosidase



Agriculture 2023, 13, 1979 9 of 20

belonging to GH48, all gene proteins encoded have secretory signal peptides and all have
homologs with Bacillus spp. but other than B. subtilis [98]. Researchers also detected a
second cluster—encoding a probable β-glucosidase (from the family GH1). In addition,
a second β-glucosidase gene (from the family GH3) was found at an unrelated locus
in the genome. Importantly, the presence of these genes in the B. licheniformis genome
indicate the possibility of complete degradation of cellulose [98]. Furthermore, 4 genes
responsible for encoding β-glucosidase and 1 gene encoding endoglucanase were noted
in strain B. amyloliquefaciens TL106. The β-glucosidases encoded by these genes belong
to the GH1 and GH73 families, and the endoglucanase belongs to the GH5 family [99].
Moreover, Carbonaro et al. [100] analyzed the genome of Alicyclobacillus mali FL18 to find
new cellulose–degrading enzymes. The analysis revealed four genes belonging to the
GH1, GH9, GH51, and GH94 families, of which GH1 and GH94 legitimately hydrolyse
short oligosaccharides, and a gene from GH1 encodes a β-glucosidase. In addition, the
A. mali FL-18 genome also contained genes encoding two probable arabinofuranosidases,
which belong to GH51. Interestingly, A. acidocaldarius, which is a close relative of the
aforementioned species, also possesses two endoglucanases–CelA belonging to the GH9
family and CelB from the GH51 family [101,102]. At the same time, other authors have
detected a large number of genes encoding various GH enzymes in the P. polymyxa genome,
including cellulases belonging to GH 1, 3, and 5 [103].

Finally, it is worth adding that most of the cellulases described in metagenomic studies
(different environments) have less than 70% homology with known cellulolytic enzymes,
and some of them have no significant similarity to other glycosyl hydrolases, indicating
that large numbers of new cellulolytic enzymes are still being found [104]. Moreover,
approximately 40% of sequenced bacterial genomes contain at least one cellulase gene, but
only 4% of these bacteria are known as true cellulase bacteria due to low cellulase diversity
or a lack of gene expression [83].

4.4. Cellulosomes

Some bacteria exhibiting cellulolytic activity are capable of synthesizing and secreting
enzyme multicomplexes called cellulosomes; the secreted proteins outside the bacterial
cell take the form of spherical structures. Sometimes, individual cellulosomes are joined
together to form so-called polycellulosomes. A single complex may contain up to a dozen
proteins with different activities, including endoglucanase, cellobiase or hemicellulase,
and lichenase [105,106]. Interestingly, most of the research on cellulosomes concerns the
cellulosomes of the phylum Firmicutes [83]. First studies on cellulosomes were carried
out on the anaerobic Clostridium thermocellum. As shown, C. thermocellum is capable of
synthesizing an enzyme complex of more than 2000 kDa, which consists of fourteen differ-
ent proteins with molecular weights ranging from 45 kDa to 210 kDa [107]. For instance,
15 genes encoding the presence of endoglucanases, two genes responsible for the expression
of xylanases, two genes encoding cellobiase, and one gene encoding lichenase were detected
in C. thermocellum strain NC1B 10682 [108]. Cellulosomes have also been detected in Bacillus
spp. and related genera. However, to date, little research has been conducted on these
genera. For instance, B. megaterium was found to be capable of producing a cellulosome
(celluloxylanosomes) exhibiting avicelase, CMCase, and xylanase activity. In addition, van
Dyk et al. [105] noted that the B. licheniformis SVD1 strain was capable of synthesizing
multi-enzyme complex (MEC) with hemi-cellulolytic activity. The total molecular mass
of the complex was about 2000 kDa. The enzymes included in the MEC hydrolyzed such
compounds as xylan, mannose, pectin, and carboxymethylcellulose. However, the MEC
was not able to bind Avicel cellulose and, despite several similarities to the cellulosome,
was ultimately not identified as such [105,109]. Waeonukul et al. [110] studied an enzymatic
complex from P. curdolanolyticus B-6 (in culture on Avicel microcrystalline cellulose). A
single cellulosome had the ability to hydrolyze the Avicel cellulose and insoluble xylan.
The researchers noted that the complex included such enzymes as avicelase, CMCase,
cellobiohydrolase, β-glucosidase, xylanase, α-L-arabinofuranosidase, and β-xylosidase.
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The total mass of the multicomplex was about 1600 kDa. Importantly, the isolated cel-
lulosome degraded lignocellulose efficiently. In terms of the genus Paenibacillus, using
transmission microscopy, cellulosome production was detected in P. polymyxa strains EG2
and EG14 [111,112]. Besides, using scanning electron microscopy, protuberances were
observed indicating cellulosome production on the cell surface in the thermophilic strain
Brevibacillus sp. JXL [113].

4.5. Cellulase Activity

Cellulose decomposition starts when cellulase adsorbs to cellulose. Referring to previ-
ous subsections, it should be stated that bacteria of the genus Bacillus and related genera
are capable of producing several types of cellulases including CMCase, FPase, or Avicelase.
Different bacterial species have distinct activities of cellulolytic enzymes, and significant
differences within the same species or strains may also occur due to discrepancies in
culture conditions of the studies conducted on the topic. For instance, Acharya and Chaud-
hary [114] observed a CMCase activity of 0.300 U mL−1 in Bacillus licheniformis MVS1
(medium with beef extract). While Shajahan et al. [115], using response surface method-
ology in Bacillus licheniformis NCIM 5556, recorded a CMCase activity of 42.99 U mL−1

(medium contained CMC—19.21 g L−1, CaCl2—25.06 mg L−1, Tween 20—2.96 mL L−1,
and temperature 43.35 ◦C).

The type of cellulose, medium composition, temperature and pH are most important
for cellulase activity [2]. So far, depending on the strains, it has been found that the type of
cellulose used as substrate induces cellulolytic activity to a different extent. For instance,
Sadhu et al. [116] observed that carboxymethylcellulose better induced Avicelase and
CMCase production by Bacillus sp. MTCC10046 compared to other substrates including
sucrose, starch, glucose, or maltose. Also, Akaracharanya et al. [117] recorded higher
cellulase activity of Bacillus sp. P3–1 and P4–6 in culture based on CMC medium, compared
to culture with cellulose powder-containing medium. Similar patterns were also reported
by Thomas et al. [118] who observed that CMCase activity by Bacillus sp. SV1 was higher
in the CMC medium, compared to Avicel cellulose-containing medium and other carbon
sources, including mannitol, glycerol, lactose, or chitin. In addition, CMCase and Avicelase
activities were also obtained by Dobrzynski et al. [2] who noted the highest activity of
the two enzymes in the cultures of Bacillus sp. 8E1A with CMC. However, in the case of
FPase (cellulose saccharifying enzyme), the highest activity value was recorded for the
culture of the studied strain with Avicel cellulose. Mihajlovski et al. [119] also reported
slightly higher FPase activity in P. chitinolyticus CKS1 in a medium supplemented with
Avicel compared to cultures with CMC. Similarly, in the case of thermophilic Bacillus sp.
K-12, Kim and Kim [120] noted that FPase activity was higher when the strain studied by
the authors was cultured in Avicel microcrystalline cellulose medium compared to other
carbon sources. Interestingly, in contrast to previously cited reports, the strain Bacillus sp.
K-12 also had high CMCase and Avicelase activity in cultures with Avicel cellulose. It is
worth mentioning that the differences between studies may result from a number of factors
including culture conditions.

Another important factor that affects the activity of cellulases produced by Bacillus
spp. and related genera is temperature. According to the studies cited below, the optimum
temperature range for cellulase activity ranges from 20 ◦C to 80 ◦C, depending on the
strain and type of enzyme. For instance, Kazeem et al. [121] observed that a temperature of
20 ◦C is optimal for the production of FPases in the strain B. licheniformis 2D55. Cellulases
produced by B. pseudomycoides (grown on sugarcane bagasse medium) have a slightly higher
optimal temperature −40 ◦C (within 72 h of incubation) [122]. Interestingly, Li et al. [123]
detected optimal cellulase activity in the thermophilic strain at 50 ◦C, and below this value
the activity of enzymes significantly decreased. On the other hand, optimum temperature
values for cellulase activity exceeding 70 ◦C have been recorded for activity of CMCase
and Avicelase produced by Geobacillus thermoleovorans T4 (70 ◦C) and CMCase produced
by Bacillus sp. DUSELR13 (75 ◦C) [124,125]. Similar patterns for Bacillus sp. 8E1A were



Agriculture 2023, 13, 1979 11 of 20

observed by Dobrzyński et al. [2]. Importantly, thermophilic cellulases can potentially be
used in various industries including textile, biofuel, and agriculture [2].

In terms of the optimal pH for cellulase activity, the range of values is as wide as for
temperature; according to current reports, the highest activity of cellulases produced by
Bacillus spp. and related genera is recorded in the pH range from 3 to 10. For example,
Mihajlovski et al. [119] observed that the avicelase produced by the strain was most active
at about pH 5. Similar results were reported by Seo et al. [126] whose B. licheniformis strain
produced cellulases with high activity in the pH range of 4.0–6.0. While, in a study by
Dobrzynski et al. [2], the highest CMCase and Avicelase activities were noted at pH 7.0 and
FPase at 6.0. Interestingly, the highest cellulase activities produced by the bacteria of the
genus Bacillus were also detected at pH 9.0 [127]. Previously, similar patterns were also
obtained, as shown in Table 2.

Table 2. Optimum temperature and pH for celullolytic activity.

Strains Egzoenzymes Temperature Optimum pH Optimum References

Anoxybacillus sp. 527 Avicelase 70 ◦C 6.0 [113]
Anoxybacillus flavithermus EHP2 CMCase 75 ◦C 7.5 [26]

Bacillus sp. K1 CMCase 50 ◦C 6.0 [128]
Bacillus sp. KSM 330 CMCase Avicelase 45 ◦C 5.2 [129]
Bacillus sp. No.1139 CMCase 50 ◦C 9.0 [130]

B. licheniformis CMCase 65 ◦C 6.0 [131]
B. subtilis YJ1 CMCase Avicelase 50–60 ◦C 6.0 [132]

Paenibacillus sp. B39 CMCase 60 ◦C 6.5 [133]
Paenibacillus terrae ME27–1 CMCase 50 ◦C 5.5 [134]

Importantly, the differences between the optimal conditions for the activity of cellu-
lolytic enzymes result from the large variety of cellulases produced by the spore-forming
bacteria of the genus Bacillus and related genera.

Moreover, the activity of cellulases is also affected by other parameters of the media
or solutions. Gaur and Tiwari [135] found that the cellulase activity of B. vallismortis RG-
07 was stimulated by Tween-60, Ca2+, mercaptoethanol, and NaClO. While the cellulase
activity of Lysinibacillus xylanilyticus was stimulated by the presence of CaCl2 nanoparticles
in medium [136].

Importantly, some of the spore-forming strains of cellulolytic bacteria are already
being used to convert lignocellulosic waste. For instance, the activity of P. polymyxa
ND24 was studied in a 5-L laboratory bioreactor where the cellulosic substrate in the
medium was sugarcane bagasse; the strain showed the highest endoglucanase activity
after 72 h of incubation. The sugarcane hydrolysate was then used for biogas production;
the authors suggest that the obtained results support the use of P. polymyxa ND24 for
cost-effective bioprocessing of lignocellulosic biomass [137]. In turn, other authors have
used strains from the genus Bacillus to treat rice straw in order to increase the biomethane
fermentation efficiency. The study, using multiple strains, demonstrated that the use of
mixtures of different bacterial strains was more effective than the use of single bacterial
strains, due to an increase in the pool of cellulases present in the process. Finally, the
authors concluded that the choice of a mixture of strains from the genus Bacillus, which
decompose lignocelluloses, can be robust catalysts for the processing of biomass from these
wastes [138].

However, despite such a large number of bacterial strains of the genus Bacillus and
related ones that produce cellulases, there is still little research on the practical aspect of
their use, including the utilization and conversion of lignocellulosic biomass. Nevertheless,
potentially, cellulolytic bacteria of the genus Bacillus spp. and their cellulases can be used:
(i) in the textile industry (for instance for biostoning of jeans); (ii) in biorefining; (iii) in biogas
and biofuel production; (iv) in agriculture including biodegradation of lignocellulosic
waste and biocontrol of fungal phytopathogens; (v) in the paper industry (coadditive in
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pulp bleaching); (vi) in detergents (cellulose-based detergents); (vii) in the food industry
including release of the antioxidants from fruit and vegetables, and improved texture and
quality of bakery products; (viii) and for improving carotenoids extraction or improving
olive oil extraction [139,140].

5. Promoting Plant Growth by the Bacteria of the Genus Bacillus and Related Genera

Bacteria of the genus Bacillus and related genera are also classified as plant growth-
stimulating bacteria [53,141–143]. Bacteria from this group are capable of promoting plant
growth either directly or indirectly. Mechanisms of direct promotion of plant growth
include i.a. production of phytohormones including indole-3-acetic acid (IAA), cytokinins,
and gibberellins, production of nitrogenase thanks to which bacteria fix atmospheric
nitrogen (N) and make it available to plants, and the possibility of solubilizing phosphorus.
Indirect mechanisms, on the other hand, include for instance production of antibiotics
including cyclic lipopeptides, and enzymes degrading fungal cell walls [144–147].

So far, plant growth-promoting abilities have been detected in a very large number of
bacteria belonging to the genus Bacillus or related genera. Bacteria from this group have
promoted plant growth both under controlled and field conditions. Because of the greater
value of studies under field conditions, several examples of such studies are presented in the
review. For instance, inoculation of rice seedlings with B. pumilus TUAT-1 supplemented
with N fertilizer led to an increase in height, biomass, and chlorophyll content of rice
plants [148]. Besides, Ali et al. [149] showed that B. cereus (potassium solubilizing strain)
increased the plant’s height and shoots’ dry weight. Importantly, compared to plants that
were not inoculated, the application of the strain resulted in an increase of about 20% in
potato yield. Moreover, the application of Paenibacillus triticisoli BJ-18 led to an increase
in N, P, and organic matter contents in soil and enhanced nitrogenase activity and wheat
yield [150]. Interestingly, in comparison to the control, the application with the strain also
increased the biodiversity of rhizosphere bacterial communities and led to an increase
in the abundance of the genus Paenibacillus in the inoculated soil, which also resulted in
a high abundance of genes encoding nitrogenases. Furthermore, the inoculation with P.
triticisoli BJ-18 also increased the abundance of native plant growth-stimulating bacteria of
the genera Bacillus and Podospora [150].

Besides Okoroafor et al. [151], after applying B. velezensis FZB42 (formerly B. amyloliq-
uefaciens FZB4) in maize and common sunflower cultivations, detected over 20% increase in
biomass production in each of the crops. Moreover, inoculation with the tested preparation
increased the bioavailability of soil elements. Interestingly, the study on winter wheat culti-
vation by Stepien et al. [152] is an example of a field experiment with Bacillus and related
bacteria. The researchers demonstrated that the combination of mineral fertilization and
three bacteria-Paenibacillus azotofixans, B. megaterium, and B. subtilis-significantly increased
wheat grain yield compared to the application of mineral fertilization alone. In addition,
the bacteria significantly increased the leaf greenness index SPAD at two time points, and
together with NPK fertilization, significantly increased the content of two forms of nitrogen
(N-NO3 and N-NH4) and phosphorus in the soil.

Another example of research using a bacterial consortium with Bacillus spp. is an
experiment using B. cereus AR156, B. subtilis SM21, and Serratia sp. XY21 (BBS) strains
applied to phytophthora-infested sweet pepper [153]. Compared to the control, the ap-
plication of BBS reduced the occurrence of phytophthora blight and enhanced the fruit
quality and soil properties. BBS also significantly increased the abundance of the bacterial
genera Burkholderia, Comamonas, and Ramlibacter, which were negatively correlated with
disease severity; moreover, the abundance of these genera were associated with organic
carbon, ammonia nitrogen, potassium, and available phosphorus. These patterns sug-
gest that changing the bacterial community improved the soil properties and reduced the
phytopathogen development.

Importantly, there are still not enough studies in field conditions, especially those
showing the effect of the inoculants used on the native microbiota whose biodiversity and
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taxonomic composition have the greatest influence on the biochemical processes of the
soil. Finally, field studies with a wide range of parameters will bring inoculants closer to
commercialization. However, there are already quite a number of commercial prepara-
tions containing Bacillus and related bacteria, for example biofertilizers, biofungicides, or
biopesticides (listed in Table 3).

Table 3. Commercial preparations containing Bacillus and related bacteria.

Bacteria Application Mechanism Commercial
Biopreparation Reference

B. subtilis C-3102 biofertilizer for example: IAA production Thervelics® [154]
B. subtilis biofertilizer phosphate solubilization BCMF [155]

B. megaterium (combination with
Azotobacter chroococcum,
Azospirillum brasilense)

biofertilizer phosphate solubilization Azoter® [156]

P. azotofixans, B. megaterium and
B. subtilis biofertilizer nitrogen fixation no information available [152]

B. velezensis D747 biofungicide cyclic lipopeptides Double Nickel 55™ [157]

B. velezensis FZB42 biofungicide antibiotic substances
(polyketides and lipopeptides) Taegro® [157]

B. velezensis QST 713 antifungal and
antibacterial product antibiotic substances Serenade®ASO [158]

B. thuringiensis var. kurstakivar biopesticide crystal proteins
(Cry) production BT-Biox WP® [159]

B. firmus I-1582 biopesticide protection against nematode
infection VOTiVO® [160,161]

6. Conclusions

In summary, bacteria of the genus Bacillus and related genera constitute an important
group of bacteria that populate soil and other environments in large numbers, but their
taxonomy is still inadequately defined, due to, among other things, their great diversity and
the selection of insufficiently suitable molecular and biochemical techniques to determine
their relationship. Among this group of bacteria, cellulolytic bacteria are one of the most
important, but knowledge about their occurrence in the soil environment is still limited,
which is caused by methodological difficulties faced by scientists studying it. Most studies
on the presence of cellulolytic bacteria in the soil are limited to determining the abundance
of genes encoding cellulase, which, due to the diversity of these genes, makes it impossible
to determine the abundance of individual groups of cellulolytic bacteria.

Moreover, despite dozens of isolates of Bacillus and related bacteria showing cellu-
lolytic activity, still few of these bacterial strains are used, for example, to degrade lignocel-
lulosic waste. Importantly, the amount of lignocellulosic waste generated by agriculture and
other industries is steadily increasing, which, in an era of progressive agriculture and other
industries generating large amounts of such waste, poses a huge environmental problem.
Therefore, researchers should focus on studying the cellulolytic bacteria, e.g., in biogasifica-
tion processes or other conversions, which could contribute to the commercialization of
these bacteria.

Author Contributions: Conceptualization, J.D.; methodology, J.D.; software, B.W.; writing—original
draft preparation, J.D. and E.B.G.; writing—review and editing, J.D., B.W. and E.B.G.; visualization,
B.W.; supervision, J.D. and E.B.G.; project administration, J.D.; funding acquisition, B.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Acknowledgments: Many thanks to Katarzyna Rafalska for help in revising the English language
and Aleksandra Wróbel for help in data visualization.

Conflicts of Interest: The authors declare no conflict of interest.



Agriculture 2023, 13, 1979 14 of 20

References
1. Nicholson, W.L.; Munakata, N.; Horneck, G.; Melosh, H.J.; Setlow, P. Resistance of bacillus endospores to extreme terrestrial and

extraterrestrial environments. Mol. Biol. Rev. 2000, 64, 548–557. [CrossRef] [PubMed]
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152. Stępień, A.; Wojtkowiak, K.; Kolankowska, E. Effect of Commercial Microbial Preparations Containing Paenibacillus azotofixans,
Bacillus megaterium and Bacillus subtilis on the Yield and Photosynthesis of Winter Wheat and the Nitrogen and Phosphorus
Content in the Soil. Appl. Sci. 2022, 12, 12541. [CrossRef]

153. Zhang, L.N.; Wang, D.C.; Hu, Q.; Dai, X.Q.; Xie, Y.S.; Li, Q.; Liu, H.M.; Guo, J.H. Consortium of plant growth-promoting
rhizobacteria strains suppresses sweet pepper disease by altering the rhizosphere microbiota. Front. Microbiol. 2019, 10, 1668.
[CrossRef]

154. Jamily, A.S.; Koyama, Y.; Win, T.A.; Toyota, K.; Chikamatsu, S.; Shirai, T.; Yasuhara, T. Effects of inoculation with a commercial
microbial inoculant Bacillus subtilis C-3102 mixture on rice and barley growth and its possible mechanism in the plant growth
stimulatory effect. J. Plant Protect. Res. 2019, 59, 193–205. [CrossRef]

155. Qiu, F.; Liu, W.; Chen, L.; Wang, Y.; Ma, Y.; Lyu, Q.; Zheng, Y. Bacillus subtilis biofertilizer application reduces chemical
fertilization and improves fruit quality in fertigated Tarocco blood orange groves. Sci. Hortic. 2021, 281, 110004. [CrossRef]

156. Artyszak, A.; Gozdowski, D. The Effect of Growth Activators and Plant Growth-Promoting Rhizobacteria (PGPR) on the Soil
Properties, Root Yield, and Technological Quality of Sugar Beet. Agronomy 2020, 10, 1262. [CrossRef]

157. Ngalimat, M.S.; Yahaya, R.S.R.; Baharudin, M.M.A.-a.; Yaminudin, S.M.; Karim, M.; Ahmad, S.A.; Sabri, S. A Review on the
Biotechnological Applications of the Operational Group Bacillus amyloliquefaciens. Microorganisms 2021, 9, 614. [CrossRef]
[PubMed]

158. Matzen, N.; Heick, T.M.; Jørgensen, L.N. Control of powdery mildew (Blumeria graminis spp.) in cereals by Serenade® ASO
(Bacillus amyloliquefaciens (former subtilis) strain QST 713). Biol. Control 2019, 139, 104067. [CrossRef]

159. Montes-Bazurto, L.G.; Bustillo-Pardey, A.E.; Morales, A. New Alternative to Control Stenoma impressella (Lepidoptera: Elachisti-
dae) Using Bacillus thuringiensis Commercial Formulations in Oil Palm Crops. Agronomy 2022, 12, 883. [CrossRef]

160. Ghahremani, Z.; Escudero, N.; Beltrán-Anadón, D.; Saus, E.; Cunquero, M.; Andilla, J.; Sorribas, F.J. Bacillus firmus strain I-1582,
a nematode antagonist by itself and through the plant. Front. Plant Sci. 2020, 11, 796. [CrossRef]

161. Mendis, H.C.; Thomas, V.P.; Schwientek, P.; Salamzade, R.; Chien, J.-T.; Waidyarathne, P.; Kloepper, J.; De La Fuente, L.
Strain-specific quantification of root colonization by plant growth promoting rhizobacteria Bacillus firmus I-1582 and Bacillus
amyloliquefaciens QST713 in non-sterile soil and field conditions. PLoS ONE 2018, 13, e0193119. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app122412541
https://doi.org/10.3389/fmicb.2019.01668
https://doi.org/10.24425/jppr.2019.129284
https://doi.org/10.1016/j.scienta.2021.110004
https://doi.org/10.3390/agronomy10091262
https://doi.org/10.3390/microorganisms9030614
https://www.ncbi.nlm.nih.gov/pubmed/33802666
https://doi.org/10.1016/j.biocontrol.2019.104067
https://doi.org/10.3390/agronomy12040883
https://doi.org/10.3389/fpls.2020.00796
https://doi.org/10.1371/journal.pone.0193119
https://www.ncbi.nlm.nih.gov/pubmed/29447287


Załącznik 2 

Publikacja 2 

 

 

 

The Reaction of Cellulolytic and Potentially Cellulolytic Spore-

Forming Bacteria to Various Types of Crop Management and 

Farmyard Manure Fertilization in Bulk Soil 

 

Dobrzyński, J.; Wierzchowski, P.S.; Stępień, W.; Górska, E.B  

Agronomy 2021, 11, 772, 

doi.org/10.3390/agronomy11040772 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



agronomy

Article

The Reaction of Cellulolytic and Potentially Cellulolytic
Spore-Forming Bacteria to Various Types of Crop Management
and Farmyard Manure Fertilization in Bulk Soil
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Abstract: The ecology of cellulolytic bacteria in bulk soil is still relatively unknown. There is still only
a handful of papers on the abundance and diversity of this group of bacteria. Our study aimed to
determine the impact of various crop management systems and farmyard manure (FYM) fertilization
on the abundance of cellulolytic and potentially cellulolytic spore-forming bacteria (SCB). The study
site was a nearly 100-year-old fertilization experiment, one of the oldest still active field trials in
Europe. The highest contents of total carbon (TC) and total nitrogen (TN) were recorded in both
five-year rotations. The abundances of SCB and potential SCB were evaluated using classical microbi-
ological methods, the most probable number (MPN), and 16S rRNA Illumina MiSeq sequencing. The
highest MPN of SCB was recorded in soil with arbitrary rotation without legumes (ARP) fertilized
with FYM (382 colony-forming units (CFU) mL−1). As a result of the bioinformatic analysis, the
highest values of the Shannon–Wiener index and the largest number of operational taxonomic units
(OTUs) were found in ARP-FYM, while the lowest in ARP treatment without FYM fertilization. In
all treatments, those dominant at the order level were: Brevibacillales (13.1–43.4%), Paenibacillales
(5.3–36.9%), Bacillales (4.0–0.9%). Brevibacillaceae (13.1–43.4%), Paenibacillaceae (8.2–36.9%), and
Clostridiaceae (5.4–11.9%) dominated at the family level in all tested samples. Aneurinibacillaceae
and Hungateiclostridiaceae families increased their overall share in FYM fertilization treatments. The
results of our research show that the impact of crop management types on SCB was negligible while
the actual factor shaping SCB community was the use of FYM fertilization.

Keywords: crop management; next generation sequencing; soil microbiome; fertilization; cellulolytic
spore-forming bacteria

1. Introduction

In recent decades, we have observed a rapid increase in agricultural production.
The pursuit of maximum crop yielding leads to changes in the chemical, physical, and
biological properties of soil [1,2]. This phenomenon is caused by the use of various
agrotechnical practices, including the use of crop protection agents, long-term mineral
fertilization, and long-term cropping in monoculture [3,4]. Continuous cropping can lead
to decreased yields, an increase in the number of fungal phytopathogens, and a biological
imbalance in soil [5,6]. To a large extent, microorganisms are responsible for maintaining
biological balance and determining the direction of biochemical processes occurring in
soil [7]. Therefore, knowledge about the impact of agrotechnical practices on the abundance
and biodiversity of microorganisms in soil is crucial.

Cellulose is the most common biopolymer in soil. Thus, an important group of mi-
croorganisms involved in the circulation of elements in the soil are cellulose-degrading
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microorganisms [8]. Soil properties such as pH, moisture, and soil organic matter content
influence microbial cellulose degradation. This process requires a complex of enzymes
belonging to the class of O-glycoside hydrolases, including endo-β-1,4-glucanases (EC
3.2.1.4), exoglucanases, syn. 1,4-β-glucan cellobiohydrolase (EC 3.2.1.91), and cellobiase,
syn. β-glucosidase (EC 3.2.1.21) [9,10]. In soil, cellulolytic enzymes are primarily produced
by fungi and bacteria. Cellulolytic microorganisms include relatively anaerobic, spore-
forming bacteria (SCB). This group includes bacteria of the phylum Firmicutes, among
others from the Bacilliaceae, Paenibacilliaceae, Clostridriaceae families which numerously
occur in different types of bulk soil [11,12]. Moreover, relatively anaerobic, spore-forming
bacteria can be used as plant growth promoters. SCB may promote plant growth through di-
rect and indirect mechanisms. Direct mechanisms include the secretion of phytohormones,
e.g., auxins (e.g., indoleacetic acid—IAA) and gibberellins, fixation of atmospheric nitrogen
(nitrogenase production), and solubilization of nutrients such as phosphates. Indirect mech-
anisms of plant growth promotion based on protection against phytopathogens largely
depend on enzymes degrading fungal cell walls, e.g., chitinases and glucanases [13–17].

The ecology of cellulolytic bacteria in arable soils is still relatively poorly understood.
Thus, the study aimed to evaluate the impact of monoculture and rotation systems as well
as farmyard manure fertilization on the abundance of potential cellulolytic and cellulolytic
spore-forming bacteria in soil from nearly a century-old fertilization experiment. It is
worth mentioning that currently there are only a few other similar experiments in Europe,
for instance in Rothamsted (Great Britain) conducted since 1843, and in Halle (Germany)
conducted since 1894. Such a long-term monoculture, crop rotation, and farmyard manure
fertilization field trial allowed for a unique assessment of the bacterial community of
tested microorganisms.

2. Materials and Methods
2.1. Site Characteristics

The research was carried out in in the fields of the Institute of Agriculture, University
of Life Sciences in Skierniewice, Poland (51◦57′54.8′′ N 20◦09′27.4′′ E). The experiment
was established in 1922 on loamy sand textured Luvisol and from the beginning to the
present, it is conducted in triplicate. On plots without liming pH was approximately 4.5.
The average annual temperature for the period 1921–2017 was 8.0 ◦C, and the annual
precipitation was 530 mm. The size of a single plot was 4 m × 9 m. The buffer zone
between plots was 2 m wide. The presented study included seven crop rotation and soil
management treatments with or without farmyard manure (FYM) fertilization (Table 1).

Table 1. Experimental treatments.

Abbr. Crop Management Crops FYM Fertilization

ARP Arbitrary rotation without legumes
(since 1923) Potato *-winter wheat- spring barley No

ARP-FYM Arbitrary rotation without legumes
(since 1992 with FYM) Potato *-winter wheat-spring barley Yes (30 t ha−1)

LRL Rotation with legumes (since 1924) Lupine *-spring triticale-barley No

FRR Five-year rotation (since 1924) Lupine-winter wheat-rye
*-potato-barley Yes (30 t ha−1)

FRP Five-year rotation (since 1924) Lupine-winter wheat-rye-potato
*-barley Yes (30 t ha−1)

MP Monoculture (since 1923) Potato Yes (20 t ha−1)

MR Monoculture (since 1923) Rye Yes (20 t ha−1)

* Crop present during sampling.
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Sample-source plots were limed since 1976 with doses 1.6 t CaO ha every 4 years on
arbitrary rotation without legumes (ARP), ARP with farmyard manure (FYM), rotation
with legumes (LRL) and every 5 years on potato monoculture (MP), rye monoculture (MR),
rye five-year rotation (FRR), and potato five-year rotation (FRP).

2.2. Sampling and Chemical Analysis

Samples of bulk soil were taken by a sampler probe in July 2017. Soil samples per
experimental treatment were collected from a depth of 0–20 cm from three separate plots.
Each plot sample was a composite sample made out of soil collected from three random
points. Soil for chemical analysis was then air-dried, ground, and passed through a 2 mm
sieve. The following chemical parameters were determined in soil samples: total carbon
(TC) [18] and total nitrogen (TN) by the direct method [19], pH in 1M KCl [20]. Soil for
most probable number (MPN) analysis was passed through a sterile 2 mm sieve and stored
at 4 ◦C (MPN analysis lasted 2 days).

2.3. Microbiological Analyses

Most probable number of SCB was determined using the dilution method with three
replicates. Ten grams of soil were suspended in 100 mL of sterilized water and then tenfold
serial dilutions were prepared. Next, one mL of dilutions 10−1, 10−2, 10−3, 10−4, 10−5 was
added to Park medium ((NH4)2SO4—0.5 g; KH2PO4—1.0 g; KCl—0.5 g; MgSO4—0.2 g;
CaCl2—0.1 g, with the addition of 0.5 cm × 8 cm filter papers). To ensure that only spore-
forming bacteria are present in the samples, cultures were pasteurized for 15 min at 85 ◦C,
then incubated for 21 days at 28 ◦C. Filter paper degradation was evaluated macroscopically,
and later the readout was carried out using McCrady’s statistical tables [21], and expressed
as colony forming units (CFU) per ml.

2.4. DNA Extraction and 16S rRNA Sequencing

The genetic material for sequencing analysis came from 21-day cultures of SCB. 7 rep-
resentative samples were made by merging 6 repeated culture samples per treatment (5 mL
each): three repetitions of cultured samples from a dilution of 10−1 (0.1 g soil) and three
from 10−2 (0.01 g soil). Then the representative samples were shaken at 200 rpm for 30 min,
2 mL aliquots were frozen in liquid nitrogen and stored at −80 ◦C.

DNA isolation was carried out with a method based on the Genomic Mini AX Bacteria
+ kit (A&A Biotechnology, Gdynia, Poland). After isolation, the DNA was further purified
using an Anti-Inhibitor kit (A&A Biotechnology, Gdynia, Poland).

Analysis of the genes encoding 16S rRNA was carried out based on the hypervariable
V4 region of the 16S rRNA gene. Specific 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and
806R (5′-GGACTACHVHHHTWTCTAA-3′) primer sequences were used to amplify the
selected region and prepare the library. The polymerase chain reaction (PCR) was carried
out using the NEBNext® High-Fidelity 2X PCR Master Mix. Sequencing took place on the
MiSeq sequencer, in paired-end (PE) technology, 2 × 250 nt, using Illumina v2. Sequencing
data was deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive under BioProject accession PRJNA665141.

The 16S rRNA gene sequence reads were processed with mothur [22]. Paired-end
reads were merged and assembled using the make.contigs command. Pairs shorter than
290 bp, longer than 300 bp, or with an average Phred score quality below 25 were discarded.
Chimaeras were removed using the vsearch algorithm. The final reads were clustered
into operational taxonomic units (OTUs) using dist.seqs and cluster commands (opticlust
algorithm) with a 0.03 distance cut off. A taxonomic identity was attributed to each OTU
via the SILVA 134 rRNA database [23] using an 80% homogeneity cut off. Rarefaction
curves along with data used for figure generation are available in the Supplementary
Materials (Figure S1, Table S1).
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2.5. Statistical Analysis and Data Visualisation

Statistical analysis and data visualization was undertaken using R 3.5.3 statistical
programming language [24]. The Shannon–Wiener diversity index was calculated using
mothur’s built-in functionality. Bray–Curtis dissimilarities between OTU compositions of
individual samples were calculated and plotted for principal coordinate analysis (PCoA)
using the phyloseq package [25]. One-way analysis of variance (ANOVA) was used for the
analysis of soil chemical parameters and MPN (n = 3) among seven treatments. Differences
between treatments were tested using the Tukey–Kramer honest significant difference
(HSD) test at α = 0.05 [26]. Variance homogeneity was examined using Levene’s test. The
Wilk–Shapiro normality statistic was calculated to determine if residual values conformed
to a normal distribution.

3. Results and Discussion
3.1. Soil Parameters and Most Probable Number (MPN)

In most treatments, the pH values were similar, small differences between ARP-FYM
and FRR (Table 2) may have been caused by the use of liming. C:N ratio was at a similar
level. The exception being soil from the LRL treatment, where significantly lower C:N ratio
(9.70) was observed. This result may be explained by the presence of lupine in the year
of study, thanks to symbiosis with atmospheric nitrogen-fixing bacteria the TN content
in bulk soil increased. The highest values of TC were recorded in FRR and FRP soils,
respectively 0.7% and 0.68%. Similar patterns were observed for total nitrogen values, the
highest TN contents were recorded in FRR (654 mg/kg) and FRP (648 mg/kg) soils, along
with slightly lower values in LRL soil (532 mg/kg), compared to monoculture, higher TN
contents were also observed in other rotations. Long-term organic residue accumulation
may have been responsible for changes in TN concentration. These results are consistent
with the previous study of Stępień and Kobiałka [27] conducted at the same experimental
station. The authors showed higher TC and TN contents in crop rotation soils compared
to monoculture soils. Moreover, Adamiak and Adamiak [28] showed slightly lower TC
content in five-year rotation soil (rye in the study year) compared to rye monoculture
soil after 18 years of FYM fertilization. Values obtained were also similar to those in the
study of Congreves, et al. [29], where authors found higher soil organic carbon (SOC) and
TN content in corn–soybean–wheat rotation soil compared to corn continuous cropping
soil at the 11-year-old long-term fertilization experiment located in Canada. In contrast,
Kaiser et al. [30] obtained lower SOC content in rye-potato rotation soil in comparison
with long-term rye monoculture soil—long-term trials in Halle (Germany). The authors
explained this phenomenon by crop rotation-specific soil organic matter mineralization.

Table 2. Soil chemical properties and most probable number (MPN) of cellulolytic spore-forming bacteria (SCB).

Treatment pH TC (%) TN (mg kg−1) C:N Ratio MPN (CFU mL−1)

ARP 6.10 ± 0.04 ab 0.47 ± 0.15 ab 427.00 ± 20.00 c 10.80 ± 0.40 ab 45.00 ± 12.16 d

ARP-FYM 6.00 ± 0.13 b 0.53 ± 0.10 ab 479.00 ± 34.00 bc 11.00 ± 0.90 ab 382.00 ± 19.67 a

LRL 6.10 ± 0.10 ab 0.56 ± 0.13 ab 532.00 ± 16.00 b 9.70 ± 0.32 b 25.00 ± 6.80 d

MP 6.10 ± 0.09 ab 0.37 ± 0.10 ab 324.00 ± 20.00 d 11.40 ± 0.70 a 30.00 ± 6.11 d

MR 6.20 ± 0.11 ab 0.36 ± 0.13 b 329.00 ± 32.00 d 10.90 ± 0.60 ab 50.00 ± 10.00 d

FRR 6.30 ± 0.06 a 0.70 ± 0.11 a 654.00 ± 30.00 a 10.70 ± 0.63 ab 293.00 ± 17.08 b

FRP 6.20 ± 0.09 ab 0.68 ± 0.12 ab 648.00 ± 28.00 a 10.50 ± 0.40 ab 249.00 ± 17.90 c

Prob > F 0.038 0.020 <0.001 0.089 <0.001

Different letters behind the mean values and SD (n = 3) indicate significant differences (Tukey–Kramer HSD test, α < 0.05).
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Compared to monoculture treatments MP (CFU mL−1) and MR (50 CFU mL−1), signif-
icantly higher MPN of SCB was recorded in FRR (293 CFU mL−1) and FRP (249 CFU mL−1)
crop rotations. Obtained results may be explained by the impact of greater amounts of
crop residues which induced spore-forming cellulolytic bacteria growth in crop rotation
treatments. Available literature provides scant information on the impact of crop manage-
ment and FYM fertilization on the MPN of SCB. Gregorutti and Caviglia [31] found no
connections between the crop residues and the MPN of cellulolytic bacteria in the field
experiment conducted in Argentina. Moreover, Pankhurst et al. [32] showed a lack of sig-
nificant differences between the activity of cellulose-decomposing microorganisms in crop
rotation soil (wheat-sown pasture) and continuous wheat soil in long-term experiments
in South Australia. The authors explained their results by low winter rainfall and the dry
soil conditions. The discrepancy between our results and these studies could possibly be
explained by differences in soil properties and climate conditions.

In addition, significantly higher numbers of SCB in arbitrary rotation without legumes
with FYM fertilization (382 CFU mL−1) compared to ARP without FYM fertilization
(45 CFU mL−1) were noted. Most likely, the long-term FYM fertilization caused an increase
in the amount of N and C in soil, which led to an increase in the most probable number of
tested bacteria. Similar patterns were observed by Górska et al. [33].

3.2. 16S rRNA Sequencing

Analysis of 16S rRNA genes was carried out on cultures of cellulolytic SCB. Hence,
our bacterial group is referred to as cellulolytic spore-forming bacteria and potentially
cellulolytic spore-forming bacteria. The central dogma of microbiology claims that 90%
of microorganisms found in all environments of our globe are non-cultivable [34]. De-
velopment of next-generation sequencing (NGS) has contributed to the hypothesis that
this value may be overstated, as confirmed by some researchers. Van Insberghe et al. [35]
have isolated 1264 isolates (from 8 different culture media) from forest soils that have
previously been sequenced. Comparative analysis showed that the isolates constituted
about 22% of OTUs obtained from bioinformatic analysis of 16S rRNA genes from this
soil. Moreover, Bai et al. [36] created a comprehensive collection of more than 2000 isolates
derived from Arabidopsis root extract and sequenced the 16S rRNA genes of these isolates.
Then, compared the 16S rRNA of the Arabidopsis root extract and found out that about 60%
of OTUs coincide with the 16S rRNA gene sequences of the studied isolates. Referring to
this data, the analysis of 16S rRNA genes was carried out in bacterial cultures. This type of
analysis gave an insight into this particular physiological group of microorganisms which
are SCB and potentially cellulolytic SCB.

A total of 608,042 16S bacterial raw sequences were obtained from 7 samples. After
quality filtering, a total of 407,526 sequences were obtained (53,096 unique), with an average
of 58,218 sequences per sample (Table 3). A total of 5029 unique OTUs were formed after
binning with 97% similarity rate.

Table 3. Reads after processing, operational taxonomic unit (OTU) numbers, Shannon biodiversity
index, and coverage.

Treatment Sequences OTUs Shannon Coverage

ARP 43,800 804 2.73 98.80%
ARP-FYM 59,097 1288 3.52 98.50%

LRL 81,093 1089 2.91 99.10%
FRR 62,032 1205 2.95 98.70%
FRP 40,610 1150 3.25 98.10%
MP 53,464 1270 3.30 98.40%
MR 67,430 975 3.51 99.10%

As a result of sequencing SCB cultures, in all samples about 100% of OTUs were
assigned to the phylum Firmicutes. Firmicutes is the dominant bacterial phylum in arable
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soils. Its abundance in the soil bacterial communities ranges from 3% to 18% depending
on agrotechnical practices [37,38]. Shannon index and OTU results are partly consistent
with results obtained by the classical microbiology analysis. Most OTUs were observed in
ARP-FYM treatment (1288), and slightly fewer OTUs were found in MP treatment (1270).
While the lowest OTU numbers (less than 1000) were noted in MR and ARP treatments,
this observation is in line with lower MPN values obtained for these treatments. The
Shannon index was partly consistent with OTU numbers. The highest Shannon values
were recorded in ARP-FYM and MR treatment, 3.52 and 3.51, respectively, while the lowest
was observed in ARP treatment (2.73). Opinions about the impact of crop management
systems on OTU numbers and diversity indexes of whole soil bacterial communities are
divergent. For instance, Yin et. al. [39] observed the decrease in richness and the Shannon
index in rotation soil (wheat and soybeans compared to wheat monoculture). Similar
patterns were detected by Mayer et al. [40]. Soman et al. [41] did not report differences
in bacterial diversity and OTU numbers in soil from two different rotations (two-year
corn and soybean, and three-year corn-oat-alfalfa)—long-term trails at the Morrow Plots
(Urbana, Illinois, United States). Venter et al. [42] based on the meta-analysis of richness
and biodiversity of bacteria in soil from different crop managements, documented that
higher values of bacterial richness and biodiversity occurred in soils from crop rotation. In
our work based on the phylum Firmicutes, we did not notice major differences in these
parameters. Zhao et al. [38] recorded significantly increased abundances of the phylum
Firmicutes in bacterial communities in soil from 15- and 22-year-old cucumber monoculture
soil compared to the cucumber planted for one season. Previously, Zhao et al. [3] detected
the same patterns in coffee monoculture. However, these authors did not explain their
findings in detail. Overall, the phylum Firmicutes was more abundant in crop rotation
soils compared to monoculture soils [43–46]. This occurrence was explained by the impact
of crop residues and decaying roots accumulating over time, and more generally by
soil health resulting from crop rotation. The discrepancies between the studies are not
clear and may be caused by other factors such as micronutrient content or soil electrical
conductivity (EC). Thus, further research is needed to explain this phenomenon, e.g.,
determining the correlation between more detailed soil physicochemical properties, and
the abundance of the phylum Firmicutes in treatments. For instance, previous studies
investigating the impact of cotton monoculture (20 years) on soil bacterial communities
showed positive correlation between the abundance of phylum Firmicutes and soil EC [43].
Finally, differences between studies may have also been caused by the heterogeneity of
agricultural practices, as previously noted by Soman et al. [41].

The PCoA analysis showed that FYM fertilization in comparison to crop management
was a stronger factor modulating bacterial communities in analysed treatments. Figure 1
shows significant distances between bacterial communities from treatments with or without
FYM fertilization.

PCoA results were consistent with higher values of OTUs, Shannon index and MPN
of tested bacteria in ARP-FYM treatment. Cellulose present in FYM straw may have been
responsible for stimulating the increase in SCB and potentially SCB abundance. Addition-
ally, most members of Firmicutes have generally been described as copiotrophs which
are fast-growing microorganisms that prefer environments rich in organic matter [47].
Francioli et al. [48] observed relatively more Firmicutes in farmyard manure fertilized
soils in a long-term fertilization experiment. Similarly, Hartmann et al. [49] observed an
increased percentage of Firmicutes in long-term FYM fertilization when compared to min-
eral fertilization. This phenomenon was additionally confirmed by a study investigating
the impact of different cropping practices on bulk soil and rhizosphere microbiomes [50].
Moreover, the beneficial effect of FYM on richness and biodiversity of whole soil bacterial
communities was recorded several times [51–53].



Agronomy 2021, 11, 772 7 of 12

Agronomy 2021, 11, x FOR PEER REVIEW 6 of 12 
 

 

ARP-FYM treatment (1288), and slightly fewer OTUs were found in MP treatment (1270). 
While the lowest OTU numbers (less than 1000) were noted in MR and ARP treatments, 
this observation is in line with lower MPN values obtained for these treatments. The Shan-
non index was partly consistent with OTU numbers. The highest Shannon values were 
recorded in ARP-FYM and MR treatment, 3.52 and 3.51, respectively, while the lowest 
was observed in ARP treatment (2.73). Opinions about the impact of crop management 
systems on OTU numbers and diversity indexes of whole soil bacterial communities are 
divergent. For instance, Yin et. al. [39] observed the decrease in richness and the Shannon 
index in rotation soil (wheat and soybeans compared to wheat monoculture). Similar pat-
terns were detected by Mayer et al. [40]. Soman et al. [41] did not report differences in 
bacterial diversity and OTU numbers in soil from two different rotations (two-year corn 
and soybean, and three-year corn-oat-alfalfa)—long-term trails at the Morrow Plots (Ur-
bana, Illinois, United States). Venter et al. [42] based on the meta-analysis of richness and 
biodiversity of bacteria in soil from different crop managements, documented that higher 
values of bacterial richness and biodiversity occurred in soils from crop rotation. In our 
work based on the phylum Firmicutes, we did not notice major differences in these pa-
rameters. Zhao et al. [38] recorded significantly increased abundances of the phylum Fir-
micutes in bacterial communities in soil from 15- and 22-year-old cucumber monoculture 
soil compared to the cucumber planted for one season. Previously, Zhao et al. [3] detected 
the same patterns in coffee monoculture. However, these authors did not explain their 
findings in detail. Overall, the phylum Firmicutes was more abundant in crop rotation 
soils compared to monoculture soils [43–46]. This occurrence was explained by the impact 
of crop residues and decaying roots accumulating over time, and more generally by soil 
health resulting from crop rotation. The discrepancies between the studies are not clear 
and may be caused by other factors such as micronutrient content or soil electrical con-
ductivity (EC). Thus, further research is needed to explain this phenomenon, e.g., deter-
mining the correlation between more detailed soil physicochemical properties, and the 
abundance of the phylum Firmicutes in treatments. For instance, previous studies inves-
tigating the impact of cotton monoculture (20 years) on soil bacterial communities showed 
positive correlation between the abundance of phylum Firmicutes and soil EC [43]. Fi-
nally, differences between studies may have also been caused by the heterogeneity of ag-
ricultural practices, as previously noted by Soman et al. [41]. 

The PCoA analysis showed that FYM fertilization in comparison to crop manage-
ment was a stronger factor modulating bacterial communities in analysed treatments. Fig-
ure 1 shows significant distances between bacterial communities from treatments with or 
without FYM fertilization. 

 
Figure 1. Principal coordinate analysis (PCoA) of OTU compositions between different samples.

Eleven bacterial orders were identified in the treatments, the dominants at order
level (Figure 2) were Brevibacillales (13.1–23.4%), Paenibacillales (5.3–36.9%), Bacillales
(4.0–30.9%). The most abundant order Brevibacillales was recorded in ARP soil, where
this order accounted for nearly 50% of all covered taxons. Moreover, a large abundance of
Brevibacillales was observed in FRR (23.6%) and FRP (22.7%) treatments. The abundance
of order Paenibacillales was quite varied in the treatments, high OTU numbers belonging
to this order were recorded in LRL (36.9%) and ARP (22.8%) treatments. The highest
abundance of Bacillales was observed in LRL treatment (30.9%). The percentage values
of Aneurinibacillales were similar in most treatments and ranged from 16.7 to 20.1%,
exceptions were LRL and ARP treatments (below 2%). Higher values were also obtained
for Clostridia_or (3.0–21.7%) and Clostridiales (5.6–11.3%) orders.
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five-field rotation, MP—potato monoculture, MR—rye monoculture. Taxons below 2% abundancy and single observation
are represented by the “Other” category in the figure.
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The studied bacterial community patterns at the family level were similar to those
recorded for orders (Figure 3). Brevibacillaceae (13.1–43.4%), Paenibacillaceae (8.2–36.9%),
and Clostridiaceae (5.4–11.9%) dominated at the family level in all treatments. Currently
there are no data available in other studies that describe possible changes in communities
of cellulolytic and potentially cellulolytic SCB at the order and family level depending on
crop management and FYM fertilization. Higher abundance of the family Paenibacillaceae
in LRL and ARP treatments, in comparison to all other treatments, may be connected
with the lack of FYM fertilization in those treatments. So far, bacteria belonging to the
family Paenibacillaceae have been isolated from a variety of soil environments [54,55].
The Paenibacillaceae family is one of the best-described Firmicutes families. A large
number of Paenibacillus strains are capable of producing direct plant growth promoters,
including phytohormones, phosphate solubilization, and nitrogen fixation [56,57]. In
addition, bacteria belonging to the genus Paenibacillus can help control phytopathogens
by triggering induced systemic resistance (ISR) or by producing a variety of biological
compounds including lipopeptides with antibiotic properties [54,58,59]. Thus, the presence
of these family members may help improve plant and soil health.
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five-field rotation, MP—potato monoculture, MR—rye monoculture. Taxons below 2% abundancy and single observation
are represented by the “Other” category in the figure.

Results obtained at the family level also confirmed lower abundance of Aneurini-
bacillales in the ARP and LRL bacterial communities. The large abundance of the family
Aneurinibacillaceae in most treatments may be explained by FYM fertilization, but the
reason for this observation seems unclear and its detailed explanation requires further
research. Bacteria belonging to the family Aneurinibacillaceae have been isolated from
a variety of environments. Several strains of Aneurinibacillaceae were capable of pro-
moting plant growth. Chauhan et al. [60] detected the production of nitrogenases, IAA,
and the ability to solubilize phosphates in a new strain Aneurinibacillus aneurinilyticus
CKMV1. The authors also detected antifungal activity against a few phytopathogens, e.g.,
Fusarium oxysporum, Alternaria sp., and Rhizoctonia solani. Alenezi et al. [61] also showed
the potential of biocontrol against plant diseases in the strain Aneurinibacillus migulanus
that produced a new gramicidin. Antifungal activity of Aneurinibacillus migulanus was
also detected by Schuster and Schmitt [62]. Additionally, three nitrogenases genes were
found in the genome of Aneurinibacillus terranovensis [63]. Thus, the presence of bacteria
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belonging to Aneurinibacillaceae may have a positive impact on soil health in treatments
with FYM fertilization.

The family Planococcaceae belonging to the order Bacillales was a definite dominant
in crop rotation with legumes—LRL treatment (28.5%). This observation may be explained
by the impact of decaying legume roots. The presence of Planococcaceae members in
legumes’ rhizosphere was also described by other authors [64,65].

Additionally, Figure 3 shows some information about anaerobic bacteria. The family
Hungateiclostridiaceae abundance in LRL treatment was less than 2%, while the abundance
of Hungateiclostridiaceae in ARP reached 3%. The relatively low abundance of this
taxon, in comparison to other treatments, may be connected with no FYM fertilization
in these treatments. However, this hypothesis is difficult to explain since the abundance
of the related anaerobic family of bacteria Clostridaceae was relatively high in all tested
treatments. Hungateiclostridiaceae is a novel family of anaerobic bacteria belonging to the
phylum Firmicutes. So far, researchers have isolated members of this family from various
environments and described a few strains: Defluviitalea raffinosedens, Hungateiclostridium
mesophilum, and Hungateiclostridium thermocellum. These strains were able to produce
cellulolytic and xylanolytic enzymes [66–68].

4. Conclusions

In summary, results obtained in this study answered some questions about the impact
of long-term crop management and FYM fertilization on the studied bacterial group.
Biodiversity and OTU numbers of SCB and potentially SCB showed that crop rotation
and long-term monoculture had a relatively negligible impact on the analyzed bacterial
communities. The differences between ARP-FYM and ARP indicated that farmyard manure
was a more potent factor in shaping SCB communities, most likely due to straw present in
FYM. A crucial difference in the community structures was an increased abundance in the
Aneurinibacillaceae and Hungateiclostridiaceae families in FYM fertilization treatments.
Thanks to their plant growth promoting capabilities, members of these families can have a
positive impact on arable soil health. However, further research is needed to determine the
exact mechanisms that increase their abundance in FYM fertilization treatments.
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1. Burzyńska, I. Monitoring of Selected Fertilizer Nutrients in Surface Waters and Soils of Agricultural Land in the River Valley in

Central Poland. J. Water Land Dev. 2019, 43, 41–48. [CrossRef]
2. Dinka, M.O.; Dawit, M. Spatial Variability and Dynamics of Soil PH, Soil Organic Carbon and Matter Content: The Case of the

Wonji Shoa Sugarcane Plantation. J. Water Land Dev. 2019, 42, 59–66. [CrossRef]
3. Zhao, Q.; Xiong, W.; Xing, Y.; Sun, Y.; Lin, X.; Dong, Y. Long-Term Coffee Monoculture Alters Soil Chemical Properties and

Microbial Communities. Sci. Rep. 2018, 8, 6116. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/agronomy11040772/s1
https://www.mdpi.com/article/10.3390/agronomy11040772/s1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA665141/
http://doi.org/10.2478/jwld-2019-0061
http://doi.org/10.2478/jwld-2019-0045
http://doi.org/10.1038/s41598-018-24537-2
http://www.ncbi.nlm.nih.gov/pubmed/29666454


Agronomy 2021, 11, 772 10 of 12

4. Kiełbasa, B.; Pietrzak, S.; Ulén, B.; Drangert, J.-O.; Tonderski, K. Sustainable Agriculture: The Study on Farmers’ Perception and
Practices Regarding Nutrient Management and Limiting Losses. J. Water Land Dev. 2018, 36, 67–75. [CrossRef]

5. Liu, X.; Li, Y.; Han, B.; Zhang, Q.; Zhou, K.; Zhang, X.; Hashemi, M. Yield Response of Continuous Soybean to One-Season Crop
Disturbance in a Previous Continuous Soybean Field in Northeast China. Field Crops Res. 2012, 138, 52–56. [CrossRef]

6. Xiong, W.; Zhao, Q.; Zhao, J.; Xun, W.; Li, R.; Zhang, R.; Wu, H.; Shen, Q. Different Continuous Cropping Spans Significantly
Affect Microbial Community Membership and Structure in a Vanilla-Grown Soil as Revealed by Deep Pyrosequencing. Microb.
Ecol. 2015, 70, 209–218. [CrossRef]

7. Barrios, E. Soil Biota, Ecosystem Services and Land Productivity. Ecol. Econ. 2007, 64, 269–285. [CrossRef]
8. Dimarogona, M.; Topakas, E.; Christakopoulos, P. Cellulose Degradation by Oxidative Enzymes. Comput. Struct. Biotechnol. J.

2012, 2, e201209015. [CrossRef]
9. Maki, M.; Leung, K.T.; Qin, W. The Prospects of Cellulase-Producing Bacteria for the Bioconversion of Lignocellulosic Biomass.

Int. J. Biol. Sci. 2009, 500–516. [CrossRef]
10. Khalili, B.; Nourbakhsh, F.; Nili, N.; Khademi, H.; Sharifnabi, B. Diversity of Soil Cellulase Isoenzymes Is Associated with Soil

Cellulase Kinetic and Thermodynamic Parameters. Soil Biol. Biochem. 2011, 43, 1639–1648. [CrossRef]
11. Islam, M.T.; Rahman, M.M.; Pandey, P.; Jha, C.K.; Aeron, A. (Eds.) Bacilli and Agrobiotechnology; Bacilli in Climate Resilient

Agriculture and Bioprospecting; Springer International Publishing: Cham, Switzerland, 2016; ISBN 978-3-319-44408-6.
12. Vilain, S.; Luo, Y.; Hildreth, M.B.; Brözel, V.S. Analysis of the Life Cycle of the Soil Saprophyte Bacillus Cereus in Liquid Soil

Extract and in Soil. AEM 2006, 72, 4970–4977. [CrossRef] [PubMed]
13. Zafar-ul-Hye, M.; Danish, S.; Abbas, M.; Ahmad, M.; Munir, T.M. ACC Deaminase Producing PGPR Bacillus Amyloliquefaciens

and Agrobacterium Fabrum along with Biochar Improve Wheat Productivity under Drought Stress. Agronomy 2019, 9, 343.
[CrossRef]

14. Akinrinlola, R.J.; Yuen, G.Y.; Drijber, R.A.; Adesemoye, A.O. Evaluation of Bacillus Strains for Plant Growth Promotion and
Predictability of Efficacy by In Vitro Physiological Traits. Int. J. Microbiol. 2018, 2018, 5686874. [CrossRef]

15. Aloo, B.N.; Makumba, B.A.; Mbega, E.R. The Potential of Bacilli Rhizobacteria for Sustainable Crop Production and Environmental
Sustainability. Microbiol. Res. 2019, 219, 26–39. [CrossRef]

16. Maheshwari, D.K. (Ed.) Plant Growth and Health Promoting Bacteria; Microbiology Monographs; Springer: Berlin/Heidelberg,
Germany, 2011; Volume 18, ISBN 978-3-642-13611-5.

17. Jo, H.; Tagele, S.B.; Pham, H.Q.; Kim, M.-C.; Choi, S.-D.; Kim, M.-J.; Park, Y.-J.; Ibal, J.C.; Park, G.-S.; Shin, J.-H. Response of
Soil Bacterial Community and Pepper Plant Growth to Application of Bacillus Thuringiensis KNU-07. Agronomy 2020, 10, 551.
[CrossRef]

18. ISO. Soil Quality–Determination of Organic and Total Carbon after Dry Combustion (Elementary Analysis); ISO 10694: 2002; International
Organization for Standardization (ISO): Geneva, Switzerland, 2002.

19. ISO. Soil Quality–Determination of Total Nitrogen–Modified Kjeldahl Method; ISO 11261:2002; International Organization for Standard-
ization (ISO): Geneva, Switzerland, 2002.

20. ISO. Determination of PH; 10390: 1997; International Organization for Standardization (ISO): Geneva, Switzerland, 1997.
21. McCrady, M.H. The Numerical Interpretation of Fermentation-Tube Results. J. Infect. Dis. 1915, 17, 183–212. [CrossRef]
22. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;

Robinson, C.J.; et al. Introducing Mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing
and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

23. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA Ribosomal RNA Gene
Database Project: Improved Data Processing and Web-Based Tools. Nucleic. Acids Res. 2013, 41, D590–D596. [CrossRef]

24. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2020.
25. McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census

Data. PLoS ONE 2013, 8, e61217. [CrossRef]
26. de Mendiburu, F.; Yaseen, M. Agricolae: Statistical Procedures for Agricultural Research; National Engineering University: Lima,

Peru, 2020.
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Abstract: Cellulolytic enzymes produced by spore-forming bacteria seem to be a potential solution
to the degradation of lignocellulosic waste. In this study, several dozen bacterial spore-forming
strains were isolated from soil and one of them was selected for further studies. The studied bacterial
strain was identified to genus Bacillus (strain 8E1A) by 16S rRNA gene sequencing. Bacillus sp. 8E1A
showed an activity of carboxymethyl cellulase (CMCase) with visualization with Congo Red-25 mm
(size of clear zone). To study CMCase, filter paper hydrolase (FPase), and microcrystalline cellulose
Avicel hydrolase (Avicelase) production, three different cellulose sources were used for bacterial
strain cultivation: carboxymethyl cellulose (CMC), filter paper (FP), and microcrystalline cellulose
Avicel. The highest CMCase (0.617 U mL−1), FPase (0.903 U mL−1), and Avicelase (0.645 U mL−1)
production of Bacillus sp. 8E1A was noted for using CMC (after 216 h of incubation), Avicel cellulose
(after 144 h of incubation), and CMC (after 144 h of incubation), respectively. Subsequently, the
cellulases’ activity was measured at various temperatures and pH values. The optimal temperature
for CMCase (0.535 U mL−1) and Avicelase (0.666 U mL−1) activity was 70 ◦C. However, the highest
FPase (0.868 U mL−1) activity was recorded at 60 ◦C. The highest CMCase and Avicelase activity was
recorded at pH 7.0 (0.520 and 0.507 U mL−1, respectively), and the optimum activity of FPase was
noted at pH 6.0 (0.895 U mL−1). These results indicate that the cellulases produced by the Bacillus sp.
8E1A may conceivably be used for lignocellulosic waste degradation in industrial conditions.

Keywords: cellulases; lignocellulosic waste; spore-forming bacteria

1. Introduction

Every year, approximately 200 billion tons of plant biomass is produced on Earth,
approximately 90% of which is lignocellulosic waste [1]. Lignocellulosic waste may be used
for producing biofuels (e.g., bioethanol and biogas), gaining importance in the era of the
depletion of conventional fossil fuel resources [2–4]. The main component of lignocellulosic
waste is cellulose, which accounts for 40–55% of this waste dry weight [5]. Cellulose
is the most common biopolymer in nature, made of β-D-glucose molecules, linked by
β-1,4-glycosidic bonds. It contains crystalline and amorphous regions [6].

Complete degradation of cellulose requires an enzyme complex belonging to the class-
O-glycoside hydrolases [6]. Cellulolytic enzymes include: (1) endo-β-1,4-glucanases (EC
3.2.1.4), which randomly cleave β-1,4 glycosidic bonds located in the amorphous regions
of the cellulose—an example of endoglucanase is carboxymethyl cellulase, (2) exo-1,4-
β-glucanases (EC 3.2.1.91), which detach glucose and cellobiose units from reducing or
non-reducing ends of the cellulose chain, e.g., enzymes that degrade a microcrystalline
cellulose Avicel-Avicelase, and (3) cellobiases (β-glucosidase), which convert cellobiose to
glucose (EC 3.2.1.21) [7–9].
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Cellulases are produced by the majority of the systematic groups of organisms: mi-
croorganisms, protists, plants, and animals, including mammals [10]. However, the indus-
try uses mostly enzymes produced by microorganisms. The first commercial cellulases
were derived from fungi, e.g., from Trichoderma and Aspergillus [11,12]. Recently, the im-
portance of bacterial cellulases has been rising. Cellulolytic enzymes are produced by
aerobic and anaerobic bacteria, e.g., bacteria of the genus Bacillus, Butyrivibrio, Cellulomonas,
Clostridium, Paenibacillus, and Ruminococcus [13,14]. Of the large number of enzymes pro-
duced by resistance to harsh environmental conditions, spore-forming bacteria of the genus
Bacillus and related genera seem to be the most interesting [15]. So far, several dozen
cellulase-producing strains have been isolated and characterized, including Alicyclobacil-
lus acidiphilus [16], A. cellulosilyticus [17], B. sphaericus [18], B. subtilis [19], Geobacillus sp.
HTA426 [20], and Lysinibacillus fusiformis [21,22]. Despite that, only a small number of
spore-forming bacteria can synthesize a large amount of cellulase capable of crystalline
cellulose degradation in vitro [23,24].

The main factors affecting the cellulase properties of Bacillus and related genera,
including production and activity, are temperature, time, pH, and the source of the cel-
lulose [25,26]. This study aimed at isolating spore-forming, cellulolytic bacteria, their
identification, and determination of the selected cellulases’ properties, including CMCase,
FPase (filter paper hydrolase), and Avicelase.

2. Materials and Methods
2.1. Cellulase-Producing Strains’ Isolation

Spore-forming bacterial strains were isolated from bulk and rhizospheric soil taken
from a nearly 100-year static experiment established in 1922 (located at the Experimental
Station of the Faculty of Agriculture and Biology, Warsaw University of Life Sciences
in Skierniewice) [27–29]. The soil for strain isolation was taken from rye and potato
monoculture, rotation without legumes, and five-year rotation (including rye and potato).
To isolate spore-forming bacteria (SB), 10 g of soil or fresh roots (before isolation, the roots
were stripped of bulk soil by shaking) were suspended in 100 mL of saline solution (0.85%
NaCl) [26,30]. Then, the suspensions were shaken for 20 min and pasteurized at 85 ◦C for
15 min. One milliliter of the suspension was added to Park’s medium ((NH4)2SO4−0.5 g;
KH2PO4—1.0 g; KCl—0.5 g; MgSO4—0.2 g; CaCl2—0.1 g; 1000 mL distilled water, pH 7.4)
supplemented with filter paper and incubated at 28 ◦C for one week. Next, 168 h-old
bacterial cultures were diluted to 10−5, plated on solid Park’s medium with 1% CMC, and
incubated for 120 h. Single bacterial colonies were picked and then streaked on Luria–
Bertani (LB) agar (BTL Ltd., Łódź, Poland). Isolates were purified by streaking repeatedly.
Purified isolates were spot inoculated on Park medium with CMC and incubated for 120 h
at 30 ◦C. Plates were flooded with an aqueous solution of 1% Congo red for 10 min at room
temperature and thoroughly washed with 1 M NaCl for counterstaining the plates. Isolates
with the largest clear zones were selected and screened on the liquid Park medium with
filter papers to check if the strains exhibited total cellulase activity. For further analysis,
isolates were preserved on LB agar slants at 5 ◦C for a few weeks.

2.2. Bacterial Strains’ Identification

Initial isolate identification was carried out based on the observations of Gram- stained
preparations in a light microscope and the determination of biochemical properties us-
ing bioMerieux API 50 CHB (standardized system based on 50 biochemical tests for the
study of the carbohydrate metabolism of microorganisms). Bacterial isolates’ identifica-
tion was carried out based on 16S rRNA gene determination. The PCR template was
genomic DNA-isolated using the Genomic Mini (A&A Biotechnology) from a studied
bacterial culture (24 h). To amplify the 16S rRNA genes, universal primers 27F (5′-
AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were
used, as described by Kim et al. [31]. Amplification was performed in the following con-
ditions: initial denaturation at 95 ◦C for 3 min, denaturation at 95 ◦C for 30 s (30 cycles),
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annealing at 55 ◦C for 2 min, extension at 72 ◦C for 2 min, and then incubation at 72 ◦C
for 10 min for DNA amplification. The purified PCR products were sequenced by the
Sanger technique (Genomed S.A, Warsaw, Poland). The obtained sequences (forward and
reverse reads) were assembled to contig (BioEdit ver. 7.2) and compared with the sequences
from GenBank, EMBL (European Molecular Biology Laboratory), using BLAST (the Basic
Local Alignment Search Tool). The 16S rRNA gene sequences of studied isolates have
been submitted to GenBank under accession numbers: MZ482019 (15AV1), MZ481907
(15E1A), MZ481906 (24DV), MZ481905 (15AV2), MZ479750 (14AV2), MZ479749 (14AV1),
and MZ479383 (8E1A).

2.3. Cellulase Production

Cellulase production of Bacillus sp. 8E1A was studied in the Park medium supple-
mented with three sources of cellulose: 1% CMC, Avicel cellulose (50 mg), and Whatman
No. 1 filter paper (1 × 6 cm–50 mg). For this purpose, a bacterial suspension of 0.5 mL
(24 h culture) was inoculated into the media (6 mL). The cultures were established in
triplicate. CMCase, FPace, and Avicelase production were measured after 72, 144, 216,
and 288 h of incubation (at 30 ◦C), using the DNS spectrophotometric method (Microplate
Spectrophotometer Epoch 2, BioTek Ltd.) with calculation based on a standard curve [32].
To obtain the supernatant, the cultures were centrifuged at 10,000 rpm for 10 min at 4 ◦C.
The reaction mixture contained 0.5 mL of supernatant, 2% CMC solution (prepared in
0.05 M potassium phosphate buffer, pH 7.0) for CMCase, 50 mg of Whatman No. 1 filter
paper for FPase, 50 mg of Avicel cellulose for Avicelase, and 0.5 mL of 0.05 M potassium
phosphate buffer, pH 7.0 (for FPase and Avicelase). The reference samples contained re-
action mixture components plus 3 mL of DNS. The samples were incubated at 50 ◦C, for
30 min for CMCase, 60 min for FPase, and 90 min for Avicelase. After incubation, 3 mL of
DNS was added to the solution to terminate the reaction and create a color complex. Then,
all the samples were boiled at 100 ◦C for 5 min and cooled to room temperature. Later, the
absorbance was measured at λ = 540 nm. The unit of enzyme production was defined as
the amount of enzyme that could hydrolyze cellulose and release 1 µmol of glucose per
one minute of reaction (U). Cellulase activity is expressed as units per mL of sample.

2.4. The Effect of Temperature and pH on the Cellulases’ Activity

The temperature effect on the cellulases’ activities of the Bacillus sp. 8E1A (168 h
culture) was estimated using the standard procedure in the range of 30–90 ◦C. The effect
of pH on cellulases’ activities of the studied isolate (168 h culture, in Park medium) was
measured by varying the pH of the reaction mixture using the following buffers (0.05 M):
citrate phosphate solution, pH 3.0–6.5, sodium phosphate, pH 7.0–7.5, Tris-HCl solution,
pH 8.0–9.0, and NaOH solution, pH 9.5–11.0. Further, the cellulase activity assay was
performed as described for cellulase production [32].

2.5. Statistical Analyses

The mean values of three repetitions and the standard deviation (SD) of measure-
ments were calculated. The results are presented graphically in the form of point and bar
graphs with marked deviation posts created in the Excel software. In order to evaluate
the temperature and pH effect on cellulases’ activity, a one-way ANOVA was performed.
The significance between means was checked with the Tukey’s HSD (honest significant
difference test) level of p = 0.05. The obtained results were processed statistically using
Statistica 6.0.

3. Results and Discussion
3.1. Bacterial Strains’ Identification

In this study, several dozen bacterial strains showing the cellulolytic properties were
isolated, and for further assays, seven isolates that showed the highest CMCase activity
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were selected. Based on the microscopic evaluation, the studied isolates were classified as
Gram-positive, spore-forming bacteria.

The biochemical properties of the isolates determined by API 50 CHB are presented in
Table 1. All bacterial strains were capable of decomposing D-ribose, D-galactose, D-glucose,
D-fructose, D-mannitol, amygdalin, esculin, D-cellobiose, D-maltose, starch, D-melibiose,
and D-sucrose. Most isolates hydrolyzed L-arabinose, D-mannose, N-acetylglucosamine,
salicin, glycogen, and D-raffinose. However, none of the isolates were able to decompose
erythritol, D-arabinose, L-xylose, D-adonitol, L-sorbose, dulcitol, M-α-D-mannopyranoside,
inulin, D-lixose, D-tagatose, D-fucose, L-arabitol, potassium gluconate, potassium 2-
ketogluconate, or potassium 5-ketogluconate (Table 1).

Table 1. Biochemical characteristic of isolates.

No. Biochemical Characteristic
Strain Number

8E1A 14AV1 14AV2 15AV1 15AV2 15E1A1 24DV

1. Glycerol + + - - - - -

2. Erythritol - - - - - - -

3. D-Arabinose - - - - - - -

4. L-Arabinose + + + - + + +

5. D-Ribose + + + + + + +

6. D-Xylose + + + + + + +

7. L-Xylose - - - - - - -

8. D-Adonithol - - - - - - -

9. Methyl-β-D-xylopyranoside - - - - + - -

10. D-Galactose + + + + + + +

11. D-Glucose + + + + + + +

12. D-Fructose + + + + + + +

13. D-Mannose + + + - + + +

14. L-Sorbose - - - - - - -

15. L-Rhamnose - + - - - - -

16. Dulcitol - - - - - - -

17. Inositol + + - - + - +

18. D-Mannitol + + + + + + +

19. D-Sorbitol + - - - + - +

20. Methyl-α-D-
mannopyranoside - - - - - - -

21. Methyl-α-D-glucopyranoside + + - - - - -

22. N-acetyl-glucosamine - - + + + + +

23. Amygdalin + + + + + + +

24. Arbutin + + - - - + -

25. Esculin + + + + + + +

26. Salicin + + - + - + +

27. D-Cellobiose + + + + + + +

28. D-Maltose + + + + + + +

29. D-Lactose + + + + + + +

30. D-Melibiose + + + + + + +
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Table 1. Cont.

No. Biochemical Characteristic
Strain Number

8E1A 14AV1 14AV2 15AV1 15AV2 15E1A1 24DV

31. D-Sucrose + + + + + + +

32. D-Trehalose - - + + + - +

33. Inulin - - - - - - -

34. D-Melizitose + + - - - - -

35. D-Raffinose - + + - + + +

36. Starch + + + + + + +

37. Glycogen + + + + + - +

38. Xylitol + + - - - - -

39. Gentibiose - + - + - - -

40. D-Turanose + + - - - - -

41. D-Lyxose - - - - - - -

42. D-Tagatose - - - - - - -

43. D-Fucose - - - - - - -

44. L-Fucose - - - - - - -

45. D-Arabitol - - - - - - -

46. L-Arabitol - - - - - - -

47. Potassium gluconate - - - - - - -

48. Potassium 2-ketogluconate - - - - - - -

49. Potassium 5-ketogluconate - - - - - - -

Bacteria of the genus Bacillus and Paenibacillus studied by Akaracharanya et al. [33]
also degraded sculin, D-cellobiose, D-maltose, starch, L-rhamnose, inositol, and d-sorbitol.
Similar biochemical properties of SB were also obtained by Liang et al. [34].

Then, based on 16S rRNA sequence analysis, the isolates were classified to genus
Bacillus and Paenibacillus: Paenibacullus sp. 15AV1 (MZ482019), Bacillus sp. 15E1A (MZ481907),
Bacillus sp. 24DV (MZ481906), Bacillus sp. 15AV2 (MZ481905), Bacillus sp. 14AV2 (MZ479750),
Bacillus sp. 14AV1 (MZ479749), and Bacillus sp. 8E1A (MZ479383).

3.2. Cellulolytic Properties’ Detection

The highest CMCase activity measured using Congo Red was demonstrated by Bacillus
sp. 8E1A (25 mm). Slightly lower values were observed for Bacillus sp. 14AV1 (18 mm)
and Bacillus sp. 15AV2 (17 mm). The smallest clear zone was observed for Paenibacillus sp.
15AV2 (10 mm). The diameters of the clear zones for spore-forming bacteria reported in the
literature range from 15 to 50 mm [26,35–37]. Methods using Congo Red are widespread in
studies for the detection of microbial cellulase activity. However, the authors emphasized
that relations between the diameter of clear zones and enzyme production were not so
obvious [38]. Thus, microorganisms giving relatively low diameters of clear zone values
may produce high values of CMCase and other cellulases, and vice versa. This phenomenon
was also confirmed by Sadhu et al. [39] and Liang et al. [34]. Therefore, for more detailed
studies, bacterial isolates’ selection was based on an assay using the DNS reagent. After
168 h of incubation in Park medium with CMC, the highest CMCase and FPase production
was found in Bacillus sp. 8E1A isolated from bulk soil of five-year rotation (data not shown).
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3.3. Cellulase Production

Most of the studies on spore-forming cellulolytic bacteria are focused on only CMCase
production [12,40]. Complete cellulose degradation requires synergistic actions of all
cellulase types [26,41]. Thus, in this study, the production of the three most important
cellulolytic enzymes was analyzed.

Cellulase production of Bacillus sp. 8E1A was maintained for 216–288 h of incubation
and decreased in the late logarithmic phase of the studied bacterial strain, and similar
patterns were noted by Sadhu et al. [39]. The cellulase production level was shaped by the
cellulose type. The highest CMCase production occurred after 216 h of incubation in the
broth with CMC (0.617 U mL−1). Values of CMCase production measured in the broth with
Avicel cellulose and FP were approximately four times lower than the production in broth
with CMC after the same amount of time (Figure 1).
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Similar patterns were observed by other authors. Sadhu et al. [39] noted that CMC
was a better indicator for CMCase and Avicelase production of Bacillus sp. (MTCC10046)
in comparison with other carbon sources, including maltose, glucose, starch, and sucrose.
Akaracharanya et al. [33] demonstrated that Bacillus sp. P3-1 and P4-6 had a higher
cellulase production when grown in broth with CMC (value for both strains—0.015 U mL−1)
compared to broth with cellulose powder. Moreover, Thomas et al. [42] showed that
CMCase production of Bacillus sp. SV1 was greater in broth with CMC than with Avicel
and other carbon sources (e.g., chitin, glycerol, lactose, mannitol).

FPase production was detected after 72 h of incubation. The highest FPase production
value was found after 144 h of incubation with Avicel cellulose—0.903 U mL−1 (Figure 3).
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Previously, Avicel cellulose has already been recognized as a substrate in the broth
to increase FPase production by spore-forming bacteria. Mihajlovski et al. [26] observed a
slightly higher FPase production in the Avicel broth (approximately 0.2 U mL−1) compared
to the cell-free supernatant from broth with CMC (approximately 0.1 U mL−1) in P. chiti-
nolyticus CKS1. Moreover, Kim and Kim [43] documented that thermophilic Bacillus sp.
K-12 produced a large amount of FPase when grown in Avicel broth; however, it also
produced high CMCase and Avicelase values when grown in Avicel broth. The differences
between studies might be a result of culture conditions [44,45].

3.4. Effect of Temperature and pH on the Cellulases’ Activity

Cellulases of 8E1A were active in the temperature range of 30–90 ◦C. There were sig-
nificant differences in cellulase activity between the different temperature values (p < 0.001).
The highest CMCase and Avicelase activity was recorded at 70 ◦C and was 0.535 and
0.666 U mL−1, respectively. FPase activity was recorded at 60 ◦C (0.868 U mL−1) (Figure 4).

The results of this study are similar to the results of other authors. Ladeira et al. [46]
showed that the Bacillus sp. isolate had optimum CMCase and Avicelase activity at 70 ◦C.
Rastogi et al. [47] showed that Bacillus sp. DUSELR13 had a maximum CMCase activity at
75 ◦C. Similar optimum temperature values for the activity of the studied enzymes were
previously reported in other bacterial strains of the Bacillus genus [25]. Isolated from the
midgut of muga silkworm, B. pumilus MGB05 achieved the highest activity of FPase at
50 ◦C [48]. Previously, Kazeem et al. [49] noted a 20 ◦C higher optimum temperature for
FPases produced by B. licheniformis 2D55. Additionally, CMCase and Avicelase activity, after
reaching a maximum at 70 ◦C, remained at a similar level up to 90 ◦C, which confirms their
stability in high temperatures. Thermophilic cellulolytic enzymes have a large potential for
application in the textile, biofuel, and agriculture industries because their manufacturing
processes require high temperatures [25,50]. However, not all cellulases produced by


