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Ekologia bakterii celulolitycznych w glebie rolniczej pozostaje wcigz stosunkowo
nieznana. Nadal istnieje zaledwie kilka prac dotyczacych obfitosci 1 roznorodnosci tej grupy
bakterii w glebach uzytkowanych rolniczo. Niniejsze badania miaty na celu okreslenie wptywu
réznych systemOow uprawy ro$lin 1 nawozenia obornikiem na relatywng liczebnos¢
I r6znorodnos$¢ wzglednie beztlenowych przetrwalnikujacych bakterii celulolitycznych oraz
wzglednie beztlenowych przetrwalnikujacych bakterii  potencjalnie  celulolitycznych
(WBPBC).

Miejscem badan byt prawie 100-letni eksperyment nawozowy, jeden z najstarszych
nadal kontynuowanych eksperymentéw polowych w Europie. Relatywna obfitos¢ WBPBC
I potencjalnych WBPBC oceniano za pomoca klasycznych metod mikrobiologicznych,
najbardziej prawdopodobnych liczb (NPL) oraz sekwencjonowania 16S rRNA Illumina
MiSeq. Najwyzsze NPL badanej grupy bakterii odnotowano w glebie spod upraw ze
zmianowaniem bez roslin bobowatych nawozonej obornikiem (ARP-FYM) (382 jednostek
tworzacych kolonie (jtk) g%). W wyniku analizy bioinformatycznej najwyzsze wartoéci
indeksu Shannon-Wienera i najwicksza liczbe operacyjnych jednostek taksonomicznych
(OTUs) znaleziono w ARP-FYM, podczas gdy najnizsze warto$ci tych parametrow
odnotowano w glebie pochodzacej z ARP bez nawozenia obornikiem. We wszystkich
probkach dominujace na poziomie rzedu byly: Brevibacillales (13,1-43,4%), Paenibacillales
(5,3-36,9%), Bacillales (4,0-0,9%). Natomiast Brevibacillaceae (13,1-43,4%),



Paenibacillaceae (8,2-36,9%) i Clostridiaceae (5,4-11,9%) dominowaly na poziomie rodziny
we wszystkich badanych probkach. Rodziny Aneurinibacillaceae i Hungateiclostridiaceae
miaty wicksza relatywna liczebnos¢ w glebie nawozonej obornikiem. Podsumowujac, wyniki
uzyskane w ramach niniejszej pracy doktorskiej pokazuja, ze wpltyw systemu uprawy na
WBPBC byt znikomy, podczas gdy rzeczywistym czynnikiem ksztattujgcym spotecznosé
WBPBC byto stosowanie w ptodozmianie obornika.

Celem potwierdzenia wystepowania WBPBC w badanej glebie i oznaczenia
aktywnos$ci ich enzymow celulolitycznych wyizolowano kilkadziesigt szczepow bakterii
przetrwalnikujacych, sposrod ktérych jeden zostal wybrany do dalszych badan. Poprzez
sekwencjonowanie genu 16S rRN wybrany szczep bakterii zostal zidentyfikowany jaki
nalezacy do rodzaju Bacillus (szczep 8E1A). Bacillus sp. 8E1A wykazal produkcje
karboksymetylocelulazy (CMCazy) =z wizualizacja z wuzyciem czerwieni Kongo
(25 mm - rozmiar strefy przejrzystej). Ponadto badano aktywnosci CMCazy, hydrolazy papieru
filtracyjnego (FPazy) oraz hydrolazy Avicel mikrokrystalicznej celulozy (avicelazy). Do
hodowli szczepu wykorzystano trzy rozne zrodta celulozy: karboksymetylocelulozy (CMC),
papier filtracyjny (FP) i mikrokrystaliczng celuloze Avicel. Najwyzsza aktywno$¢ CMCazy
(0,617 U mL™), FPazy (0,903 U mL™?) i Avicelazy (0,645 U mL™) przez Bacillus sp. 8E1A
zaobserwowana zostata przy uzyciu: CMC (po 216 h inkubacji), celulozy Avicel (po 144 h
inkubacji) oraz CMC (po 144 h inkubacji). Nastepnie aktywno$¢ celulaz byta mierzona
W réznych temperaturach 1 przy roznych wartosciach pH. Optymalna temperatura dla
aktywnos$ci CMCazy (0,535 U mL™) i Avicelazy (0,666 U mL ™) wynosita 70 °C. Jednak
najwyzsza aktywno$¢ FPazy (0,868 U mL™) zostata zarejestrowana w 60 °C. Najwyzsza
aktywnos¢ CMCazy 1 Avicelazy odnotowano przy pH 7,0 (odpowiednio przy 0,520
i 0,507 U mL"), a optymalng aktywno$¢ FPazy stwierdzono przy pH 6,0 (0,895 U mL™).
Powyzsze wyniki wskazuja, ze celulazy produkowane przez Bacillus sp. 8E1A potencjalnie
moga by¢ wykorzystywane do degradacji odpaddéw lignocelulozowych w warunkach
przemystowych.

Stowa kluczowe: systemy upraw, Firmicutes, nawozenie, 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!). 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



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™"), FPase (0.903 U mL™), and avicelase (0.645 U mL™)
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™!) and avicelase (0.666 U mL™") 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™!, respectively),
and the optimal FPase activity was found at pH 6.0 (0.895 U mL™!). 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



Wykaz skrotow

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 — przewodno$¢ elektryczna (ang. electrical conductivity)

FP — bibuta filtracyjna (ang. filter paper)

FPaza — hydrolazy bibuly filtracyjnej (ang. filter paper-ase)

FRP — zmianowanie pigciopolowe (ziemniak) (ang. five-year rotation (potato))
FRR — zmianowanie pigciopolowe (zyto) (ang. five-year rotation (rye))

FYM — obornik (ang. farmyard manure)

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

ISR — indukowana odpornos¢ ogdlnoustrojowa (ang. induced systemic resistance)
Jtk — jednostka tworzaca kolonie

LRL — zmianowanie z bobowatymi (tubin) (ang. rotation with legumes)

MP — monokultura ziemniakow (ang. potato monoculture)

MR — monokultura Zyta (ang. rye monoculture)

NGS — Sekwencjonowanie Nowej Generacji (ang. Next-Generation Sequencing)
NPL — Najbardziej Prawdopodobna Liczba

PCoA — analiza wspotrzednych gtownych (ang. Principal Coordinates Analysis)

WBPBC — wzglednie beztlenowe przetrwalnikujace bakterie celulolityczne



1. Wprowadzenie

W ostatnich dziesigcioleciach obserwujemy szybki wzrost produkcji rolnej. Dazenie do
maksymalizacji plonéw prowadzi do zmian wlasciwosci chemicznych, fizycznych
I biologicznych gleby (Burzynska i wsp. 2019, Dinka et al. 2019). Zjawisko to jest
spowodowane stosowaniem roéznych praktyk agrotechnicznych, w tym stosowaniem $rodkoéw
ochrony roslin, dlugotrwatym i jednostronnym nawozeniem mineralnym i dtugotrwalymi
uprawami roslin w systemie monokulturowym (Zhao i wsp. 2018, Kietbasa i wsp. 2018).
Ciagte uprawy tych samych gatunkéw 1 brak zmianowania mogg prowadzi¢ do zmniejszenia
plonow, wzrostu liczby fitopatogenéw grzybowych i braku rownowagi biologicznej w glebie,
w tym obnizenia réznorodnosci mikroorganizmow 1 zmian w ich skladzie taksonomicznym
(Liu 1 wsp. 2012, Xiong i wsp. 2015). Mikroorganizmy sa w duzej mierze odpowiedzialne za
utrzymanie rownowagi biologicznej i ksztaltowanie kierunku proceséw biochemicznych
zachodzacych w glebie (Barrios 1 wsp. 2007). W zwigzku z tym wiedza na temat wplywu
praktyk agrotechnicznych na liczebno$¢ i réznorodno$¢ mikroorganizméw w glebie jest
istotna.

Celuloza jest najczesciej wystepujacym biopolimerem w glebie. Dlatego wazng grupa
mikroorganizmoéw zaangazowanych w obieg pierwiastkbw w glebie sa mikroorganizmy
rozkladajace celuloz¢ (Dimarogona 1 wsp. 2012). Na szybko$¢ mikrobiologicznej degradacji
celulozy wptywaja m.in. pH, wilgotno$¢ oraz wlasciwosci chemiczne gleby, takie jak
zawarto$¢ azotu oraz wegla organicznego w glebie. Ponadto proces degradacji celulozy
wymaga kompleksu enzymow nalezacych do klasy hydrolaz O-glikozydowych, w tym endo-
B-1,4-glukanazy (EC 3.2.1.4), egzoglukanazy, syn. celobiohydrolazy 1,4-B-glukanu
(EC 3.2.1.91) i celobiazy, syn. B-glukozydazy (EC 3.2.1.21) (Maki i wsp. 2009, Khalili i wsp.
2011).

Celulazy sa wytwarzane przez wigkszo$¢ grup systematycznych organizmow, w tym
przez protisty, rosliny i zwierzgta (w tym ssaki) oraz mikroorganizmy (Zhang 1 wsp. 2013).
Pierwsze komercyjne celulazy pochodzity z grzybow, np. z Trichoderma 1 Aspergillus (Bishof
i wsp. 2016, Imraz i wsp. 2018), jednakze w ostatnim czasie znacznie wzroslo znaczenie
celulaz bakteryjnych. Enzymy celulolityczne sa wytwarzane zar6wno przez bakterie tlenowe
jak 1 beztlenowe, do ktorych zaliczamy m.in. bakterie z rodzajow Bacillus, Butyrivibrio,

Cellulomonas, Clostridium, Paenibacillus czy Ruminococcus (Poulsen i wsp. 2016,



Liu 1 wsp. 2021). Ze wzgledu na odpornos¢ na trudne warunki $rodowiskowe jedna
Z najbardziej interesujacych grup bakterii celulolitycznych sg wzglednie beztlenowe bakterie
przetrwalnikujace (WBPBC), ktore zalicza si¢ do typu Firmicutes (m.in z rodzin Bacilliaceae,
Paenibacilliaceae, Clostridriaceae) (Deka i wsp. 2021). Dotychczas wyizolowano
i scharakteryzowano kilkadziesigt szczepow produkujagcych 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 wigcej, wzglednie beztlenowe bakterie tworzace przetrwalniki mogg byc¢
wykorzystywane jako promotory wzrostu ro$lin. WBPBC moga promowa¢ wzrost ro$lin
poprzez bezposrednie i posrednie mechanizmy. Mechanizmy bezposrednie obejmuja
wydzielanie fitohormonow, np. auksyn (np. kwasu indolilo-3-octowego - 1AA) i giberelin,
wigzanie azotu atmosferycznego (produkcja nitrogenazy) oraz solubilizacje sktadnikow
odzywczych, takich jak nierozpuszczalne formy fosforu (Dobrzynski i wsp. 2022, Kulkova
I wsp. 2023). Natomiast do posrednich mechanizméw promocji wzrostu roslin zaliczamy m.in.
enzymy degradujgce $ciany komorkowe grzyboéw (np. chitynazy i glukanazy), lipopetydy
antybiotyczne czy pobudzanie indukowanej odpornos¢ systemicznej (ISR) (Dobrzynski i wsp.

2023, Jiang i wsp. 2016).

10



2. Spis publikacji wchodzacych w sklad rozprawy doktorskiej

W sktad niniejszej rozprawy doktorskiej wchodzg 3 artykuty naukowe:

1) Dobrzynski, J.; Wrobel, B.; Gorska, E.B. Taxonomy, Ecology, and Cellulolytic
Properties of the Genus Bacillus and Related Genera. Agriculture 2023, 13, 1979.
https://doi.org/10.3390/agriculture13101979

2) Dobrzynski, J.; Wierzchowski, P.S.; Stepien, W.; Gorska, E.B. The Reaction of
Cellulolytic and Potentially Cellulolytic Spore-Forming Bacteria to Various Types of
Crop Management and Farmyard Manure Fertilization in Bulk Soil. Agronomy 2021,
11, 772. https://doi.org/10.3390/agronomy11040772

3) Dobrzynski, J.; Wrobel, B.; Gorska, E.B. Cellulolytic Properties of a Potentially
Lignocellulose-Degrading Bacillus sp. 8E1A Strain Isolated from Bulk Soil. Agronomy
2022, 12, 665. https://doi.org/10.3390/agronomy12030665

11



3. Problematyka, cel i hipoteza badawcza rozprawy doktorskiej

Chociaz istniejg dowody na to, ze rézne praktyki zarzadzania gleba, w tym uprawa w
monokulturze i stosowanie ptodozmianu determinujg spotecznos$¢ drobnoustrojow glebowych
(Bielinska i wsp. 2021, Dobrzynski i wsp. 2023), to tylko kilka dlugoterminowych badan
dotyczylo ich wptywu na sktad i r6znorodnos$¢ taksonomiczng spotecznosci drobnoustrojow
(Langer i wsp. 2006, Gatazka i Grzadziel 2018, Hartmann i wsp. 2015). Jak donosza inni
autorzy, zbiorowiska mikroorganizméow w stosunkowo krotko uzytkowanych glebach moga
szybko powrdci¢ do stanu poczatkowego, stad w niektorych przypadkach nie obserwuje si¢
zmian w tych zbiorowiskach po kilku latach uprawy roslin w systemie monokulturowym czy
w zmianowaniu (Geissler i Scow 2014, Wierzchowski i wsp. 2021).

W literaturze przedmiotu nie ma zbyt wielu informacji dotyczacych wpltywu sposobu
uzytkowania gleby oraz nawozenia obornikiem na liczebnos$¢, a zwlaszcza réznorodnosé
taksonomiczng wzglednie beztlenowych, przetrwalnikujacych bakterii celulolitycznych
(WBPBC) w glebie. Badania te przeprowadzano glownie wykorzystujac klasyczne techniki
mikrobiologii oparte 0 hodowle mikroorganizmoéw na podtozach selektywnych. Przyktadowo,
Gorska i wsp. (1999) badajgc wptyw nawozenia mineralnego i obornika na liczebno$¢ w glebie
przetrwalnikujacych, mezofilnych bakterii celulolitycznych z rodzaju Bacillus dowiedli, ze
wystgpowanie badanych mikroorganizméw w glebie zalezy od sposobu nawozenia.
Najwieksza liczebnos¢ badanej grupy mikroorganizmdw stwierdzono na obiekcie nawozowym
przy rownoczesnym zastosowaniu pelnego nawozenia mineralnego (NPK) 1 obornika.
Odmienne relacje, ale dotyczace tylko nieprzetrwalnikujacych bakterii celulolitycznych,
odnotowali Mikanova i wsp. (1996). Badania tych autoréw nie wykazatly istotnych réznic
W liczebnosci bakterii celulolitycznych w glebie nawozonej NPK 1 nienawozone;.

W zwigzku z powyzszym gltownym celem badan przeprowadzonych w ramach
rozprawy doktorskiej jest ocena wpltywu dlugoterminowego rolniczego gospodarowania gleba
na populacje WBPBC, ktorych ekologia jest nadal stosunkowo stabo poznana a znaczenie w
glebie, ze wzgledu na petnione przez nie funkcje, jest bardzo istotne. Badania przeprowadzono
na 100-letnim do$wiadczeniu polowym nalezagcym do Instytutu Rolnictwa Szkoty Glownej
Gospodarstwa Wiejskiego w Warszawie. Bioragc pod uwage fakt, Zze na $wiecie istnieje tylko
kilka takich do$wiadczen, np. Rothamsted (Wielka Brytania), Halle (Niemcy) czy Morrow
Plots (USA), badanie to jest wyjatkowa okazja do zbadania relacji miedzy praktykami
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zarzadzania glebg a spotecznoscia WBPBC w glebie po tak dlugim okresie uzytkowania. Warto
rowniez zauwazyc, ze przy w/w zatozeniach badania wpisuja si¢ w cele waznych dyrektyw,
w tym Zielonego Ladu i unijnej strategii ochrony gleby na 2030 rok.

Dodatkowo, celem potwierdzenia wystepowania hodowlanych szczepow WBPBC,
ktore moglyby mie¢ zastosowanie w rolnictwie lub przemysle, przeprowadzono izolacje
i charakterystyke bakterii z tej grupy pochodzacych z gleby uprawianej w monokulturze

i W zmianowaniach.

3.1. Gléwny cel badan:

Ocena wplywu zmianowania, monokultury i wieloletniego nawozenia na wystgpowanie

przetrwalnikujacych bakterii celulolitycznych w glebie pozaryzosferowe;.

3.2. Cele szczegolowe:

1. Ocena wpltywu systemow monokultury i ptodozmianu oraz nawozenia obornikiem
bydlecym na liczebno$¢ potencjalnych bakterii celulolitycznych i celulolitycznych
tworzacych przetrwalniki w glebie z prawie stuletniego doswiadczenia nawozowego.

2. lzolacja przetrwalnikujacych bakterii celulolitycznych z dlugoterminowo uzytkowane;j
gleby, ich identyfikacja oraz okreSlenie wilasciwosci wybranych celulaz, w tym

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

3.3. Hipoteza badawcza:

Rodzaj uprawy i nawozenie gleby maja wptyw na wystgpowanie w tym ksztaltowanie si¢
sktadu taksonomicznego 1 roznorodnos¢ spolecznosci przetrwalnikujacych bakterii

celulolitycznych w glebie pozaryzosferoweyj.
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4. Schemat doswiadczenia

Badania mikrobiologiczne przeprowadzono w glebie pochodzacej z obiektow

nawozowych wieloletniego, statycznego doswiadczenia nawozowego zlokalizowanego

w Skierniewickiej Stacji Doswiadczalnej im. prof. Mariana Gorskiego Wydziatu Rolnictwa

i Biologii SGGW w Warszawie, ktore zatozono w latach 1922-24. Badania zostaly

przeprowadzone w glebie roznie uzytkowanej rolniczo (tabela 1, oryginalna w zataczniku 2).

Tab. 1 Warianty doswiadczenia

, . . Nawozenie
Skroét Rodzaj uprawy Rosliny obornikiem
Zmianowanie bez bobowatych ziemniaki *-pszenica ozima- .
ARP . ) ., Nie
bez oborniaka (od 1923) jeczmien jary
ARP Zmlanowa.nle_bez bobowatych Z|emn|a.k| p‘sz’er.uca ozima Tak (30 t ha)
FYM z oborniakiem (od 1923) jeczmien jary
Zmianowanie z bobowatymi  tubin*- pszenzyto wiosenne .
LRL . ., Nie
(od 1924) - jeczmien
Zmianowanie pigciopolowe fubin -pszenica ozima-
FRR Wanle PIeClopoiowe - vto*-ziemniaki-jeczmien  Tak (30 t ha™)
(od 1924) .
jary
Zmianowanie pigciopolowe  tubin -pszenica ozima-zyto- 4
FRP (od 1924) Ziemniaki*-jeczmien jary |0k 0 tha )
MP Monokultura (od 1923) Ziemniaki Tak (20t ha'?)
MR Monokultura (od 1923) Zyto Tak (20 t ha™)

* Ros$lina obecna podczas pobierania probek.
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5. Wybodr metody badawczej pozwalajacej na okreslenie wyst¢gpowania
WBPBC w glebie rolniczej - konkluzje z publikacji nr 1

Pierwszy artykutl o charakterze przegladowym (zatacznik 1) wchodzacy w sktad cyklu
prac stanowigcych rozprawe doktorska zostat opublikowany w 2023 roku w czasopi$mie
Agriculture i nosi tytut “Taxonomy, Ecology, and Cellulolytic Properties of the Genus
Bacillus and Related Genera”. Publikacja ta przedstawia problemy zwigzane z taksonomig
bakterii z rodzaju Bacillus i pokrewnych rodzajéow nalezgcych do typu Firmicutes oraz ich
ekologig i wtasciwosci celulolityczne.

Bakterie z rodzaju Bacillus i rodzajow pokrewnych stanowig wazng grup¢ bakterii,
ktore zasiedlaja glebe i1 inne $rodowiska w duzej liczbie, ale ich taksonomia jest nadal
niewystarczajaco zdefiniowana, mi¢dzy innymi ze wzgledu na ich duzg r6znorodno$¢ i wybor
niewystarczajaco odpowiednich technik molekularnych i biochemicznych do okreslenia ich
pokrewienstwa. Ws$rdd tej grupy Dbakterii, bakterie celulolityczne sa jednymi
Z najwazniejszych, jednak wiedza na temat ich wystgpowania w $rodowisku glebowym jest
wcigz ograniczona, co spowodowane jest trudnosciami metodologicznymi, z jakimi borykaja
si¢ badajacy je naukowcy. Wigkszos¢ badan nad obecnoscig bakterii celulolitycznych w glebie
ogranicza si¢ do okreslenia liczebnosci gendw kodujacych celulaze, co ze wzgledu na
réznorodno$¢ tych gendw uniemozliwia okreslenie liczebno$ci poszczegdlnych grup bakterii
celulolitycznych. Ponadto, w literaturze istnieja réwniez informacje o badaniach
z wykorzystaniem technik klasycznych do oznaczenia NPL bakterii celulolitycznych, ktore nie
daja mozliwosci wgladu w sktad taksonomiczny badanej grupy drobnoustrojow.

W zwiazku z powyzszym w niniejszej rozprawie doktorskiej do badan nad wystgpowaniem
WBPBC w glebie uzytkowanej rolniczo wykorzystano metod¢ sekwencjonowania genow
hiperzmiennego regionu V4 w genach 16S rRNA z uzyciem sekwenatora nowej generacji

MiSeq (Illumina), co daje mozliwos¢ glebszej analizy wybranej grupy drobnoustrojow.
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6. Metody badawcze wykorzystane w pracy doktorskiej

Oznaczenie najbardziej prawdopodobnej liczby badanych drobnoustrojow w glebie
zostalo wykonane w lipcu (2016 r.). Do analiz zostala wykorzystana pozywka wg Park’a
(Vardavakis 1989) z dodatkiem bibuly filtracyjnej, jako zrodio celulozy. Hodowle
drobnoustrojow byty inkubowane w temp. 28°C przez 21 dni. Odczyt badan przeprowadzono
na podstawie cech makroskopowych (nadzerki, przerwanie bibuty filtracyjnej na granicy fazy
wodnej 1 powietrznej, zotte barwniki) 21-dniowych, wzbogaconych hodowli drobnoustrojow.
NPL mikroorganizmoéw odczytano z tablic statystycznych McCrady’ego (Meynell i Meynell,
1970).

Sktad 1 roznorodno$¢ taksonomiczng WBPB celulolitycznych 1 potencjalnie
celulolitycznych oznaczono w 2016 r. (w lipcu) z wykorzystaniem metody sekwencjonowania
nowej generacji (NGS- Next-Generation Sequencing; firma Genomed) w hodowlach
wzbogaconych badanej grupy fizjologicznej mikroorganizméw. Hodowle te zatozono na bazie
probek gleby pobranej z poletek z kazdego sposobu uzytkowania gleby wapnowanej (wariant
nawozowy Ca). Material genetyczny do badan nad réznorodnoscia WBPB celulolitycznych
i potencjalnie celulolitycznych wyizolowano z 21-dniowych hodowli. Nast¢pnie jego analizg
metagenomiczng przeprowadzono na podstawie hiperzmiennego regionu V4 w genach
16S rRNA. Do oznaczenia sekwencji nukleotydowej regionu V4 w genach 16S rRNA
zastosowano sekwenator MiSeq. Natomiast r6znorodnos$¢ biologiczng probek oznaczono
réznymi testami bioinformatycznymi m.in. wspotczynnikiem Shannona-Wiennera.

Hodowle WBPBC, w ktorych makroskopowo oznaczono intensywny rozktad celulozy
wykorzystano rowniez do izolacji najaktywniejszych w rozkladzie celulozy bakterii
przetrwalnikujacych. Uzyskane szczepy poddano oczyszczeniu, nastepnie otrzymane izolaty
bakterii przebadano pod katem ich zdolnosci do produkcji enzymow celulolitycznych. Izolacje
i oczyszczenie celulolitycznych szczepow Bacillus sp. i Paenibacillus sp. przeprowadzono
z zastosowaniem podtoz selektywnych z wykorzystaniem karboksymetylocelulozy i bibuly
filtracyjnej (jako zrodia celulozy). Identyfikacje izolatéw wykonano na podstawie morfologii
kolonii i komédrek bakterii, ich cech biochemicznych z zastosowaniem ApiTestow oraz
wybranych wlasciwosci hodowlanych (np. wzrost w warunkach beztlenowych) i sekwencji
gendow 16S rRNA. Wybdr najaktywniejszego izolatu w rozkladzie celulozy przeprowadzono

na podtozu Dubosa z dodatkiem 1% karboksymetylocelulozy (CMC) oraz z wykorzystaniem
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roztworow czerwieni Kongo 1 NaCl przeprowadzono wizualizacje¢ ich aktywnos$ci
celulolitycznej (Teather and Wood 1982). Ocen¢ syntezy celulaz (ogolna aktywnos$é
scukrzajaca celuloze - FPaza i karboksymetylocelulaza - CMCaza) izolatu najaktywniejszego
w hydrolizie CMC przeprowadzono z zastosowaniem selektywnych pozywek hodowlanych
z dodatkiem roznych zrdédet celulozy (CMC, bibuty filtracyjnej Whatman nr 1 — FP lub
celulozy mikrokrystalicznej Avicel) zmodyfikowang metoda Ghose (brak fenolu w odczynniku
DNS; 1987).

Wplyw zmianowania, monokultury i nawozenia obornikiem dla poszczegolnych sposobow
uzytkowania gleby na liczebnos¢ WBPBC w glebie oraz aktywno$¢ 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
przetrwalnikujacych na rozne rodzaje upraw i nawozenie obornikiem
w glebie - wyniki i dyskusja publikacji nr 2

Drugi artykut (zatacznik 2) wchodzacy w sktad cyklu prac stanowigcych rozprawe
doktorskg zostal opublikowany w 2021 roku w czasopiSmie Agronomy i nosi tytut “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 dotyczace odpowiedzi WBPBC na sposoby uzytkowania gleby, w tym
dlugoterminowg uprawe w systemie monokulturowym i zmianowanie oraz nawozenie

obornikiem bydlecym.

Wyniki i dyskusja

W ramach pracy doktorskiej zbadano wpltyw zarzadzania gleba, w tym monokultur,
zmianowania i nawozenia obornikiem, na wystepowanie WBPBC. Istotnie wyzsza wartos¢
NPL WBPBC odnotowano w przypadku zmianowania pigciopolowego z zytem (FRR)
(293 jtk g1) i w zmianowaniu pieciopolowym z ziemniakiem (FRP) (249 jtk g%) niz w glebie
pochodzacej z uprawy ziemniaka w monokulturze (MP) (30 jtk g %) i MR (50 jtk g2) (tabela 2,
zalagcznik 2). Uzyskane wyniki mozna wytlumaczy¢ wplywem wigkszej ilosci resztek
pozniwnych, ktore stymulowaty wzrost przetrwalnikujacych bakterii celulolitycznych w glebie
uprawianej w systemie ptodozmianowym. Dostepna literatura dostarcza niewielu informacji
na temat wptywu zarzadzania uprawami i nawozenia obornikiem bydlecym na NPL WBPBC.
Niemniej, Gregorutti i Caviglia (2019) nie stwierdzili zadnych powigzan migdzy obecno$cia
resztek pozniwny w glebach a NPL bakterii celulolitycznych w do$wiadczeniu polowym
przeprowadzonym w Argentynie. Ponadto Pankhurst i wsp. (1995) wykazali brak istotnych
roznic miedzy aktywnoscig mikroorganizméw rozktadajacych celuloze w glebie po
zastosowaniu ptodozmianu (pastwisko obsiane pszenica) i glebie pochodzacej z wieloletniej
uprawy pszenicy w monokulturze (w Australii Potudniowej). Autorzy thumaczyli swoje wyniki
niskimi opadami zimowymi i suchymi warunkami glebowymi. Rozbiezno§¢ migedzy naszymi
wynikami a badaniami z literatury mozna prawdopodobnie wyjasni¢ rdznicami we
wlasciwosciach gleby 1 warunkach klimatycznych.

Ponadto odnotowano istotnie wyzsza liczcbe WBPBC w glebie w wariancie
z ptodozmianem bez roélin bobowatych z nawozeniem (ARP-FYM) (382 jtk g?)

w porownaniu do zmianowania bez bobowatych i bez nawozenia obornikiem (ARP)
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(45 jtk g?) (tabela 2, zatacznik 2). Najprawdopodobniej dtugotrwate nawozenie obornikiem
bydlecym spowodowato wzrost ilosci N 1 C w glebie, co doprowadzito do wzrostu NPL
badanych bakterii. Podobne prawidlowosci zaobserwowali Gorska i wsp. (1999).

Analiza gendw 16S rRNA zostala przeprowadzona na hodowlach WBPBC. Stad
badana grupa bakterii okreslana jest dalej jako celulolityczne bakterie przetrwalnikujace
i potencjalnie celulolityczne bakterie przetrwalnikujgce. W wyniku sekwencjonowania
hodowli WBPBC, we wszystkich probkach okoto 100% OTU zostato przypisanych do typu
Firmicutes; Firmicutes to dominujacy typ bakteryjny w glebach uprawnych. Jego relatywna
obfitos¢ w spotecznosciach bakteryjnych gleby waha si¢ od 3% do 18%, w zaleznosci od
praktyk agrotechnicznych (Hartmann i wsp. 2006, Zhao i wsp. 2020). Wartosci indeksu
Shannona i OTU sg czgsciowo zgodne z wynikami uzyskanymi w analizie technikg klasyczna.
Wigkszo$¢ OTU zaobserwowano w probce ARP-FYM (1288), a nieco mniej OTU znaleziono
w probce MP (1270). Natomiast najnizsze liczby OTU (ponizej 1000) odnotowano w probkach
pochodzacych z wariantow MR 1 ARP, co jest zgodne z nizszymi wartosciami NPL
uzyskanymi dla tych probek (tabela 3, zalacznik 2). Indeks Shannona byt czg¢sciowo zgodny
z liczbg OTU. Najwyzsze wartosci Shannona odnotowano w probkach ARP-FYM i MR, ktore
wynosity odpowiednio 3,52 i 3,51, podczas gdy najnizsze zaobserwowano w ARP (2,73)
(tabela 3, zatacznik 2). Opinie na temat wplywu systeméw uprawy gleby (monokultur
I ptodozmianéw) na liczbe OTU i indeksy roznorodnos$ci catkowitej spotecznosci bakteryjnej
gleby sg rozbiezne. Na przyktad Yin 1 wsp. (2010) zaobserwowali spadek bogactwa 1 indeksu
Shannona w glebie, na ktdrej stosowano zmianowanie roslin (ptodozmian z pszenicg i soja
W poréwnaniu do monokultury pszenicy). Podobne wzorce zauwazono w badaniach Mayera
I wsp. (2019). Natomiast Soman i wsp. (2017) nie zglosili réznic w roznorodnosci bakteryjne;j
1 liczbie OTU w glebie z dwoch réznych ptodozmianoéw (kukurydza i soja przez dwa lata oraz
kukurydza-owies-lucerna przez trzy lata) - badania byly przeprowadzone na polach
doswiadczalnych (long-term trials) Morrow Plots (Urbana, lllinois, Stany Zjednoczone). Warto
rowniez wspomnie¢ o pracy Venter 1 wsp. (2016). Autorzy ci, na podstawie metaanalizy badan
dotyczacych bogactwa i1 roznorodnos$ci bakterii w glebie z r6znych praktyk zarzadzania glebg
wykazali, ze wyzsze warto$ci bogactwa bakterii i roznorodno$ci wystepuja w glebach objetych
ptodozmianem. Natomiast w niniejszej pracy, opartej na typie Firmicutes, nie zaobserwowano
istotnych roznic pomiedzy warto$ciami tych parametrow. Przyktadowo, Zhao i wsp. (2020)
odnotowali znacznie zwigkszong relatywng obfitosci typu Firmicutes w spotecznosciach
bakteryjnych w glebie, na ktorej uprawiano ogorka w 15- 1 22-letniej monokulturze

w poréwnaniu do gleby, na ktorej ogérki uprawiano przez jeden sezon. Wczesniej Zhao 1 in.
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(2018) stwierdzili te same wzorce w monokulturze kawy. Jednak autorzy ci nie wyjasnili
doktadnie swoich wynikéw. Ogolnie rzecz biorgc, Firmicutes wystepuje w wigkszych
relatywnie liczebnos$ciach w glebach objetych ptodozmianem niz w glebach spod upraw
w monokulturze (Yang i wsp. 2018, Li i wsp. 2019, Li i wsp. 2020, Zhu i wsp. 2018). To
zjawisko zostato wyjasnione wplywem obecnosci resztek pozniwnych (pozostatosci po plonie
i rozktadajgcych sie korzeni), ktorych sktadniki odzywcze gromadzity sie w glebie przez
dluzszy czas, a takze bardziej ogolnie przez tzw. “zdrowie” gleby wynikajace ze stosowania
zmianowania roslin. Niemniej jednak réznice migdzy wynikami nie sg jasne i mogg byc
spowodowane innymi czynnikami, takimi jak zawarto$¢ mikroelementow czy przewodnictwo
elektryczne gleby (EC). Zatem celem wyjasnienia tego zjawiska konieczne s3 dalsze badania,
majace na celu na przyktad ustalenie korelacji migdzy bardziej szczegétowymi wtasciwosciami
fizykochemicznymi gleby arelatywna obfitoscia mikroorganizméw typu Firmicutes. Na
przyktad wczesniejsze badania dotyczace wptywu uprawy bawelny w monokulturze (20 lat)
na spolecznosci bakterii glebowych wykazaly dodatniag korelacj¢ miedzy obfitoscig typu
Firmicutes a przewodnictwem elektrycznym gleby (Yang i wsp. 2018). Nalezy rowniez dodac,
iz r6znice w liczebnosciach Firmicutes w glebach uzytkowanych w ten sam sposob moga by¢
réwniez spowodowane roznorodnoscia i czasowg zmiennoscig ryzodepozytow (w tym
wydzielin  korzeniowych) oraz zrdéznicowaniem praktyk rolniczych  (zabiegow
agrotechnicznych), wtym stosowaniem réznych s$rodkéw ochronny roslin (pestycydow,
herbicydéw) (Soman 1 wsp. 2017).

Analiza PCoA pokazata, ze nawozenie obornikiem w poréwnaniu do stosowania
zmianowania roslin bylo silniejszym czynnikiem modyfikujacym spolecznosci bakteryjne
W analizowanych probkach, na co wskazuja znaczne r6znice migdzy spotecznosciami WBPBC
W glebach z lub bez nawozenia obornikiem (wykres 1, zalacznik 2). Takie zjawisko mozna
ttumaczy¢ obecno$cig celulozy w stomie obornikowej, ktora mogla by¢ odpowiedzialna za
stymulowanie wzrostu liczebnosci WBPBC 1 potencjalnie WBPBC. Ponadto wigkszo$é
mikroorganizméw zaliczonych do Firmicutes zostata opisana jako mikroorganizmy
kopiotroficzne, ktore sg szybko rosngcymi organizmami preferujgcymi srodowiska bogate w
materi¢ organiczng (Lienhard i wsp. 2014). Przykladowo, Francioli i wsp. (2016)
zaobserwowali stosunkowo wigcej Firmicutes w glebach nawozonych obornikiem
w wieloletnim doswiadczeniu nawozowym. Podobnie Hartmann 1 wsp. (2015) zaobserwowali
zwigkszony odsetek Firmicutes w glebach przez wiele lat nawozonych obornikiem
W poréwnaniu z glebami nawozonymi hawozami mineralnymi. Zjawisko to zostalo dodatkowo

potwierdzone w doswiadczeniu badajacym wplyw réznych praktyk uprawowych na
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mikrobiomy gleby i ryzosfery (Hartmann i wsp. 2018). Co wigcej, kilkakrotnie odnotowano
korzystny wpltyw FYM na bogactwo i roznorodnos¢ catych zbiorowisk bakterii glebowych
(Das i wsp. 2017, Zhen i wsp. 2014, Legrand i wsp. 2018).

W badanych wariantach do§wiadczalnych zidentyfikowano jedenascie rzedow bakterii;
dominujgcymi byly Brevibacillales (13,1-23,4%), Paenibacillales (5,3-36,9%), Bacillales
(4,0-30,9%) (wykres 2, zatgcznik 2). Najliczniej wystepujacy rzad Brevibacillales odnotowano
w glebie z ARP, ktory stanowit prawie 50% wszystkich uwzglednionych taksonéw. Ponadto
duza liczebno$¢ Brevibacillales zaobserwowano w wariantach FRR (23,6%) i FRP (22,7%).
Liczebno$¢ rzedu Paenibacillales byla do$¢ zréznicowana w wariantach do$wiadczalnych;
wysoka liczbe OTU, nalezacych do tego rzgdu, odnotowano w wariantach LRL (36,9%) i ARP
(22,8%). Z kolei najwyzsza liczebnos$¢ Bacillales zaobserwowano w LRL (30,9%). Wartosci
procentowe Aneurinibacillales byty podobne w wigkszo$ci wariantow 1 wahaty si¢ od 16,7 do
20,1%, wyjatkami byly LRL i ARP (ponizej 2%). Wyzsze wartosci uzyskano réwniez dla
rzedow Clostridia (3,0-21,7%) i Clostridiales (5,6-11,3%).

Uzyskane wzorce spotecznosci WBPBC na poziomie rodzin byly podobne do wartosci
odnotowanych dla rzedéow (wykres 3, zalagcznik 2). Brevibacillaceae (13,1-43,4%),
Paenibacillaceae (8,2-36,9%) i Clostridiaceae (5,4-11,9%) dominowaty na poziomie rodzin we
wszystkich wariantach do§wiadczenia. Obecnie nie ma dostgpnych danych z innych badan,
ktore opisywalyby mozliwe zmiany w zbiorowiskach celulolitycznych 1 potencjalnie
celulolitycznych WBPB na poziomie rzedu i rodziny w zaleznosci od systemu uprawy
i stosowania nawozenia FYM. Wyzsza liczebnos$¢ rodziny Paenibacillaceae w wariantach LRL
1 ARP, w porownaniu do pozostatych wariantow, moze by¢ zwigzana z brakiem nawozenia
FYM w tych ptodozmianach. Bakterie nalezace do rodziny Paenibacillaceae zostaty
wyizolowane z roznych srodowisk glebowych 1 sa jedng z najlepiej opisanych rodzin
Firmicutes (Grady i wsp. 2016, Huq i wsp. 2020). Duza liczba szczepéw Paenibacillus jest
zdolna do wytwarzania bezposrednich promotoréw wzrostu roslin, w tym fitohormonow,
kwasow organicznych solubilizujacych niedostepne dla roslin formy fosforu czy nitrogenazy
redukujacej azot atmosferyczny do dostepnej dla roslin formy amonowej (Liu 1 wsp. 2019,
Brito i wsp. 2020). Ponadto bakterie nalezace do rodzaju Paenibacillus moga pomagaé
W kontrolowaniu  fitopatogenéw  poprzez ~wywolywanie indukowanej odpornosci
ogolnoustrojowej (ISR) lub poprzez wytwarzanie roznych zwigzkow biologicznych, w tym
lipopeptydow o wlasciwosciach antybiotycznych (Grady i wsp. 2016, Naing i wsp. 2014,
Nasran i wsp. 2020). Tak wigc obecnos¢ tych cztonkéw rodziny moze przyczynié si¢ do

poprawy zdrowia roélin i gleby.
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Wyniki uzyskane na poziomie rodziny potwierdzily réwniez nizsza obfitos$¢
Aneurinibacillales w spolecznosciach bakteryjnych gleb z wariantow ARP i LRL. Duza
obfito$¢ rodziny Aneurinibacillaceae w wigkszosci probek moze by¢ thumaczona nawozeniem
obornikiem, ale przyczyna tego zjawiska wydaje si¢ niejasna, a jej szczegélowe wyjasnienie
wymaga dalszych badan. Bakterie nalezgce do rodziny Aneurinibacillaceae zostaty
wyizolowane z réznych Srodowisk. Wedlug danych literaturowych kilka szczepow
Aneurinibacillaceae byto zdolnych do promowania wzrostu roslin. Przyktadowo, Chauhan
I wsp. (2017) wykryli produkcje nitrogenaz, IAA oraz zdolnos$¢ do solubilizacji fosforu przez
nowy szczep Aneurinibacillus aneurinilyticus CKMV1. Autorzy wykryli takze aktywnos¢
przeciwgrzybicza przeciwko kilku fitopatogenom, takim jak Fusarium oxysporum, Alternaria
sp. i Rhizoctonia solani. Alenezi i wsp. (2017) rowniez odkryli mozliwo$¢ biokontroli chorob
roslin przez szczep Aneurinibacillus migulanus, ktéry produkowal nowg gramicydyng.
Aktywnos$¢ przeciwgrzybicza Aneurinibacillus migulanus zostata rowniez wykryta przez
Schustera i Schmitta (2018). Dodatkowo trzy geny nitrogenaz znaleziono w genomie
Aneurinibacillus terranovensis (2021). Zatem obecno$¢ bakterii nalezacych do rodziny
Aneurinibacillaceae moze mie¢ pozytywny wptyw na zdrowie gleby.

Rodzina Planococcaceae, nalezaca do rzedu Bacillales, byla wyraznie dominujaca
W ptodozmianie z ros§linami bobowatymi - LRL (28,5%). To zjawisko mozna ttumaczy¢
wpltywem specyficznych ryzodepozytow lub rozktadajagcymi si¢ korzeniami bobowatych.
Obecnos¢ przedstawicieli Planococcaceae w ryzosferze roslin bobowatych zostala takze
odnotowana przez innych autoréow (Kumar i wsp. 2008, Yu i wsp. 2019).

Dodatkowo, wykres 3 (zalacznik 2) przedstawia informacje na temat bakterii
beztlenowych. Obfitos¢ rodziny Hungateiclostridiaceae w LRL wyniosta mniej niz 2%,
podczas gdy obfitos¢ Hungateiclostridiaceae w ARP osiggneta 3%. Relatywnie niska obfitos¢
tego taksonu w poréwnaniu z innymi wariantami do§wiadczenia moze by¢ zwigzana z brakiem
nawozenia obornikiem tych gleb. Jednakze, hipoteza ta jest trudna do wyjasnienia, poniewaz
obfitos¢ pokrewnego rodzaju bakterii beztlenowych, Clostridaceae, byta stosunkowo wysoka
we wszystkich testowanych probkach. Hungateiclostridiaceae to nowa rodzina bakterii
beztlenowych nalezacych do typu Firmicutes i do tej pory badacze wyizolowali (z r6znych
srodowisk) i opisali tylko kilka szczepow z tej rodziny, w tym Defluviitalea raffinosedens,
Hungateiclostridium mesophilum i Hungateiclostridium thermocellum. Wyzej wymienione
szczepy bakterii byly zdolne do produkcji enzymoéw celulolitycznych 1 ksylanolitycznych
(Zhang i wsp. 2018, Rettenmaier i wsp. 2019, Rettenmaier i wsp. 2020).
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8. Wiasciwosci celulolityczne Bacillus sp. 8E1A wyizolowanego z gleby
pozaryzosferowej - wyniki i dyskusja publikacji nr 3

Trzeci artykul (zatacznik 3.) wchodzacy w sktad cyklu prac stanowigcych rozprawe
doktorska zostat opublikowany w 2022 roku w czasopiS§mie Agronomy i nosi tytut
“Cellulolytic Properties of a Potentially Lignocellulose-Degrading Bacillus sp. 8E1A
Strain lIsolated from Bulk Soil”. Publikacja ta przedstawia wyniki dotyczace izolacji
szczepbw WBPBC z gleby ze 100 letniego doswiadczenia polowego oraz oznaczenia
wiasciwosci celulolitycznych wybranego izolatu celem potwierdzenia wystepowania
hodowalnych WBPBC oraz okreslenia ich przydatnosci do potencjalnego wykorzystania

W rolnictwie 1 przemysle np. do utylizacji odpadéw lignocelulozowych.

Wyniki i dyskusja

W niniejszym badaniu wyizolowano kilkadziesigt szczepéw bakterii wykazujacych
wlasciwosci celulolityczne, a do dalszych testéw wybrano siedem izolatéw, ktore wykazaty
najwyzsza aktywno$¢ karboskymetylocelulazy (CMCazy). Na podstawie oceny
mikroskopowej  badane izolaty sklasyfikowano jako Gram-dodatnie bakterie
przetrwalnikujace. Wilasciwosci biochemiczne izolatow okreslone za pomocg API 50 CHB
przedstawiono w tabeli 1 (zatacznik 3). Wszystkie szczepy bakterii byty zdolne do rozktadu
D-rybozy, D-galaktozy, D-glukozy, D-fruktozy, D-mannitolu, amigdaliny, eskuliny,
D-celobiozy, D-maltozy, skrobi, D-melibiozy i D-sacharozy. Wigkszos¢ izolatow
hydrolizowata L-arabinoze, D-mannozg, N-acetyloglukozaming, salicyne, glikogen
I D-rafinoze¢. Jednak Zzaden z izolatow nie byl w stanie roztozy¢ erytrytolu, D-arabinozy,
L-ksylozy, D-adonitolu, L-sorbozy, dulcytolu, M-a-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) réwniez degradowaty skuling, D-celobioze, D-maltozg, skrobig,
L-ramnozg, inozytol i d-sorbitol. Podobne wlasciwosci biochemiczne WBPBC uzyskali
rowniez Liang i wsp. (2014).

Nastepnie, na podstawie analizy sekwencji 16S rRNA, izolaty zaklasyfikowano do
rodzaju Bacillus i Paenibacillus: Paenibacullus sp. 15AV1 (MZ482019), Bacillus sp. 15E1A
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(MZz481907), Bacillus sp. 24DV (MZ481906), Bacillus sp. 15AV2 (MZ481905), Bacillus sp.
14AV2 (MZz479750), Bacillus sp. 14AV1 (MZ479749) oraz Bacillus sp. 8E1A (MZ479383).

Najwyzsza aktywno§¢ CMCazy mierzong przy uzyciu czerwieni Kongo i wyrazong
srednicag wyraznych stref wykazat Bacillus sp. 8E1A (25 mm). Nieco nizsze wartosci
zaobserwowano dla Bacillus sp. 14AV1 (18 mm) i Bacillus sp. 15AV2 (17 mm). Najmniejszg
wyrazna strefe zaobserwowano dla Paenibacillus sp. 15AV2 (10 mm). Srednice wyraznych
stref dla bakterii przetrwalnikujacych opisywane w literaturze wahajg si¢ od 15 do 50 mm
(Mihajlovski i wsp. 2015, Budi i wsp. 2000, Gupta i wsp. 2012, Maki i wsp. 2009). Metody
wykorzystujace czerwien Kongo sg szeroko rozpowszechnione w badaniach nad wykrywaniem
aktywnosci celulazy mikrobiologicznej, jednakze badacze podkreslaja, ze zwigzek migdzy
$rednicg wyraznych stref a aktywnoS$ciag enzymow nie jest tak oczywisty (Teather i wsp. 1982).
Tak wigc mikroorganizmy dajace stosunkowo niskie $rednice jasnych stref moga wytwarzaé
wysokie wartosci CMCazy 1 innych celulaz, 1 odwrotnie. Zjawisko to zostato potwierdzone
rowniez przez Sadhu i1 wsp. (2014) oraz Liang 1 wsp. (2014). Dlatego tez, w celu
przeprowadzenia bardziej szczegdtowych badan, selekcje izolatow bakteryjnych oparto
réwniez na tescie z uzyciem odczynnika DNS. Po 168 h inkubacji w podtozu Park z CMC,
najwyzsza aktywnos¢ CMCazy i FPazy stwierdzono u Bacillus sp. 8ELA wyizolowanego
Z gleby pozaryzosferowej pobranej ze zmianowania pigciopolowego.

Wigkszos¢ badan nad przetrwalnikujgcymi bakteriami celulolitycznymi koncentruje si¢
wylacznie na aktywnosci CMCazy (Imran 1 wsp. 2018, Singh 1 wsp. 2014). Catkowita
degradacja celulozy wymaga synergistycznego dzialania wszystkich typow celulaz
(Mihajlovski i wsp; 2015, Lynd i wsp. 2002). Dlatego w tym badaniu analizowano aktywnos¢
trzech najwazniejszych enzymow celulolitycznych.

Aktywnos¢ celulazy Bacillus sp. 8E1A utrzymywata si¢ przez 216-288 h inkubacji
I spadala w poznej fazie logarytmicznej badanego szczepu bakterii; podobne wzorce
odnotowali Sadhu i wsp. (2014). Co wazne, poziom aktywnosci celulazy byt ksztattowany
przez rodzaj celulozy. Najwyzsza aktywno$¢ CMCazy wystgpita po 216 h inkubacji
w pozywce z CMC (0,617 U mL™Y) (wykres 1, zatacznik 3). Wartosci aktywnosci CMCazy
zmierzone w pozywce z celuloza Avicel i FP byly okoto czterokrotnie nizsze niz aktywno$¢
w pozywce z CMC po tym samym czasie (wykres 1, zatacznik 3).Natomiast najwyzsza
aktywno$¢ Avicelazy wykryto po 144 h inkubacji z CMC (0,645 U mL™). Dodatkowo,
w hodowlach bakteryjnych z innymi rodzajami celulozy, najwyzsze warto$ci stwierdzono
réwniez po 144 godzinach inkubacji (wykres 2, zatacznik 3). Jednak warto$ci w hodowlach

bakteryjnych z celuloza FP 1 Avicel byty prawie dwukrotnie nizsze w poréwnaniu z hodowlami
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bakteryjnymi z CMC (wykres 2, zalacznik 3). Podobne wzorce zostaly zaobserwowane przez
innych autoréw. Sadhu 1 wsp. (2014) zaobserwowali, ze CMC byla lepszym aktywatorem dla
produkcji CMCaz i Avicelazy przez Bacillus sp. (MTCC10046) w poréwnaniu z innymi
zrédlami wegla, w tym maltoza, glukoza, skrobig i sacharozg. Akaracharanya i wsp. (2014)
wykazali, ze Bacillus sp. P3-1 i P4-6 miaty wyzsze aktywnosci celulazy, gdy byly hodowane
w pozywce z CMC (warto$é dla obu szczepéow oscylowaly w granicach 0,015 U mL™)
W poréwnaniu do pozywki z proszkiem celulozowym. Ponadto Thomas i wsp. (2018)
wykazali, ze aktywnos$¢ CMCazy przez Bacillus sp. SV1 byta wicksza w pozywce z CMC niz
z Avicel 1 innymi zrédtami wegla (np. chityna, glicerolem, laktoza, mannitolem).

Aktywno$¢ FPazy zostala wykryta po 72 godzinach inkubacji. Najwyzsza warto$¢
FPazy stwierdzono po 144 godzinach inkubacji z celuloza Avicel - 0,903 U mL™? (wykres 3,
zalacznik 3). Wczesniej celuloza Avicel rowniez byla juz uznawana za substrat w bulionie
zwigkszajacy aktywno$¢ FPazy przez bakterie przetrwalnikujace. Mihajlovski 1 wsp. (2015)
zaobserwowali nieco wyzszg aktywno$é FPazy w pozywce z Avicel (okoto 0,2 U mL™)
W poréwnaniu do pozywce z CMC (okoto 0,1 U mL™) u P. chitinolyticus CKS1. Ponadto Kim
i Kim (1992) odnotowali duzo wigksza aktywnos¢ FPazy w termofilnym Bacillus sp. K-12 gdy
byt on hodowany w pozywce z Avicel (jednak wytwarzal rowniez wysokie wartosci CMCazy
1 Avicelazy, gdy byl hodowany w bulionie Avicel). Réznice migdzy badaniami moga wynikaé
z roznorodnosci szczepdw uzytych do badan 1 warunkéw hodowli (Geetha 1 Gunasekaran 2010,
Saratale 2011).

Celulazy 8EIA byly aktywne w zakresie temperatur 30-90 °C i co wazne, istnialy
znaczace roznice w aktywno$ci celulazy pomigdzy réznymi warto$ciami temperatury
(p <0,001). Najwyzszg aktywnos¢ CMCazy i Avicelazy odnotowano w temperaturze 70 °C
i wynosita ona odpowiednio 0,535 0,666 U mL™, a najwyzsza aktywnos$é FPazy odnotowano
w temperaturze 60 °C (0,868 U mL™) (wykres 4, zatacznik 3). Wyniki z niniejszej pracy sa
podobne do wynikéw innych autoréw. Przyktadowo, Ladeira i wsp. (2015) wykazali, ze izolat
Bacillus sp. mial maksymalng aktywnos¢ CMCazy i Avicelazy w temperaturze 70 °C.
Natomiast Rastogi i wsp. (2010) wykazali, ze Bacillus sp. DUSELR13 mial maksymalng
aktywno$¢ CMCazy w temperaturze 75 °C. Podobne optymalne wartosci temperatury dla
aktywnos$ci badanych enzymoéw odnotowano wczesniej u innych szczepdw bakteryjnych
z rodzaju Bacillus (Seo i wsp. 2013). Wyizolowany z jelita srodkowego jedwabnika, B. pumilus
MGBOS5 osiaggnat najwyzsza aktywnos$¢ FPazy w temperaturze 50 °C (Bhuyan 1 wsp. 2018).
Wezesniej Kazeem 1 wsp. (2016) odnotowali o 20 °C wyzsza optymalng temperature dla FPazy
produkowang przez B. licheniformis 2D55.
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Dodatkowo, aktywno$§¢ CMCazy 1 Avicelazy, po osiggnieciu maksimum w 70 °C,
pozostawata na podobnym poziomie do 90 °C, co potwierdza ich stabilno§¢ w wysokich
temperaturach (wykres 4, zatacznik 3). Termofilne enzymy celulolityczne majg duzy potencjat
do zastosowania w przemysle tekstylnym, biopaliwowym i rolnictwie (Seo i wsp. 2013, Trivedi
1 wsp. 2011). Jednak nie wszystkie celulazy produkowane przez bakterie przetrwalnikujace
majg odpowiednie wlasciwosci. W poprzednim badaniu termofilny izolat Bacillus wytwarzat
maksymalng aktywno$¢ celulazy w temperaturze 50 °C; jednak aktywno$¢ enzymu znacznie
spadta powyzej tej temperatury (Li i wsp. 2008). Natomiast Tai i wsp. (2004) wykazali, ze
aktywnos¢ CMCazy Geobacillus thermoleovorans T4 spadata w temperaturach powyzej
70 °C.

Badany izolat 8E1A wykazal aktywno$¢ celulazy w zakresie pH od 3,0 do 10,0. Istniaty
znaczace roznice w aktywnos$ci celulaz pomiedzy réznymi wartosciami pH (p < 0,001).
Najwyzsza aktywno§¢ CMCazy 1 Avicelazy odnotowano przy pH 7,0 (wykres 5, zalacznik 3).
Podobne wyniki uzyskali Ladeira i wsp. (2015): CMCazy i Avicelazy produkowane przez
Bacillus sp. SMIA-2 miaty optymalng aktywno$¢ odpowiednio przy pH 8,0 1 7,5. Co wigcej,
podobne optymalne pH dla FPazy odnotowali Kazeem i wsp. (2016), gdzie najwyzsza
aktywnos¢ FPazy szczepu Bacillus sp. zaobserwowano przy pH 6,0. W literaturze mozna
réwniez znalez¢ przyktady celulaz wykazujacych optymalng aktywno$¢ przy pH ponizej 6,0.
Mihajlovski i wsp. (2015) doniesli, ze P. chitinolyticus CKS1 uzyskal maksymalng aktywno$¢
awicelazy przy pH 4,8. Podobnie Seo i wsp. (2013) wykryli acidofilny szczep B. licheniformis
produkujacy celulazg, ktorej stabilno$¢ oscylowata w zakresie pH 4,0-6,0. RozbieznoS$ci
miedzy badaniami moga by¢ spowodowane duza réznorodnoscig celulazy bakterii

przetrwalnikujacych (Talamantes i wsp. 2016).
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9. Whnioski

1. Analiza metagenomiczna wykazata, iz ptodozmian i dtugoterminowa uprawa
w monokulturze maja stosunkowo niewielki wptyw na ro6znorodnosé
I ksztattowanie si¢ spolecznosci glebowych WBPBC (i potencjalnych
WBPBC).

2. Roznice migdzy wariantami ARP-FYM i ARP wskazujg, ze nawozenie
obornikiem bylo silniejszym czynnikiem ksztattujacym badang spotecznosc
bakterii niz system uprawy (najprawdopodobniej ze wzgledu na stome obecng
w aplikowanym FYM).

3. Kluczowa roznica w strukturze spoteczno$ci badanych bakterii byto
zwigkszone relatywne wystepowanie przedstawicieli rodzin
Aneurinibacillaceaec 1 Hungateiclostridiaceae w wariantach nawozonych
obornikiem.

4. lzolat Bacillus sp. 8E1A byt w stanie produkowa¢ wszystkie badane enzymy na
kazdym z substratow uzytych do hodowli. Poziom aktywnosci celulaz zalezat
od rodzaju celulozy.

5. Aktywnos¢ CMCazy 1 Avicelazy byla indukowana obecnoscia CMC
W pozywce, a najwyzsze wartosci aktywnosci FPazy odnotowano przy uzyciu
celulozy Avicel jako zrodla wegla.

6. Szeroki zakres optymalnej temperatury i pH sugeruje, ze celulazy produkowane
przez Bacillus sp. 8E1A maja potencjat do ich wykorzystania w réznych

procesach przemystowych.
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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
B-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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Figure 1. Scanning electron microscope (SEM) image of Paenibacillus polymyxa EG14 cultivated on
medium with 0.5% cellobiose: vegetative cell (a), endospores (b), cellulosomes (c) (own photo).

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 165 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
Perribacillus, Weizmannia, Neobacillus,
Bacillaceae Fischer Bacillus Metabacillus, Ferdinandcohnia, Gottfriedia,
Heyndrickxia, Lederbergia
Bhargavaea, Chryseomicrobium, Chungangia,
Filibacter, Indiicoccus, Jeotgalibacillus, Kurthia,
Lysinibacillus, Marinibacillus,
Caryophanaceae Peshkoff Caryophanon Metalysinibacillus, Metaplanococcus,
Metasolibacillus, Paenisporosarcina, Planococcus,
Psychrobacillus, Rummeliibacillus, Savagea,
Solibacillus, Sporosarcina, Ureibacillus
Desulfuribacillaceae Sorokin et al. Desulfuribacillus —
Listeriaceae Ludwig et al. Listeria Brochothrix
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Table 1. Cont.

Family Name

Proposed by Type Genus Other Example of Genus

Ammoniibacillus, Aneurinibacillus group,
(Ammoniphilus, Aneurinibacillus, Oxalophagus),
Brevibacillus, Chengkuizengella, Cohnella,

Paenibacillaceae De Vos et al. Paenibacillus Fontibacillus, Gorillibacterium, Longirhabdus,
Marinicrinis, Paludirhabdus, Saccharibacillus,
Thermobacillus, Xylanibacillus
Pasteuriaceae Laurent Pasteuria —
Sporolactobacillaceae Ludwig et al. Sporolactobacillus Caenibacillus, Camelliibacillus Pullulanibacillus,

Scopulibacillus, Sinobaca, Tuberibacillus

Staphylococcaceae

Abyssicoccus, Aliicoccus, Auricoccus
Schleifer and Bell Staphylococcus Corticicoccus, Gemella, Jeotgalicoccus
Macrococcus, Nosocomiicoccus, Salinicoccus

Thermoactinomycetaceae

Baia, Croceifilum, Desmospora,
Geothermomicrobium, Hazenella, Kroppenstedtia,
Laceyella, Lihuaxuella, Marininema,
Marinithermofilum, Mechercharimyces,
Melghirimyces, Novibacillus, Paludifilum,
Planifilum, Polycladomyces, Risungbinella,
Salinithrix, Seinonella, Shimazuella,
Thermoflavimicrobium

Matsuo et al. Thermoactinomyces

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 CSlIs, 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 165 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
-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-f3-1,4-glucanases (EC 3.2.1.4)
whose mechanism of action is based on random degradation of 3-1,4-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-B-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) 3-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].



Agriculture 2023, 13, 1979 7 of 20

Cellulose

d
2,
5
d

QQ Q <:> Glucose
>d@ > D

Endoglucanase Exoglucanase B-glucosidase
Figure 2. Mechanism of action of cellulases (own figure).

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 (3-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 CBM?2
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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 HIAD14 gene encoding an endoglucanase belonging
to the GHO 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 GHO 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 CBMS,
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 (3 / «)8 barrel fold, which is found in the GH5, GH44 and GH51
families, modified «/f barrel in family GH6, (3-jelly roll—GH?7 and GH12, the 7-fold
B-propeller (GH74), (o¢/ «)6 barrel—GHS8, GH9 and GH48, the superhelical fold—GH124,
and modified (3 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—1,4-3-cellobiosidase belonging to GH48 and the potential f-mannanase
belonging to GH5. Importantly, 3-mannanase (GH5) and endoglucanase (GH9) contain
carbohydrate-binding modules. In addition, with the exception of 1,4-(3-cellobiosidase
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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 3-glucosidase (from the family GH1). In addition,
a second f-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 (3-glucosidase and 1 gene encoding endoglucanase were noted
in strain B. amyloliquefaciens TL106. The 3-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 3-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, 3-glucosidase, xylanase, «-L-arabinofuranosidase, and (3-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~! 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~!
(medium contained CMC—19.21 g L-1, CaCl,—25.06 mg L~1 Tween 20—2.96 mL L1,
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
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observed by Dobrzyniski 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, CaZt, mercaptoethanol, and NaClO. While the cellulase
activity of Lysinibacillus xylanilyticus was stimulated by the presence of CaCl, 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 B]-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. amylolig-
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-NOs3 and N-NHy) 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.

Commercial

Bacteria Application Mechanism . . Reference
Biopreparation
B. subtilis C-3102 biofertilizer for example: IAA production Thervelics® [154]
B. subtilis biofertilizer phosphate solubilization BCMF [155]
B. megaterium (combination with
Azotobacter chroococcum, biofertilizer phosphate solubilization Azoter® [156]
Azospirillum brasilense)
P azotofi xang, ibn:z%gsatermm and biofertilizer nitrogen fixation no information available [152]
B. velezensis D747 biofungicide cyclic lipopeptides Double Nickel 55™ [157]
. . - antibiotic substances ®
B. velezensis FZB42 biofungicide (polyketides and lipopeptides) Taegro [157]
B. velezensis QST 713 gntlfuggal and antibiotic substances Serenade®ASO [158]
antibacterial product
B. thuringiensis var. kurstakivar biopesticide crystal proteins BT-Biox WP® [159]
(Cry) production
B. firmus 1-1582 biopesticide protection against nematode VOTiVO® [160,161]
infection

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.
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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-f3-1,4-glucanases (EC
3.2.1.4), exoglucanases, syn. 1,4-f3-glucan cellobiohydrolase (EC 3.2.1.91), and cellobiase,
syn. 3-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 x 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
Arbitrary rotation without legumes . .
ARP (since 1923) Potato *-winter wheat- spring barley No
g Arbitrary rotation without legumes i e 1
ARP-FYM (since 1992 with FYM) Potato *-winter wheat-spring barley Yes (30 tha™")
LRL Rotation with legumes (since 1924) Lupine *-spring triticale-barley No
FRR Five-year rotation (since 1924) Lup 12e-wmter wheat-rye Yes (30 tha™1)
-potato-barley
. . . Lupine-winter wheat-rye-potato 1
FRP Five-year rotation (since 1924) Yes (30 tha™")
*-barley
MP Monoculture (since 1923) Potato Yes (20 t ha—1)
MR Monoculture (since 1923) Rye Yes (20 tha—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 1071,1072,1073,1074, 10> was
added to Park medium ((NH4)>,SO;—0.5 g; KH,PO4—1.0 g; KC1—0.5 g; MgSO,—0.2 g;
CaCl,—0.1 g, with the addition of 0.5 cm x 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! (0.1 g soil) and three
from 1072 (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 165 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 x 250 nt, using Illumina v2. Sequencing
data was deposited in the National Center for Biotechnology Information (NCBI) Sequence
Read Archive under BioProject accession PRINA665141.

The 165 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 (1 = 3) among seven treatments. Differences
between treatments were tested using the Tukey—Kramer honest significant difference
(HSD) test at « = 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 Stepieri and Kobiatka [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 £ 0.15ab 427.00 £ 20.00 ¢ 10.80 £ 0.40 ab 45.00 £ 12.16d

ARP-FYM 6.00 £ 0.13b 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+0.32b 25.00+6.80d
MP 6.10 £ 0.09 ab 0.37 £ 0.10 ab 324.00 +20.00d 11.40 £ 0.70 a 30.00 +6.11d
MR 6.20 £ 0.11 ab 0.36 +£0.13b 329.00 + 32.00d 10.90 £ 0.60 ab 50.00 + 10.00d
FRR 6.30 £ 0.06 a 070£0.11a 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 (1 = 3) indicate significant differences (Tukey—Kramer HSD test, « < 0.05).
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Compared to monoculture treatments MP (CFU mL~!) and MR (50 CFU mL '), signif-
icantly higher MPN of SCB was recorded in FRR (293 CFU mL~!) and FRP (249 CFU mL )
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~!) 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 Gorska et al. [33].

3.2. 165 rRNA Sequencing

Analysis of 165 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 165 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 165 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 165 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 291 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].
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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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Figure 2. Bacterial abundances at the order level. ARP—arbitrary rotation without legumes, ARP-FYM—arbitrary rotation

without legumes fertilized with farmyard manure, LRL—rotation with legumes, FRR—rye five-field rotation, FRP—potato

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.

100.0%

90.0%

80.0% =

70.0% A

60.0% =

50.0% -

40.0% -

Relative Abundance [%]

30.0%

20.0% =

10.0% A

0.0%~- °

Family

. Sporomusaceae

. Ruminococcaceae

. Propionibacteriaceae
Planococcaceae

. Paenibacillaceae

. Other

. Hungateiclostridiaceae

. Halokacteroidaceae

. Firmicutes_unclassified

. Ethancligenenaceae

. Desulfotomaculales_fa

Clostridiaceae

. Brevibacillaceae

B Baciti_unclassified
Bacillales_unclassified

. Bacillaceae

Aneurinibacillaceae

T
ARP

T T T T
ARP-FYM LRL FRR FRP MP MR
Treatments

Figure 3. Bacterial abundances at the family level. ARP—arbitrary rotation without legumes, ARP-FYM—arbitrary rotation
without legumes fertilized with farmyard manure, LRL—rotation with legumes, FRR—rye five-field rotation, FRP—potato

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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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~!), and Avicelase (0.645 U mL1)
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~!) and Avicelase (0.666 U mL~1) activity was 70 °C. However, the highest
FPase (0.868 U mL~!) 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~!, respectively), and the optimum activity of FPase was
noted at pH 6.0 (0.895 U mL ™). 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 3-D-glucose molecules, linked by
(3-1,4-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-f3-1,4-glucanases (EC
3.2.1.4), which randomly cleave 3-1,4 glycosidic bonds located in the amorphous regions
of the cellulose—an example of endoglucanase is carboxymethyl cellulase, (2) exo-1,4-
-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 ([3-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.
HTAA426 [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),SO4—0.5 g;
KH,PO4—1.0 g; KC1—0.5 g; MgSO4—0.2 g; CaCl,—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 1072, 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., Lodz, 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 165 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 165 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 x 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 A = 540 nm. The unit of enzyme production was defined as
the amount of enzyme that could hydrolyze cellulose and release 1 pmol 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-x-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.

Strain Number

No. Biochemical Characteristic
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-3-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—oc—D-. ) ) i i i i )
mannopyranoside
21. Methyl-a-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.

Strain Number

No. Biochemical Characteristic
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-thamnose, inositol, and d-sorbitol.
Similar biochemical properties of SB were also obtained by Liang et al. [34].

Then, based on 165 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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Figure 1. CMCase production of Bacillus sp. 8E1A with various sources of cellulose.
The highest Avicelase production was detected after 144 h of incubation with CMC
(0.645 U mL~!). Additionally, in bacterial cultures with other cellulose types, the highest

values were found after 144 h of incubation. However, the values of bacterial cultures with

FP and Avicel cellulose were nearly two times lower in comparison to bacterial cultures
with CMC (Figure 2).
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Figure 2. Avicelase production of Bacillus sp. 8E1A with various sources of cellulose.
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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~! (Figure 3).
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Figure 3. FPase production of Bacillus sp. 8E1A with various sources of cellulose.

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~!) compared
to the cell-free supernatant from broth with CMC (approximately 0.1 U mL~!) 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 UmL™!, 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 MGBO05 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



