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Streszczenie 

Mikroorganizmy uczestnicz�ce w przemianach zwi�zków azotowych w ukCadach 

oczyszczania wody i [cieków tworz� ró}norodne zespoCy, które ksztaCtowane s� nie tylko 

przez czynniki [rodowiskowe ale równie} przez relacje ekologiczne. Dlatego te} 

konieczny jest rozwój nowych metod i narz�dzi badawczych umo}liwiaj�cych badanie 

tych mikroekosystemów w sposób holistyczny, uwzgl�dniaj�c zarówno struktur� 

zespoCów mikroorganizmów, mo}liwe interakcje mi�dzy nimi oraz wpCyw czynników 

[rodowiskowych. Dzi�ki rozwojowi metod sekwencjonowania nowej generacji, oraz 

metod meta-omicznych, mo}liwe staCo si� precyzyjne badanie mikrobiomów. Metody 

meta-omiczne generuj� ogromne ilo[ci danych, a selekcja odpowiednich informacji i ich 

prawidCowa interpretacja wymaga wCa[ciwego podej[cia. Obiecuj�c� metod� analizy 

takich danych mo}e by� analiza korelacji wspóCwyst�powania ró}nych taksonów. 

Skorelowane taksony s� reprezentowane w formie sieci ilustruj�cej spoCeczno[� 

bakteryjn�. Analiza sieci mo}e by� szczególnie przydatna do badania spoCeczno[ci 

mikroorganizmów w oczyszczalniach [cieków, poniewa} daje mo}liwo[� wC�czenia 

czynników operacyjnych do sieci. Dzi�ki takiemu podej[ciu mo}na zaobserwowa�, jak 

zmiany ró}nych parametrów technologicznych wpCywaj� na poszczególne grupy bakterii 

i okre[li�, które grupy w najwi�kszym stopniu przyczyniaj� si� do usuwania 

zanieczyszczeE. Niniejsza praca miaCa na celu okre[lenie mo}liwo[ci zastosowania 

analizy sieci wspóCwyst�powania mikroorganizmów do badania zale}no[ci 

ekologicznych i powi�zaE pomi�dzy bakteriami przeksztaCcaj�cymi zwi�zki azotowe w 

bioreaktorach oczyszczania wody i [cieków. Badania prowadzono w reaktorach 

zró}nicowanych pod wzgl�dem ich zastosowania, typu biomasy i zastosowanych 

parametrów, co determinowaCo rodzaj zachodz�cych procesów przemiany zwi�zków 

azotowych. Zastosowanie nowoczesnych analiz meta-omicznych pozwoliCo na badanie 

potencjalnych relacji istniej�cych mi�dzy czConkami spoCeczno[ci bakteryjnych. Dzi�ki 

takiemu podej[ciu zdefiniowano nie tylko skCad taksonomiczny badanych [rodowisk ale 

tak}e okre[lono, które grupy mikroorganizmów mog� peCni� w nich kluczowe funkcje. 

Wykazano mi�dzy innymi, }e w warunkach ograniczonej dost�pno[ci substratów 

pokarmowych nasilaj� si� zale}no[ci konkurencyjne mi�dzy bakteriami. Istotna 

ekologicznie rola nitryfikatorów znajduje odzwierciedlenie w strukturze sieci, a w�zCy je 

reprezentuj�ce charakteryzuj� si� wysokimi parametrami centralno[ci. Analiza sieci 

wspóCwyst�powania jest obiecuj�cym narz�dziem umo}liwiaj�cym identyfikacj� 
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potencjalnych zale}no[ci ekologicznych w populacjach bakteryjnych. PeCne zrozumienie 

zale}no[ci mi�dzy funkcjonalnymi grupami mikroorganizmów mo}e w przyszCo[ci 

uCatwi� sterowanie procesami biologicznego oczyszczania wody i [cieków nie tylko w 

warunkach laboratoryjnych ale równie} przemysCowych. 

SCowa kluczowe: sieci wspóCwyst�powania, sekwencjonowanie nowej generacji,  

zbiorowiska mikroorganizmów, cykl azotowy, AOB, NOB 
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Abstract 
Microorganisms involved in the transformation of nitrogen compounds in 

wastewater treatment systems form diverse communities influenced by both 

environmental factors and ecological relationships. Therefore, it is essential to develop 

new research methods and tools that enable the holistic study of these microecosystems, 

considering the composition of the population, potential interactions among community 

members, and the impact of environmental conditions. Thanks to advancements in next-

generation sequencing methods and meta-omics techniques, it has become feasible to 

study microbiomes precisely. Meta-omics methods generate vast amounts of data, and 

selecting the appropriate information and interpreting it correctly requires a suitable 

approach. A promising method for analyzing such data may involve examining the 

correlations of the co-occurrence of different taxa. Correlated taxa can be represented in 

a network that illustrates the bacterial community structure. Network analysis is 

particularly beneficial for studying microbial communities in wastewater treatment 

systems, as it allows for the inclusion of operational factors within the network. This 

approach enables researchers to observe how changes in various technological parameters 

affect individual groups of bacteria and to identify which groups contribute most to 

pollutant removal. The aim of this study was to explore the use of microbial co-occurrence 

network analysis to investigate the ecological relationships and connections among 

bacteria involved in nitrogen compound transformation in water and wastewater 

treatment bioreactors. The research was conducted in reactors differing in usage, biomass 

type, and operating parameters, which influenced the types of nitrogen transformation 

processes occurring. Utilizing modern meta-omics analyses provided insights into 

potential relationships among the members of bacterial communities. This approach 

allowed for a comprehensive understanding of the taxonomic composition of the 

environments studied and identified which groups of microorganisms perform key 

functions. It was observed that, under conditions of limited substrate availability, 

competitive interactions among bacteria intensify. The ecological significance of 

nitrifying bacteria was evident in the network structure, with nodes representing these 

bacteria characterized by high centrality measures. Co-occurrence network analysis 

presents a promising tool for identifying potential ecological relationships within 

bacterial populations. A complete understanding of the relationships among functional 
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groups of microorganisms could enhance the control of biological water and wastewater 

treatment processes in both laboratory and industrial settings in the future. 

Keywords: co-occurrence networks, next-generation sequencing, microbial 

communities, nitrogen cycle, AOB, NOB 
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1. Wst�p 

ZCo}one spoCeczno[ci mikroorganizmów odgrywaj� zasadnicz� rol� w obiegu 

pierwiastków takich jak azot, w�giel czy fosfor, zarówno w ekosystemach naturalnych 

jak i in}ynieryjnych. Wykorzystywane s� w wielu ró}nych procesach technologicznych 

zwi�zanych z ochron� [rodowiska i gospodark� wodn�, takich jak oczyszczanie [cieków, 

produkcja biogazu, procesy bioremediacji gleb czy kompostowanie odpadów 

organicznych (Gaspari i in., 2021; Li i in., 2023; Xiong i in., 2024). Wszystkie te procesy 

bazuj� na zdolno[ci mikroorganizmów do pracy w zespoCach, w których ró}ne 

mikroorganizmy wykorzystuj� kolejno produkty przemian innych czConków 

spoCeczno[ci. Jednak mikroekosystemy tworzone s� cz�sto przez setki ró}nych rodzajów 

bakteryjnych, które nie tylko wspóCpracuj� mi�dzy sob�, ale równie} konkuruj� o 

dost�pn� przestrzeE, substraty pokarmowe oraz tlen. Mechanizmy tych ekologicznych 

interakcji mog� by� bardzo zró}nicowane, a ich poznanie i zrozumienie jest niezb�dne 

do wCa[ciwego zarz�dzania procesami technologicznymi wykorzystuj�cymi 

mikroorganizmy. Dlatego te} badania nad tymi zespoCami mikroorganizmów, zwanych 

powszechnie mikrobiomami, mog� przyczyni� si� do rozwoju wielu ró}nych dziedzin 

nauki (Kwiatkowska i Ormaniec, 2024; Suman i in., 2022). Z uwagi na post�puj�c� 

antropogeniczn� degradacj� [rodowiska szczególnie istotnym kierunkiem s� badania nad 

mikrobiomami [rodowiskowymi (Shade, 2023). Ze wzgl�du na szerokie wykorzystanie 

mikroorganizmów w wielu procesach, badania nad struktur� mikrobiomów, czynnikami 

wpCywaj�cymi na ich ksztaCtowanie i ró}nicowanie czy te} przyczynami potencjalnych 

zaburzeE s� niezb�dne dla rozwoju biogospodarki.  

1.1. Zale}no[ci ekologiczne w zespoCach mikroorganizmów 

Mikroorganizmy tworz� zCo}one spoCeczno[ci, których ksztaCt i funkcjonowanie 

zale}y od wielu ró}nych czynników [rodowiskowych jak i interakcji 

mi�dzygatunkowych. Interakcje mi�dzy bakteriami tworz� skomplikowan� sie� 

bezpo[rednich i po[rednich powi�zaE, zarówno o charakterze antagonistycznym jak  

i nieantagonistycznym (Geesink i in., 2024). Konsumuj�c zasoby [rodowiskowe  

i produkuj�c ró}ne metabolity, mikroorganizmy mog� pozytywnie lub negatywnie 

wpCywa� na wzrost innych grup bakterii, a stabilno[� systemu zale}y od równowagi 

mi�dzy ró}nymi grupami. Zrozumienie tych zale}no[ci jest szczególnie istotne w 

systemach oczyszczania [cieków, poniewa} przekCadaj� si� one na wydajno[� procesu.  

PrzykCadowo Zhou i in. (2023) badali zale}no[� mi�dzy bakteriami anammox 
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(przeprowadzaj�cymi proces beztlenowego utleniania amoniaku) i DNRA 

(przeprowadzaj�cymi dysymilacyjn� redukcj� azotanów do amoniaku) w reaktorze 

membranowym (MBR), przy ró}nych stosunkach NH4
+-N do NO2

--N. Wyniki tych badaE 

wskazaCy, }e przy zbyt wysokim stosunku NH4
+-N do NO2

--N, mo}e doj[� do 

nadmiernego namno}enia bakterii DNRA, akumulacji NO2
--N i zahamowania 

aktywno[ci anammox, co skutkuje zaCamaniem procesu. Przy ni}szym stosunku NH4
+-N 

do NO2
--N te dwie grupy bakterii mog� tworzy� zrównowa}ony system, w którym 

bakterie DNRA generuj� azotyny i amoniak, wspieraj�c proces anammox. Równowaga 

mi�dzy mikroorganizmami mo}e wynika� równie} z bardziej zCo}onych mechanizmów 

ni} prosta zale}no[� producent 3 konsument. Badania Bayer i in. (2019) wykazaCy na 

przykCad, }e wiele szczepów archeonów utleniaj�cych amoniak (AOA), nie posiada genu 

koduj�cego katalaz� 3 enzymu rozkCadaj�cego nadtlenek wodoru. W zwi�zku z tym s� 

one wra}liwe na stres oksydacyjny. Jednak}e zwi�zki organiczne b�d�ce produktem ich 

metabolizmu mog� by� wykorzystywane przez heterotrofy, które z kolei neutralizuj� 

nadtlenek wodoru obecny w [rodowisku. Taka relacja przynosi korzy[ci obu grupom 

mikroorganizmów. Z drugiej strony zale}no[ci konkurencyjne wynikaj� z rywalizacji o 

ten sam substrat pokarmowy lub zajmowanie podobnej niszy ekologicznej. Równie} w 

tym przypadku kluczow� cech� interakcji mi�dzy mikroorganizmami jest modyfikacja 

[rodowiska np. poprzez zmian� pH (Ratzke i Gore, 2018). Ponadto wiele bakterii 

produkuje równie} zwi�zki, np. bakteriocyny, które bezpo[rednio hamuj� rozwój lub 

niszcz� konkurencyjne grupy bakterii (Yim i Wang, 2021). Równowaga mikrobiomu jest 

wi�c wypadkow� sprz�}enia zwrotnego wynikaj�cego z ci�gCego reagowania na zmiany 

[rodowiskowe oraz indukowania tych zmian przez poszczególnych czConków 

spoCeczno[ci mikroorganizmów, a tak}e bezpo[rednich oddziaCywaE antagonistycznych 

(Mougi, 2023). Zmiana liczebno[ci jednej grupy mo}e wpCyn�� na liczebno[� innej, co 

doprowadzi do przegrupowania caCej spoCeczno[ci mikroorganizmów. Ogromna 

zCo}ono[� mikrobiocenoz oznacza, }e oddzielenie przyczyn od skutków jest zwykle 

wyzwaniem. Dlatego te} konieczny jest rozwój metod i narz�dzi badawczych 

umo}liwiaj�cych badanie mikroekosystemów w caCo[ci, uwzgl�dniaj�c zarówno skCad 

populacji, mo}liwe interakcje mi�dzy czConkami spoCeczno[ci oraz wpCyw czynników 

[rodowiskowych. Szczególnie istotnym obiektem badaE s� mikroekosystemy 

antropogeniczne, takie jak ukCady oczyszczania wody i [cieków, z uwagi na kluczow� 

rol� mikroorganizmów w procesie technologicznym.  
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1.2. Bakterie przeksztaCcaj�ce zwi�zki azotowe w ukCadach 
oczyszczania [cieków 

Zwi�zki azotu zawarte w [ciekach, gCównie w postaci amoniaku, azotynów i 

azotanów, stanowi� {ródCo zanieczyszczenia wód gruntowych i powierzchniowych, i 

mog� powodowa� eutrofizacj� zbiorników wodnych. Usuwanie azotu ze [cieków jest 

zatem krytycznym procesem w oczyszczaniu [cieków. W zwi�zku z tym jedn� z 

najwa}niejszych grup bakterii s� bakterie przeksztaCcaj�ce zwi�zki azotowe. Jednym z 

podstawowych procesów zachodz�cych podczas oczyszczania [cieków jest nitryfikacja, 

podczas której amoniak jest utleniany do azotanów. W procesach oczyszczania [cieków i 

wody populacje nitryfikatorów najcz�[ciej tworz� bakterie AOB (np. Nitrosomonas, 

Nitrosospira, Nitrosococcus (Soliman i Eldyasti, 2018)), NOB  (ich przedstawicieli 

mo}na znale{� w[ród alfa-, beta-, delta- i gammaproteobacteria oraz w typie Nitrospirota 

(Al-Ajeel i in., 2022)), bakterie comammox Nitrospira (Daims i in., 2015; van Kessel i 

in., 2015) oraz archeony z typu Thaumarchaeota (Pester i in., 2011). Spo[ród tych 

ró}norodnych mikroorganizmów najmniej zbadan� grup� stanowi� bakterie comammox, 

z uwagi na ich stosunkowo niedawne odkrycie.  

Mimo i} odkrycie bakterii zdolnych do caCkowitego utleniania amoniaku nast�piCo 

zaledwie kilka lat temu, ju} wcze[niej prowadzono rozwa}ania teoretyczne na ten temat. 

Rozwa}ania te opierano na analizie termodynamiki procesu nitryfikacji. Mianowicie 

podczas utleniania amoniaku do azotanów generowana jest wi�ksza ilo[� energii 

(&G°2)=)2349)kJ)mol21 NH3), ni} w przypadku osobnego utleniania amoniaku 

(&G°2)=)2275)kJ)mol21 NH3) i azotynów (&G°2)=)274)kJ)mol21 NO2
2) (Daims i in., 2016). 

Tak wi�c z punktu widzenia termodynamiki korzystniejsze byCoby, caCkowite utlenianie 

amoniaku przez pojedynczy mikroorganizm, poniewa} uzyskaCby on wi�cej energii z 

ka}dej cz�steczki substratu. PodziaC dCugiego szlaku metabolicznego mo}e by� jednak 

korzystny w wielu [rodowiskach, poniewa} maksymalizuje tempo produkcji ATP, 

skutkuj�c szybszym tempem wzrostu, kosztem mniejszej wydajno[ci, co tCumaczy 

powszechno[� wyst�powania AOB i NOB. Jednak}e wolno rosn�ce bakterie comammox 

mogCyby si� okaza� konkurencyjne w [rodowiskach o ograniczonej dost�pno[ci substratu 

oraz w biofilmach bakteryjnych (Costa i in., 2006).  

Ró}norodno[� nitryfikatorów skCania do poszukiwania czynników wpCywaj�cych 

na ksztaCtowanie si� ich populacji, a tak}e preferowanych przez nie nisz. Mikroorganizmy 

zdolne do utleniania amoniaku wykazuj� do niego ró}ne powinowactwo. Do okre[lania i 
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porównywania powinowactwa ró}nych mikroorganizmów do substratu wykorzystuje si� 

równanie Michaelisa-Mentena i wynikaj�c� z niego staC� Michaelisa Km(app) oraz 

maksymaln� szybko[� reakcji Vmax. StaCa Km(app) definiowana jest jako st�}enie 

substratu potrzebne do osi�gni�cia poCowy maksymalnej szybko[ci reakcji. Tak wi�c 

ni}sza warto[� Km wskazuje na wi�ksze powinowactwo do substratu. Z kolei Vmax 

definiowana jest jako maksymalna szybko[� reakcji, przy caCkowitym wysyceniu 

substratem. Kits i in. (2017) stwierdzili, }e Km(app) czystej kultury Nitrospira inopinata 

wynosiCo okoCo 0,05330,083 µM NH3, przy czym Vmax osi�gni�to przy caCkowitym 

st�}eniu amoniaku wynosz�cym zaledwie 5 µM. W badaniach prowadzonych przez 

Sakoula i in. (2021)  kultura wzbogacona Nitrospira kreftii równie} wykazywaCa bardzo 

wysokie powinowactwo do amoniaku (Km(app) = 0,040 µM NH3). Generalnie uwa}a si�, 

}e u wi�kszo[ci przedstawicieli AOB powinowactwo do amoniaku jest ni}sze.  Jednak}e 

w tej grupie wyst�puje pewne zró}nicowanie. Na przykCad niektórzy przedstawiciele 

rodzaju rodzaju Nitrosomonas, zwCaszcza z klastra 6a, tacy jak Nitrosomonas 

oligotropha, preferuj� [rodowiska oligotroficzne i posiadaj� stosunkowo wysokie 

powinowactwo do amoniaku, przy czym warto[ci Km(app) wahaj� si� od ~ 0,24 do 4,4 

µM NH3 (Kikuchi i in., 2023; Sedlacek i in., 2016, 2019). Natomiast gatunki 

Nitrosomonas z klastra 7 lepiej rozwijaj� si� w [rodowiskach eutroficznych i przy 

wy}szych st�}eniach amoniaku, przy czym warto[ci Km(app) wahaj� si� od 12,5 do 

nawet 160 µM NH3 (Sedlacek i in., 2019; Thandar i in., 2016). Równie} AOA wykazuj� 

zró}nicowanie pod wzgl�dem powinowactwa do amoniaku. PrzykCadowo, szczep 

modelowy AOA Nitrosopumilus maritimus SCM1, wyst�puj�cy w sConej wodzie i 

biofiltrach morskich recyrkulacyjnych systemów akwakultury (RAS), wykazywaC bardzo 

nisk� staC� Km(app) wynosz�c� ~3 nM NH3. To skConiCo naukowców do pocz�tkowego 

przekonania, }e wi�kszo[� archeonów b�dzie równie} wykazywa� wysokie 

powinowactwo do amoniaku (Martens-Habbena i in., 2009). Jednak pó{niejsze badania 

podwa}yCy ten pogl�d. Na przykCad Jung i in. (2022) opisali dwa szczepy rodzaju 

Nitrosocosmicus sp. o znacznie ni}szym powinowactwie do amoniaku, porównywalnym 

z wi�kszo[ci� AOB, z warto[ciami Km(app) wynosz�cymi okoCo 12,37 µM NH3 i 16,32 

µM NH3. Wskazuje to, }e Nitrosocosmicus sp. mo}e zajmowa� podobne nisze 

ekologiczne jak AOB. Wyniki tych badaE wskazuj�, }e st�}enie azotu amonowego mo}e 

by� jednym z najwa}niejszych czynników wpCywaj�cych na skCad populacji 

nitryfikatorów. 
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Nitryfikacja jest procesem w gCównej mierze przeprowadzanej przez 

mikroorganizmy autotroficzne, jednak zdolno[� utleniania azotu amonowego wykazuj� 

równie} niektóre mikroorganizmy heterotroficzne (Gao i in., 2023). Mimo, i} s� one 

wykrywane w systemach oczyszczania [cieków (Duan i in., 2022; Gupta i in., 2022), 

mechanizmy tego procesu s� stosunkowo sCabo poznane i raczej nie jest on 

wykorzystywany w skali technicznej. Heterotroficzna nitryfikacja jest zwykle uznawana 

za cz�[� metabolizmu wtórnego bakterii (Qin i in., 2024).  Nitryfikatory heterotroficzne 

mog� utlenia� nieorganiczne zwi�zki azotowe takie jak amoniak czy azotyny, ale równie} 

ró}ne organiczne zwi�zki azotowe (Martikainen, 2022). Informacje na temat enzymów 

bior�cych udziaC w tych szlakach metabolicznych oraz genów je koduj�cych s� jednak 

ograniczone, zwCaszcza w przypadku [cie}ki utleniania organicznych zwi�zków azotu. U 

niektórych przedstawicieli tej grupy potwierdzono obecno[� genów koduj�cych 

monooksygenaz� amonow� (amo) oraz reduktaz� hydroksyloaminy (hao), jednak u 

innych nie potwierdzono ich obecno[ci (Hu i in., 2024; Lu i in., 2024; Qin i in., 2024). 

Niektóre bakterie wykazuj� równie} zdolno[� do jednoczesnej heterotroficznej 

nitryfikacji i tlenowej denitryfikacji (HNAD), co uwa}ane jest za mechanizm adaptacyjny 

w [rodowiskach o zmiennej dost�pno[ci tlenu. Jednoczesna nitryfikacja i denitryfikacja 

zwi�zana jest z metabolizmem energetycznym bakterii, a wi�c w przeciwieEstwie do 

samej nitryfikacji heterotroficznej wykazuje cechy metabolizmu pierwotnego 

(Martikainen, 2022). Najlepiej opisanym przykCadem z tej grupy jest Paracoccus 

denitrificans (Robertson i Kuenen, 1990), ale proces ten zostaC równie} zaobserwowany 

m. in. u bakterii z rodzajów Pseudomonas (Lan i in., 2023), Acinetobacter (Xia i in., 

2020), Diaphorobacter (Zhang i in., 2017) i Alcaligenes (Chen i in., 2021). W ostatnich 

latach wzrosCo zainteresowanie tym procesem, poniewa} mo}e on pomóc w oczyszczaniu 

[cieków o wysokim stosunku C/N (Bian i in., 2022). Do gCównych czynników 

wpCywaj�cych na liczebno[� i aktywno[� bakterii HNAD w reaktorach oczyszczania 

[cieków zalicza si�: {ródCo w�gla organicznego (HNAD zwykle preferuj� prostsze 

zwi�zki w�gla takie jak karboksylany, zamiast np. bardziej zCo}onych w�glowodanów), 

stosunek C/N (optimum mi�dzy 7 a 10), pH (optimum mi�dzy 7 a 8) oraz st�}enie 

rozpuszczonego tlenu (DO). Zakres optymalnej warto[ci DO ró}ni si� jednak pomi�dzy 

ró}nymi badaniami i mo}e si� waha� mi�dzy 0,5 mg/l a 6 mg/l (Bian i in., 2022; Fu i in., 

2022; B. Hu i in., 2023; Jin i in., 2023). 
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Najbardziej zró}nicowan� grup� w ukCadach oczyszczania [cieków s� bakterie 

denitryfikacyjne. Geny zwi�zane z tym procesem obecne s� u bakterii reprezentuj�cych 

wiele ró}nych rodzajów, np. Pseudomonas (Zhang i in., 2022a), Bacillus (Zhang i in., 

2022b), Flavobacterium (Abdelhamed i in., 2021) czy Paracoccus (Zhang i in., 2023). 

Pierwszym etapem jest redukcja azotanów do azotynów katalizowana przez reduktaz� 

azotanow�. Enzym ten mo}e by� zwi�zany z bCon� (kodowany jest wtedy przez geny 

operonu narGHJI) lub wyst�powa� w przestrzeni peryplazmatycznej (kodowany jest 

wtedy przez geny operonu napABC) (Kandeler i in., 2006). Kolejny etap, redukcja 

azotynów do tlenku azotu, katalizowana jest przez dwa ró}ne typy reduktaz azotynowych. 

Cytochrom cd1 kodowany przez gen nirS, natomiast drugi typ reduktazy azotynowej, 

zawieraj�cy atom Cu, kodowany jest przez gen nirK (Wittorf i in., 2018). Tlenek azotu 

ulega redukcji do podtlenku azotu w reakcji katalizowanej przez reduktaz� tlenku azotu 

kodowan� przez norBC (Harland i in., 2023). Redukcja podtlenku azotu jest ostatnim 

etapem w szlaku denitryfikacji i jest katalizowana przez reduktaz� podtlenku azotu 

kodowan� przez gen nosZ (Intrator i in., 2024). Nie wszystkie denitryfikatory posiadaj� 

peCen zestaw enzymów umo}liwiaj�cych przeprowadzenie caCego szlaku denitryfikacji. 

Wiele z nich przeprowadza jedynie fragmenty caCej [cie}ki. W zwi�zku z tym proces 

nitryfikacji cz�sto wymaga wspóCpracy mi�dzy ró}nymi rodzajami bakterii. Przebieg 

prawidCowego procesu denitryfikacji w ukCadach oczyszczania zale}ny jest przede 

wszystkim od takich czynników jak obecno[� azotanów, niskie st�}enie DO (poni}ej 0,5 

g/m3) oraz {ródCo w�gla organicznego. 

W ostatnich latach na coraz szersz� skal� prowadzi si� badania nad 

mo}liwo[ciami stosowania anammox jako alternatywny dla klasycznego procesu 

nitryfikacji-denitryfikacji. Proces anammox mógCby zredukowa� koszty procesu 

oczyszczania [cieków, gdy} nie wymaga tak intensywnego napowietrzania ani 

zewn�trznego {ródCa w�gla. Wszystkie poznane bakterie anammox znajduj� si� w 

obr�bie typu Planctomycetota i zalicza si� do nich rodzaje Candidatus Brocadia, 

Candidatus Kuenenia, Candidatus Jettenia, Candidatus Scalindua, Candidatus 

Anammoximicrobium, Candidatus Anammoxoglobus and Candidatus 

Bathyanammoxibiaceae (Liao i in., 2022). Komórki bakterii anammox zawieraj� 

wyj�tkowe otoczone bCon� organellum zwane anammoksosomem, w którym zachodzi 

proces anammox (van Teeseling i in., 2013). Przemiany zwi�zków azotowych u bakterii 

s� zCo}one anammox i mo}na podzieli� na kilka etapów katalizowanych przez ró}ne 
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enzymy: redukcja azotynów do tlenku azotu przez NirS, redukcja tlenku azotu do 

hydroksyloaminy przez HZS (syntaza hydrazyny), katalityczna konwersja 

hydroksyloaminy i  amoniaku do hydrazyny przez HZS, wychwytywanie hydrazyny 

przez specyficzne no[niki biaCkowe, transport do HDH (dehydrogenaza hydrazynowa) i 

utlenianie do N2 (Jiang i in., 2024). Prowadzone s� mi�dzy innymi badania nad procesem 

polegaj�cym na poC�czeniu cz�[ciowej nitryfikacji i beztlenowego utleniania amoniaku 

(partial nitirtation/anammox, PN/A). Skuteczny proces PN/A zale}y od obecno[ci AOB i 

bakterii anammox (Wu i in., 2023). Jednak bakterie anammox wykazuj� bardzo wolne 

tempo wzrostu i s� wra}liwe na warunki [rodowiskowe, zwCaszcza temperatur�. 

Przyjmuje si�, }e ich optimum temperaturowe mie[ci si� w zakresie mi�dzy 30 ºC a 37 

ºC (Peng i in., 2023). Ponadto proces PN/A mo}e by� zaburzony przez nadmierny wzrost 

NOB, które mog� konkurowa� z bakteriami anammox o azotyny (Xiang i in., 2021).   

1.3. Sekwencjonowanie nowej generacji 
Rozwój technologii sekwencjonowania nowej generacji znacznie uCatwiC badanie 

zCo}onych spoCeczno[ci bakterii. Szczególnie przydatne podej[cie opiera si� na analizie 

DNA pochodz�cego bezpo[rednio ze [rodowiska, tj. DNA metagenomowego.  

Sekwencjonowanie caCego metagenomu generuje ogromn� ilo[� informacji na temat caCej 

spoCeczno[ci mikroorganizmów i pozwala okre[li� jej skCad taksonomiczny. Do 

profilowania mikrobiomów stosuje si� najcz�[ciej podej[cie wykorzystuj�ce 

sekwencjonowanie genów markerowych, np. 16S rRNA lub sekwencjonowanie caCego 

metagenomu metod� >shotgun= (Durazzi i in., 2021). W przypadku sekwencjonowania 

genu koduj�cego16S rRNA ustalenie skCadu taksonomicznego badanego [rodowiska 

odbywa si� poprzez amplifikowanie i sekwencjonowanie regionów hiperzmiennych genu 

16S rRNA. Sekwencjonowanie metagenomu metod� >shotgun= polega natomiast na 

losowej fragmentacji metagenomu i sekwencjonowaniu poszczególnych fragmentów. 

Dane uzyskane w ten sposób s� nast�pnie skCadane przy u}yciu narz�dzi 

bioinformatycznych. Oba te podej[cia maj� zarówno szereg zalet jak i ograniczeE. 

Sekwencjonowanie regionów hiperzmiennych genu 16S rRNA jest taEsze, a uzyskane 

dane s� stosunkowo Catwe do analizy, z uwagi na du}� dost�pno[� narz�dzi 

bioinformatycznych i baz referencyjnych. Jednak}e ta metoda dostarcza jedynie 

informacji o charakterze taksonomicznym oraz ma ograniczon� rozdzielczo[�, 

pozwalaj�c zazwyczaj na identyfikacj� bakterii na poziomie najni}ej rodzaju (Abellan-

Schneyder i in., 2021; Johnson i in., 2019). Z drugiej strony sekwencjonowanie typu 
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>shotgun= pozwala na okre[lenie potencjaCu funkcjonalnego badanej spoCeczno[ci 

mikroorganizmów oraz ma wi�ksz� rozdzielczo[�, ale jego koszt jest wi�kszy, a z uwagi 

na ogromn� ilo[� generowanych danych ich analiza jest trudniejsza (Han i in., 2020; 

Toole i in., 2021). Badania mikrobiomów coraz cz�[ciej wzbogaca si� równie} o inne 

podej[cia metaomiczne, co pozwala na bardziej kompleksowe spojrzenie na procesy 

biologiczne w nich zachodz�ce (Herold i in., 2020). PrzykCadowo wykorzystanie 

metatranskryptomiki dostarcza informacji o wszystkich aktywnych genach i umo}liwia 

stworzenie profilu funkcjonalnego badanej spoCeczno[ci mikroorganizmów. 

Sekwencjonowanie metatranskryptomu jest podej[ciem stosunkowo nowym, a analiza 

uzyskanych danych jest trudna, w zwi�zku z czym nie jest wykorzystywana tak cz�sto 

jak analizy oparte na sekwencjonowaniu genu 16S rRNA czy metagenomu. Jednak du}� 

przewag� tego podej[cia jest mo}liwo[� analizy aktywnych a nie tylko potencjalnych 

szlaków metabolicznych. Ponadto metatranskryptomika daje mo}liwo[� badania reakcji 

mikroorganizmów na zmiany czynników [rodowiskowych. Pozwala to okre[li� kluczowe 

funkcje konsorcjum mikroorganizmów w danych warunkach oraz jak te funkcje 

zmieniaj� si� pod wpCywem czynników stresowych.  

1.4.  Sieci spoCeczne w badaniach mikrobiologicznych 

Dzi�ki post�powi w technologiach sekwencjonowania kwasów nukleinowych i 

rozwojowi narz�dzi metaomicznych wiedza na temat skCadu gatunkowego oraz procesów 

zachodz�cych w ró}nych spoCeczno[ciach mikroorganizmów znacznie wzrosCa. Ponadto 

ogromna ilo[� danych uzyskanych dzi�ki technikom metaomicznym mo}e by� u}yta do 

dalszego badania dynamiki populacji oraz zale}no[ci ekologicznych C�cz�cych czConków 

zCo}onych zespoCów mikroorganizmów. Jedn� z metod badania spoCeczno[ci 

mikrobiologicznych jest tworzenie sieci spoCecznych (social network analysis - SNA). 

Taki rodzaj analizy wykorzystywany jest w badaniach socjologicznych, a od niedawna 

znajduje te} zastosowanie w badaniach dotycz�cych ekologii mikroorganizmów. W obu 

tych odlegCych dyscyplinach sieci s� wykorzystywane w tym samym celu 3 pozwalaj� na 

caCo[ciowe spojrzenie na badane spoCeczno[ci oraz mog� ujawnia� potencjalne wzorce 

interakcji mi�dzy ich czConkami (Li i in., 2021). Opisywanie i analizowanie powi�zaE 

mi�dzy mikroorganizmami jest trudne i wymaga odpowiednich metod. Pierwszym 

krokiem jest zawsze uzyskanie danych na temat skCadu i liczebno[ci poszczególnych 

taksonów, które skCadaj� si� na badan� spoCeczno[�. SpoCeczno[ci mikroorganizmów 

mo}na monitorowa� za pomoc� kilku technik, w tym cytometrii przepCywowej, 
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mikromacierzy, sekwencjonowania genów koduj�cych rRNA i uzyskiwania kompletnych 

metagenomów (Faust i Raes, 2012). Na podstawie danych uzyskanych w ten sposób 

mo}na przewidzie� relacje mi�dzy mikroorganizmami, zakCadaj�c, }e silnie nielosowe 

wzorce dystrybucji wynikaj� z przyczyn ekologicznych (Poudel i in., 2016).  

Podstawowym elementem sieci s� w�zCy, które w sieciach mikrobiologicznych, w 

zale}no[ci od zastosowanej metodyki, mog� symbolizowa� np. grup� taksonomiczn� (np. 

rodzin�, rodzaj), OTU (operational taxonomic unit), ASV (amplicon sequence variants), 

MAG (metagenome assembled genome) (Abdulkadir i in., 2024; Azli i in., 2022; 

Begmatov i in., 2022). W zale}no[ci od charakteru eksperymentu oraz ewentualnych 

dodatkowych analiz, w�zCy mog� równie} symbolizowa� np. geny, biaCka, a tak}e ró}ne 

parametry [rodowiskowe, takie jak pH, temperatura, st�}enia ró}nych zwi�zków (Jiang i 

in., 2019). Gdy mi�dzy dwoma w�zCami istnieje statystycznie istotna relacja, s� one 

poC�czone C�cznikiem okre[lanym jako kraw�d{. Sieci mikrobiologiczne najcz�[ciej 

konstruowane s� w oparciu  o wyniki analizy korelacji wyst�powania rodzajów 

bakteryjnych, dlatego s� cz�sto okre[lane mianem sieci wspóCwyst�powania (Liu i in., 

2023). W zale}no[ci od rodzaju analizowanych danych stosuje si� ró}ne statystyczne 

miary korelacji, takie jak wspóCczynnik Pearsona, Spearmana czy Bray9a-Curtis9a (Weiss 

i in., 2016). 

Kraw�dziom mo}na przypisa� wagi, aby zilustrowa� siC� obserwowanej relacji. 

Wag� kraw�dzi mo}e by� warto[� wspóCczynnika korelacji (Guseva i in., 2022). Sieci 

mo}na podzieli� na skierowane i nieskierowane. W sieciach skierowanych istniej�ce 

relacje mo}na opisa� w kategoriach {ródCa i celu, a koEce kraw�dzi opatrzone s� 

strzaCkami obrazuj�cymi kierunek interakcji. W przeciwieEstwie do sieci skierowanych, 

w sieciach nieskierowanych mo}liwe jest jedynie stwierdzenie wyst�pienia okre[lonej 

relacji mi�dzy dwoma w�zCami, bez okre[lenia zwi�zku przyczynowo skutkowego. W 

takim wypadku kraw�d{ jest lini� C�cz�c� dwa w�zCy. Mo}liwe s� te} sieci mieszane, w 

których obecne s� oba typy kraw�dzi (Oña i in., 2025). Konstrukcja sieci w oparciu o 

analiz� korelacji jest cz�sto stosowana ze wzgl�du na swoj� prostot�, ale wi�}e si� to z 

pewnymi  ograniczeniami, takimi jak np. fakt, }e kraw�dzie w tych sieciach maj� zawsze 

charakter nieskierowany (Dohlman i Shen, 2019).  

Statystyczna analiza tych dwóch podstawowych skCadowych sieci - w�zCów i 

kraw�dzi - pozwala wytypowa� potencjalnie najistotniejszych czConków spoCeczno[ci. W 
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przypadku sieci mikrobiologicznych mog� to by� bakterie zapocz�tkowuj�ce szlaki 

przemian ró}nych zwi�zków, b�d�ce producentami substratów dla innych grup bakterii. 

W SNA do lokalizacji takich kluczowych w�zCów sieci wykorzystuje si� miary 

centralno[ci w�zCów, które obliczane s�  w oparciu o kraw�dzie (Zamkovaya i in., 2021). 

Istnieje wiele ró}nych miar centralno[ci w�zCów, jednak w sieciach wspóCwyst�powania 

najcz�[ciej wykorzystywane s� dwa: stopieE w�zCa (ang. degree) oraz stopieE 

po[rednio[ci (ang. betweenness centrality) (Kajihara i Hynson, 2024). StopieE w�zCa to 

liczba bezpo[rednich poC�czeE mi�dzy jednym w�zCem a innymi w�zCami. Je}eli dane 

wyj[ciowe pozwalaj� na utworzenie sieci skierowanej mo}na okre[la� stopnie wej[ciowe 

(liczb� kraw�dzi wchodz�cych do w�zCa) oraz stopnie wyj[ciowe (liczb� kraw�dzi 

wychodz�cych z w�zCa) (Sierocki, 2020; Röttjers i Faust, 2018). StopieE po[rednio[ci to 

parametr, który wskazuje jak cz�sto dany w�zeC znajduje si� na drodze najkrótszych 

poC�czeE pomi�dzy wszystkimi mo}liwymi parami w�zCów w sieci (Kajihara i Hynson, 

2024). W teorii SNA w�zCy charakteryzuj�ce si� wysokim stopniem po[rednio[ci s� 

cz�sto okre[lane jako >gatekeepers= i s� kluczowe dla przepCywu informacji lub zasobów 

w sieci. W�zCy te cz�sto stanowi� mosty C�cz�ce subpopulacje sieci, a ich usuni�cie mo}e 

powa}nie zakCóci� C�czno[� i struktur� sieci, prowadz�c nawet do jej zerwania (Guo i in., 

2022).  

W oparciu o charakterystyk� kraw�dzi C�cz�cych w�zCy, zCo}one sieci 

mikrobiologiczne mog� by� podzielone na mniejsze podgrupy nazywane najcz�[ciej 

moduCami lub klastrami. W�zCy wchodz�ce w skCad tego samego moduCu mog� by� ze 

sob� poC�czone zarówno bezpo[rednio jak i po[rednio. Algorytmy zaimplementowane w 

programach do analizy sieci wyznaczaj� moduCy w oparciu o g�sto[� i wag� poC�czeE 

mi�dzy w�zCami (Liu i in., 2023). ModuC tworzony jest przez grup� w�zCów, pomi�dzy 

którymi wyst�puje silne zag�szczenie poC�czeE, a jednocze[nie s� sCabiej poC�czone z 

w�zCami nie wchodz�cymi w skCad tego moduCu. Ka}dy w�zeC mo}e nale}e� tylko do 

jednego moduCu. Parametr okre[laj�cy jak silnie sie� jest podzielona na moduCy 

nazywany jest modularno[ci�. W sieciach mikrobiologicznych bakterie w obr�bie tych 

samych moduCów mog� wykazywa� silne interakcje i wspólne funkcje oraz wskazywa� 

na okre[lone role ekologiczne lub szlaki metaboliczne (Du i in., 2022). 

Sieci mog� by� u}ywane do okre[lania interakcji mi�dzy poszczególnymi 

czConkami spoCeczno[ci, mi�dzy sub-spoCeczno[ciami oraz mi�dzy czConkami 

spoCeczno[ci a warunkami [rodowiskowymi (Guo i in., 2022). Wizualizacja i analiza sieci 
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umo}liwiaj� okre[lenie w badanych spoCeczno[ciach grup kluczowych, potencjalnie 

wspóCzale}nych lub tych, które potencjalnie konkuruj� ze sob�. Implementacja metod 

analizy sieci spoCecznych w badaniach mikrobiologicznych pozwoliCa na bardziej 

holistyczne podej[cie do badania zbiorowisk mikroorganizmów. Jednak}e interpretacja 

sieci mikrobiologicznych jest znacznie bardziej skomplikowana ni} sieci 

makroekosystemów, z uwagi na trudno[� w obserwacji interakcji mi�dzy poszczególnymi 

mikroorganizmami w [rodowisku naturalnym, a tak}e ogromn� zCo}ono[� i ró}norodno[� 

gatunkow� mikroekosystemów (Goberna i Verdú, 2022). Z tego powodu sieci obrazuj�ce 

mikrobiomy opieraj� si� na wspóCwyst�powaniu mikroorganizmów, co narzuca szereg 

ograniczeE w interpretacji znaczenia kraw�dzi C�cz�cych w�zCy. Sieci 

wspóCwyst�powania nie dostarczaj� informacji o charakterze relacji istniej�cych mi�dzy 

poC�czonymi grupami. PrzykCadowo powi�zanie mi�dzy grupami mikroorganizmów 

mo}e wynika� z podobnego reagowania na stresowy czynnik [rodowiskowy, nakCadanie 

si� nisz ekologicznych albo wyst�puj�ce mi�dzy mikroorganizmami interakcje 

ekologiczne, takie jak wymiana metabolitów b�d{ konkurencja o substraty pokarmowe 

(Barroso0Bergadà i in., 2021).  

Podsumowuj�c, ekologiczne relacje mi�dzy mikroorganizmami w systemach 

oczyszczania [cieków i wody s� zCo}one i podlegaj� wpCywom wielu czynników. Dlatego 

sieci wspóCwyst�powania mog� posCu}y� jako cenne narz�dzia do modelowania 

potencjalnych interakcji mi�dzy mikroorganizmami, ale interpretacja zaobserwowanych 

powi�zaE wymaga dogC�bniejszej analizy caCego [rodowiska. Rozwój metod mapowania 

sieci ekologicznych spoCeczno[ci mikrobiologicznych mo}e pomóc w przewidywaniu 

skutków zmian i zaburzeE w ekosystemach, a tak}e umo}liwi� projektowanie i 

manipulowanie zCo}onymi spoCeczno[ciami mikrobiologicznymi. 
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2. Cel i zakres badaE 

 

Celem badaE byCo okre[lenie mo}liwo[ci zastosowania analizy sieci 

wspóCwyst�powania mikroorganizmów do badania zale}no[ci ekologicznych i powi�zaE 

pomi�dzy bakteriami przeksztaCcaj�cymi zwi�zki azotowe w bioreaktorach 

wykorzystywanych do oczyszczania wody i [cieków. Badania prowadzono w reaktorach 

zró}nicowanych pod wzgl�dem ich zastosowania, typu biomasy i zastosowanych 

parametrów, co determinowaCo rodzaj zachodz�cych procesów przemiany zwi�zków 

azotowych.  

Zakres badaE obejmowaC: 

1. Ekstrakcj� kwasów nukleinowych i ich analiz� ilo[ciow� i jako[ciow�.  

2. Analiz� strukturaln� i funkcjonaln� uzyskanych sekwencji nukleotydowych z 

wykorzystaniem narz�dzi bioinformatycznych. 

3. Charakterystyk� taksonomiczn� i funkcjonaln� zbiorowisk bakteryjnych. 

4. Charakterystyk� zale}no[ci wyst�puj�cych pomi�dzy mikroorganizmami w 

oparciu o analiz� sieci wspóCwyst�powania.  
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3. Hipotezy badawcze 

 

W rozprawie doktorskiej weryfikowano poni}sze hipotezy badawcze: 

H1.: BCona biologiczna (biofilm) jest bardziej zró}nicowana pod wzgl�dem skCadu 

bakterii ni} osad czynny, co znajduje odzwierciedlenie w strukturze sieci. 

H2.: St�}enie zwi�zków azotowych wpCywa na skCad populacji nitryfikatorów.  

H3.: Dost�pno[� substratów pokarmowych wpCywa na zale}no[ci ekologiczne mi�dzy 

mikroorganizmami.  

H4.: W procesach oczyszczania wody i [cieków bakterie nitryfikacyjne stanowi� 

kluczowe w�zCy sieci. 

H5.: Sieciowanie pozwala uzyska� unikalne informacje o interakcjach mi�dzy czConkami 

spoCeczno[ci bakteryjnych. 
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4. MateriaCy i metody 

Cz�[� badawcza pracy doktorskiej obejmowaCa analiz� zespoCów 

mikroorganizmów w czterech bioreaktorach. Dwa z nich stanowiCy reaktory SBR zasilane 

[ciekami syntetycznymi, które opisano dokCadnie w publikacjach P1. i P2.  W kolejnych 

dwóch publikacjach, P3. i P4., badano bakterie mikrobiomu biofiltrów oczyszczaj�cych 

wod� w recyrkulacyjnych systemach hodowli ryb.   

4.1. Opis systemów {ródCowych badanych mikrobiomów 

Reaktory SBR zasilane [ciekami syntetycznymi 

P1. Reaktor IFAS-MBSBBR ZakCadu Zaopatrzenia w Wod� i Odprowadzania 
[cieków Politechniki Warszawskiej 

Pierwsze z przeprowadzonych badaE dotyczyCo mikrobiomu rozwijaj�cego si� w 

postaci osadu czynnego i biofilmu w reaktorze hybrydowym ze zCo}em ruchomym IFAS-

MBSBBR (Integrated Fixed-Film Activated Sludge-Moving-Bed Sequencing Batch 

Biofilm Reactor). Reaktor miaC obj�to[� 28 l i zawieraC no[niki z tworzywa sztucznego 

EvU Pearl®, na których rozwijaC si� biofilm. No[niki cylindryczne o wymiarach §5 mm, 

h = 8 mm i powierzchni wCa[ciwej 600 m2/m3 stanowiCy 25% obj�to[ci czynnej reaktora. 

St�}enie osadu czynnego utrzymywano na poziomie okoCo 1,7 g MLSS/l. DziaCanie 

IFAS-MBSBBR byCo w peCni zautomatyzowane i kontrolowane za pomoc� 

oprogramowania DreamSpark Premium (system SCADA). 

Do reaktora doprowadzano [cieki syntetyczne, symuluj�ce skCad [cieków 

komunalnych. Przyj�to nast�puj�ce parametry [cieków: ChZT 510 mg O2/l, TN 60 mg 

N/l, 40 mg NH4
+-N/l, 8 mg PO4

3--P/l, pH 7,7. 

Reaktor pracowaC w systemie 3 o[miogodzinnych cykli na dob�. Pojedynczy cykl 

oczyszczania obejmowaC nast�puj�ce fazy: I faza bez napowietrzania z dozowaniem 

[cieków (50 min), I faza tlenowa (190 min), II faza bez napowietrzania z dozowaniem 

[cieków (30 min), II faza tlenowa (150 min), sedymentacja (50 min), dekantacja (10 min). 

Eksperyment prowadzono przez 573 dni, podczas których zmieniano strategi� 

napowietrzania oraz st�}enie tlenu. Podczas pierwszych 42 dni eksperymentu 

prowadzono napowietrzanie ci�gCe, a st�}enie tlenu wynosiCo 3 mg O2/l. W kolejnych 

etapach prowadzono napowietrzanie naprzemienne w fazach tlenowych, stopniowo 

zmniejszaj�c st�}enie tlenu oraz skracaj�c dCugo[� napowietrzania. 
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P2. Reaktor SBR Katedry In}ynierii Sanitarnej Politechniki GdaEskiej 

 W kolejnym etapie pobierano biomas� z reaktora, w którym prowadzono proces 

deamonifikacji w ró}nych warunkach temperaturowych. Temperatur� procesu stopniowo 

obni}ano, a ka}d� z zadanych temperatur utrzymywano a} do ustabilizowania procesu, 

co weryfikowano na podstawie szybko[ci zu}ycia azotu amonowego NH4
+-N (AUR), 

szybko[ci przyrostu azotu azotanowego NO3
- -N (NPR), szybko[ci przyrostu azotu 

azotynowego NO2- -N (NiPR) oraz szybko[ci zu}ycia azotu azotynowego NO2- -N (NiUR). 

Eksperyment prowadzono w sumie przez 118 dni, w coraz ni}szych temperaturach: 30 

°C (20 dni), 25 °C (23 dni), 20 °C (21 dni), 15 °C (35 dni), and 12 °C (19 dni). Próbki 

biomasy do analiz mikrobiologicznych pobierano tydzieE po przej[ciu na now� 

temperatur�.  

Reaktor miaC obj�to[� 10 l i zaszczepiony zostaC inokulum wzbogaconym w 

bakterie anammox, pochodz�cym z bocznego ci�gu miejskiej oczyszczalni [cieków w 

SCupsku. Do reaktora doprowadzano nieorganiczne [cieki syntetyczne o skCadzie 

zgodnym z rekomendowanym przez Dapena-Mora i in. i wzbogacanych amoniakiem 

(500 mg N/l). Warto[� pH utrzymywano pomi�dzy 7,5 a 7,8 poprzez dodawanie 1 M HCl. 

CaCkowity Cadunek azotu (TNL) wahaC si� od 0,1 do 1,5 gN/Ld, w zale}no[ci od 

aktywno[ci i temperatury w reaktorze. Pojedynczy cykl operacyjny trwaC 6 godzin skCadaC 

si� z czterech etapów: napeCniania (20 min), reakcji (300 min), sedymentacji (20 min) i 

dekantacji (20 min). 

Przeno[ne biofiltry kanistrowe Katedry Ichtiologii i Akwakultury Uniwersytetu 

WarmiEsko-Mazurskiego w Olsztynie 

P3. Recyrkulacyjny system wykorzystywany do chowu trawianek 

Wszystkie próbki pobrano z filtra kanistrowego EHEIM professionel 3 (model 

1200XLT) o pojemno[ci 13,5 l. Biofiltr zawieraC trzy rodzaje materiaCu filtracyjnego. 

Dolna cz�[� wypeCniona byCa kulistymi ksztaCtkami wykonanymi z PCV o [rednicy okoCo 

1,5 cm i powierzchni z licznymi kanalikami. [rodkowa cz�[� filtra wypeCniona byCa 

pustymi w [rodku ceramicznymi cylindrami, natomiast górna cz�[� porowat� g�bk�. 

Woda z akwarium byCa pompowana do dolnej cz�[ci filtra, a oczyszczona woda byCa 

odprowadzana z górnej cz�[ci filtra z powrotem do akwarium.  
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Filtr oczyszczaC wod� pochodz�c� ze szklanego zbiornika o obj�to[ci 0,35 m3, w 

którym hodowano 50 osobników Percottus glenii (Dybowski, 1877) o [redniej masie 17,0 

± 5,7 g. Ryby karmiono co trzeci dzieE komercyjn� karm� (Aller Aqua Ltd., 

Christiansfeld, Dania) w ilo[ci okoCo 2 % caCkowitej biomasy ryb. Temperatura wody w 

systemie wynosiCa 19,3 ± 0,2 °C, a st�}enie rozpuszczonego tlenu 8,98 ± 0,06 mg/l. 

Odczyn pH wody byC stabilny, ze [redni� warto[ci� 7,8 ± 0,1.  

Próbki biomasy do badaE mikrobiologicznych pobierano dzieE przed oraz dzieE 

po karmieniu ryb. Równocze[nie pobierano próbki wody z dopCywu i odpCywu do badaE 

st�}eE zwi�zków azotu. Próbki pobrano w dwóch powtórzeniach, z dwutygodniowym 

odst�pem czasowym. 

P4. Recyrkulacyjny system wykorzystywany do chowu karpi i jesiotrów 

Biofiltr u}ywany w tym systemie hodowli oraz sposób pobierania prób do badaE 

byCy analogiczne z tymi opisanymi w publikacji P3. 

Filtr oczyszczaC wod� pochodz�c� ze zbiornika o obj�to[ci 1,05 m3 wykonanego 

z laminatu poliestrowo-szklanego, w którym hodowano dwa gatunki ryb: 12 osobników 

jesiotra syberyjskiego Acipenser baerii (Brandt, 1869) i 35 osobników karpia pospolitego 

Cyprinus carpio L. ([rednia wielko[� odpowiednio 320 ± 75 g i 180 ± 35 g). Ryby 

karmiono co trzeci dzieE komercyjn� karm� (Aller Aqua Ltd.) w ilo[ci okoCo 2 % masy 

obsady ryb. Temperatura wody w testowanym systemie wynosiCa 18,7 ± 0,2 °C, a st�}enie 

rozpuszczonego tlenu 8,7 ± 0,3 mg/l. Odczyn pH wody byC stabilny, osi�gaj�c [redni� 

warto[� 7,8 ± 0,1.  

4.2. Ekstrakcja kwasów nukleinowych 

Wszystkie próbki biomasy zamra}ano natychmiast po pobraniu i przechowywano 

w temperaturze -20 °C do momentu izolacji kwasów nukleinowych. Ponadto próbki RNA 

natychmiast po pobraniu zawieszano w roztworze fenolu i soli chaotropowych w celu 

inaktywacji RNAz i zapobiegni�ciu degradacji transkryptów. Przed procedur� ekstrakcji 

próbki rozmra}ano i odwirowywano w celu usuni�cia nadmiaru pCynów. Ekstrakcje 

prowadzono zgodnie z instrukcjami producentów zestawów. DNA izolowano przy u}yciu 

zestawu FastDNA® SPIN Kit for Soil (MP Bio, Solon, OH, USA). RNA izolowano przy 

u}yciu zestawu Total RNA Mini Kit (A&A Biotechnology, Gdynia, Polska) St�}enie 

wyizolowanych kwasów nukleinowych mierzono fluorymetrem Qubit (Invitrogen, 

Waltham, MA, USA) przy u}yciu zestawów Qubit# Broad Range Quantification Assay 
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Kits (Invitrogen, Waltham, MA, USA). Jako[� wyizolowanych kwasów nukleinowych 

przeznaczonych do sekwencjonowania typu >shotgun= mierzono przy u}yciu aparatu 

2100 Bioanalyzer 6000 Nano Assay System (Agilent Technologies, Santa Clara, 

Kalifornia, USA). 

4.3. Sekwencjonowanie i analiza sekwencji 
Sekwencjonowanie kwasów nukleinowych technologi� Illumina zlecono 

specjalistycznym przedsi�biorstwom.  

W P1. zastosowano masowe sekwencjonowanie regionów hiperzmiennych V3 3 

V4 genu 16S rRNA. Surowe odczyty byCy nast�pnie procedowane z wykorzystaniem 

pakietu QIIME II. Analizy bioinformatyczne obejmowaCy scalanie odczytów, 

odfiltrowanie odczytów niskiej jako[ci, detekcj� i usuni�cie chimer, klastrowanie 

sekwencji i konstrukcj� OTU, annotacj� taksonomiczn�.  

W kolejnych etapach zastosowano sekwencjonowanie losowych fragmentów 

DNA/RNA (>shotgun= sequencing). Analizy bioinformatyczne surowych odczytów 

obejmowaCy kontrol� jako[ci uzyskanych odczytów, skCadanie odczytów de novo, 

annotacj� taksonomiczn�, identyfikacj� sekwencji genów koduj�cych enzymy zwi�zane 

z przemianami zwi�zków azotu, mapowanie odczytów RNA do zidentyfikowanych 

genów oraz oszacowanie poziomów ekspresji w oparciu o wyniki mapowania.  

SzczegóCowy opis wykonanych procedur bioinformatycznych oraz u}ytych do 

tego celu narz�dzi zostaC przedstawiony w sekcji MateriaCy i metody ka}dej publikacji z 

cyklu. 

4.4. Konstrukcja sieci wspóCwyst�powania  
Sie� wspóCwyst�powania poszczególnych rodzajów bakterii skonstruowano na 

podstawie analizy korelacji. Do analizy wybrano rodzaje, które w badanych 

metagenomach byCy najliczniejsze. Korelacj� rang Spearmana obliczano przy u}yciu 

programu Statistica (wersja 13.1, StatSoft, Inc., Tulsa, OK, USA). Otrzymane macierze 

korelacji wykorzystano do konstrukcji sieci za pomoc� oprogramowania Gephi (wersja 

0.10.1), w którym obliczono tak}e podstawowe statystyki sieci. Sieci wykre[lono tylko 

dla silnie skorelowanych taksonów, zdefiniowanych jako te ze wspóCczynnikami korelacji 

g 0,75 lub f 20,75. 
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5. Wyniki  

P1. Godzieba, M., Zubrowska-Sudol, M., Walczak, J., Ciesielski S. Development of 

microbial communities in biofilm and activated sludge in a hybrid reactor. Scientific 

Reports, 12, 12558 (2022). https://doi.org/10.1038/s41598-022-16570-z 

W wyniku analizy danych uzyskanych z sekwencjonowania amplikonów genu 

16S rRNA, w reaktorze IFAS-MBSBBR zidentyfikowano C�cznie 26 typów i 783 

rodzajów bakterii. Zarówno w biofilmie, jak i w osadzie czynnym, najliczniejszymi 

typami byCy Pseudomonadota, ze [redni� liczebno[ci� odpowiednio 39,3 % ± 9,0 % i 

40,8 % ± 8,2 %, oraz Bacteroidota, ze [redni� liczebno[ci� odpowiednio 14,2 % ± 4,9 % 

i 26,1 % ± 13,7 %. Ponadto biofilm charakteryzowaC si� istotnie statystycznie (test 

White9a, p f 0,05) wi�ksz� liczebno[ci� Chlorofexi, Acidobacteriota i Nitrospirota, 

natomiast osad czynny wi�ksz� liczebno[ci� Firmicutes. Taki skCad bakteryjny jest 

typowy dla reaktorów zasilanych [ciekami komunalnymi.  

W obu [rodowiskach liczebno[� ró}nych grup bakterii zmieniaCa si� w czasie, pod 

wpCywem zmian w sposobie natleniania. W biofilmie, wraz ze spadaj�cym st�}eniem 

tlenu oraz skracaniem fazy natleniania stopniowo spadaCa liczebno[� Pseudomonadota i 

Actinomycetota, podczas gdy liczebno[� Chlorofexi wzrastaCa. W osadzie czynnym 

zmiany liczebno[ci byCy wi�ksze i bardziej gwaCtowne. W najwi�kszym stopniu wahaCa 

si� liczebno[� Bacteroidota, Patescibacteria oraz Armatimonadota.  

Na poziomie rodzaju Denitratisoma, Nitrospira, Candidatus Competibacter, 

Dechlorosoma, Candidatus Accumulibactrer i Kouleothrix byCy istotnie liczniejsze w 

biofilmie, podczas gdy Zooglea, niezidentyfikowany rodzaj nale}�cy do 

Saccharimonadales, Rhodobacter i Ottowia byCy istotnie liczniejsze w osadzie czynnym 

(test White9a, p f 0,05). Generalnie du}y udziaC w populacji bakteryjnej miaCy mniej 

liczne rodzaje (o liczebno[ci < 1,5 %). Ich sumaryczny udziaC wynosiC  45,6 % ± 5,8 % 

w próbkach biofilmu i 30,5 % ± 6,0 % w osadzie czynnym.  

Biofilm charakteryzowaC si� tak}e istotnie wi�ksz� ró}norodno[ci� 

mikrobiologiczn� wyra}on� ilo[ci� specyficznych OTU (1614 ± 141) oraz indeksami 

Chao1 (1735 ± 139) oraz Shannon (5,34 ± 0,23), w porównaniu z osadem czynnym (OTU 

3 876 ± 361, Chao1 3 1105 ± 109, Shannon 3 4,27 ± 0,41) (test Wilcoxona, p f 0,05).  
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Zmiany sposobu napowietrzania i st�}enia tlenu powodowaCy zmiany w populacji 

bakteryjnej zarówno biofilmu jak i osadu czynnego. Liczebno[� poszczególnych 

rodzajów zmieniaCa si� gwaCtowniej w osadzie czynnym ni} w biofilmie, co obrazuj� 

szybkie spadki i wzrosty liczebno[ci wielu grup bakterii w kolejnych okresach. 

GwaCtowniejsze zmiany liczebno[ci ró}nych grup bakterii w osadzie czynnym, wskazuj� 

}e ta forma biomasy jest mniej odporna na zmienne czynniki [rodowiskowe ni} biofilm. 

Odporno[� biofilmu mo}e by� wynikiem jego zwartej struktury, utworzonej z komórek 

otoczonych warstw� pozakomórkowych substancji polimerowych (EPS), która dziaCa jak 

fizyczna bariera chroni�ca komórki bakteryjne przed stresem [rodowiskowym. 

Skonstruowano dwie sieci wspóCwyst�powania bakterii obrazuj�ce spoCeczno[� 

bakteryjn� biofilmu (Rys. 1) i osadu czynnego (Rys. 2). Obie sieci miaCy tak� sam� liczb� 

w�zCów (83), ale sie� biofilmu miaCa wi�cej kraw�dzi, co mo}e [wiadczy�, o wi�kszej 

ilo[ci zale}no[ci ekologicznych mi�dzy bakteriami biofilmu ni} osadu czynnego. W sieci 

biofilmu znajdowaCy si� cztery w�zCy o wysokim stopniu (g 30), a wi�c maj�ce liczne 

bezpo[rednie powi�zania z innymi w�zCami sieci: Diaphorobacter, Rhizorapis, 

Mesorhizobium i Pseudoxanthomonas. StopieE w�zCa Nitrosomonas byC nieco ni}szy 

(15), ale wci�} byC to jeden z w�zCów o najwi�kszej liczbie poC�czeE. StopieE w�zCa 

Nitrospira byC na poziomie [redniej warto[ci stopnia wszystkich w�zCów sieci, 

wynosz�cej 6.  [redni stopieE w�zCów w sieci osadu czynnego byC ni}szy, a najwi�ksz� 

liczb� poC�czeE (g 20) miaCy 4 z nich: Nocardioides, Gemmatimonas, Leptothrix i 

Rhizorhapis. Interesuj�cym jest fakt, }e rodzaje o najwi�kszej liczbie poC�czeE nie 

odznaczaCy si� najwy}sz� liczebno[ci�. W sieci biofilmu Paracoccus, 

Phaeodactylibacter i Pseudoxanthomonas miaCy najwy}sze warto[ci centralno[ci 

po[redniej, podczas gdy w sieci osadu czynnego najwy}sze warto[ci tego parametru 

miaCy Dongia, Diaphorobacter i Rhizorhapis. 

Do konstrukcji sieci wykorzystano równie} dane o wydajno[ci usuwania 

zwi�zków organicznych i fosforowych, amonifikacji, nitryfikacji i denitryfikacji. Analiza 

sieci wykazaCa, }e pozytywne powi�zania mi�dzy liczebno[ci� bakterii a wydajno[ci� 

usuwania zwi�zków azotu i fosforu byCy cz�stsze w spoCeczno[ci biofilmu ni} w 

spoCeczno[ci osadu czynnego. Mo}e to wskazywa�, }e biofilm jest lepszym 

[rodowiskiem dla wzrostu bakterii zdolnych do rozkCadu tych zwi�zków. Hipotez� t� 

potwierdza równie} wi�kszy udziaC w biofilmie takich bakterii jak Nitrospira, 

Nitrosomonas czy Candidatus Accumulibacter.  
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Rysunek 1. Sie� wspóCwyst�powania mikroorganizmów biofilmu w reaktorze IFAS-MBSBBR, 
z w�zCami reprezentuj�cymi taksony na poziomie rodzaju lub efektywno[ci usuwania 
zanieczyszczeE oraz kraw�dziami reprezentuj�cymi korelacje (zielone kraw�dzie 3 korelacja 
dodatnia;czerwone kraw�dzie 3 korelacja ujemna). Rozmiar w�zCów jest wprost proporcjonalny 
do rozmiaru parametru stopnia po[rednio[ci. (P1.; Godzieba i in., 2022). 

28:1402339438



28 
 

 

Rysunek 2. Sie� wspóCwyst�powania mikroorganizmów osadu czynnego w reaktorze IFAS-
MBSBBR, z w�zCami reprezentuj�cymi taksony na poziomie rodzaju lub efektywno[ci usuwania 
zanieczyszczeE oraz kraw�dziami reprezentuj�cymi korelacje (zielone kraw�dzie 3 korelacja 
dodatnia; czerwone kraw�dzie 3 korelacja ujemna). Rozmiar w�zCów jest wprost proporcjonalny 
do rozmiaru parametru stopnia po[rednio[ci. (P1.; Godzieba i in., 2022). 

 

P2. Godzieba, M., Florczyk, M., Kowal, P., Sobotka, D., M�kinia, J., Ciesielski, S. Impact 

of low temperature on bacterial community dynamics and process efficiency in anaerobic 

ammonia removal: A network analysis of metagenomic data. Journal of Environmental 

Chemical Engineering, 12, 114661 (2024). https://doi.org/10.1016/j.jece.2024.114661  

 Do uzyskania danych o populacji bakteryjnej reaktora, wykorzystano 

sekwencjonowanie losowych fragmentów DNA (sekwencjonowanie >shotgun=), dzi�ki 

czemu mo}liwe byCo zbadanie nie tylko skCadu populacji ale równie} jej metabolicznego 

potencjaCu. Uzyskano w sumie 116 Gbp surowych odczytów, a ich obróbka 

bioinformatyczna pozwoliCa zrekonstruowa� 105 MAGów, speCniaj�cych przyj�te 

wymagania jako[ciowe (kompletno[� g 50 %, zanieczyszczenie f 10 %). Najwi�cej 

spo[ród zrekonstruowanych MAGów reprezentowaCo typy Pseudomonadota, Chloroflexi 

i Bacteroidota. Pod wzgl�dem liczebno[ci populacja bakteryjna zdominowana byCa przez 

typy Pseudomonadota (47,7 % ± 8,9 %), Chloroflexi (24,5 % ± 2,6 %), Planctomycetota 
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(7,5 % ± 3,1 %), Bacteroidota (6,0 % ± 4,5 %), Nitrospirota (5,4 % ± 2,9 %) i 

Acidobacteriota (2,4 % ± 1,6 %). Podobna populacja bakteryjna jest typowa dla tego typu 

procesów. Na pocz�tku eksperymentu nast�piCa szybka zmiana w proporcjach 

dominuj�cych grup bakteryjnych, po czym nast�piCo ustalenie si� równowagi mi�dzy 

nimi. Najwi�kszy spadek liczebno[ci zaobserwowano w przypadku Nitrospirota, co mo}e 

by� efektem ograniczonej zdolno[ci adaptacyjnej tych bakterii do niskich temperatur. Na 

poziomie rodzaju najwi�ksz� liczebno[� miaCy Nitrosomonas (20,6 % ± 7,5 %), 

Dokdonella (6,1 % ± 2,4 %), Candidatus Brocadia (4,7 % ± 3,2 %) i Nitrospira (4,6 % ± 

2,4 %).  

 Dzi�ki zastosowaniu sekwencjonowania typu >shotgun=, mo}liwe byCo 

dokCadniejsze zbadanie potencjaCu funkcjonalnego populacji bakteryjnej reaktora. 

Wi�kszo[� spo[ród zrekonstruowanych MAGów posiadaCa geny zwi�zane z procesem 

denitryfikacji (nar, nap, nirK, nirS, nor, nos). Proces nitryfikacji przeprowadzany byC 

przez bakterie Nitrosomonas (4 MAGi) posiadaj�ce geny amo oraz Nitrospira (1 MAG) 

z genami nxr. Nie wykryto obecno[ci bakterii comammox Nitrospira. Wykryto natomiast 

MAGi posiadaj�ce geny zwi�zane ze szlakiem DNRA 3 nrfAH, nirBD.  Ponadto 

MAG079 (Candidatus Brocadia) zawieraC geny zwi�zane z procesem anammox (hzs, 

hdh). Osad granulowany, obecny w reaktorze, jest dobrym [rodowiskiem dla rozwoju 

zCo}onych mikroekosystemów. Dyfuzja tlenu i substratów pokarmowych do wn�trza 

granuli jest ograniczona, dzi�ki czemu w ró}nych warstwach mog� rozwin�� si� bakterie 

o odmiennych preferencjach [rodowiskowych i przeprowadzaj�cych ró}ne procesy.  

W najbardziej zewn�trznej warstwie granuli panuj� warunki tlenowe i zachodzi w niej 

proces nitryfikacji. W [rodkowej, anoksycznej, warstwie mog� rozwija� si� 

denitryfikatory i bakterie DNRA, natomiast w wewn�trznej, beztlenowej, bakterie 

anammox. Takie mikrobiologiczne zró}nicowanie sprzyja wyksztaCceniu wielu 

zale}no[ci ekologicznych mi�dzy czConkami spoCeczno[ci. Typowym przykCadem jest 

wykorzystywanie azotynów produkowanych przez AOB przez bakterie anammox.  

Z drugiej strony przykCadem zale}no[ci konkurencyjnej, jest rywalizacja o azotany  

i organiczne zwi�zki w�gla mi�dzy denitryfikatorami a bakteriami DNRA. Jednak w tak 

ró}norodnej populacji wyst�puj� równie} bardziej zCo}one relacje. PrzykCadowo 

obecno[� bakterii DNRA mo}e mie� zarówno pozytywny jak i negatywny wpCyw na 

proces anammox. Z jednej strony bakterie te redukuj� azotany do azotynów i amoniaku, 

które s� substratami dla bakterii anammox. Z drugiej strony nadmierny wzrost bakterii 
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DNRA mo}e doprowadzi� do akumulacji azotynów i ostatecznie doprowadzi� do 

zahamowania aktywno[ci bakterii anammox. Bakterie DNRA i denitryfikatory s� 

bakteriami heterotroficznymi, a {ródCem niezb�dnego dla nich w�gla organicznego mog� 

by� egzopolisacharydy produkowane przez inne bakterie.  

 ZCo}ono[� zale}no[ci ekologicznych w badanej populacji potwierdziCa analiza 

sieci (Rys. 3). Sie� skCadaCa si� ze 108 w�zCów: 105 reprezentuj�cych MAGi i 3 

reprezentuj�cych parametry technologiczne. W�zCy byCy poC�czone 1496 kraw�dziami, 

tworz�c g�st� sie�. Ponad poCowa (57 %) poC�czeE byCa dodatnia. Zidentyfikowano 

siedem odr�bnych moduCów. Sie� byCa zdominowana przez jeden moduC, skCadaj�cy si� 

z 68 w�zCów (63% wszystkich w�zCów sieci) i 1368 kraw�dzi (91% wszystkich kraw�dzi 

sieci). ModuC ten obejmowaC bakterie, które odgrywaj� kluczow� rol� w metabolizmie 

zwi�zków azotowych: Nitrosomonas, Nitrospira i Candidatus Brocadia. Drugi co do 

wielko[ci moduC skCadaC si� z 20 w�zCów (19 %) i 64 kraw�dzi (4 %). PozostaCe moduCy 

byCy znacznie mniejsze, i obejmowaCy nie wi�cej ni} 10 % spo[ród wszystkich w�zCów i 

nie wi�cej ni} 1 % spo[ród wszystkich kraw�dzi. [redni stopieE w�zCów w sieci wynosiC 

14. W�zeC reprezentuj�cy temperatur� miaC najwy}szy stopieE (58), co wskazuje na jej 

znacz�cy wpCyw na liczebno[� wielu czConków spoCeczno[ci bakteryjnej. Wysokim 

stopniem charakteryzowaC si� równie} w�zeC reprezentuj�cy AUR, natomiast w�zeC 

reprezentuj�cy AMX 3 niskim (5).  Mo}e to oznacza�, }e wiele grup bakterii byCo 

zaanga}owanych w procesy zwi�zane z bezpo[rednim wykorzystaniem amoniaku lub 

dalszych produktów jego przemian. Amoniak i produkty jego przemian (azotyny i 

azotany) s� kluczowymi substratami dla wielu ró}nych bakterii, ponadto zwi�zki te s� 

cz�sto wspóCdzielone przez ró}ne grupy mikroorganizmów, co prowadzi do wielu 

interakcji troficznych i korelacji w sieci. Z kolei niski stopieE w�zCa AMX, mo}e 

sugerowa�, }e aktywno[� bakterii anammox jest sCabo skorelowana z dynamik� reszty 

wspólnoty, co mogCoby oznacza�, }e dziaCaj� one w bardziej stabilnym lub odizolowanym 

mikro[rodowisku. Ponadto koEcowym produktem procesu anammox jest azot 

cz�steczkowy, który nie stanowi {ródCa energii ani skCadników od}ywczych dla innych 

mikroorganizmów. Ogranicza to potencjalne interakcje troficzne i mo}e tCumaczy� ni}sz� 

liczb� wspóCwyst�puj�cych taksonów powi�zanych z aktywno[ci� bakterii anammox. 

Podobnie jak w przypadku sieci analizowanych w P1., równie} w tym przypadku du}a 

liczba poC�czeE, niekoniecznie zwi�zana byCa z du}� liczebno[ci� danego rodzaju 

bakterii. Spo[ród w�zCów bakteryjnych, Nitrospira, Phycisphaerae i Prosthecobacter 
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miaCy najwy}szy stopieE (57). Spo[ród czterech MAGów Nitrosomonas, MAG099 i 

MAG063 charakteryzowaCy si� wysok� warto[ci� stopnia, wynosz�c� odpowiednio 50 i 

38, natomiast MAGi 054 i 025 charakteryzowaCy si� jednymi z najwy}szych warto[ci 

stopnia po[rednio[ci wynosz�cymi odpowiednio 377 i 234.  

 

Rysunek 3. Sie� wspóCwyst�powania mikroorganizmów w reaktorze w którym prowadzono 
proces deamonifikacji. W�zCy reprezentuj� MAGi lub wybrane parametry technologiczne, a 
kraw�dzie reprezentuj� korelacje dodatnie (zielone) lub ujemne (czerwone). Grubo[� kraw�dzi 
odpowiada sile korelacji. Rozmiar w�zCów jest wprost proporcjonalny do rozmiaru parametru 
stopnia po[rednio[ci. (P2.; Godzieba i in., 2024a). 

 

P3. Godzieba, M., Hliwa, P., Ciesielski, S. Network of nitrifying bacteria in aquarium 

biofilters: an unfaltering cooperation between comammox Nitrospira and ammonia-

oxidizing archaea. Water, 17, 52 (2025). https://doi.org/10.3390/w17010052  

 W tej publikacji badano bakterie mikrobiomu filtra z recyrkulacyjnego systemu 

chowu trawianek. Podobnie jak w poprzedniej publikacji, do analizy danych 

metagenomicznych zastosowano podej[cie opieraj�ce si� na zCo}eniu MAGów. 

Sekwencjonowanie metagenomów daCo C�cznie 71,5 Gbp surowych odczytów sekwencji. 
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Bioinformatyczna obróbka tych danych pozwoliCa zrekonstruowa� 203 MAG-i 

speCniaj�ce zaCo}one wymagania jako[ciowe, tj. co najmniej 50% kompletno[ci i co 

najwy}ej 10% zanieczyszczeE. Analiza filogenetyczna MAG-ów wykazaCa, }e 200 z nich 

reprezentowaCo genomy bakterii, podczas gdy 3 reprezentowaCy genomy archeonów. 

Wszystkie zrekonstruowane genomy przypisano do jednego z 23 typów, z których 

najwi�cej przedstawicieli stanowiCy Planctomycetota (45 MAGów), Bacteroidota (32 

MAGi), Pseudomonadota (29 MAGów) i Chloroflexota (22 MAGi). 5 MAGów nale}aCo 

do typu Nitrospirota, natomiast 3 MAGi nale}aCy do typu archeonów Thermoproteota.  

Spo[ród wszystkich 203 MAG-ów tylko 37 osi�gn�Co liczebno[� co najmniej 1% 

w co najmniej jednej próbce. Zarówno przed, jak i po karmieniu ryb, Actinomycetota 

dominowaCy w mikrobiomie biofiltra. Drugie i trzecie miejsce zaj�Cy odpowiednio 

Planctomycetota (BF414,2 ± 0,7%, AF414,0 ± 0,3%) i Pseudomonadota (BF410,6 ± 

0,4%, AF412,3 ± 0,9%). Populacj� nitryfikatorów tworzyCy bakterie Nitrospira oraz 

AOA. Nie znaleziono jednak MAGów pochodz�cych od innych organizmów 

nitryfikacyjnych, takich jak np. Nitrosomonas. Sumaryczna liczebno[� wszystkich pi�ciu 

MAGów Nitrospira wynosiCa 9,5 ± 0,2 % w próbkach przed karmieniem i 11,9 ± 1,4 % 

w próbkach po karmieniu. Liczebno[� archeonów byCa równie} do[� wysoka: przed 

karmieniem 3 4,5 ± 0,7 %, po karmieniu 3 4,0 ± 0,2 %. Przeprowadzono tak}e analiz� 

filogenetyczn� MAGów sklasyfikowanych jako Nitrospira. WykazaCa wysokie 

podobieEstwo tych MAGów do genomów bakterii comammox. W biofiltrze obecne byCy 

oba klady comammox Nitrospira. Do kladu A nale}aCy cztery MAGi: MAG 143, MAG 

144, MAG 201 i MAG 219, natomiast do kladu B jeden: MAG 119. MAG 119 miaC 

znacznie wi�ksz� liczebno[� ni} pozostaCe MAGi Nitrospira (7,3 ± 0,1% w próbkach 

przed karmieniem i 8,3 ± 0,5% w próbkach po karmieniu), a tak}e byC drugi pod 

wzgl�dem liczebno[ci spo[ród wszystkich 203 MAGów. W[ród archeonów 

zidentyfikowano dwie rodziny: Nitrosopumilaceae (MAG 164 i 199) i 

Nitrososphaeraceae (MAG 092). W[ród Nitrosopumilaceae MAG 164 byC kilkakrotnie 

bardziej liczny ni} MAG 199 i plasowaC si� na pi�tym miejscu pod wzgl�dem liczebno[ci 

(2,7 ± 0,2 % (przed karmieniem) i 2,2 ± 0,4 % (po karmieniu)). MAG 092 miaC nieco 

ni}sz� liczebno[� (1,6 %) w obu grupach. Wysok� liczebno[ci� charakteryzowaCy si� 

tak}e denitryfikatory, szczególnie nale}�ce do rodziny Gaiellaceae 3 MAG 198 byC 

najliczniej wyst�puj�cym MAGiem, liczebno[ci� wynosz�c� 12,7 ± 1,0% w próbkach 

przed karmieniem i 9,0 ± 0,2% w próbkach po karmieniu. 
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W wi�kszo[ci MAG-ów znaleziono geny zwi�zane z cyklem azotowym, tj. amo, 

hao, nxr, napA/narG, nirK/nirS, nrfA, norB i nosZ. Najcz�[ciej wyst�puj�cymi genami 

byCy te zwi�zane z procesem denitryfikacji: napA/narG wyst�powaC w 46 MAG-ach, 

nirK/nirS w 73, nrfA/nrfH w 39, norB w 40, a nosZ w 42. We wszystkich MAGach 

Nitrospira zidentyfikowano geny koduj�ce monooksygenaz� amonow�, co potwierdza 

ich zdolno[� do przeprowadzania caCkowitej nitryfikacji. MAGi 119, 143 i 219 miaCy 

ponadto kompletny zestaw genów zwi�zanych z nitryfikacj� (amo, hao, nxr). Oprócz 

bakterii comammox, archeony równie} odgrywaCy wa}n� rol� w procesie nitryfikacji w 

biofiltrze. Obecno[� genu amo wykryto w dwóch z trzech MAGów: MAG 092 3 

Nitrosocosmicus i MAG 164 3 Nitrosotenuis. 

Sie� obrazuj�ca badan� populacj� skCada si� z 62 w�zCów poC�czonych 844 

kraw�dziami (Rys. 4). W sieci 415 kraw�dzi miaCo ujemny wspóCczynnik korelacji, 

podczas gdy 429 dodatni. Analiza sieci wykazaCa podziaC populacji bakteryjnej biofiltra 

na dwa moduCy. MAGi reprezentuj�ce comammox Nitrospira i Nitrosocosmicus zostaCy 

przypisane do tego samego moduCu, podczas gdy Nitrosotenuis zostaC przypisany do 

drugiego moduCu. Wi�kszo[� z kraw�dzi C�cz�cych czConków ró}nych moduCów miaCa 

warto[� ujemn�.  Z kolei kraw�dzie wyst�puj�ce mi�dzy czConkami tego samego moduCu 

miaCy przewa}nie warto[� dodatni�. Taki rozkCad mo}e wskazywa� na istnienie dwóch 

konkuruj�cych subpopulacji. Co ciekawe pomi�dzy poszczególnymi archeonami  

i comammox Nitrospira nie zaobserwowano istotnej statystycznie ujemnej korelacji. 

Mo}e to by� spowodowane nieco odmiennymi preferencjami [rodowiskowymi tych 

dwóch mikroorganizmów. [rodowisko biofilmu zapewnia gradient substancji 

od}ywczych, umo}liwiaj�c rozwój i wspóCwyst�powanie ró}norodnych 

mikroorganizmów. Wyst�powanie mikroorganizmów o podobnej funkcji ekosystemowej 

w ró}nych warstwach biofilmu mo}e minimalizowa� bezpo[redni� konkurencj� mi�dzy 

nimi. W sieci najwy}sze warto[ci stopnia po[rednio[ci odpowiadaCy MAG 126 

(Luteolibacter), 48,7; MAG 224 (Acidimicrobiia), 40,5; i MAG 127 (Ferruginibacter), 

38,7. Nitryfikatory miaCy umiarkowane warto[ci stopnia po[rednio[ci (od 16,7 do 19,2), 

z wyj�tkiem MAG 164 (Nitrosotenuis), który miaC warto[� 30,6. Jednak w�zCy 

reprezentuj�ce Nitrospira miaCy bardzo wysokie warto[ci parametru stopnia (39340), 

który mierzy liczb� bezpo[rednich poC�czeE, jakie dany w�zeC ma z innymi w�zCami w 

sieci. 
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Rysunek 4. Sie� wspóCwyst�powania mikroorganizmów w biofiltrze oczyszczaj�cym wod�  w 
recyrkulacyjnym systemie wykorzystywanym do chowu trawianek. W�zCy reprezentuj� 
najliczniejsze MAGi (z wzgl�dn� liczebno[ci� wynosz�c� co najmniej 0,5 % w przynajmniej 
jednej próbce). Rozmiar w�zCów jest wprost proporcjonalny do rozmiaru parametru stopnia 
po[rednio[ci. Czerwone kraw�dzie oznaczaj� ujemne korelacje, podczas gdy zielone kraw�dzie 
oznaczaj� dodatnie korelacje. Grubo[� kraw�dzi odpowiada sile korelacji. W celu zwi�kszenia 
czytelno[ci pomini�to kraw�dzie, C�cz�ce dwa konkuruj�ce moduCy. (P3.; Godzieba i in., 2024b). 
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P4. Godzieba, M., Hliwa, P., M�kinia J., Ciesielski, S. Comammox Nitrospira dominates 

the nitrifying bacterial community in the external canister biofilter in the tank fish 

farm. Journal of Water Process Engineering, 17, 107494 (2025). 

https://doi.org/10.1016/j.jwpe.2025.107494 

W tym badaniu do uzyskania informacji o populacji mikroorganizmów 

wykorzystano podej[cie obejmuj�ce poC�czenie metagenomiki i metatranskryptomiki. 

Takie podej[cie pozwoliCo nie tylko na okre[lenie skCadu mikrobiologicznego 

spoCeczno[ci mikroorganizmów oraz jej potencjaCu funkcjonalnego, ale równie} na 

zbadanie poziomu ekspresji genów zwi�zanych z przemianami azotu i monitorowanie 

zmian tych poziomów w ró}nych warunkach. Analizy bioinformatyczne przeprowadzono 

na poziomie contigów, aby jak najdokCadniej opisa� profil funkcjonalny populacji 

bakteryjnej biofiltra. Takie podej[cie pozwala unikn�� utraty genów pochodz�cych od 

organizmów o niskiej liczebno[ci, umo}liwiaj�c dokCadniejsze odzwierciedlenie 

aktywno[ci metabolicznej spoCeczno[ci, ze szczególnym uwzgl�dnieniem procesów 

cyklu azotowego. 

W badanych próbkach identyfikowano C�cznie 178 typów oraz 3741 rodzajów 

bakteryjnych. Zdecydowana wi�kszo[� zidentyfikowanych typów i rodzajów miaCa 

bardzo nisk� liczebno[�, nieprzekraczaj�c� 0,5 %. Tylko 10 typów osi�gn�Co liczebno[� 

co najmniej 0,5 % w co najmniej jednej próbce, jednak ich liczebno[� stanowiCa ponad 

95 % caCkowitej populacji. We wszystkich próbkach zdecydowan� wi�kszo[� populacji 

stanowiCy Pseudomonadota. Ich liczebno[� wahaCa si� od 55 % do 70 %. Kolejne pod 

wzgl�dem liczebno[ci byCy Bacteroidota (8314 %). Bakterie z gromad Nitrospirota, 

Verrucomicrobiota, Planctomycetota, Actinobacteriota i Acidobacteriota byCy równie} 

do[� liczne (235%). W próbkach przed karmieniem istotnie liczniejsze byCy Aeromonas i 

Mycobacterium, podczas gdy w próbkach po karmieniu istotnie liczniejszy byC 

Pseudomonas (test White9a, p < 0,05). Ponadto we wszystkich próbkach liczne byCy 

bakterie z rodzaju Nitrospira (3,3 % 3 5,2 %). Analiza taksonomiczna na poziomie 

gatunku wykazaCa obecno[� Candidatus Nitrospira nitrosa i Candidatus Nitrospira 

nitrificans. Ponadto analiza filogenetyczna genu zidentyfikowanego genu amoA 

wykazaCa du}e podobieEstwo do referencyjnych genów amoA wyst�puj�cych u 

przedstawicieli bakterii comammox, zwCaszcza Candidatus Nitrospira nitrosa, co 

potwierdza obecno[� bakterii comammox w biofiltrze. Inne nitryfikatory, takie jak np. 

Nitrosomonas, byCy znacznie mniej liczne ([rednia liczebno[� 0,1 %). W biofiltrze 
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rozwin�Ca si� tak}e populacja denitryfikatorów, takich jak Pseudomonas, 

Flavobacterium, Acidovorax, Dechloromonas, Acinetobacter i Hydrogenophaga, które 

byCy szczególnie liczne w próbkach po karmieniu.  

Analiza danych metatranskryptomicznych dostarczyCa szczegóCowych informacji 

o procesach przemian zwi�zków azotowych w biofiltrze. Najsilniejszy poziom ekspresji, 

wyra}ony warto[ci� TPM (transcripts per milion), dotyczyC transkryptów zwi�zanych z 

procesem nitryfikacji (amo, hao i nxr). Jednak}e w próbkach po karmieniu nast�piC 

spadek poziomu transkrypcji tych genów, wzrósC natomiast poziom transkrypcji genów 

zwi�zanych z asymilacj� amoniaku (gln) i jego transportem do komórki (amt). Ponadto 

w okresach po karmieniu wzrastaC te} udziaC transkryptów zwi�zanych z procesami 

DNRA i denitryfikacji. 

Dane meta-omiczne posCu}yCy do stworzenia modelu spoCeczno[ci mikrobiologicznej 

biofiltra w postaci sieci (Rys. 5). Podobnie jak w przypadku pierwszego biofiltra, w 

badanej sieci utworzyCy si� dwie konkuruj�ce populacje. Pierwszy moduC skCadaC si� z 

bakterii, które wykazywaCy dodatni� korelacj� z transkryptami zwi�zanymi z asymilacj� 

amoniaku (amt, gln). Bakterie z tego moduCu sieci byCy liczniejsze w próbkach po 

karmieniu. Wi�kszo[� relacji zidentyfikowanych mi�dzy czConkami tego moduCu byCa 

dodatnia, ale istniaCa równie} subpopulacja zCo}ona z kilku heterotrofów (Rhodobacter, 

Zooglea, Dechloromonas, Cetobacterium, Tabrizicola, Microbacterium, Gemmobacter), 

mi�dzy którymi wyst�powaCy ujemne korelacje. ByCo to prawdopodobnie spowodowane 

konkurencj� o ograniczon� dost�pno[� zwi�zków organicznych. Drugi moduC zawieraC 

bakterie, które byCy liczniejsze w próbkach przed karmieniem. W tym module korelacje 

mi�dzy bakteriami byCy wyC�cznie kooperacyjne. To wCa[nie w tym module znalazCy si� 

bakterie comammox Nitrospira, a tak}e bakterie denitryfikacyjne (np. Aeromonas, 

Flavihumibacter, Flavobacterium). Ponadto moduC ten zawieraC równie} w�zCy 

reprezentuj�ce transkrypty nirK/nirS, nirB/nirD i st�}enia azotanów. Taki podziaC na dwa 

moduCy wskazuje, }e w biofiltrze rozwin�Cy si� dwie konkuruj�ce ze sob� subpopulacje: 

pierwsza, do której nale}aCy bakterie comammox, rozwijaCa si� lepiej przy ni}szych 

st�}eniach zwi�zków organicznych i wykazywaCa gCównie aktywno[� nitryfikacyjn� i 

denitryfikacyjn�/DNRA, podczas gdy druga charakteryzowaCa si� szybszym tempem 

wzrostu przy wy}szej dost�pno[ci zwi�zków organicznych i wykorzystywaCa amoniak do 

wzrostu biomasy. 
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Rysunek 5. Sie� wspóCwyst�powania mikroorganizmów w biofiltrze oczyszczaj�cym wod�  w 
recyrkulacyjnym systemie wykorzystywanym do chowu karpi i jesiotrów. W�zCy reprezentuj� 
najliczniejsze rodzaje (z wzgl�dn� liczebno[ci� wynosz�c� co najmniej 0,01 % w przynajmniej 
jednej próbce), st�}enie zwi�zków azotowych i ilo[ci transkryptów genów zwi�zanych z cyklem 
azotowym. Czerwone kraw�dzie symbolizuj� ujemn� korelacj�, natomiast zielone dodatni�. 
Grubo[� kraw�dzi odpowiada sile korelacji. Rozmiar w�zCów jest wprost proporcjonalny do 
rozmiaru parametru stopnia po[rednio[ci. W celu zwi�kszenia czytelno[ci pomini�to kraw�dzie, 
C�cz�ce dwa konkuruj�ce moduCy. (P4.; Godzieba i in., 2025). 

W�zeC reprezentuj�cy comammox Nitrospira charakteryzowaC si� poza tym jedn� z 

najwy}szych warto[ci parametru okre[lanego stopniem po[rednio[ci. W analizie sieci 

stopieE po[rednio[ci jest jednym z kluczowych parametrów, poniewa} wskazuje, jak 

cz�sto dany w�zeC znajduje si� na najkrótszej [cie}ce mi�dzy innymi w�zCami w sieci. 

38:2414666536



38 
 

W�zeC o wysokim stopniu po[rednio[ci prawdopodobnie b�dzie odgrywaC centraln� rol� 

w spoCeczno[ci, a jego usuni�cie mo}e zakCóci� struktur� sieci, chyba }e mi�dzy 

pozostaCymi w�zCami zostan� utworzone nowe poC�czenia. Wysoki stopieE po[rednio[ci 

comammox Nitrospira wynikaC prawdopodobnie z faktu, }e byC to dominuj�cy 

nitryfikator w biofiltrze. W zwi�zku z tym byCa ona równie} gCównym producentem 

azotanów, wykorzystanych przez liczne denitryfikatory.  
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6. Weryfikacja hipotez 

Analiza populacji bakteryjnej przeprowadzona na pierwszym etapie badaE 

wskazuje, }e populacja biofilmu wykazuje wi�ksze zró}nicowanie ni} populacja osadu 

czynnego, co potwierdzaj� istotnie wy}sze warto[ci wska{ników Shannona i Chao oraz 

liczba specyficznych OTU (H1.). Powodem tej ró}nicy mo}e by� warstwowa struktura 

biofilmu. Warunki w ka}dej warstwie biofilmu s� nieco inne, co wynika na przykCad z 

ró}nych ilo[ci tlenu i substancji od}ywczych przenikaj�cych do coraz gC�bszych warstw 

biofilmu. W poszczególnych warstwach biofilmu rozwijaj� si� wi�c ró}norodne grupy 

bakterii, o odmiennych preferencjach [rodowiskowych. To wi�ksze zró}nicowanie 

znalazCo równie} odzwierciedlenie w strukturze sieci biofilmu. W�zCy w tej sieci byCy 

poC�czone wi�ksz� ilo[ci� kraw�dzi w porównaniu z sieci� osadu czynnego. W bardziej 

ró}norodnych ekosystemach mog� rozwija� si� bardziej zCo}one interakcje zarówno 

nieantagonistyczne jak i antagonistyczne. Interakcje nieantagonistyczne mog� mie� np. 

charakter wymiany metabolitów, których zró}nicowanie prawdopodobnie byCo wi�ksze 

w biofilmie ni} w osadzie czynnym z uwagi na jego wi�ksze bogactwo gatunkowe. Z 

drugiej strony ograniczona dyfuzja substratów pokarmowych i tlenu w biofilmie mogCa 

by� te} przyczyn� silniejszej konkurencji o dost�pne zasoby. 

Na poszczególnych etapach pracy badane ukCady ró}niCy si� mi�dzy innymi pod 

wzgl�dem st�}enia zwi�zków w [ciekach. W reaktorach opisanych w P1. i P2. st�}enia 

azotu amonowego byCy zdecydowanie wi�ksze i wynosiCy odpowiednio okoCo 40 mg 

NH4
+-N/l oraz 300 mg NH4

+-N/l. Z kolei w filtrach opisanych w P3. i P4. st�}enie azotu 

amonowego nie przekraczaCo 1 mg NH4
+-N/l. Te ró}nice prawdopodobnie byCy jednym z 

gCównych czynników wpCywaj�cych na skCad populacji nitryfikatorów. Przy najwy}szym 

st�}eniu amoniaku (P2.) populacja byCa zdominowana przez bakterie Nitrosomonas, 

których liczebno[� si�gaCa kilkunastu procent, natomiast liczebno[� bakterii z rodzaju 

Nitrospira byCa kilkukrotnie ni}sza. Ponadto brak genów amo w genomie Nitrospira 

wskazywaC na to, }e jest to klasyczna Nitrospira NOB, a nie comammox. W P1., 
nitryfikatory równie} byCy reprezentowane przez Nitrosomonas i Nitrospira, jednak na 

tym etapie proporcje byCy odwrotne. [rednia liczebno[� Nitrospira w biofilmie wynosiCa 

2,8 % ± 1,8 %, natomiast Nitrosomonas 0,5 % ± 0,7 %. Jednak udziaC Nitrosomonas w 

niektórych etapach byC wy}szy i zbli}ony do udziaCu Nitrospira. Niestety ograniczenia 

sekwencjonowania genów 16S rRNA nie pozwalaj� na okre[lenie czy obecna w biofilmie 

Nitrospira byCa zdolna do caCkowitego utleniania amoniaku czy te} nie. W obu 
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recyrkulacyjnych systemach hodowli ryb badanych w P3. i P4., dominuj�cym 

nitryfikatorem byCa comammox Nitrospira, a w systemie z trawiankami licznie rozwin�Ca 

si� równie} populacja AOA. Liczebno[� innych nitryfikatorów, takich jak np. 

Nitrosomonas byCa w biofiltrach znikoma. Takie wyniki wskazuj�, }e przy wy}szych 

st�}eniach zawi�zków azotowych liczniej rozwijaj� si� bakterie z rodzaju Nitrosomonas, 

natomiast przy ni}szym st�}eniu bakterie comammox Nitrospira i AOA (H2.). 

Ta ró}nica liczebno[ci mo}e by� wytCumaczona teori� selekcji r/K oraz ró}nicami 

w powinowactwie do amoniaku ró}nych przedstawicieli nitryfikatorów. Powinowactwo 

to jest zwykle ni}sze u wi�kszo[ci przedstawicieli AOB, chocia} pomi�dzy gatunkami 

wyst�puje pewna zmienno[�. Wiele gatunków Nitrosomonas preferuje [rodowiska o 

wy}szy st�}eniu amoniaku i zaliczane s� do organizmów wykazuj�cych strategi� r. Takie 

bakterie charakteryzuj� si� szybkim tempem wzrostu i niskim powinowactwem do 

substratu. W kontek[cie oczyszczania [cieków oznacza to, }e bakterie te lepiej rozwijaj� 

si� w systemach o wi�kszym obci�}eniu amoniakiem i mog� osi�gn�� wysokie wska{niki 

usuwania zanieczyszczeE. Z kolei comammox Nitrospira zaliczana jest do bakterii 

wykazuj�cych strategi� K. Bakterie tej grupy wykazuj� wolniejsze tempo wzrostu, 

wi�ksze powinowactwo do substratu i lepiej rozwijaj� si� w [rodowiskach o niskim 

st�}eniu amoniaku.  

Analiza wszystkich sieci wykazaCa równie} ró}nice w modularno[ci sieci 

populacji bakteryjnych rozwijaj�cych si� w reaktorach o ró}nym obci�}eniu. W P1. i P2. 

liczba moduCów w sieciach byCa wy}sza (5-6) ni} w P3. i P4. (2). Ponadto w sieciach w 

P1. i P2. powi�zania mi�dzy w�zCami, zarówno wewn�trz jak i pomi�dzy moduCami, byCy 

dodatnie jak i ujemne. W sieciach w P3. i P4. korelacje wewn�trz moduCów byCy gCównie 

dodatnie, natomiast pomi�dzy moduCami ujemne. Taki ukCad sieci wskazuje, }e 

dost�pno[� substratów pokarmowych wpCywa na zale}no[ci ekologiczne mi�dzy 

mikroorganizmami (H3.). Przy wi�kszej dost�pno[ci substratów rozwija si� wi�cej 

ró}norodnych wyspecjalizowanych grup bakterii, zajmuj�cych bardziej specyficzne i 

ró}norodne nisze ekologiczne. Bakterie w tym samym module silnie wspóCpracuj� (lub 

konkuruj�) ze sob�, ale maj� mniej powi�zaE z innymi grupami (moduCami), które 

zajmuj� inn� nisz� ekologiczn� b�d{ wykorzystuj� inne typy zasobów. W [rodowiskach 

o mniejszej dost�pno[ci substancji od}ywczych wiele organizmów korzysta z tych 

samych, ograniczonych zasobów. W konsekwencji, w sieci obrazuj�cej tak� populacj� 

tworz� si� du}e moduCy, utworzone przez bakterie, które mog� by� powi�zane np. 
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zale}no[ci� typu producent-konsument. Ograniczone zasoby, powoduj� natomiast 

nasilenie konkurencji pomi�dzy grupami (moduCami). Ujemne korelacje mi�dzy nimi 

mog� wskazywa�, }e w takich warunkach jedna grupa bakterii ro[nie kosztem drugiej. 

Z uwagi na rol� bakterii nitryfikacyjnych b�d�cymi producentami azotynów i 

azotanów wykorzystywanych przez inne grupy mikroorganizmów, oczekiwano, }e w 

procesach oczyszczania wody i [cieków bakterie nitryfikacyjne b�d� stanowiCy kluczowe 

w�zCy sieci, tj. takie o wysokich warto[ciach stopnia po[rednio[ci oraz stopnia w�zCa 

(H4.). Hipoteza ta zostaCa potwierdzona, poniewa} wi�kszo[� w�zCów reprezentuj�cych 

nitryfikatory charakteryzowaCa si� wysok� warto[ci� przynajmniej jednego z tych 

parametrów. Jednak we wszystkich wykre[lonych sieciach obecne byCy równie} inne 

w�zCy, które zgodnie z teori� SNA mo}na okre[li� jako kluczowe. Mo}e by� kilka 

przyczyn takiej struktury sieci. Wysoka centralno[� niektórych w�zCów, b�d�ca 

odzwierciedleniem du}ej liczby istotnych korelacji we wspóCwyst�powaniu, mo}e by� 

wynikiem podobnych preferencji [rodowiskowych lub podobnej odpowiedzi na zmiany 

czynników [rodowiskowych, a nie z bezpo[redniej wspóCpracy w np. cyklu azotowym. 

W P2. najwi�kszy stopieE miaC w�zeC reprezentuj�cy temperatur�, co wskazuje na jego 

znacz�cy wpCyw na wielu czConków spoCeczno[ci bakteryjnej. Je}eli bakterie reaguj� w 

podobny sposób na presj� czynnika [rodowiskowego (w tym przypadku spadek 

temperatury), pomi�dzy ich liczebno[ci� mo}e pojawi� si� dodatnia korelacja. Du}a 

liczba takich korelacji spowoduje wzrost stopnia w�zCa. Poza tym wysok� centralno[ci� 

mog� odznacza� si� mikroorganizmy wytwarzaj�ce substancje stabilizuj�ce struktur� 

agregatów mikrobiologicznych, takich jak biofilm, granule czy kCaczki osadu czynnego. 

Takie bakterie peCni� istotn� role w populacji bakteryjnej, poniewa} stwarzaj� 

odpowiednie [rodowisko rozwoju ró}nych grup bakterii. Ponadto stabilno[� 

mikroekosystemów jest wynikiem równowagi pomi�dzy wieloma zCo}onymi procesami, 

a zale}no[ci w reaktorach oczyszczania [cieków mog� by� du}o bardziej zCo}one  

i niekoniecznie wynikaj�ce bezpo[rednio z cyklu azotowego.  

Badania mikrobiomów rozwijaj�cych si� w ukCadach oczyszczania wody  

i [cieków zwykle skupiaj� si� na analizie wybranych rodzajów bakteryjnych, maj�cych 

bezpo[redni� rol� w procesie przemian zwi�zków azotowych, co jest narzucone przez 

ograniczenia powszechnie stosowanych metody badawczych np. qPCR czy testów takich 

jak AUR, NPR, NiUR. SNA pozwala na mniej wybiórcz� i bardziej kompleksow� 

interpretacje danych uzyskanych z sekwencjonowania nowej generacji, dostarczaj�c 
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informacji o potencjalnych interakcjach (H5.). SNA pozwala tak}e na integracje w jednej 

analizie danych o liczebno[ci mikroorganizmów z danymi [rodowiskowymi, co mo}e 

przyczyni� si� do rozwoju metod tworzenia modeli predykcyjnych. Poza tym SNA mo}e 

równie} umo}liwia� analiz� moduCów funkcjonalnych, w przeciwieEstwie do innych 

metod, które rzadko pozwalaj� zobrazowa� jak mikroorganizmy wspóCpracuj� przy 

peCnieniu okre[lonych funkcji.  Analiza sieci i w�zCów wykazuj�cych wysokie warto[ci 

parametrów centralno[ci mo}e posCu}y� zatem jako narz�dzie pomagaj�ce w 

identyfikacji nieoczywistych, wa}nych czConków populacji bakteryjnej, które przy 

wykorzystaniu tradycyjnych metod zostaCyby przeoczone. Lepsze zrozumienie roli tych 

bakterii pozwoli uzyska� peCniejszy obraz zCo}onych spoCeczno[ci mikroekosystemów i 

relacji mi�dzy bakteriami, które je tworz�. 
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7. Podsumowanie i wnioski 
Przeprowadzone badania pozwoliCy zweryfikowa� postawione w pracy hipotezy 

badawcze i wykaza�, }e:  

3 Konsorcjum bakteryjne biofilmu ró}ni si� od osadu czynnego, chocia} niektóre 

gCówne grupy bakterii (Pseudomonadota, Bacteroidota, Actinobacteriota i 

Acidobacteriota) wyst�puj� licznie w obu typach biomasy. 

3 Biofilm jest bardziej zró}nicowany pod wzgl�dem skCadu bakteryjnego i stanowi 

lepsze [rodowisko dla rozwoju nitryfikatorów (np. Nitrospira, Nitrosomonas) i 

organizmów akumuluj�cych fosfor (Ca. Accumulibacter). Ponadto w sieci biofilmu 

wi�cej bakterii byCo powi�zanych z wydajno[ci� usuwania azotu i fosforu, co wskazuje, 

}e biofilm mo}e odgrywa� wa}niejsz� rol� rol� w usuwaniu tych zanieczyszczeE. 

3 Presja czynników [rodowiskowych, takich jak np. niska temperatura mo}e 

wywiera� silniejszy wpCyw na ksztaCtowanie si� spoCeczno[ci mikrobiologicznej ni} 

zale}no[ci ekologiczne, takie jak konkurencja. 

3 Wy}sze st�}enia zwi�zków azotowych sprzyjaj� rozwojowi klasycznych AOB i 

NOB. 

3 Przy niskich st�}eniach zwi�zków azotowych comammox Nitrospira w dominuje 

zarówno pod wzgl�dem liczebno[ci jak i aktywno[ci nad klasycznymi AOB i NOB, a 

tak}e AOA. 

3 W warunkach ograniczonej dost�pno[ci substratów pokarmowych nasilaj� si� 

zale}no[ci konkurencyjne mi�dzy bakteriami. 

3 Istotna ekologicznie rola nitryfikatorów znajduje odzwierciedlenie w strukturze 

sieci, a w�zCy je reprezentuj�ce charakteryzuj� si� wysokimi parametrami centralno[ci. 

3 Analiza sieci wspóCwyst�powania jest obiecuj�cym narz�dziem umo}liwiaj�cym 

identyfikacj� potencjalnych zale}no[ci ekologicznych w populacjach bakteryjnych. PeCne 

zrozumienie zale}no[ci mi�dzy funkcjonalnymi grupami mikroorganizmów mo}e w 

przyszCo[ci uCatwi� sterowanie procesami biologicznego oczyszczania wody i [cieków 

nie tylko w warunkach laboratoryjnych ale równie} przemysCowych.  
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Development of microbial 
communities in bioolm 
and activated sludge in a hybrid 
reactor
Martyna Godzieba1*, Monika Zubrowska1Sudol2, Justyna Walczak2 & Slawomir Ciesielski1

Microorganisms play a key role in biological wastewater treatment. The form in which biomass 
develops determines the eƥciency and mechanisms of organic compound conversion, due to diơerent 
conditions in various microbial structures. However, the results of studies comparing the microbial 
communities in bioolm and activated sludge have often conƪicted. Therefore, this study compared 
the composition and development of the bacterial communities in bioolm and activated sludge in a 
hybrid reactor, employing 16S rRNA sequencing. Statistical analysis of the sequencing data included 
the identiocation of taxa characteristic to the bioolm and activated sludge, alpha and beta diversity 
analysis, and network analysis. These analyses indicated that the bioolm bacterial community was 
richer and more diverse than the activated sludge community. The mean numbers of OTU were 1614 
in the bioolm and 993 in the activated sludge, and the mean values of the Chao1 (1735 vs. 1105) and 
Shannon (5.3 vs. 4.3) biodiversity indices were signiocantly higher for the bioolm. The bioolm was 
a better environment for development of nitrioers (e.g., Nitrosomonas, Nitrospira) and phosphorus 
accumulating organisms (Candidatus Accumulibacter). Bacteria in the bioolm co1occurrence network 
had more connections (based on Spearman9s rank correlation coeƥcient) with each other, indicating 
that they interact more than those in the activated sludge.

Hybrid biological reactors, which combine the growth of microorganisms in activated sludge and in bio�lm, are 
widely used in wastewater treatment in a variety of di�erent con�gurations. In the most common type of hybrid 
bioreactors, the bio�lm develops on moving carriers added to an aeration tank, but there are also systems with 
other technological solutions like a rotating biological contactor or a submerged bed. Using bioreactors based 
on hybrid technology allows the concentration of biomass to increase and the e�ciency of wastewater treatment 
to improve. An example of this type of technology is the Integrated Fixed-Film Activated Sludge-Moving-Bed 
Sequencing Batch Bio�lm reactor (IFAS-MBSBBR), which is a modi�cation of conventional sequencing batch 
reactor technology. In this reactor, both forms of biomass coexist in the same tank. �e main advantages of this 
technology are the elimination of sludge bulking and the possibility of receiving a larger load of  contaminants1.

Regardless of the technological solution used, microorganisms play a key role in biological wastewater 
treatment. �e formation of the microbial community is in�uenced by many factors, including the operating 
conditions and the composition of the incoming  wastewater2. An important factor a�ecting the e�ciency of 
pollutant removal and the performance of the whole process is the sludge age. �e sludge age, also called the 
solids retention time (SRT), is the time that the solid fraction (bacteria) spends in the reactor. Each group of 
bacteria has a di�erent optimal time for multiplying, and too short a SRT leads to them being washed out of the 
system. �e requirements of di�erent bacteria in terms of the time needed for multiplication are quite di�erent: 
a long SRT favours the development of nitrifying and �lamentous bacteria, while short SRT favours phosphorus 
accumulating bacteria and  denitri�es335.�e form in which biomass develops also has a substantial e�ect on the 
�nal structure of the microbial community. �e conditions in bio�lm di�er from those in activated sludge: for 
example, in bio�lm there are concentration gradients of oxygen and nutrients, and less of these substances reaches 
the deeper layers of the bio�lm. �erefore, activated sludge and bio�lm have di�erent mechanisms of pollutant 
 removal6. An optimal thickness of bio�lm is crucial for performance of wastewater treatment processes. If it is 
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too thin, it does not provide anoxic conditions for the proliferation of denitrifying bacteria; if it is too thick, it is 
unfavourable to nitrifying bacteria, since it acts as a barrier that limits access to  nutrients7.�e form of a microbial 
community is also determined by its stage of development. In both activated sludge and bio�lm, the proportions 
of individual groups of bacteria will change as the maturation process proceeds.

Advances in molecular techniques and next-generation sequencing have facilitated the study of complex 
bacterial communities in wastewater treatment systems. One of the most commonly used approaches in envi-
ronmental microbiology studies is sequencing the 16S rRNA gene. By comparing the obtained sequences with 
sequences available in extensive databases, it is possible to identify bacteria present in environmental samples. 
16S rRNA gene sequencing generates a vast amount of information on the entire microbial community and allows 
its taxonomic composition to be de�ned. However, this approach does not provide information on the active 
genes and metabolic pathways. �erefore to study gene expression and create a functional pro�le of microbial 
community it is required to use RNA based methods, such as metatranscriptomics. 16S rRNA gene sequencing 
enables estimation of the abundance of microorganisms forming a particular community but cannot provide 
information on the relationships between its members or the factors a�ecting its  development8. One method for 
studying the interactions between microorganisms is creating a network representing the studied community, 
which allows it to be comprehensively analysed. �e nodes in such networks symbolize operational taxonomic 
units (OTU). �e nodes are linked to each other by edges, which represent the interactions between them (most 
o�en, a correlation in abundance). Visualization and analysis of the networks allows the key taxa in the studied 
communities to be determined, as well as potentially interdependent taxa, or those that potentially compete 
with each other.

Currently, several studies comparing bio�lm and activated sludge communities have been published, but 
the results of these studies are o�en con�icting. For example, in some studies it was found that the bio�lm and 
the activated sludge bacterial communities are similar, especially in mature forms of  biomass9. Other studies, 
however, suggest the existence of signi�cant di�erences in the structure of these two  environments10,11. In studies 
by Jo et al.12, it was noted that certain groups of bacteria are common in both forms of biomass, while there are 
signi�cant di�erences in their abundances, as well as in the interactions between community members, which 
was visible in di�erences in network topological features. �erefore, there is a need for a more in-depth study of 
these microbiomes, in particular their metabolic specialization in wastewater treatment and di�erences in their 
development and response to changing environmental conditions, e.g., aeration strategy, along with di�erences in 
interactions between community members. �erefore, the aim of this work was to characterize the di�erences in 
structure between the microbial community in the bio�lm and the community in the activated sludge of a hybrid 
reactor treating municipal wastewater while using di�erent aeration strategies. �e role of particular bacterial 
species in organic compounds conversion in the studied reactor is discussed. �e experiment was conducted 
over a long period of time, which allowed the two forms of biomass to be studied and compared at di�erent 
stages of development. We used an approach involving a combination of 16S rRNA sequencing with analysis 
of microorganism co-occurrence networks. �e sequencing technique provided information on the microbial 
composition of the communities in the bio�lm and activated sludge. �e second goal of this study was to obtain 
insight into the ecological relationships between members of these communities. �is required statistical analysis 
of the obtained data and the creation of correlation matrices to quantify the co-occurrence of individual micro-
organism groups. Based on the correlation matrices, co-occurrence networks for the most strongly correlated 
taxa were created. �e advantages of this approach are not only that the taxonomic composition of the studied 
environment was de�ned, but also that the groups of microorganisms that most o�en coexist and interact with 
each other were determined. �us, this study provides new information on the ecology of bacteria in wastewa-
ter treatment systems and will help to develop understanding of the relationships between bacteria involved in 
wastewater compound transformations. Extending knowledge about these bacteria will enable better control of 
the pollutant removal processes in wastewater treatment systems.

Results
Bacterial community composition. In order to study the microbial structure of the bio�lm and acti-
vated sludge that were developing in the IFAS-MBSBBR reactor, a total of 15 samples were taken at intervals 
during an experiment lasting 573 days. �e microbiome of both environments was described at the phylum and 
genus levels. A total of 26 bacterial phyla and 783 bacterial genera were identi�ed. �e most numerous phyla and 
genera in the bio�m and activated sludge samples are presented in in Figs. 1 and 2. Both in the bio�lm and the 
activated sludge, the most numerous phyla were Proteobacteria, with respective mean abundances of 39.3% ± 9.0 
and 40.8% ± 8.2, and Bacteroidota, with respective mean abundances of 14.2% ± 4.9 and 26.1% ± 13.7. Addition-
ally, the phylum Chloro�exi was rather abundant in the bio�lm (with a mean abundance of 13.9 ± 8.1), while 
Actinobacteriota and Patescibacteria were relatively abundant in the activated sludge (with mean abundances of 
9.0% ± 9.6 and 7.5% ± 8.1, respectively). STAMP analysis identi�ed signi�cant overrepresentations of Chloro�exi, 
Acidobacteriota, and Nitrospirota in bio�lm and of Firmicutes in activated sludge.

In both environments, the abundances of various groups of bacteria changed over time. In the bio�lm, the 
abundance of Proteobacteria and Actinobacteria gradually decreased, while that of Chloro�exi increased. In 
the activated sludge, the changes in abundance were larger and more rapid, and the abundance of Bacteroidota 
changed to the largest extent, ranging from 12.7% a�er 42 days of reactor operation to 52.3% a�er 110 days, when 
it was the predominant phylum. �e abundance of Patescibacteria also changed substantially: its abundance was 
highest on the 78th, 205th and 447th days of the process, reaching values of 20.1%, 11.0%, and 7.2%, respectively. 
Similar changes took place in the abundance of Armatimonadota, which reached 11.4% and 7.6% on the 547th 
and 573th day, but did not exceed 0.1% in the samples taken at other times.
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At the genus level, the less abundant genera (each < 1.5% of the total bacterial community) combined to con-
stitute the largest shares in all samples of bio�lm and activated sludge samples (mean abundance of 45.6% ± 5.8 
and 30.5% ± 6.0, respectively). Initially, Ornithinibacter was relatively abundant in the bio�lm, which is the reason 
for its fairly large mean abundance of 4.3% ± 5.3%. Over time, however, the abundance of this group decreased 
substantially, and at the end of the process, it was only 0.3%. Similarly, the abundance of Rhizorhapis was 13.92% 
in the �rst sample, but then it decreased and this genus was not detected a�er the 205th day. �e changes in the 
abundance of Nitrospira and Candidatus Competibacter are also noteworthy, �rst increasing and then decreasing. 
Nitrospira was most abundant in the sample from 447th day (5.7%), and Candidatus Competibacter, in the sample 
from 110th day (6.4%). �e abundance of the remaining genera did not exceed 5% at any time during this study.

In the samples of activated sludge, the abundance of Ornithinibacter also decreased signi�cantly at the begin-
ning of the experiment (from 23.0% in the �rst sample and 12.5% on the 78th day to values below 3% in sub-
sequent periods). Generally, the abundances of individual genera changed more rapidly in the activated sludge 
than in the bio�lm. �ere were also rapid decreases and increases in the abundance of many groups of bacteria 
in the following periods, particularly in the case of uncultured Saccharimonadales and Zoogloea. Figure 3 shows 
groups of bacteria that di�ered signi�cantly between bio�lm and sludge samples. Denitratisoma, Nitrospira, 
Candidatus Competibacter, Dechlorosoma, Candidatus Accumulibactrer, and Kouleothrix were signi�cantly more 
abundant in the bio�lm than in the biomass, while Zooglea, uncultured Saccharimonadales, Rhodobacter, and 
Ottowia were signi�cantly less abundant in the bio�lm.

Bacterial diversity. Bacterial community indices were estimated using the EZBioCloud platform (Table 1). 
�e average Good9s coverage of all samples was 99.75% ± 0.047%, indicating that the sequencing coverage was 
very high. �e total number of OTUs di�ered between samples and types of biomass. �e mean number of 
OTUs was 1614 ± 141 for bio�lm and 993 ± 109 for activated sludge. �e Chao1 index was used to evaluate com-
munity richness, i.e., the number of species in the bio�lm and activated sludge communities, and the Shannon 
index was used to measure community diversity, taking into account both the abundance and the evenness of 
the species. �e mean values of these indices indicated that the bio�lm community was richer and more diverse 
than the activated sludge community (Chao1: 1734.64 ± 138.59 vs. 1105.72 ± 138.59; Shannon: 5.34 ± 0.23 vs. 
4.27 ± 0.41). �e di�erences between communities were all statistically signi�cant (P < 0.05).

Figure 4 shows the results of beta diversity analysis based on the Bray3Curtis dissimilarity. Principal Coordi-
nates Analysis showed that the bio�lm and activated sludge samples grouped into two separate clusters, although 
the distances between individual samples were quite large. Hierarchical analysis indicated the development of 
bio�lm and activated sludge was independent and con�rmed the distance of the di�erences between these two 
types of biomass.

Figure 1.  Relative abundance (%) of the most prevalent phyla in the bio�lm and activated sludge samples in 
general, as the mean values of relative abundance from all bio�lm and activated sludge samples (A), and in each 
individual sample (B). �e graph shows only phyla which contributed more than 0.5% to the total bacterial 
community in at least one sample. �e abundance of the remaining phyla was summed and labelled as "other".
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To model interactions and relationships between bacteria in the bio�lm and activated sludge, co-occurrence 
network analysis was used. In the present study, two networks were created that represent the co-occurrence 
of genera in the bio�lm and activated sludge. In Figs. 5 and 6, the color of each node is based on its modularity 
class parameter, and its size is based on its betweenness centrality. �e basic parameters characterizing both 
networks are presented in Table S1. In general, the bio�lm network had more connections between nodes than 
the activated sludge network, and the distance between nodes was smaller in the bio�lm network, indicating that 
the microorganisms creating the bio�lm are more closely related and have more relationships between them. 
Both networks had the same number of nodes (83), but the bio�lm network had more edges (connectors between 
nodes symbolizing co-occurrence). In both networks, the number of positive associations was slightly higher 
than that of negative associations, accounting for 55% of the total number of connections. �e mean clustering 
coe�cient (i.e., the ratio between the observed and the maximum possible number of links between a node and 
its neighbors) was higher for the bio�lm than for the activated sludge (0.556 vs. 0.432). Similarly, the network 
density, which is the ratio between the observed number edges and the maximum possible number of them, 
was higher for the bio�lm (0.073 vs. 0.05). �e network diameter (the distance between the two most distant 
nodes) was shorter for the bio�lm than for the biomass (6 vs. 7). Likewise, the average path length, which is 
the number of edges in the shortest path between pair of nodes, was shorter in the bio�lm network than in the 
activated sludge network (1.984 vs. 2.241). �e mean node degree (the number of edges between one node and 
other nodes in the network) was greater in the bio�lm network than in the activated sludge network (6.012 vs. 
4.12). Node degree ranged from 1 to 31 in the bio�lm network and from 1 to 23 in the activated sludge network. 
In the bio�lm network there were four nodes with the highest degrees (g 30) that can be considered hub nodes: 
Diaphorobacter, Rhizorapis, Mesorhizobium, and Pseudoxanthomonas. �ese microorganisms had 61.5% positive 
and 38.5% negative connections with other microorganisms. Interestingly, although the abundance of Mesorhizo-
bium and Pseudoxanthomonas was low (not exceeding 1.5% of the total bacterial community in any sample) 
they had positive associations with highly abundant bacteria, e.g., Ornithinibacter. �e activated sludge network 
also had 4 hub nodes (with node degree g 20): Nocardioides, Gemmatimonas, Leptothrix and Rhizorhapis. �ese 
hub nodes were connected to other nodes by similar amounts of positive and negative edges (51.8% and 48.2%, 
respectively). �e size of the nodes in the created networks is proportional to their betweenness centrality (a 
parameter that indicates the frequency of occurrence of a particular node on the paths between two other nodes). 
High values of betweenness centrality indicate that a node has a central location in a network, while low values 

Figure 2.  Relative abundance (%) of the most prevalent genera in the bio�lm and activated sludge samples in 
general, as the mean values of relative abundance from all bio�lm and activated sludge samples (A), and in each 
individual sample (B). �e graph shows only genera which contributed more than 1.5% to the total bacterial 
community in at least one sample. �e abundance of the remaining genera was summed and labelled as "other".
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indicate that it has a peripheral  location13. Microorganisms with high betweenness centrality play key roles and 
act like bridges between other bacteria in the network. In the bio�lm network, Paracoccus, Phaeodactylibacter, 
and Pseudoxanthomonas had the highest values of betweenness centrality, whereas in the activated sludge net-
work, Dongia, Diaphorobacter, and Rhizorhapis had the highest values.

�e networks were constructed with additional nodes representing the e�ciency of pollutant removal pro-
cesses, i.e., removal of organic and phosphorus compounds, as well as denitri�cation, ammoni�cation, and 
nitri�cation. In the bio�lm network, the e�ciencies of phosphorus compound removal and of nitri�cation had 

Figure 3.  Mean proportions of microbial phyla (A) and genera (B) that di�ered signi�cantly between bio�lm 
(red) and sludge (blue) samples. Plots were made using Statistical Analysis of Metagenomic Pro�les (STAMP) 
so�ware. P-values and con�dence intervals were calculated with White9s nonparametric t-test.

Table 1.  Estimates of diversity and richness indices for bio�lm and activated sludge samples.

Type of biomass Sample Name OTUs Chao1 Shannon Good9s coverage of library (%)

Bio�lm

B_0 1380 1538.80 4.87 99.63

B_42 1567 1707.56 5.18 99.73

B_78 1710 1836.02 5.51 99.72

B_110 1660 1780.21 5.36 99.74

B_205 1563 1652.45 5.35 99.79

B_447 1557 1676.54 5.42 99.76

B_547 1606 1685.47 5.43 99.76

B_573 1869 2000.10 5.62 99.71

Mean 1614 1734.64 5.34 99.73

Activated sludge

S_42 1026 1121.76 3.69 99.74

S_78 962 1088.88 3.90 99.79

S_110 910 1008.95 4.09 99.81

S_205 875 985.94 4.20 99.82

S_447 911 1037.90 4.74 99.78

S_547 1162 1280.44 4.55 99.72

S_573 1108 1216.18 4.70 99.73

Mean 993 1105.72 4.27 99.77
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Figure 4.  Hierarchical clustering and Principal Coordinates Analysis plot of bio�lm (B) and sludge (S) samples.

Figure 5.  Network of the bio�lm microbiome with nodes representing taxa at the genus level or e�ciencies of 
pollutant removal and edges representing correlations (green edges4positive correlation; red edges4negative 
correlation).
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the most associations with microbial nodes (9 positive and 2 negative, and 6 positive and 4 negative, respectively). 
�e e�ciency of phosphorus removal was positively associated with the abundance of Candidatus Accumuli-
bacter, Dechlorosoma, �auera, and uncultured Saccharimonadales, while nitri�cation was positively associated 
with the abundance of taxa such as Nitrosomonas, Sphingomonas, and �ermomonas. �e remaining e�ciencies 
of pollutant removal had no or only 132 connections with microbial nodes. In the activated sludge network, 
in contrast, all e�ciency nodes were connected with those of microbes, with degree ranging from 2 to 9. �e 
nitri�cation and ammoni�cation e�ciency nodes had the highest degree and were positively associated with, for 
example, Nocardioides, Rhodobacter, and Sphingomonas. Organic compound removal e�ciency was positively 
associated with Blastocatella, Ornithinibacter, and Terrimonas, whereas in the bio�lm network, it had no edges.

Discussion
�e biodiversity of both forms of biomass was examined using the Chao1 and Shannon indices. In all samples, 
the values of both these indices were signi�cantly higher in the bio�lm. �is �nding is consistent with the 
results obtained by Dong et al.14 with a similar reactor; however, Jo et al.12 obtained contrary results and did not 
observe similar di�erences. �ey speculated that this lack of di�erences might be caused by the fact that both 
�ocks and bio�lm result from microbial aggregation. On the other hand, bio�lms have a layered structure and 
the conditions in each layer are a bit di�erent, which is optimal for development of di�erent groups of bacteria. 
�is might be the reason why, in the present study, the bio�lm community was richer and more diverse than 
that of the activated sludge.

Various aeration strategies were applied during the experiment, which in�uenced the growth of the microor-
ganisms in the reactor. Apparently, the change in aeration strategy had a stronger e�ect on the activated sludge 
bacterial community than on the bio�lm community. In PCoA analysis, the bio�lm samples, except for the �rst 
sample, were clustered more tightly than the activated sludge samples. �is �nding indicates that the bio�lm 
community is more resistant to changing environmental conditions than the activated sludge community. �is 
resistance to change can be explained by the fact that bio�lm is a complex bacterial structure and is surrounded 
by a layer of extracellular polymeric substances (EPS) produced by the microbes, which acts as a physical barrier 
protecting the bacterial cells from environmental stress.

In both types of biomass, Proteobacteria and Bacteroidota were the most abundant phyla. Proteobacteria are 
typically the most abundant group in bacterial communities in municipal wastewater treatment systems. �is 
taxon has many subgroups, the most common of which is Betaproteobacteria, which are largely responsible for 
removal of organic matter and  nutrients15. �e next most abundant phyla in the bio�lm were Chloro�exi, Actino-
bacteriota and Acidobacteriota. Chloro�exi are �lamentous bacteria that favor the formation of microbiological 

Figure 6.  Network of the activated sludge microbiome with nodes representing taxa at the genus level or 
e�ciencies of pollutant removal and edges representing correlations (green edges4positive correlation, red 
edges4negative correlation).
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structures. �eir �laments protrude from �ocs and bio�lm, which probably gives them better access to substrates 
in the surrounding  liquid9 and is believed to provide sca�olds on which activated sludge �ocs  form16,17. Actino-
bacteriota, as well as Proteobacteria and Bacteroidota, have been reported to be some of the core phyla that are 
widespread in wastewater treatment  systems18,19. Acidobacteriota are involved in P-removal and have the potential 
to utilize various organic compounds, including glucose, xylose, acetate, and fatty  acids20. A�er Proteobacteria 
and Bacteroidota, the next most abundant phyla in the activated sludge were Actinobacteriota and Patescibacteria 
(especially the uncultured Saccharimonadales). Patescibacteria have a small cell size and a reduced genome, which 
suggests that they are host-dependent syntrophs or  parasitic21. �eir small cell size might be advantageous in 
oligotrophic environments, due to their correspondingly increased surface-to-volume  ratio22. �e genus Zooglea 
was more abundant in activated sludge than in bio�lm. Zooglea produce exopolysaccharides that participate in 
the formation of activated sludge  �ocs23.

Network analysis revealed that positive associations between the abundance of taxa and the e�ciency of 
nitrogen and phosphorus compound removal were more common in the bio�lm community than in the activated 
sludge community. �is may indicate that bio�lm is a better environment for the growth of bacteria capable 
of decomposing these compounds. �is hypothesis is also supported by the high abundance of certain groups 
of bacteria in the bio�lm. For example, both the phylum Nitrospirota and the genus Nitrospira were signi�cantly 
more abundant in the bio�lm than in the activated sludge. Nitrospirota includes bacteria that oxidize nitrites to 
nitrates (NOB), as well as the recently discovered comammox bacteria (complete ammonia oxidizers), which can 
perform both steps of the nitri�cation  process24,25. It could suggest that in the bio�lm the commamox process 
could be important in ammonia oxidation. Nitrosomonas, a representative of ammonia oxidizing bacteria (AOB), 
was also more abundant in the bio�lm, but it was not as numerous as Nitrospira. �e results of this study are simi-
lar to those of Shao et al.26, who compared attached bio�lm and activated sludge �ocs in an Integrated Fixed-Film 
Activated Sludge4Sequencing Batch Bio�lm Reactor (IFAS-SBR). Nitrosomonas had also negative association 
with anammox bacterium Candidatus Brocadia, which may be caused by the competition for the same substrate. 
Probably Candidatus Brocadia was abundant in deeper layers of a bio�lm, where concentration of oxygen is low. 
Hosokawa et al.27 reported that anammox bacteria occur together with Patescibacteria, however in our study 
this taxa was more abundant in the activated sludge. Perhaps this is an example of the cooperation of bio�lm 
with activated sludge in a hybrid system. In the bio�lm, denitri�ers were highly abundant, although they were 
also quite common in the activated sludge. From this group of microorganisms, Denitratisoma, Rhodobacter and 
Dechlorosoma were present in the bio�lm, while Rhodobacter and �aurea were present in the activated sludge.

Bai et al.28 observed similar results and concluded that bio�lm is a better environment than activated sludge 
for the development of Denitratisoma, Rhodobacter and Dechlorosoma, due to the longer solid retention time 
associated with bio�lm. Interestingly, those authors also observed that there were more phosphorus accumu-
lating organisms (PAO) in the activated sludge. �is di�ers from the results of the present study, in which, for 
example, C. Accumulibacter, a PAO, was more abundant in the bio�lm than in the activated sludge �ocs. McIlroy 
et al.29 reported that Candidatus Competibacter was also quite numerous in bio�lm samples; this is a glycogen-
accumulating organism that is believed to compete for resources with PAOs. Although associations between 
bacteria and e�ciency of di�erent pollutant removal were observed, there is no clear connection between bacteria 
and concentration of nitrogen forms. For instance, since Nitrosomonas oxidize ammonia, it can be expected 
that in the network, abundance of Nitrosomonas will be inversely proportional to the ammonia concentration 
and directly proportional to the nitrates concentration. However, such obvious dependencies did not occur in 
the analyzed network. �e reason for this may be that in the tested system, di�erent processes, carried out by 
many di�erent groups of microorganisms, and a�ecting the concentration of individual forms of nitrogen, take 
place. Because many di�erent groups of bacteria cooperate with each other in removing nitrogen compounds 
from wastewater, creating a kind of functional whole, it is di�cult to determine the contribution of individual 
units in this process.

Although the number of nodes was similar in the bio�lm and activated sludge networks, the number of 
interactions between nodes was greater in the bio�lm network. �ese results indicate that the genera present in 
the bio�lm interact with each other to a greater degree than those in the activated sludge. �e correlations in 
the abundance of taxa were predominately positive in both types of biomass. A greater number of positive than 
negative correlations was also noted by Jo et al.12 in their research, but the number of positive associations in 
their study (92% in the bio�lm network and 75% in the activated sludge network) was much higher than in ours 
(55%). Based on their betweenness centrality, key taxa were identi�ed in both networks. Microorganisms with 
high betweenness centrality o�en lie on the shortest path between two other nodes, and for this reason, they 
are considered important for the �ow of information between community  members30. One of these key taxa 
in the bio�lm network was Paracoccus, which is a heterotrophic nitrifying and aerobic denitrifying bacterium 
that can also remove  phosphorus31. Other groups of bacteria with high betweenness centrality were Pseudoxan-
thomonas (capable of removing nitrogen and phosphorous under aerobic  conditions32 and Phaeodactylibacter (a 
 denitri�er33). In the activated sludge network Dongia and Diaphorobacter had the highest betweenness centrality; 
these taxa are involved in the transformation of nitrogen  compounds27,34. �e di�erences between the bio�lm 
and the activated sludge network also indicate that other bacteria may be responsible for the transformation of 
nitrogen compounds in these two environments. Network analysis and the high values of betweenness central-
ity of the mentioned above taxa suggest that even taxa with a low abundance might play important roles in the 
bacterial community. �e role of such bacteria in wastewater treatment processes is not well known and requires 
further investigation.



9

Vol.:(0123456789)

Scientioc Reports |        (2022) 12:12558  | https://doi.org/10.1038/s41598-022-16570-z

www.nature.com/scientificreports/

Conclusions
�is study compared the structures of the microbial communities in bio�lm and activated sludge from an IFAS-
MBSBBR hybrid reactor. �e bacterial composition of the bio�lm di�ered from that of the activated sludge, 
although some core groups of bacteria (Proteobacteria, Bacteroidota, Actinobacteriota and Acidobacteriota) were 
highly abundant in both types of biomass. �e bio�lm was more diverse in terms of bacterial composition and a 
better environment for the development of nitri�ers (e.g., Nitrospira, Nitrosomonas) and phosphorus accumulat-
ing organisms (C. Accumulibacter). �e bacteria in the bio�lm network had more connections with each other 
than those in the activated sludge network. Furthermore, in the bio�lm network, more bacteria were connected 
with nitrogen and phosphorus removal e�ciency, which indicates that bio�lm might play a larger role in the 
removal of these pollutants. Network analysis also revealed that even bacteria with low abundance might play 
important roles in the community, although these roles require further investigation. A better understanding 
of the contribution of these taxa will provide a more complete picture of these complex communities and the 
relationships between the bacteria that create them.

Materials and methods
Description of the IFAS1MBSBBR reactor and operating conditions. �e study was conducted 
in a laboratory model of a sequencing batch reactor with an active volume of 28 L in which microorganisms 
developed in the form of activated sludge, and bio�lm on EvU-Perl moving bed (Integrated Fixed-Film Acti-
vated Sludge4Moving-Bed Sequencing Batch Bio�lm Reactor4IFAS-MBSBBR). �e cylindrical carriers with 
dimensions of §5 mm, h = 8 mm, and speci�c surface area of 600  m2/m3 constituted 25% of the active volume 
of the reactor. �e concentration of activated sludge was maintained at a level of approximately 1.7 g MLSS/L. 
�e operation of IFAS-MBSBBR was fully automated and controlled through DreamSpark Premium so�ware 
(SCADA system). Wastewater was supplied to the reactor by means of a peristaltic pump Ismatec Ecoline, and 
its content was stirred with a slow-speed paddle mixer CAT R-50D. Oxygen concentration was measured by an 
optical probe Oxymax COS61D cooperating with a transmitter Liguiline CM 442. �e system operated in an 
air-conditioned room, ensuring 20�C temperature in the reactor.

�e reactor was supplied with synthetic wastewater simulating the composition of municipal wastewater. �e 
following wastewater characteristics were assumed: COD 510 mg  O2/L, TN 60 mg N/L, N-NH4

+ 40 mg N-NH4
+/L, 

P-PO4
32 8 mg P-PO4

32/L, pH 7.7. �eir preparation employed peptone (135 mg/L), starch (45 mg/L), glucose 
(45 mg/L), glycerine (0.0495 ml/L), ammonium acetate (225 mg/L),  NaHCO3 (125 mg/L),  Na2HPO4 (15 mg/L), 
and  KH2PO4 (4.5 mg/L).

�e reactor operated in a system of 3 eight-hour cycles per day. A single treatment cycle involved the follow-
ing phases: I phase without aeration with wastewater dosing (50 min), I phase with aeration (190 min), II phase 
without aeration with wastewater dosing (30 min), II aerobic phase (150 min), sedimentation (50 min), decanta-
tion (10 min). During 573 days of the experiment duration, periods with blower unit turned o� were introduced 
in aerobic phases to obtain an intermittent aeration strategy, or oxygen concentration was changed. Moreover, 
between the 447 and 547th research day, the contamination load of the reactor was decreased through a decrease 
in wastewater dose from 10 L/d to 6.6 L/d (Table 2). Samples of infow and outfow water were collected between 
December 2018 and June 2020. Chemical analysis was carried out according to standard methods (Table_S2).

DNA extraction. Biomass samples for microbiological tests were collected from bio�lm and activated 
sludge at speci�ed intervals from December 2018 to June 2020. �e samples were stored at -25° C. DNA was 
isolated from 200 ng of biomass (both activated sludge and bio�lm) using a FastDNA# SPIN Kit for Soil (MP 
Biomedicals, USA). �e isolation procedure was performed according to the manufacturer9s instructions. A 
Qubit �uorometer (Invitrogen, USA) was used to measure the amount of isolated DNA. �e obtained DNA was 
stored at 2 18 °C until further analysis.

High1throughput 16S rRNA gene sequencing. High-throughput Illumina sequencing targeting the 
V3-V4 region of the 16S rRNA gene was performed with S-d-Bact-0341-b-S-17 and S-d-Bact-0785-a-A-21 
 primers35 and NEBNext®High-Fidelity 2X PCR Master Mix (Bio Labs inc., USA) following the manufacturer9s 
manual. �e sequencing reactions were carried out with a MiSeq sequencer and a MiSeq Reagent Kit V2 (Illu-

Table 2.  Reactor operating conditions.

Period (days) Oxygen concentration (mg  O2/L) Aeration strategy

Duration of periods with blower unit turned on  (twithAer.) 
and o�  (twithoutAer.) during aerobic phases for intermittent 
aeration  twithAer./  twithoutAer. (min.) Organic Loading Rate (g COD/m3d)

0342 3.0 Continuous 3 540

43378 3.0 Intermittent 40/10 540

793110 2.0 Intermittent 30/10 540

1113205 1.5 Intermittent 30/10 540

2063447 1.5 Intermittent 20/10 540

4483547 1.5 Intermittent 20/10 360

5483573 1.5 Intermittent 20/10 540
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mina, USA) by applying paired-end technology with read lengths of 2 × 250 bp following the manufacturer9s 
protocols.

Sequencing data analysis. Raw paired-end sequences were processed using the  QIIMEII36 so�ware pack-
age. Paired-end sequences were merged using the fast-join algorithm. Reads that so�ware could not merge were 
excluded from further analyses. �e �ltering process quality score (q < 20) was obtained using the Cutadapt 
 algorithm37. Chimeric sequences were detected and excluded from analyses using  USEARCH38.16S rRNA OTUs 
were picked from the Illumina reads using a closed-reference OTU picking protocol against the SILVA_V_138 
 database39. Sequences were clustered at 97% identity and trimmed to span only the 16S rRNA V4 region �anked 
by the sequencing primers. Taxonomy assignments were associated with OTUs based on the taxonomy associ-
ated with the SILVA_V_138 reference sequence de�ning each OTU.

Statistical analysis. Statistical comparison of bio�lm and activated sludge samples was made using STAMP 
so�ware (Statistical Analysis of Metagenomics Pro�les (http:// kiwi. cs. dal. ca/ So�w are/ STAMP))   40. Signi�cance 
was determined with White9s non-parametric t-test. Results with P < 0.05 were considered signi�cant.

Bacteria co-occurrence networks were created based on a correlation analysis of the taxonomic  pro�les41. For 
the analysis, the most abundant taxa in the studied metagenomes were selected. Spearman9s correlation analysis 
(with a signi�cance threshold of ³ = 0.05) was carried out using STATISTICA v.13.1 (StatSo�, Inc, Tulsa, OK, 
USA). Networks were plotted only for strongly correlated taxa (with correlation coe�cients higher than 0.75 
or lower than -0.75). �e correlation matrices obtained in this way were used to create networks using Gephi 
 so�ware42. Alpha and beta diversity analysis were performed with the use of EZBioCloud  platform43.

Data availability
�e sequences reads were deposited in the NCBI Sequence Read Archive (SRA) under the accession number 
PRJNA793374.
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Table S1. Biofilm and activated sludge network statistics 

 Biofilm network Activated sludge network 

Number of nodes 83 83 

Number of edges 499 342 

Positive correlations 275 190 

Negative correlations 224 152 

Network density 0.073 0.05 

Modularity 0.306 0.416 

Average degree 6.012 4.12 

Average clustering coefficient 0.556 0.432 

Average path length 1.984 2.241 

Network diameter 6 7 
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A B S T R A C T

The implementation of anaerobic ammonia removal has potential for reducing the operating costs in wastewater 
treatment plants. However, the application of this process in mainstream treatment presents various challenges, 
particularly due to the sensitivity of anammox bacteria to low temperatures. To address these challenges, 
changes in the bacterial community were investigated under decreasing temperatures (from 30 to 12 çC) within a 
deammoni�cation process conducted in a 10-L sequencing batch reactor (SBR) over a period of 114 days. The 
aim of the study was to determine which groups of microorganisms are most strongly linked by ecological re-
lationships with anammox bacteria and how these relationships change in response to decreasing temperature. 
Community dynamics were analyzed by combining metagenomics, network analysis, and speci�c process rates. 
The nitri�cation process was most ef�cient at 25 çC, as indicated by high values of the ammonia and nitrite 
utilization rate, and nitrate production rate, all of which declined as the temperature decreased. In contrast, the 
activity and abundance of anammox bacteria remained stable throughout all phases of the experiment. The 
decreasing temperature negatively impacted Nitrospira bacteria, the main competitors of anammox in the 
deammoni�cation system. Despite the reduced process ef�ciency, the SBR maintained stable functionality even 
at temperatures as low as 12 çC. Network analysis identi�ed which bacterial groups most frequently co-occurred 
and interacted, as well as those most sensitive to temperature =uctuations. Among the bacterial nodes, Nitrospira, 
Phycisphaerae, and Prosthecobacter exhibited the highest degree of connectivity, suggesting that they participate 
in multiple interactions, such as metabolite exchange, cooperation, or competition. Nevertheless, the tempera-
ture node had a greater number of connections than any bacterial node, indicating that this environmental factor 
had a more important effect on microbial community formation than direct ecological relationships. These re-
sults contribute to a comprehensive understanding of the role of anammox bacteria in deammoni�cation sys-
tems, their ecological interactions within microbial networks, and their activity under suboptimal temperature 
conditions, which is crucial for future practical applications.

1. Introduction

A traditional and widely used method of wastewater treatment is 
based on the nitri�cation-denitri�cation process. However, despite its 
simplicity, this method has several disadvantages. In the �rst stage, 
aerobic nitrifying bacteria oxidize ammonia into nitrite and nitrate. This 
process requires intensive aeration, which results in high energy con-
sumption [1]. In the next stage, denitrifying bacteria reduce nitrate to 

dinitrogen gas, requiring an adequate amount of carbon compounds [2]. 
Many wastewater treatment plants (WWTPs) have an unfavorable 
carbon-to-nitrogen ratio for denitrifying bacteria, and it is necessary to 
provide an additional carbon sources, like methanol, ethanol, or acetic 
acid, which increases operational costs [3].

To address these disadvantages, alternative methods have been 
developed based on the anaerobic ammonia oxidation (anammox) 
process. Deammoni�cation is a two-step process, consisting of partial 
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nitritation and anammox, in which ammonia is converted to nitrogen 
gas with some residual nitrate. An effective deammoni�cation process 
depends on the presence of ammonia-oxidizing bacteria (AOB) and 
anammox bacteria. However, anammox bacteria grow slowly and are 
sensitive to environmental conditions. Additionally, the accumulation of 
nitrite-oxidizing bacteria (NOB) can inhibit the anammox process by 
competing with anammox bacteria. Therefore, controlling wastewater 
treatment parameters to inhibit NOB without harming AOB and anam-
mox bacteria is crucial [4]. One of the basic parameters that must be 
controlled to achieve a stable deammoni�cation process is the dissolved 
oxygen (DO) concentration. Intermittent aeration at low DO levels fa-
vors AOB over NOB while promoting anammox activity during 
non-aerated phases [5,6]. Temperature is another critical factor for 
anammox bacteria. In the natural environment, anammox bacteria are 
found across a wide temperature range, including aquatic ecosystems, 
both marine and freshwater, as well as arctic areas [7]. These observa-
tions suggest the potential use of anammox bacteria in various types of 
wastewater treatment systems. However, in practice, anammox bacteria 
show maximum activity at temperatures of 30337 çC [8], which is 
typical for sidestream treatment systems. Recently, there has been 
growing interest in "cold anammox" processes between 5 and 15 çC [9, 
10]. Developing stable deammoni�cation methods at low temperatures 
would facilitate their use in higher latitudes and mainstream applica-
tions [11].

Although anammox bacteria are able to adapt to lower temperatures 
(10312 çC) to some extent [12], this adaptation results in reduced 
growth and metabolic rates [13]. Previous studies have indicated that a 
temperature drop from 30 çC to 10 3 15 çC can lead to a tenfold decrease 
in anammox activity [13]. Temperature changes can also shift the 
structure of anammox communities. For example, Li et al. [14] observed 
a shift from Candidatus Brocadia to Candidatus Kuenenia as the dominant 
anammox genus in response to a temperature decrease in an SBR.

Most studies focus on the impact of temperature reduction on 
anammox bacteria population and activity. However, nitrogen- 
converting bacteria in WWTPs form a complex ecosystem with inter-
connected ecological relationships. Changes in environmental condi-
tions can affect the number and activity of different bacterial groups 
both directly and indirectly. For example, a temperature decrease may 
reduce the abundance of one bacterial group, thereby in=uencing 
another group linked through ecological relationships [15]. Therefore, 
holistically analyzing the bacterial community in WWTPs is essential to 
consider all interdependencies. Thanks to the development of 
next-generation sequencing (NGS) methods, particularly metagenomics, 
it has become possible to investigate ecological relationships within 
complex microbiomes. Metagenomic sequencing generates vast 
amounts of data, and selecting relevant information requires the use of 
appropriate methods, such as correlation analysis of the co-occurrence 
of different taxa [16]. Correlated taxa are represented in the form of a 
network illustrating the bacterial community. Network analysis can be 
particularly useful for studying the microbial community of wastewater 
treatment plants, as it provides the opportunity to incorporate opera-
tional factors or performance indicators into the network. This approach 
makes it possible to observe how changes in various technological pa-
rameters affect individual bacterial groups and determine which groups 
contribute most to the removal of pollutants [17].

The objectives of this work were to (i) describe changes in bacterial 
community composition due to temperature changes, (ii) identify the 
dominant bacterial groups involved in nitrogen transformation, and (iii) 
determine the ecological relationships among them. It has been hy-
pothesized that a gradual reduction in temperature allows anammox 
bacteria to adapt, maintaining their activity and abundance, while 
negatively affecting competing bacterial populations. This advantage 
would strengthen anammox bacteria9s position in the ecosystem.

To achieve these goals, metagenomic sequencing was employed to 
identify metagenomic assembled genomes (MAGs) of nitrogen- 
converting bacteria and determine their functional roles in the 

wastewater treatment process. Network analysis was used to identify 
bacterial groups that frequently co-occur and interact. This application 
of social network analysis in microbiome research provides insights into 
both microbial composition and ecological relationships. The data ob-
tained through the combination of metagenomics and co-occurrence 
network analysis were interpreted alongside speci�c process rates, 
providing novel insight into the effect of temperature reduction on mi-
crobial community dynamics and changes in ecological dependencies 
within the reactor microbiome. Comprehensive knowledge of anammox 
bacteria9s environmental requirements, roles, and position in the 
ecosystem can facilitate their implementation in mainstream treatment. 
Additionally, the use of network analysis can help identify bacteria that 
compete or cooperate with anammox bacteria. Our research brings a 
new perspective to the study of the deammoni�cation process, showing 
that not only the microbiological composition but, above all, the 
changing interactions between microorganisms are crucial for the ef�-
ciency of this process at low temperatures. This allows us to better un-
derstand the mechanisms supporting the activity of anammox under 
suboptimal temperature conditions, which is important for future 
technological applications.

2. Materials and methods

2.1. Experimental set-up and operating conditions

The impact of temperature on anammox bacteria in the deammoni-
�cation process was investigated in a 10-L plexiglass SBR over a period 
of 118 days. The reactor was inoculated with anammox-enriched 
biomass obtained from a full-scale sidestream treatment system at a 
large municipal WWTP in SCupsk (200,000 PE) in northern Poland. The 
SBR was equipped with a mixer and placed in a thermostatic water 
jacket to maintain the temperature at the desired levels. Control systems 
were also installed for aeration and pH.

The process temperature was decreased according to the following 
phases, each maintained until process stabilization (veri�ed based on 
the measured process rates): 30 çC (20 days), 25 çC (23 days), 20 çC (21 
days), 15 çC (35 days), and 12 çC (19 days). Each week, during a single 
SBR cycle, mixed liquor samples were collected on a regular basis 
(hourly), then �ltered and analyzed for different N forms, including 
NH4+-N, NO3- -N, and NO2- -N to assess process rates, such as the ammo-
nium utilization rate 3 AUR, the nitrate production rate 3 NPR, and the 
nitrite production rate 3 NiPR. For microbiological analyses, biomass 
samples were taken one week after the transition to the new temperature 
set point.

To ensure conditions for the partial nitritation and anammox pro-
cess, an intermittent aeration mode was used in the reaction phase (an 
aeration/mixing phase of 3/6 min at 20330 çC and 2/10 min at the lower 
temperatures), and the reactor was fed with inorganic synthetic waste-
water as recommended by Dapena-Mora et al. [18], and enriched with 
ammonia (500 mg N/L). A single operational cycle (6 hours) was 
divided into four phases: �lling (20 min), reaction (300 min), settling 
(20 min), and decantation (20 min). The pH was maintained between 
7.5 and 7.8 by adding 1 M HCl. The total nitrogen load (TNL) ranged 
from 0.1 to 1.5 gN/Ld, depending on the activity and temperature in the 
reactor.

2.2. Analytical methods

Mixed liquor samples were �ltered using 1.2 ¿m pore-size nitrocel-
lulose membrane �lters (Whatman, Kent, UK). Concentrations of nitrate, 
nitrite, and ammonia were measured via spectrophotometric cuvette 
tests (Hach Lange GmbH). The activity of anammox bacteria was 
measured using dedicated Hach Kits (Hach Lange GmbH). Concentra-
tions of suspended solids, speci�cally mixed liquor suspended solids 
(MLSS) and its volatile fraction (MLVSS), were determined following the 
procedures outlined in Standard Methods (APHA 2005). Biomass- 
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speci�c process rates (NRR) were calculated based on the maximum 
slope in the reaction phase of (1) NH4+-N consumption (AUR), (2) NO3- -N 
production (NPR), (3) NO2- -N production (NiPR), and (4) NO2- -N con-
sumption (NiUR), divided by the MLVSS concentration. The formulae 
for these calculations can be found in the paper by Al-Hazmi et al. [19].

2.3. DNA extraction and metagenomic sequencing

Biomass samples for metagenomic sequencing were collected from 
the deammoni�cation reactor at speci�c stages of operation. The sam-
ples were placed in clean 50 ml tubes and stored at −70 çC until DNA 
extraction. DNA was extracted from 200 mg of biomass using a 
FastDNA# SPIN Kit for Soil (MP Biomedicals, USA), following the 
procedure described by Florczyk et al. [20]. The amount of isolated 
nucleic acids was measured using a Qubit =uorometer (Invitrogen, 
Carlsbad, CA, USA). The extracted nucleic acids were stored at −18 çC 
until further analysis.

A TruSeq DNA PCR -Free Kit was used to generate the metagenome 
library. Metagenomes were sequenced using the HiSeq Illumina plat-
form to generate 151 bp paired-end reads. Shotgun sequencing was 
performed at Macrogen Inc., Seoul, Korea. The raw sequences reads 
were deposited in the NCBI Sequence Read Archive (SRA) under the 
accession number PRJNA1113848.

2.4. DNA data analysis

To predict MAGs, the ATLAS assembly-based metagenome analysis 
work=ow was used with the default parameters [21]. Quality control of 
raw sequence data, including removing PCR duplicates and adapters, 
trimming and �ltering reads based on quality and length, and removing 
contaminants, was performed using the BBTools suite [22]. De novo 
assembly was performed using metaSPAdes [23] with ATLAS default 
parameters for k-mer lengths and k-mer step size was used. Assembled 
contigs shorter than a minimal length or without mapped reads were 
�ltered out to yield high-quality contigs. ATLAS assembles MAGs for 
each individual sample, producing more continuous genomes than 
co-assembly. MAGs were binned using two binning methods Metabat2 
[24] and Maxbin2 [25]. Bins were combined using DAS Tool [26]. 
Completeness and contamination of each MAG were assessed using 
CheckM [27]. To obtain a non-redundant set of MAGs, genomes were 
clustered using dRep [28], Mash [29] and MUMmer [30]. The abun-
dance of each genome was quanti�ed across samples by mapping reads 
to the non-redundant MAGs.

To identify sequences involved in the nitrogen cycle, a custom pro-
tein database was constructed. Sequences were downloaded from the 
NCBI RefSeq protein database using a selected set of keywords. Se-
quences with similarity > 80 % were clustered using cd-hit [31]. 
Non-redundant sequences were aligned to predicted MAGs using the 
Diamond sequence aligner with a 9very sensitive9 mode, which is slower 
than default mode but is designed for �nding hits accross the whole 
range of pairwise alignments, even <40 % identity [32].

2.5. Network analysis

Networks of co-occurrence of bacterial groups were created based on 
correlation analysis of MAGs abundances and selected technological 
parameters. The correlation matrix was created using Spearman9s rank 
correlation test. Correlation coef�cients were calculated using the Sta-
tistica program (v.13.1, StatSof, Inc, Tulsa, OK, USA). Networks were 
drawn only for highly correlated MAGs, i.e., those with a correlation 
coef�cient greater than 0.75 or less than −0.75, with a signi�cance level 
of ³ = 0.05. Based on the obtained correlation matrices, networks were 
constructed using the open-source Gephi software (version 0.10.1, 
Gephi Consortium, France) [33] with the <Force Atlas= layout. Sub-
groups were recognized using the Leiden algorithm.

3. Results

3.1. Technological results

The deammoni�cation biomass in the SBR was intentionally accli-
mated to lower process temperatures to enhance the deammoni�cation 
process and reduce the risk of SBR failure. The in=uent and ef=uent 
characteristics are shown in Fig. 1.a. Throughout the SBR operation, the 
temperature was progressively reduced to 30 çC, 25 çC, 20 çC, 15 çC, and 
12 çC, as illustrated in Fig. 1.b. Initially, the MLVSS concentration in the 
reactor was 4.5 g/L, which decreased to 2 g/L after 20 days of operation, 
after which the biomass was no longer removed from the SBR (Fig. 1.b).

Although the nitrogen removal ef�ciency was poor, the speci�c 
process rates were good indicators of microbial activity. The rates at 
different temperatures are presented in Fig. 1.c. The initial AUR was 
3.26 ± 0.45 mg N (gVSS h)−1. The highest AUR of 7.25 ± 2.19 mg N 
(gVSS h)−1 was achieved at 25 çC, decreasing to 2.42 ± 0.28 mg N 
(gVSS h)−1 as the temperature decreased. The initial NPR at 30 çC was 
0.5 ± 0.29 mg N (gVSS h)−1, reaching the highest value of 1.01 ±
0.63 mg N (gVSS h)−1 in the second phase of the experiment. Subse-
quently, the NPR was gradually decreasing, with the lowest value of 
0.41 ± 0.16 mg N (gVSS h)−1 observed at 15 çC.

In the temperature range from 30 to 20 çC, NO2- -N utilization peaked 
at 20 çC (NiUR = 0.54 ± 1.49 mg N (gVSS h)−1). Despite reduced pro-
cess ef�ciency, the SBR operated stably even at 12 çC. NO2- -N was 
entirely depleted in the reactor until the process temperature decreased 
from 30 to 15 çC, but a slight increase in the concentration of NO2- -N was 
observed with further decreasing the temperature. At 12 çC, the NiPR 
reached 0.96 ± 0.24 mg N (gVSS h)−1. The initial AMX was 1.19 ± 0.19 
µmolCC/gVSS at T = 30 çC, with a slight increase observed during the 
experiment. The maximum AMX (1.52 ± 0.04 µmolCC/gVSS) was 
observed at 15 çC. The stable operation of the SBR at 12315 çC, despite a 
decline in process ef�ciency, should be emphasized and warrants further 
investigation to understand the underlying mechanisms and potential 
mitigation strategies.

Deammoni�cation is crucial in wastewater treatment for effective 
removal of nitrogen compounds. The process depends on the coopera-
tion between AOB and anammox bacteria. Two key ratios indicate the 
process ef�ciency: the theoretical ratio of total nitrogen removed to 
ammonia removed (�TN/�NH4+-N), typically around 0.86, and the ratio 
of nitrate produced to ammonia removed (�NO3- -N/�NH4+-N), approx-
imately 0.11, while remaining nitrogen is incorporated into biomass of 
anammox bacteria according to the equation: NH4 + 1.32NO−

2 +

0.66HCO−

3 + 0.13H+³0.066CH2O0.5N0.15 + 1.02N2 + 0.26NO−

3 +

2.03H2O.
Theoretical ratios are based on an ideal PN/A process in which ni-

trate production and total nitrogen removal are solely attributed to the 
cooperation between AOB and anammox bacteria. This model does not 
account for the effect of other bacterial groups, such as NOB, denitri�ers, 
or DNRA. Deviations from theoretical ratios can reveal insights into the 
processes within the system. For instance, a �NO3- -N/�NH4+-N ratio 
exceeding 0.11 may indicate the presence of NOB bacteria that convert 
ammonia to nitrate, while a �TN/�NH4+-N greater than 0.86 suggests 
excessive total nitrogen removal, likely due to simultaneous denitri�-
cation occurring within the system [34].

Deammoni�cation performance was evaluated in accordance with 
these two indicators, as detailed in Fig. 2. The average �NO3- -N/�NH4+-N 
ratios at different temperatures were 0.15 ± 0.05 (30 çC), 0.15 ± 0.08 
(25 çC), 0.20 ± 0.06 (20 çC), 0.15 ± 0.10 (15 çC) and 0.30 ± 0.05 (12 
çC). These results indicated relatively stable performance at tempera-
tures between 30 and 15 çC, with effective suppression of NOB (�NO3- - 
N/�NH4+-N periodically below 0.11). However, a decrease in the tem-
perature to 12 çC speci�cally caused a deterioration in performance, 
with insuf�cient NOB suppression observed.

A decrease in the �TN/�NH4+-N ratio was observed with decreasing 
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temperature, reaching the lowest values at 12 çC, i.e.,0.85 ± 0.05 (30 
çC), 0.84 ± 0.07 (25 çC), 0.81 ± 0.06 (20 çC), 0.80 ± 0.13 (15 çC), and 
0.31 ± 0.19 (12 çC).

3.2. Genomes reconstruction and microbial community composition

Eight metagenomic libraries were sequenced from biomass samples 
of the deammoni�cation reactor, resulting in 116 Gbp of Illumina short- 
read data. Assembly and binning of these data yielded 105 high-quality 
bacterial MAGs, each with over 50 % completeness and less than 10 % 
contamination. Phylogenetic analysis revealed low taxonomic diversity 
across 15 phyla, with Proteobacteria being the most represented (34 of 
105 MAGs) (Fig. 3). Chloro:exota (17 MAGs) and Bacteroidota (14 
MAGs) also had signi�cant representation. A genome from the unchar-
acterized phylum OLB16 (1 MAG) was also identi�ed.

Proteobacteria were the most abundant phyla in all samples (Fig. 4), 
showing a general increase throughout the experiment, nearly doubling 
the abundance from the �rst to the last sample. Chloro:exota was the 
second most abundant phylum, peaking at 26.8 % in day 0 and 
remaining constant until day 66, when it decreased to 20.5 %. Plancto-
mycetota, Bacteroidota and Acidobacteriota were abundant in the raw 
sample (sample of the biomass from the wastewater treatment plant, 
taken before the acclimatization process), but their abundance 

signi�cantly decreased in subsequent samples, maintaining low levels 
until the end of the experiment. Nitrospirota showed an initial low 
abundance (1.9 % in the raw sample), but their abundance increased 
�vefold to 9.7 % in the day 0 sample, gradually decreasing back to the 
initial level on day 100 (2.1 %).

Only 28 of the 105 MAGs were classi�ed at the genus level (Fig. 5), 
representing 18 different genera. The most dominant genus was Nitro-
somonas, with 4 MAGs, averaging 20.6 % in abundance. The abundance 
gradually increased from 5.6 % in the �rst sample to 28.1 % in the last 
sample on day 100. Other genera were less abundant, not exceeding 
10 % in any sample, except for Candidatus Brocadia, which peaked at 
11.6 % in the raw sample. The next most abundant genera were Dok-
donella (6.1 %), Candidatus Brocadia (4.7 %), and Nitrospira (4.6 %).

3.3. Nitrogen cycle-related genes

Various genes related to the nitrogen cycle were found in most of the 
obtained MAGs. The most common were genes associated with the 
denitri�cation process (narGHI, napAB, nirK, nirS, norBC, nosZ) (Fig. 6). 
The nitri�cation process was carried out by typical AOB, Nitrosomonas, 
with functional genes amoABC, and NOB, Nitrospira, with nxr genes. No 
comammox Nitrospira bacteria were detected. Four MAGs, including 
three MAGs belonging to Anaerolineae (MAG011, MAG057, MAG067) 

Fig. 3. Phylogenetic tree of the 105 bacterial MAGs reconstructed from the reactor. The tree was constructed using GTDB-Tk algorithm, based on multiple sequence 
alignments against 120 bacterial protein markers. The inner circle heatmap shows the mean abundance of each MAG. Completeness and contamination of each MAG 
are represented in the outside bar plots, with values calculated using CheckM.
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and one belonging to Candidatus Brocadia (MAG079), showed potential 
for dissimilatory nitrate reduction (DNRA) due to the presence of both 
dissimilatory nitrate reductases (narGHI) and nitrite reductases (nrfAH). 
Additionally, one MAG classi�ed as Candidatus Brocadia contained 
genes related to the anammox process.

3.4. Microbial co-occurrence network and ecological relationships 
prediction

Network analysis was used to model the interactions and relation-
ships between the bacteria in the deammoni�cation reactor, as graphi-
cally shown in Fig. 7. The network consisted of 108 nodes: 105 
representing the MAGs and 3 representing the technological parameters. 
In the �gure, the size of the nodes is proportional to the betweenness 
centrality value. The nodes were connected by 1496 edges; green edges 
indicate a positive correlation (Spearman9s rank correlation coef�cient 
above 0.75), and red edges indicate a negative correlation (Spearman9s 
rank correlation coef�cient below −0.75). More than half (57 %) of the 
connections were positive. The thickness of the edges is proportional to 
the correlation coef�cient.

The Leiden algorithm was used to detect subgroups (clusters). Seven 
clusters were identi�ed, each marked with a different color in the �gure. 
Clusters were based on a higher density of connections between certain 
nodes, which have weaker connections to others. Nodes with stronger 
connections formed clusters. The resulting network was dominated by 
one cluster (marked in purple), comprising 68 nodes (63 % of all 
network nodes) and 1368 edges (91 % of all network edges). This cluster 
included bacteria that play crucial roles in the metabolism of nitrogen 
compounds: Nitrosomonas, Nitrospira and Candidatus Brocadia. The 
second largest cluster (marked in green) consisted of 20 nodes (19 %) 
and 64 edges (4 %). The remaining clusters were much smaller, with no 
more than 10 % of the nodes and no more than 1 % of the edges each.

The average degree (number of edges between a node and other 
nodes in the network) of the nodes in the network was 14. The tem-
perature node had the highest degree (58), indicating its signi�cant 
in=uence on many members of the bacterial community. Among the 
bacterial nodes, Nitrospira, Phycisphaerae and Prosthecobacter had the 
highest degree (57).
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4. Discussion

4.1. Biomass speci=c process rates and main bacterial groups involved in 
the transformation of nitrogen compounds

During the experiment, the deammoni�cation SBR was operated at 
decreasing temperatures, signi�cantly in=uencing the microbial popu-
lation composition and its activity. In the initial phases, at higher tem-
peratures, the nitri�cation process was most ef�cient, as evidenced by 
high AUR, NPR and NiUR values. The atypical increase in AUR and NPR 
after lowering the temperature from 30 to 25 çC was attributed to higher 
substrate availability due to a reduction in biomass concentration in the 
reactor. The observed decrease in AUR and NPR with further decreasing 
temperatures is consistent with literature �ndings, indicating the 
sensitivity of these processes to temperature variations [19,35]. How-
ever, the AMX was slightly higher at 15 çC (Fig. 1), suggesting that 
anammox bacteria can potentially remain active at ambient tempera-
tures, although their activity is reduced due to the inhibitory effect of 
lower temperature.

The values of the technological parameters corresponded with the 
abundance pro�les of bacteria associated with nitrogen transformation. 
AOB were represented by the genus Nitrosomonas (MAG063 was 
particularly abundant), while NOB were mainly represented by the 
genus Nitrospira. The sole anammox representative was Candidatus 
Brocadia. Candidatus Brocadia is a common representative of anammox 
bacteria in PN/A systems. Under optimum conditions, their abundance 
can reach several dozen percent [36]. However, lowering the 

temperature can signi�cantly reduce both their abundance and their 
activity. Wang et al. [37] found a statistically signi�cant decrease in the 
expression of genes related to the anammox process (hzsA and hdh) 
when the process temperature was lowered to 15 çC. Although the 
abundance of Nirosomonas and Candidatus Brocadia slightly increased at 
lower temperatures, these differences were not statistically signi�cant 
(White9s non-parametric t-test, Storey FDR correction in STAMP). Sta-
tistically signi�cant changes were observed in Nitrospira, which were 
more abundant at higher temperatures.

4.2. Bacterial community dynamics and the in:uence of temperature on 
competition between Nitrospira and Candidatus Brocadia

At the phylum level, Proteobacteria, Chloro:exota, Planctomycetota, 
Bacteroidota, Nitrospirota, and Acidobacteriota were dominant. Similar 
bacterial compositions are typical of this type of reactor. Right after the 
experiment began, there was a rapid shift in the proportions of these 
dominant bacterial groups, followed by the establishment of an equi-
librium among them. Similar dynamics of bacterial population changes 
were described by Ribeiro et al. [38]. Shortly after the reactor was 
started, they also observed a signi�cant change in the proportions of 
dominant bacterial groups, noticeable even at a high taxonomic level. 
During the subsequent 397 days of operation of the partial 
nitritation-anammox up=ow reactor at ambient temperature, gradual 
changes in the bacterial community were observed. Similar to our 
experiment, the abundance of Nitrosomonas and Candidatus Brocadia 
increased, although these groups were not as numerous as in our 

Fig. 6. Genes associated with the nitrogen cycle. The numbers in brackets next to each gene indicate the number of MAGs containing that gene. The thickness of the 
arrows indicates whether the mean abundance of MAGs containing those genes was lower (thin line) or higher (thick line) at low temperatures (12315 çC) in 
comparison to higher temperatures (20330 çC). pmo/amo - methane/ammonia monooxygenase, hao 3 hydroxylamine dehydrogenase, nxr 3 nitrite oxidoreductase, 
narGHI 3 respiratory nitrate reductase, napAB 3 periplasmic nitrate reductase, nirK/nirS 3 nitrite reductase (NO-forming), norBC 3 nitric oxide reductase, nosZ 3 

nitrous oxide reductase, nirBD 3 nitrite reductase (NADH), nrfAH 3 nitrite reductase (cytochrome; ammonia forming), nifDKH - nitrogenase molybdenum-iron 
protein, hzs 3 hydrazine synthase, hdh 3 hydrazine dehydrogenase.
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experiment, likely due to differences in inoculum composition. As in our 
case, Chloro:exota, particularly Anaerolineae, were also abundant. 
Anaerolineae are classi�ed as �lamentous bacteria and may play an 
important structural role in the formation of anammox bacterial ag-
gregates [39]. Nitrospirota displayed the most marked decline in 
abundance.

Numerous studies in various wastewater treatment systems have 
indicated that the optimal temperature for Nitrospira ranges between 30 
çC 3 35 çC [40]. Jia et al. [41] found that the abundance of Nitrospira was 
always higher in summer (average temperature 25 çC) compared to 
winter (average temperature 9 çC) in wetland systems. Similarly, Miao 
et al. [42] reported that Nitrospira activity remained high at 32 çC even 
under very low DO concentration in a PN/A system. Nitrospira is the 
most diverse genus of NOB comprising six phylogenetically distinct 
sublineages [9,12], each exhibiting different temperature tolerances. 
For example, Nitrospira sublineages II and IV were prevalent in 
geothermal springs [43], While comammox Nitrospira was found in hot 
springs [44]. The �rst isolated species of comammox Nitrospira was from 
a bio�lm in hot water pipelines (56 çC) [45]. In contrast, Nitrospira 
sublineage I was less resistant to high temperatures and better adapted 
to wastewater treatment systems [46].

The results of this study suggest that controlling temperature con-
ditions in deammoni�cation systems can help suppress undesirable NOB 
proliferation. Inhibition of Nitrospira at low temperatures can facilitate 
the adaptation of the PN/A process in mainstream applications. The 
competition between Nitrospira and anammox bacteria, may have 
resulted in slightly lower AMX at 30 çC. Literature data indicate that 
anammox bacteria are most active at high temperatures [10,47]. 
Network analysis showed a negative correlation between Nitrospira and 

Candidatus Brocadia, and in the early phases of the experiment, other 
bacteria with nxr (nitrite oxidoreductase) genes were also present. This 
indicates that strong competition for nitrite between NOB and anammox 
bacteria occurred. At lower temperatures, the decrease in NOB abun-
dance reduced competition for the substrate, leading to a slight increase 
in anammox bacteria. At the same time, an increase in NiPR and a 
decrease in NiUR were observed at 15 çC and 12 çC. Similar responses to 
temperature changes in a PN/A reactor were observed by Gilbert et al. 
[48], who reported a strong in=uence of temperature reduction on 
Nitrospira abundance compared to Candidatus Brocadia. Additionally, ex 
situ recovery of anammox rates was observed at 10 çC, unlike ex situ 
nitration rates and NOB abundance. The persistence of anammox pop-
ulation at high levels even at low temperatures was also observed by Lv 
et al. [49], indicating greater adaptability of anammox bacteria 
compared to NOB.

Many studies have reported that Candidatus Brocadia is the dominant 
anammox genus at low temperatures [50,51]. Metaproteomics studies 
by Lin et al. [52] suggested that anammox bacteria maintain constant 
levels of key enzymes involved in the anammox process at low tem-
peratures, despite reduced activity. These studies also showed increased 
stress due to the presence of toxic nitrogen compounds and reactive 
oxygen species at low temperatures, affecting Candidatus Kuenenia and 
Candidatus Jettenia more than Candidatus Brocadia. Some authors have 
suggested that substrate concentration may in=uence the anammox 
population, with Candidatus Brocadia considered an r-strategist, thriving 
under constant substrate excess, unlike the k-strategist Candidatus 
Kuenenia [53]. However, there are also contradictory results. For 
example, Li et al. [14] observed a shift in the dominant anammox genus 
with decreasing temperature, where Candidatus Brocadia decreased and 

Fig. 7. Microbial community network with nodes representing MAGs or selected technological parameters and edges representing positive (green) or negative (red) 
correlations.
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Candidatus Kuenenia increased, even with excess substrate. These con-
tradictions indicate that the adaptation mechanism of anammox bacte-
ria to low temperatures are complex and depend on many factors, 
requiring further in-depth research for full explanation.

4.3. Functional genes and abundance of denitri=ers

In the deammoni�cation system under study, a signi�cant propor-
tion of MAGs possessed genes associated with the denitri�cation pro-
cess. A large percentage of denitri�ers are often observed in PN/A 
reactors. Although they are not major players in the anammox system, 
their ability to break down organic matter can prevent disruption of 
autotroph activity and contribute to maintaining the balance in the 
system [36]. Furthermore, by reducing nitrates, they provide a source of 
nitrites necessary for anammox bacteria [54]. The genus with the second 
highest average abundance was Dokdonella (MAG066), recognized as a 
common heterothrophic denitri�er [55]. Wang et al. [56] used network 
analysis to explore bacterial populations in a simultaneous anammox 
and denitri�cation reactor and observed a positive correlation between 
the abundance of Dokdonella and the nitrite reductase genes nirS and 
nirK. These �ndings are consistent with our results, as we also found 
these genes in the genome of Dokdonella in the studied system. The 
authors of the above paper also found that the most important de-
nitri�ers were Thermomonas and Pseudomonas, as they showed a positive 
correlation with the narG gene. However, in this study, their represen-
tatives did not possess this gene.

In the present study, Chloro:exota, speci�cally the order Anaeroli-
neales, were prominently represented, however, its abundance 
decreased signi�cantly at lower temperatures. Many MAGs assigned to 
Anaerolineales possessed the nirS or nirK gene, indicating their role as 
important denitri�ers in this system. Similar �ndings regarding the 
presence of these genes in Anaerolineales were also reported by Schwartz 
et al. [57].

4.4. Structure of the microbial network

Signi�cant changes in the abundance of certain MAGs were observed 
at lower temperatures. MAG069 (Brevundimonas), MAG036 (Xantho-
monadales), MAG041 (Steroidobacteraceae), MAG081 (Promineo=lum) 
and MAG046 (Sandaracinus) were signi�cantly more prevalent. How-
ever, the roles of these bacteria in wastewater treatment systems remain 
poorly understood. The strong in=uence of temperature on the devel-
opment of various groups of microorganisms is further supported by 
network analysis where the temperature node had the highest number of 
connections among all network nodes (degree = 58).

In network analysis, the betweenness centrality parameter is crucial 
as it indicates the extent to which a particular node lies on the shortest 
path between other nodes in the network. A node with high betweenness 
centrality likely plays a central role in the community, and its removal 
can disrupt the network structure, unless new links are formed among 
the remaining nodes [58]. Three of the four MAGs classi�ed as Nitro-
somonas exhibited high betweenness centrality values. These MAGs had 
the amo, nirK, norB and norC genes, which is consistent with existing 
literature [59]. Nitrosomonas, the most common representative of AOB, 
performed the �rst stage of nitri�cation, providing a substrate for 
anammox bacteria, making it essential for the proper functioning of 
deammoni�cation systems.

Interestingly, the highest betweenness centrality value was recorded 
for the MAGs with low abundance and unknown role in wastewater 
treatment systems. The potential signi�cance of such bacteria has 
recently gained interest among researchers [60]. It has been found that 
low-abundance species may be more sensitive to environmental factors 
than high-abundance species [61].

4.5. Opportunities, limitations and challenges of the anammox process

The successful introduction of the anammox process into the main-
stream of wastewater treatment could signi�cantly reduce operating 
costs, primarily due to lower costs of aeration and external carbon 
supplementation. However, achieving this goal is challenging for several 
reasons. One major challenge is the reduced activity of anammox bac-
teria at low temperatures and their low growth rate. The exact doubling 
time of anammox bacteria is not known due to the lack of pure cultures 
of anammox bacteria, but some authors suggest that it could be as low as 
25330 days. To maintain anammox biomass in the reactor, especially at 
low temperatures, it is essential to prolong the solids retention time 
(SRT) [62].

Many studies indicate that the activity of anammox bacteria de-
creases at temperatures below 20 çC, while the average temperature of 
wastewater is lower in temperate climates. Therefore, various strategies 
are employed to adapt anammox bacteria to low temperatures, 
including gradual acclimation by slowly lowering the temperature or 
short-term temperature shocks [63]. Another important issue is the 
ecological competition between anammox bacteria and NOB. Control-
ling the growth of NOB bacteria is achieved by managing various pa-
rameters, most commonly by adjusting DO concentrations and 
introducing alternating aeration, but also through treatment with free 
ammonia (FA) or free nitrous acid (FNA) [64].

In the present study, gradual temperature reduction allowed the 
anammox population to adapt and maintain their abundance, while it 
had a strong negative effect on the abundance of NOB population. 
However, there are also con=icting results regarding the methods used 
to suppress NOB, and the extent of their adaptability to challenging 
environmental conditions remains unclear. Some NOB have been shown 
to grow well at low ammonia concentrations and even at low temper-
atures [65]. Therefore, long-term suppression of NOB remains one of the 
main obstacles to developing anammox-based systems for nitrogen 
removal.

5. Conclusions

By examining the abundance of each bacterial group at high (20 çC 3 

30 çC) and low (12 çC 3 15 çC) temperatures, and supporting this with 
statistical analysis, it was concluded that: 

" Temperature affects the dynamics of changes in the reactor9s bac-
terial community.

" Reducing temperature decreases the abundance of Nitrospira 
bacteria.

" Under the investigated conditions, the abundance of Nitrosomonas 
and Candidatus Brocadia bacteria remains stable, but their activity 
decreases.

" Candidatus Brocadia demonstrates the potential to adapt to low 
temperatures.

" Temperature refelcts a stronger effect on the formation of the mi-
crobial community than ecological relationships, such as 
competition.

The co-occurrence patterns in the microbial network also suggest 
that low-abundance bacteria may play a more signi�cant role in the 
microbiome than previously thought, although this role is not yet fully 
understood.
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Abstract: Nitrification plays a crucial role in aquatic ecosystems and in the biofilters used

in fish farms. Despite their importance, the role of canonical nitrifiers, comammox bacteria,

and archaea has not yet been sufficiently investigated. The aim of this study was to charac-

terize the microbiome of the external canister biofilter in a freshwater fish aquarium, with

particular focus on the role of comammox Nitrospira and their competition with other nitri-

fiers. To achieve this, a comprehensive approach combining metagenome sequencing and

co-occurrence network analysis was used to study the interactions between microorganisms

in portable biofilter. The fish were subjected to a changing feeding regime that affected

the ecological relationships and abundance of different microbial taxa. The results showed

the presence of two types of nitrifiers in the biofilter: comammox Nitrospira and ammonia-

oxidizing archaea (AOA). Five comammox Nitrospira genomes were reconstructed, with

comammox clade B being the most abundant with an average abundance of 7.8 ± 0.4%. In

addition, two families of archaea were identified: Nitrosopumilaceae and Nitrososphaeraceae,

with an average abundance of 4.3 ± 0.4%. Heterotrophs were also abundant in the bacterial

community, particularly in the genera Actinomycetota, Planctomycetota, and Pseudomonadota.

Network analysis indicated competitive interactions between comammox and heterotrophs,

whereas no competition was observed between comammox and AOA. The predominance

of comammox Nitrospira, and AOA over canonical nitrifiers emphasizes their better adapta-

tion to oligotrophic environments. This study highlights the importance of competition

within the biofilter microbiome and the role of ecological interaction networks, which can

contribute to the optimization of water purification systems in RASs.

Keywords: ammonia oxidizing archaea; aquarium biofilter; comammox Nitrospira; co-

occurrence network; microbial community

1. Introduction

Aquaculture, i.e., the farming of aquatic organisms, is playing an increasingly im-

portant role in ensuring global food security. According to statistics from the Food and

Agriculture Organization of the United Nations, the global consumption of seafood has

increased more than fivefold in the last sixty years [1]. In view of the growing demand for

aquatic products and the increasing problem of overfishing, it is necessary to constantly

increase the amount of fish from different types of farms on the market. This requires

the development of farming technologies that are not only efficient but also ecologically
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sustainable. Conventional aquaculture systems such as the well-known and widely used

ponds or cages have numerous disadvantages, including a strong dependence on water

resources, the risk of pollution, and limited control over farming conditions [2,3]. For this

reason, the development of recirculating aquaculture systems (RASs) has gained interest as

a more sustainable alternative. In recirculating systems, water is repeatedly treated and

purified, reducing water consumption while allowing more the precise control of envi-

ronmental conditions such as temperature, pH, oxygen concentration, and contaminant

levels [4].

One of the biggest challenges in fish farming in recirculation systems is the effective

management of water quality, which is crucial for the health and growth of the fish [5]. In

particular, fish metabolites such as ammonia (NH3), which are produced as a by-product

of protein metabolism, can accumulate in the water and lead to serious health problems

or even the death of the farmed organisms [6]. Ammonia occurs in water in two forms:

the more toxic non-ionized form and the less toxic ionized form. The proportion of the

non-ionic fraction grows as the pH and temperature increase, and, at the same time, the risk

of fish poisoning increases [7]. The tolerable concentrations of these compounds depend on

the species and the age of the organisms [8]. Aquatic invertebrates are the most sensitive to

elevated ammonia concentrations [9], particularly filter-feeding freshwater mussels of the

family Unionidae, four of which have been classified by the United States Environmental

Protection Agency as the most sensitive to acute ammonia toxicity, with a 96 h LC50 even as

low as 0.06 mg/L [10]. Freshwater and marine fish are considered generally less sensitive,

with similar tolerance levels, ranging from 0.068 to 2.0 NH3-N mg/L and 0.09 to 3.35 NH3-

N mg/L (96 h LC50), respectively [11]. The duration of exposure to elevated ammonia

concentrations is also important [12].

Biofilters, an integral part of recirculation systems, are responsible for biological

water purification via the aforementioned nitrogen conversion. The microbiome of the

biofilter, which consists of different groups of bacteria, plays a fundamental role in this

process [13,14]. Among the microorganisms involved in nitrification, ammonia-oxidizing

bacteria (AOB—Nitrosomonas sp. and Nitrosococcus sp.) and nitrite-oxidizing bacteria

(NOB—Nitrobacter sp., Nitrotoga sp., and Nitrospira sp.) play important roles, oxidizing

ammonia to nitrites and nitrites to nitrates, respectively [15]. In recent years, however,

new groups of microorganisms have been discovered that are also involved in this process,

including complete ammonia oxidizing bacteria (comammox), which are able to oxidize

ammonia directly to nitrates, and archaea from the phylum Thaumarchaeota [16].

According to the ecological theory of r/K strategies, comammox and ammonia oxi-

dizing archaea (AOA) exhibit characteristics of organisms favoring the K strategy, which

means that they are adapted to low-resource conditions [17]. Aquacultures, where it is im-

perative to ensure low ammonia concentrations, are a good example of such an oligotrophic

environment. These microorganisms develop slowly but utilize the available resources

more efficiently. In general, they are characterized by a high affinity for ammonia, although

different genera of AOA exhibit varying levels of affinity [18].

In contrast, r-strategists, represented by species such as those of the genus Nitro-

somonas, are faster-growing and display a lower affinity for ammonia than K-strategists [19].

However, there is also diversity within this taxon, meaning that different Nitrosomonas

species can thrive in a wide range of environments. For example, Nitrosomonas oligotropha,

as the name suggests, thrives in oligotrophic environments, while Nitrosomonas europaea is

adapted to eutrophic environments [20].

Many different types of nitrifiers are found in aquaculture biofilters, and the formation

of the microbiome in these biofilters is influenced by many factors. Key influences are

known to include water temperature, oxygen concentration, and pH [21], as well as the
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availability of organic substances and the water retention time [22]. Additionally, the

design of the biofilter and the materials used in its construction can play crucial roles,

as the properties of different surfaces can favor the colonization and growth of specific

microorganisms. Changes in environmental conditions, e.g., fluctuations in the amount

of nitrogen compounds resulting from changes in dosing and feeding schedules, can

disrupt the ecological balance and lead to shifts in the abundance of certain bacterial

groups, affecting the efficiency of the nitrification process. This is why it is so important

to understand the processes that determine the effectiveness of the nitrogen compounds

degradation in the fish breeding tank.

Unfortunately, the factors that determine the niche differentiation of nitrifiers and the

shape of bacterial communities in RASs are not well-understood. In addition, most research

has focused on large RASs with biofilters similar to those in wastewater treatment plants,

while smaller portable canister filters remain largely unexplored. Portable canister biofilters

are rarely studied, although unique processes can develop in this unusual environment

that lead to the removal of pollutants. Furthermore, in such an environment, unique

relationships may develop between the bacteria responsible for these processes. Due to

the cyclical feeding of the fish, the microbiome of the biofilter is subject to constant change,

which also makes it an extremely interesting research object for biological processes. This

type of feeding harbors the risk that the activity and abundance of nitrifying bacteria will be

significantly reduced at times when the food substrate is scarce. As a result, after feeding,

when the level of nitrogen compounds increases, the risk of accumulation of toxic nitrogen

compounds also increases, as the bacteria may not be able to adapt and process these

compounds quickly enough. To our knowledge, this aspect of the biofilter function has not

yet been investigated.

One approach to gaining greater insight into factors influencing nitrifier niche-

differentiation and the shape of bacterial communities in RASs is to combine metagenome

sequencing with network analysis. In recent years, metagenome-sequencing techniques

have opened up new possibilities for studying the complexities of microbial communities

in biofilters. Most bacteria cannot be cultivated in laboratory settings, making molecular

and bioinformatics tools essential for studying them. Shotgun metagenome sequencing

produces numerous reads, from which metagenome-assembled genomes (MAGs) are cre-

ated. These MAGs represent the genomes of the bacteria present in the environment being

examined. Metagenome sequencing enables the analysis of the whole metagenome of

microorganisms present in environmental samples, facilitating the identification of both

known and unknown bacterial and archaeal species [23]. This technique provides detailed

information about the composition and function of the microbiome, enabling a better

understanding of the factors that influence its formation. In combination with network

analysis of the bacterial community, it is possible to identify complex interactions between

different microbial species, which can lead to the discovery of new ecological relationships

that would not be visible using traditional research methods [24]. Combining metagenome

sequencing with network analysis provides a powerful research tool that enables a more

comprehensive understanding of how the microbiome functions in recirculating systems.

Therefore, this study combined these techniques with the objectives of (i) testing

the hypothesis that K-strategists dominate in an external freshwater canister biofilter,

(ii) identifying the bacterial groups that dominate the competition for nutrients in the

biofilter, and (iii) determining whether alternating the feeding regime affects the ecological

relationships and abundance of different microbial taxa. This combination of metagenome

sequencing with network analysis enabled a more detailed investigation of the complexity

of the microbiome of portable biofilters, which can contribute to a better understanding

and optimization of the processes occurring within them. In turn, this knowledge could
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enable engineers to improve existing filters or design new ones for use in aquaculture

recirculation systems.

2. Materials and Methods

2.1. Description of the Fish Farming Tank and Filtration System

All biomass samples for the microbial community analysis were taken from an EHEIM

Professionel 3 (model 1200XLT) external canister filter with a volume of 13.5 L (EHEIM

GmbH & Co. KG, Deizisau, Germany). The filter was equipped with both a mechanical filter

and an ultraviolet light chamber, which inactivated heterotrophic and coliform bacteria.

The biofilter contained three types of filter media. The bottom layer was filled with spherical

PVC shapes, approximately 1.5 cm in diameter, with surfaces featuring numerous channels.

The middle layer consisted of hollow ceramic cylinders, while the top layer was filled with

a porous sponge. Water from the aquarium was pumped into the lower part of the filter,

and the cleaned water was drained from the upper part back into the aquarium. A diagram

of the filter can be seen in Figure 1. The maximum flow rate through the biofilter was 400 L

per hour. This biofilter was designed to handle up to 0.5 kg of feed per day, based on the

predicted ammonia production from fish protein catabolism at this feeding rate.

and optimization of the processes occurring within them. In turn, this knowledge could 
enable engineers to improve existing ęlters or design new ones for use in aquaculture 
recirculation systems.
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form bacteria. The bioęlter contained three types of ęlter media. The boĴom layer was 
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lower part of the ęlter, and the cleaned water was drained from the upper part back into 
the aquarium. A diagram of the ęlter can be seen in Figure 1. The maximum Ěow rate 
through the bioęlter was 400 L per hour. This bioęlter was designed to handle up to 0.5 
kg of feed per day, based on the predicted ammonia production from ęsh protein catabo-
lism at this feeding rate.

The RAS was a glass tank with a volume of 0.35 m3, in which 50 Amur sleeper ęsh 
(PercoĴus glenii Dybowski, 1877) were reared, with an average weight of 17.0 ± 5.7 g. The 
ęsh were fed every third day with commercial feed (Aller Aqua Ltd., Christiansfeld, Den-
mark) at a rate of approximately 2% of the total ęsh biomass. The typical water tempera-
ture in the system was 19.3 °C ± 0.2 °C, and the dissolved oxygen concentration was 8.98 
mg/L ± 0.06 mg/L. The water9s pH was stable, with an average value of 7.8 ± 0.1. The 
photoperiod was consistent with natural day3night cycles.

Figure 1. Schematic diagram of the ęsh farm and the bioęlter under investigation. Red arrows indi-
cate the direction of water Ěow. Figure 1 was created by modifying the schematic drawing of the 
bioęlter from the enclosed instructions for use [25].

2.2. Sampling and DNA Extracion

To assess the composition of the bioęlter microbiome and any potential changes 
caused by alternating feeding, biomass samples were collected for microbiological analy-
sis both the day before and the day after ęsh feeding. To reduce variability, sampling was 

Figure 1. Schematic diagram of the fish farm and the biofilter under investigation. Red arrows

indicate the direction of water flow. Figure 1 was created by modifying the schematic drawing of the

biofilter from the enclosed instructions for use [25].

The RAS was a glass tank with a volume of 0.35 m3, in which 50 Amur sleeper fish

(Percottus glenii Dybowski, 1877) were reared, with an average weight of 17.0 ± 5.7 g.

The fish were fed every third day with commercial feed (Aller Aqua Ltd., Christiansfeld,

Denmark) at a rate of approximately 2% of the total fish biomass. The typical water

temperature in the system was 19.3 ± 0.2 çC, and the dissolved oxygen concentration was

8.98 ± 0.06 mg/L. The water’s pH was stable, with an average value of 7.8 ± 0.1. The

photoperiod was consistent with natural day–night cycles.

2.2. Sampling and DNA Extracion

To assess the composition of the biofilter microbiome and any potential changes caused

by alternating feeding, biomass samples were collected for microbiological analysis both

the day before and the day after fish feeding. To reduce variability, sampling was conducted
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during two distinct periods (Period I and Period II), each consisting of these two sampling

days. On each sampling day, biomass samples were obtained from different layers of the

biofilter and collected into sterile 50 mL Falcon tubes. The samples were promptly frozen

and stored at 220 çC until further analysis.

Before isolating DNA, the samples were centrifuged to eliminate excess water, and

500 mg of semi-dry biomass was used for DNA extraction. DNA samples isolated sepa-

rately from each layer of the biofilter on the same sampling day were pooled together. This

process ensured that the resulting DNA libraries provided a comprehensive representation

of the microbiome throughout the entire biofilter.

DNA was isolated using the FastDNA® SPIN Kit for Soil (MP Bio, Solon, OH, USA)

according to the manufacturer’s instructions. The concentration of the isolated nucleic acids

was measured with a Qubit fluorimeter (Invitrogen, Waltham, MA, USA) using Qubit™

Broad Range Quantification Assay Kits (Invitrogen, Waltham, MA, USA).

2.3. Concentration of Nitrogen Compounds and Dissolved Oxygen

Water samples from both the inflow and outflow of the filter were collected at the

same time as the biomass samples to determine the concentrations of various nitrogen

compounds. The concentrations of ammonia, nitrite, and nitrate were measured on the

day of sampling using photometric LCK cuvette tests (Hach Lange GmbH, Düsseldorf,

Germany). The temperature and oxygen concentrations were measured using an HQ40D

digital multimeter (Hach Lange GmbH, Düsseldorf, Germany).

2.4. Metagenomic Sequencing and Data Analysis

DNA sequencing was performed by Macrogen Inc. (Seoul, Korea). A TruSeq DNA

PCR-Free Kit (Illumina, San Diego, CA, USA) was used to prepare the metagenomic library,

which was sequenced on a NovaSeq 6000 S4 (Illumina, San Diego, CA, USA) using paired-

end sequencing (2 × 150 bp). The raw sequences were deposited in the NCBI Sequence

Read Archive (SRA) under accession number PRJNA1175723.

Read preprocessing, metagenomic assembly, binning, and taxonomic classification of

the MAGs were carried out using tools from the KBase platform [26]. Briefly, raw reads

underwent quality assessment, including trimming and filtering based on quality and

length, using Trimmomatic (v.0.36) [27] and FastQC (v.0.12.1) [28]. The four metagenomic

datasets were co-assembled using two different assemblers: MEGAHIT (v.1.2.9) [29] and

metaSPAdes (v.3.15.3) [30], with a minimum contig length of 2000 bp. The two assem-

blies were compared using the KBase app “Compare Assembled Contig Distributions”

(v.1.1.2), which generates a report similar to MetaQUAST. Based on assembly statistics

(number of contigs, longest contig, N50, L50), the metaSPAdes assembly was selected

for further analysis. MAGs were binned using three tools: MetaBAT2 [31], MaxBin2 [32],

and CONCOCT [33]. To enhance binning quality, consensus assignments from these tools

were integrated using DAS Tool [34] to create an optimized, non-redundant set of bins.

Completeness and contamination of each MAG were assessed with CheckM [35].

MAGs that met quality thresholds (completeness g50% and contamination <10%)

were taxonomically classified using the GTDB-Tk toolkit [36]. Genome abundance was

quantified across samples by mapping reads to the MAGs, with normalized abundance

calculated using the formula from Yang et al. (2020) [37].

To investigate the metabolic roles of MAGs in the microbial community of the biofilter

and identify bacteria involved in the nitrogen cycle, the DRAM [38] annotation pipeline on

the KBase platform was used. DRAM uses Prodigal for gene prediction, with annotation

based on the KOfam, Pfam, CAZy, and MEROPS databases.
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Alpha and beta biodiversity analyses were conducted on the obtained MAGs. Bacterial

community indices (Simpson index (1-D) and Shannon index (H)) and principal coordinate

analysis based on Bray–Curtis dissimilarity were calculated using the PAST software

(version 4.03) [39].

2.5. Construction of Microbial Co-Occurrence Network

The co-occurrence network of individual bacterial genera was constructed based on a

correlation analysis. Spearman’s correlation coefficients were calculated for bacterial genera

that had an abundance of at least 0.01% in at least one sample. Spearman’s rank correlation

was calculated using Statistica (v.13.1, StatSoft, Inc., Tulsa, OK, USA). The resulting correla-

tion matrix was used to visualize the network with Gephi software (v.0.10.1) [40], applying

the “Force Atlas” layout. The network included only highly correlated taxa, defined as

those with correlation coefficients g0.75 or f20.75.

3. Results

3.1. Results of Physicochemical Measurements

The concentrations of nitrite and ammonia were very low in both the water that

entered the filter and the purified water (at the detection limit). In contrast, the nitrate

concentrations were higher than ammonia and nitrite concentrations in all the samples

tested (Table 1). At the same time, there were no significant differences between the samples

before and after feeding. Low ammonia and nitrite concentrations and the presence of

nitrates indicate that the biofiltration system was functioning effectively and that the

nitrification process was stable.

Table 1. Values of physicochemical characteristics measured in water flowing into and out of the biofilter.

Before Feeding I
(BF_I)

After Feeding I
(AF_I)

Before Feeding
II (BF_II)

After Feeding II
(AF_II)

Ammonia (mg N/L)
inflow 0.01 0.016 0.007 0.008

outflow 0.011 0.011 0.007 0.009

Nitrite (mg N/L)
inflow 0.015 0.009 0.065 0.01

outflow 0.014 0.011 0.06 0.011

Nitrate (mg N/L)
inflow 4.05 4.66 4.39 2.49

outflow 4.33 4.56 4.37 4.41
Dissolved oxygen

(mg/L)
8.96 9.02 8.95 9.07

Temperature (çC) 19.1 19.2 19.7 19.2

3.2. Genome Reconstruction and Biofilter Microbiome Composition

The metagenome sequencing of biomass samples from the biofilter yielded a total of

71.5 Gbp of Illumina short-read raw data. The processing of these raw reads led to the

reconstruction of 203 MAGs meeting the assumed quality requirements, i.e., at least 50%

completeness and at most 10% contamination. Phylogenetic analysis of these MAGs based

on 120 bacterial and 53 archaeal marker genes revealed that 200 of them represent bacterial

genomes, while 3 represent archaeal genomes. All reconstructed genomes were assigned to

one of 23 phyla, of which Planctomycetota (45 MAGs), Bacteroidota (32 MAGs), Pseudomon-

adota (29 MAGs), and Chloroflexota (22 MAGs) had the most representatives (Figure 2).

Five MAGs were assigned to the phylum Nitrospirota, while three MAGs were assigned

to the archaea phylum Thermoproteota. The large number of representatives of these phyla

does not necessarily mean that they were very abundant in the microbial community. Of

all 203 MAGs, only 37 reached an abundance of at least 1% in at least one sample. Both

before and after feeding, Actinomycetota dominated the biofilter microbiome, although
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their average abundance in the AF samples decreased significantly (from 22.4 ± 1.8% to

15.6 ± 0.2%) (Figure 3). Planctomycetota (BF—14.2 ± 0.7%, AF—14.0 ± 0.3%) and Pseudomon-

adota (BF—10.6 ± 0.4%, AF—12.3 ± 0.9%) ranked second and third, respectively. The phy-

lum Nitrospirota, which was represented by only five MAGs, ranked fourth (BF—9.5 ± 0.2%,

AF—11.9 ± 1.4%). The abundance of archaea was also quite high: BF—4.5 ± 0.7%, AF—

4.0 ± 0.2%.

their average abundance in the AF samples decreased signięcantly (from 22.4 ± 1.8% to 
15.6 ± 0.2%) (Figure 3). Planctomycetota (BF414.2 ± 0.7%, AF414.0 ± 0.3%) and Pseudo-
monadota (BF410.6 ± 0.4%, AF412.3 ± 0.9%) ranked second and third, respectively. The 
phylum Nitrospirota, which was represented by only ęve MAGs, ranked fourth (BF49.5 
± 0.2%, AF411.9 ± 1.4%). The abundance of archaea was also quite high: BF44.5 ± 0.7%, 
AF44.0 ± 0.2%.

 

Figure 2. Phylogenetic maximum likelihood tree with the reconstructed bacterial MAGs. The tree 
was based on the concatenated alignment of 120 bacterial marker genes created by GTDB4Tk [36] 
with Genome Taxonomy Database (GTDB) release 207 and 214 and visualized using iTOL software 
(v. 7) [41].

The alpha diversity was assessed using the Simpson index of diversity (1-D) and 
Shannon index (H) (Table S1). The Simpson index highlights the evenness of the commu-
nity and can be interpreted as the probability that two randomly selected individuals from 
a sample belong to diěerent species. High values of this index indicate greater diversity 
within the community. Meanwhile, the Shannon index focuses on the richness of the com-
munity. The values of both of these indices did not change signięcantly before and after 

Figure 2. Phylogenetic maximum likelihood tree with the reconstructed bacterial MAGs. The tree was

based on the concatenated alignment of 120 bacterial marker genes created by GTDB—Tk [36] with

Genome Taxonomy Database (GTDB) release 207 and 214 and visualized using iTOL software (v. 7) [41].

The alpha diversity was assessed using the Simpson index of diversity (1-D) and

Shannon index (H) (Table S1). The Simpson index highlights the evenness of the community

and can be interpreted as the probability that two randomly selected individuals from a

sample belong to different species. High values of this index indicate greater diversity

within the community. Meanwhile, the Shannon index focuses on the richness of the

community. The values of both of these indices did not change significantly before and

after feeding. The beta biodiversity was analyzed using principal coordinate analysis based
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on the Bray–Curtis dissimilarity. Figure S1 showed that no pairs grouped together and the

considerable distances between the samples suggest that the microbial communities of the

biofilter experienced significant fluctuations due to changing feeding conditions.

feeding. The beta biodiversity was analyzed using principal coordinate analysis based on 
the Bray3Curtis dissimilarity. Figure S1 showed that no pairs grouped together and the 
considerable distances between the samples suggest that the microbial communities of the 
bioęlter experienced signięcant Ěuctuations due to changing feeding conditions.

At lower taxonomic levels, the abundance of identięed MAGs decreased. At the fam-
ily level, nearly 40% of MAGs remained unclassięed (BF: 38.4 ± 1.0%, AF: 35.3 ± 1.0%), 
while, at the genus level, as many as 80% of MAGs were unclassięed (BF: 80.5 ± 1.2%, AF: 
75.7 ± 1.4%). Due to this, the family level was chosen as the lowest taxonomic level for 
analysis (Figure 3). The most abundant family was Gaiellaceae, represented by two MAGs: 
198 and 225. MAG 198 was the most abundant of all MAGs, with a relative abundance of 
12.7 ± 1.0% and 9.0 ± 0.2% in BF and AF samples, respectively, whereas the abundance of 
MAG 225 ranged from 0.2% to 0.4%. The second most abundant family was Nitrospiraceae, 
with abundances of 9.5 ± 0.2% (BF) and 11.9 ± 1.4% (AF). Similar to Gaiellaceae, one of the 
ęve MAGs belonging to Nitrospiraceae (MAG 119) had a signięcantly (t-test p < 0.05) higher 
abundance than the others, with values of 7.3 ± 0.1% in BF samples and 8.3 ± 0.5% in AF 
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and Nitrososphaeraceae (MAG 092). Among the Nitrosopumilaceae, MAG 164 was several 
times more abundant than MAG 199 and ranked ęfth in abundance at 2.7 ± 0.2% (BF) and 
2.2 ± 0.4% (AF). MAG 092 had a slightly lower abundance, at 1.6% in both BF and AF 
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A phylogenetic analysis of the MAGs classięed as Nitrospira sp. was also carried out 
(Figure 4). It showed that both clades of comammox Nitrospira were present in the bioęl-
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Figure 3. Abundance of the most abundant phyla (left) and families (right). Taxa whose abundance 
did not exceed 0.5 in any of the samples were summed and labelled <Other=. At the family level, 
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Figure 3. Abundance of the most abundant phyla (left) and families (right). Taxa whose abundance

did not exceed 0.5 in any of the samples were summed and labelled “Other”. At the family level, the

unclassified part of the bacterial community was omitted for better readability.

At lower taxonomic levels, the abundance of identified MAGs decreased. At the

family level, nearly 40% of MAGs remained unclassified (BF: 38.4 ± 1.0%, AF: 35.3 ± 1.0%),

while, at the genus level, as many as 80% of MAGs were unclassified (BF: 80.5 ± 1.2%,

AF: 75.7 ± 1.4%). Due to this, the family level was chosen as the lowest taxonomic level for

analysis (Figure 3). The most abundant family was Gaiellaceae, represented by two MAGs:

198 and 225. MAG 198 was the most abundant of all MAGs, with a relative abundance of

12.7 ± 1.0% and 9.0 ± 0.2% in BF and AF samples, respectively, whereas the abundance of

MAG 225 ranged from 0.2% to 0.4%. The second most abundant family was Nitrospiraceae,

with abundances of 9.5 ± 0.2% (BF) and 11.9 ± 1.4% (AF). Similar to Gaiellaceae, one of the

five MAGs belonging to Nitrospiraceae (MAG 119) had a significantly (t-test p < 0.05) higher

abundance than the others, with values of 7.3 ± 0.1% in BF samples and 8.3 ± 0.5% in AF

samples. Two families of archaea were identified: Nitrosopumilaceae (MAGs 164 and 199)

and Nitrososphaeraceae (MAG 092). Among the Nitrosopumilaceae, MAG 164 was several

times more abundant than MAG 199 and ranked fifth in abundance at 2.7 ± 0.2% (BF)

and 2.2 ± 0.4% (AF). MAG 092 had a slightly lower abundance, at 1.6% in both BF and

AF groups.

A phylogenetic analysis of the MAGs classified as Nitrospira sp. was also carried out

(Figure 4). It showed that both clades of comammox Nitrospira were present in the biofilter.

Clade A comprised four MAGs—MAG 143, MAG 144, MAG 201, and MAG 219—while

clade B comprised one—MAG 119.
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Figure 4. Phylogenetic maximum likelihood tree of the ęve reconstructed comammox Nitrospira ge-
nomes (MAG 119, MAG 143, MAG 144, and MAG 201). Nitrospira MAGs obtained in this study are 
highlighted in bold. Red and yellow boxes indicate comammox clades A and B, respectively. The 
tree was based on the concatenated alignment of 120 bacterial marker genes created by GTDB4Tk 
[36] with Genome Taxonomy Database (GTDB) release 207 and 214 and visualized using iTOL soft-
ware (v.7) [41].

3.3. Bioęlter Microbial Network

The structure of the microbial community of the bioęlter was modelled using a co-
occurrence network (Figure 5). The nodes in the network represent MAGs with a mini-
mum abundance of 0.5% in at least one sample, and the edges connecting the nodes indi-
cate the existence of strong correlations in co-occurrence and possible ecological depend-
ence. The resulting network consists of 62 nodes connected by 844 edges. In the network, 
415 edges have a negative correlation coeĜcient (red), while 429 have a positive one 
(green). The presence of two modules was detected in the network, which are marked 
with two colors. The modularity class depends on the density of connections between the 
microorganisms in the network and reĚects a particular group of microorganisms that 
have more interactions with each other than with others. In the case of the studied bioęlter 

Figure 4. Phylogenetic maximum likelihood tree of the five reconstructed comammox Nitrospira

genomes (MAG 119, MAG 143, MAG 144, and MAG 201). Nitrospira MAGs obtained in this study are

highlighted in bold. Red and yellow boxes indicate comammox clades A and B, respectively. The tree

was based on the concatenated alignment of 120 bacterial marker genes created by GTDB—Tk [36]

with Genome Taxonomy Database (GTDB) release 207 and 214 and visualized using iTOL software

(v.7) [41].

3.3. Biofilter Microbial Network

The structure of the microbial community of the biofilter was modelled using a co-

occurrence network (Figure 5). The nodes in the network represent MAGs with a minimum

abundance of 0.5% in at least one sample, and the edges connecting the nodes indicate the

existence of strong correlations in co-occurrence and possible ecological dependence. The

resulting network consists of 62 nodes connected by 844 edges. In the network, 415 edges

have a negative correlation coefficient (red), while 429 have a positive one (green). The

presence of two modules was detected in the network, which are marked with two colors.

The modularity class depends on the density of connections between the microorganisms in

the network and reflects a particular group of microorganisms that have more interactions

with each other than with others. In the case of the studied biofilter microbiome, the

pink module was slightly larger and contained 32 nodes (51.6%), while the green module

contained 30 nodes (48.4%). MAGs representing Nitrospira sp. and Nitrosocosmicus sp. were

assigned to the pink cluster, while Nitrosotenuis sp. was assigned to the green cluster. Most

of the 402 edges connecting members of different modules had a negative value (385). In
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turn, edges between members of the same module had a predominantly positive value.

Such a distribution could indicate the existence of two competing subpopulations.

microbiome, the pink module was slightly larger and contained 32 nodes (51.6%), while 
the green module contained 30 nodes (48.4%). MAGs representing Nitrospira sp. and Ni-
trosocosmicus sp. were assigned to the pink cluster, while Nitrosotenuis sp. was assigned to 
the green cluster. Most of the 402 edges connecting members of diěerent modules had a 
negative value (385). In turn, edges between members of the same module had a predom-
inantly positive value. Such a distribution could indicate the existence of two competing 
subpopulations.

The size of the nodes in the network is directly proportional to the value of between-
ness centrality. This is a measure of how often a particular node is on the shortest paths 
between pairs of other nodes in the network. High betweenness centrality values of nodes 
representing bacterial genera indicate that they have a substantial eěect on the connec-
tions between diěerent bacterial groups and that ecological or metabolic dependencies 
exist between these genera. In the network, the highest values of betweenness centrality 
corresponded to MAG 126 (Luteolibacter sp.), 48.7; MAG 224 (Acidimicrobiia sp.), 40.5; and 
MAG 127 (Ferruginibacter sp.), 38.7. The nitrięers had moderate betweenness centrality 
values (from 16.7 to 19.2), with the exception of MAG 164 (Nitrosotenuis sp.), which had a 
value of 30.6. However, the nodes representing Nitrospira sp. had very high values of the 
degree parameter (39340), which measures the number of direct connections that a given 
node has with other nodes in the network.

Figure 5. Microbial community network with nodes representing the most abundant MAGs (with a 
relative abundance of at least 0.5% in at least one sample). Each node represents a single MAG. The 

Figure 5. Microbial community network with nodes representing the most abundant MAGs (with a

relative abundance of at least 0.5% in at least one sample). Each node represents a single MAG. The

size of the nodes is directly proportional to the size of the betweenness centrality parameter. Red

edges indicate negative correlations, while green edges indicate positive correlations. The thickness

of the edges corresponds to the strength of the correlation. Using the “Modularity” function of

the Gephi software, two subpopulations (marked with pink and green) were identified, which are

connected by numerous negative edges. All negative edges connecting pink and green clusters were

omitted to improve the readability of the graph.

The size of the nodes in the network is directly proportional to the value of between-

ness centrality. This is a measure of how often a particular node is on the shortest paths

between pairs of other nodes in the network. High betweenness centrality values of nodes

representing bacterial genera indicate that they have a substantial effect on the connections

between different bacterial groups and that ecological or metabolic dependencies exist

between these genera. In the network, the highest values of betweenness centrality corre-

sponded to MAG 126 (Luteolibacter sp.), 48.7; MAG 224 (Acidimicrobiia sp.), 40.5; and MAG

127 (Ferruginibacter sp.), 38.7. The nitrifiers had moderate betweenness centrality values

(from 16.7 to 19.2), with the exception of MAG 164 (Nitrosotenuis sp.), which had a value of

30.6. However, the nodes representing Nitrospira sp. had very high values of the degree

parameter (39–40), which measures the number of direct connections that a given node has

with other nodes in the network.
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3.4. Nitrogen-Cycle-Related Genes

Genes related to the nitrogen cycle, i.e., amo, hao, nxr, napA/narG, nirK/nirS, nrfA,

norB, and nosZ, were found in most MAGs (Figure 6). All Nitrospira sp. MAGs had

genes encoding ammonium monooxygenase, suggesting that they can be categorized as

comammox Nitrospira. MAGs 119, 143, and 219 had a complete set of genes related to

nitrification (amo, hao, and nxr). The Nitrospira sp. MAGs also differed in terms of other

genes related to the nitrogen cycle. The nirK/nirS gene was not detected in MAGs 201

and 219, while norB was detected in MAGs 143, 144, and 219. In addition to comammox

bacteria, archaea also played an important role in the nitrification process. The presence

of the amo gene was detected in two of the three MAGs: MAG 092 (Nitrosocosmicus sp.)

and MAG 164 (Nitrosotenuis sp.). The nxr gene was more frequent and was detected in a

total of 30 MAGs. The most frequent genes were those related to the denitrification process:

napA/narG was present in 46 MAGs, nirK/nirS in 73, nrfA/nrfH in 39, norB in 40, and nosZ

in 42.

Figure 6. Presence of genes related to the nitrogen cycle in the reconstructed genomes. Only MAGs 
with an abundance of at least 1% in at least one sample are shown in the graph.

4. Discussion
4.1. The Diversity and Role of Nitrięers in the Bioęlter

The nitrięer community in the tested bioęlter consisted of bacteria from the genus 
Nitrospira and ammonia-oxidizing archaea from the genus Thermoproteota. The presence 
of the amo, hao, and nxr genes in all Nitrospira sp. MAGs clearly indicates that these bacteria 
are capable of complete nitrięcation. However, no MAGs were found from other nitrify-
ing organisms, such as Nitrosomonas sp., which are commonly present in bioęlters. Earlier 
studies aĴributed the major role in ammonia oxidation in bioęlters to AOB [42], and, later 
on, to archaea [43]. In recent years, however, this perspective has evolved with the discov-
ery of complete ammonia oxidizers within Nitrospira genus and extensive studies on their 
ecophysiology. Research indicates that comammox Nitrospira are highly abundant in oli-
gotrophic environments, such as bioęlters [44346]. The advantage of these groups over 
canonical AOB could be their higher aĜnity for ammonia. The kinetic Michaelis3Menten 
equations, which yield the apparent half-saturation constant Km(app) and the maximum re-
action rate Vmax, are used to determine and compare the substrate aĜnity of diěerent mi-
croorganisms. Km(app) is deęned as the eěective substrate concentration needed to achieve 

Figure 6. Presence of genes related to the nitrogen cycle in the reconstructed genomes. Only MAGs

with an abundance of at least 1% in at least one sample are shown in the graph.



Water 2025, 17, 52 12 of 20

4. Discussion

4.1. The Diversity and Role of Nitrifiers in the Biofilter

The nitrifier community in the tested biofilter consisted of bacteria from the genus

Nitrospira and ammonia-oxidizing archaea from the genus Thermoproteota. The presence of

the amo, hao, and nxr genes in all Nitrospira sp. MAGs clearly indicates that these bacteria

are capable of complete nitrification. However, no MAGs were found from other nitrifying

organisms, such as Nitrosomonas sp., which are commonly present in biofilters. Earlier

studies attributed the major role in ammonia oxidation in biofilters to AOB [42], and,

later on, to archaea [43]. In recent years, however, this perspective has evolved with the

discovery of complete ammonia oxidizers within Nitrospira genus and extensive studies on

their ecophysiology. Research indicates that comammox Nitrospira are highly abundant

in oligotrophic environments, such as biofilters [44–46]. The advantage of these groups

over canonical AOB could be their higher affinity for ammonia. The kinetic Michaelis–

Menten equations, which yield the apparent half-saturation constant Km(app) and the

maximum reaction rate Vmax, are used to determine and compare the substrate affinity

of different microorganisms. Km(app) is defined as the effective substrate concentration

needed to achieve half of the maximum reaction rate. Thus, a lower Km(app) value indicates

more effective substrate binding, even at low concentrations. Vmax, on the other hand,

represents the reaction rate when the enzyme is saturated with substrate [47]. Kits et al.

(2017) [18] found that the Km(app) of a pure culture of Nitrospira inopinata ranged from

0.65 to 1.1 µM total ammonium (equivalent to ~0.053–0.083 µM NH3), with Vmax reached

at total ammonium concentrations as low as 5 µM. Currently, there are no other pure

cultures of comammox bacteria available, so no precise kinetic data for other species of

comammox Nitrospira exist. However, enrichment cultures are under investigation. In a

study conducted by Sakoula et al. (2021) [48], the enrichment culture of Nitrospira kreftii

demonstrated a very high affinity for ammonia, with a Km(app) of 0.040 µM NH3. In general,

the affinity for ammonia is typically lower in most representatives of AOB, although there

is some variation. For instance, representatives of cluster 6a within the Nitrosomonas genus,

such as Nitrosomonas oligotropha, prefer oligotrophic environments and possess a relatively

high affinity for ammonia, with Km(app) values ranging from ~ 0.24 to 4.4 µM NH3 [20,49,50].

In contrast, Nitrosomonas species from cluster 7 thrive better in eutrophic environments

and at higher ammonia concentrations, with Km(app) values ranging from 12.5 to as much

as 160 µM NH3 [50,51]. Archaea also display varying levels of ammonia affinity. Notably,

the AOA model strain Nitrosopumilus maritimus SCM1, found in saltwater and marine

RAS biofilters, exhibited a very low half-saturation constant (Km(app) = 0.132 µM total

ammonium, equivalent to ~3 nM NH3). This led researchers to initially believe that most

archaea would also demonstrate a high affinity for ammonia [52]. However, later studies

challenged this view. For example, Jung et al. (2022) [47] reported two strains of the genus

Nitrosocosmicus sp. with significantly lower ammonia affinities, comparable to most AOB,

with Km(app) values of approximately 12.37 µM NH3 and 16.32 µM NH3. This indicates

that Nitrosocosmicus sp. may occupy similar ecological niches to AOB.

In this study, Nitrosocosmicus sp. was relatively abundant but less than Nitrosotenuis

sp., the latter of which has been identified in freshwater biofilters, showing an affinity for

ammonium with Km(app) values ranging from 38.7 to 41.9 µM total ammonium (approxi-

mately 4.86 to 5.26 µM NH3) [18]. Low ammonium concentrations in biofilters favor the

growth of bacteria exhibiting an “K” strategy with high substrate affinity. Considering the

differences in ammonium affinity among various nitrifiers, the proportions observed in the

tested biofilter align with the findings of the kinetic studies. Comammox bacteria were the

most abundant, followed by AOA Nitrosotenuis sp. and Nitrosocosmicus sp., while canonical

AOB, which typically follow an “r” strategy, were suppressed due to intense competition.
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However, in systems with higher ammonia concentrations, the abundance of AOB may also

increase. This was evident in the work of Roalkvam et al. (2021) [53], which investigated

the microbial communities of two biofilters with different fish stocking densities. In the first

biofilter, ammonia levels reached up to 17.6 mg N/L, with the abundance of Nitrosomonas

sp. ranging from 2.3% to 2.9%. In the second biofilter, where ammonia concentrations

reached up to 8.3 mg N/L, a high abundance of Nitrosococcus sp. and Nitrosomonas sp. was

observed, with percentages of up to 3.3% and 2.7%, respectively.

The coexistence of potentially competing AOA and comammox is common in the

microbiome of a single biofilter, although their proportions can vary. In this study, both

groups remained abundant, although the total abundance of archaea decreased slightly after

feeding. This change was not statistically significant (Wilcoxon test, p > 0.05). In contrast,

the total abundance of Nitrospira sp. increased significantly (Wilcoxon test, p < 0.05), likely

due to the greater availability of nitrogen and organic compounds. The concentrations of

ammonia, nitrate, and nitrite were very low both before and after feeding. This is probably

attributable to the high activity and rapid processing of nitrogen compounds by the bacteria

in the biofilter. Consequently, any increase in nitrogen compound concentrations after

feeding was not detectable at the time of water sampling for physico-chemical tests. This

means that the microorganisms present in the biofilter had sufficient adaptability to react

quickly to the increase in pollution.

Based on the phylogeny of the amoA gene, comammox Nitrospira can be divided

into clades A and B, and further into subclades. A phylogenetic analysis of Nitrospira

sp. MAGs revealed a diverse array of these organisms, indicating their affiliation with

both comammox clades. Unlike previous biofilter studies that reported the presence of

comammox bacteria, our findings showed that clade B was the most abundant in this

study. A recent investigation of biofilters in freshwater aquaria found that comammox

clade A was dominant, with 38 biofilters analyzed [45]. In that study, PCR was used to

detect comamox, and clade A comammox Nitrospira was abundant across all samples,

while clade B was not found. Overall, many studies suggest that comammox clade A is

typically more common in various environments, with subclade A.1 frequently identified

in aquatic and engineered systems, whereas subclade A.2 and clade B are often associated

with soils and sediments [54–57]. However, the significant presence of comammox clade

B in the freshwater biofilter examined in this study indicates that these patterns may

not be universal. This highlights the fact that, despite a substantial advancement in our

understanding of complete nitrifiers in recent years, it remains challenging to accurately

determine the ecological niche preferences of these microorganisms.

4.2. Diversity and Role of Heterotrophic Bacteria in the Biofilter

One of the objectives of this study was to determine the composition of the microbial

population in the biofilter and the roles of its individual members in the ecosystem, partic-

ularly regarding the purification of recirculating water. Nitrifying bacteria are crucial for

the effectiveness of the water purification system. However, the majority of the biofilter

community consists of heterotrophic bacteria, which are much more diverse. Such pro-

portions of these two groups of microorganisms are typical for systems in which the C/N

ratio is high, e.g., in fish farming systems, but also in wastewater treatment systems. As

autotrophs, nitrifying bacteria prefer to utilize inorganic carbon [58]. Organic carbon, on

the other hand, which in RAS systems comes from uneaten feed and fish feces, favors the

development of heterotrophic bacteria. The autotrophic metabolism of carbon compounds

is energetically less efficient than the heterotrophic metabolism, which is the reason for

the higher maximum growth rates and growth yields of the heterotrophs compared to

the autotrophs. A sudden increase in the amount of organic matter in the period after
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feeding can lead to an intensification of the competitive relationship between heterotrophs

and autotrophs [59]. Fast-growing heterotrophs consume the oxygen resources necessary

for nitrification, which can lead to a reduction in nitrification rates and the accumulation

of toxic fish metabolites in the recirculating water. However, heterotrophic bacteria also

require nitrogen compounds for their growth, so, in the environment of RAS systems, the

amount of available N is a factor limiting their growth, even under conditions of periodic

growth of C compounds. The high affinity of comammox bacteria and AOA for ammonia

gives them an advantage in competition with heterotrophs for this substrate, which, in this

study, was probably the reason for the increase in abundance of nitrifiers and the decrease

in abundance of the main representative of heterotrophs—Gaiellaceae (MAG 198)—in the

samples after feeding.

Typically, bacteria from the phyla Pseudomonadota and Bacteroidota dominate in biofil-

ters [13,60]. In the biofilter tested, these groups were present in significant numbers, but

Actinomycetota and Planctomycetota were even more abundant.

Bacteria from the phylum Actinomycetota are commonly found in aquatic environments.

Their presence in fish culture systems can positively influence both water quality and fish

health, as they produce a wide range of secondary metabolites, including antibacterial

compounds. Many genera within the Actinomycetota have the potential to be used as

probiotics and in bioremediation [61]. As saprophytic heterotrophs, they produce various

hydrolytic enzymes that decompose organic material, thereby improving water quality. In

the study conducted by Babu et al. (2018) [62], the addition of Actinomycetota bacteria led

to a significant reduction in biochemical oxygen demand (BOD) in pond shrimp culture

systems. In this study, the phylum Actinomycetota was represented by 16 members, with

the most prevalent member being MAG 198 from the Gaiellaceae family. This bacterium

was first isolated from a deep mineral water aquifer [63] and has since been found mainly

in various extreme environments, including aquatic settings such as the water-sediment

interface of an acidic lake [64], mangrove wetlands [65], and the deep sea [66]. In this study,

MAG 198 played a role in the denitrification process, as genes coding for nitrate and nitrite

reductase were identified. This finding is consistent with existing literature, which states

that the only known member of the Gaiellaceae family, Gaiella occulta, possesses genes coding

for the narGHIJ nitrate reductase complex and the MFS-type nitrate/nitrite transporter

(narK/nasA) [67]. The abundance of Gaiellaceae decreased significantly in the samples after

feeding. However, due to the limited information available on their ecophysiology, it

is difficult to determine whether this decline is a direct consequence of environmental

changes or the result of strong competitive pressure from growing comammox bacteria.

Other families of the phylum Actinomycetota, including Miltoncostaeaceae and Nocardiidaceae,

were found in much lower numbers.

In contrast to Actinomycetota, the abundance of Planctomycetota remained stable and did

not change significantly in the samples after feeding. This phylum was the most abundant,

represented by 45 MAGs. However, none of these MAGs dominated as strongly as MAG

198 in the Actinomycetota phylum. Like Actinomycetota, Planctomycetota are widespread in

biofilter communities. Burut-Archanai et al. 2021 [68] also found that Planctomycetota devel-

oped more in biofilters acclimatized to low total ammonia nitrogen (TAN) concentrations (5

mg N/L), while Actinomycetota thrived at high TAN concentrations (100 mg N/L); however,

in this study both groups were abundant despite low ammonia concentrations. This study

identified several families of Planctomycetota: Gemmataceae, Lacipirellulaceae, Pirellulaceae,

Planctomycetaceae, and Tepidisphaeraceae. Planctomycetota is a highly diverse group of aerobic

or facultatively anaerobic heterotrophs. The only exceptions are anaerobic autotrophic

anammox bacteria, which were not detected in this study. The genomes of bacteria from the

phylum Planctomycetota contain genes related to the metabolism of nitrogen, oxygen, sulfur,
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and metal(loids), highlighting their metabolic versatility and explaining their widespread

occurrence in various environments.

In the analyzed biofilter, representatives of Planctomycetota likely played a significant

role in several stages of the nitrogen transformation process. The nxr gene was identified in

two MAGs, while the hao gene was found in eleven. At least one key gene associated with

denitrification (napA/narG, nirK/nirS, norB, and nosZ) was present in thirty-five MAGs,

and the nrfAH gene, essential for dissimilatory nitrate reduction (DNRA), was detected

in twenty MAGs. Although the biofilter was aerobic, deeper layers of the biofilm, where

oxygen diffusion is limited, may have facilitated anaerobic processes. Notably, nitrate

reductase in the Planctomycetota MAGs was primarily encoded by the napA gene, which can

function under both aerobic and anaerobic conditions. This contrasts with nitrate reductase

encoded by narG, whose expression is inhibited by oxygen [69]. This suggests that aerobic

denitrification could also occur in the biofilter. However, without gene expression studies,

it is impossible to ascertain whether aerobic or anaerobic processes predominate.

Pseudomonadota and Bacteroidota are typically the most abundant phyla found in biofil-

ters within the studied systems; however, their presence was lower in this analysis. An

examination of the genes present in MAGs from these groups indicated their involvement

in denitrification processes. The unusual proportions of the dominant bacterial groups may

result from various environmental and ecological factors, as well as stochastic processes

influencing the formation and differentiation of the microbiome. Furthermore, biofilter

ecosystems in fish farms represent unique environments, as each system differs signifi-

cantly from the others, which subsequently impacts the diversity of their microbiomes.

Indeed, it is often suggested that this diversity is so extensive that each system possesses

its own unique microbiological “fingerprint” [44]. This variability can be attributed to

significant differences among individual recirculating aquaculture systems, such as the

species and developmental stages of the fish being reared, the type of feed utilized, and the

frequency and method of disinfection, as well as the design, filter material, and capacity

of the biofilter itself [70]. The formation of the microbial community is also influenced by

physicochemical factors such as the pH value, the total dissolved solids, or the oxygen

concentration. For example, Bayer et al. 2019 [71], when studying several compartments

of the same RAS system, found that the bacterial population in these compartments was

modelled by physico-chemical parameters such as temperature, pH, and salinity, although

they originated from the same reservoir. These diverse bacterial groups play important

roles in various biological processes and, together with nitrifiers, help maintain the desired

quality of recirculating water. For example, numerous species of denitrifiers not only

engage in the conversion of nitrogen compounds but also degrade organic matter. Due to

the differing environmental requirements of the various bacterial groups, particularly their

varying tolerances to oxygen, bacterial biofilms in biofilters exhibit spatial organization [72].

In canister filters, where aerobic conditions prevail, anaerobic bacteria can develop in the

deeper layers of the biofilm, while aerobic nitrifiers grow in the outer layers.

4.3. Competitive and Symbiotic Relationships Within the Bacterial Network of the Biofilter

In the plotted network, nitrifiers were characterized by high betweenness centrality

and degree values. Nodes exhibiting these characteristics are likely to play a central role

in the community, and their removal could disrupt the network structure unless new

connections form between the remaining nodes [24]. The high values of these parameters

in nitrifiers, especially in environments with large populations of denitrifiers, are likely

due to their role as nitrate producers. However, this mutually beneficial cooperation can be

much more complex.
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The mutual positive influence between heterotrophs and comammox bacteria or

AOA has been observed in various studies. For instance, in the research conducted by

Xu et al. (2022) [73], which examined the nitrifying community within a wastewater

nutrient removal system supplemented with volatile fatty acids, comammox bacteria were

found to be abundant. The authors noted that comammox bacteria can provide vitamins

and cofactors, such as cobalamin and biotin, to heterotrophs (e.g., Burkholderiaceae). In

return, these heterotrophs supply amino acids, such as phenylalanine and tyrosine, which

comammox bacteria cannot synthesize on their own.

Mehrani et al. (2022) [74] revised the conventional two-stage nitrification model by

incorporating comammox and heterotrophic denitrification based on soluble microbial

products (SMP). SMPs are organic compounds produced as a result of normal metabolic

processes in microorganisms and the decomposition of biomass. These products, which

can originate from autotrophic bacteria, can be effectively used as a carbon source by

heterotrophic organisms, even at low concentrations.

Another example of symbiotic cooperation is between AOA and heterotrophs, as de-

scribed by Bayer et al. 2019 [71]. The authors highlight that many AOA strains are sensitive

to oxidative stress and lack the catalase gene, which encodes an enzyme that detoxifies

hydrogen peroxide—a by-product of oxygen metabolism. The organic compounds re-

leased by the archaea can be utilized by the heterotrophs, which, in turn, neutralize the

hydrogen peroxide present in the environment. This relationship benefits both groups

of microorganisms.

The significant number of positive correlations identified in the network analyzed in

this study suggests beneficial dependencies between autotrophs and heterotrophs. How-

ever, the division of the network into two distinct clusters, characterized primarily by

negative correlations, indicates the presence of two competing populations. The cluster

labelled in green primarily included those MAGs that had higher abundance before feed-

ing, while the cluster labelled in pink consisted mainly of those with greater abundance

following feeding. In a context of persistent nitrogen deficiency, this separation may arise

from intensified competition for substrate during periods of greater availability.

All Nitrospira sp. MAGs were located in the pink cluster, while the most abundant

AOA were found in the green cluster. Notably, none of the Nitrospira sp. MAGs displayed

direct negative correlations with one another or with the AOA MAGs, despite potentially

competing for the same substrate. It is important to recognize that ecological relationships

among microorganisms are complex and influenced by a variety of factors. While network

analysis has its limitations and cannot provide definitive conclusions, it serves as a valuable

preliminary tool for modelling potential interactions among microorganisms and between

these organisms and their environment. The relationships observed in this analysis may

suggest new avenues for further research.

5. Conclusions

By studying the bacterial biofilter community and the role of its members in nitrogen

transformation processes under varying availability of nitrogen compounds, we found that

the role of canonical AOB in freshwater canister biofilters is much smaller than previously

thought; in the case of the biofilter tested, it turned out to be negligible. In addition,

comammox bacteria thrive much better than AOB in this type of biofilter due to their high

affinity for ammonia. AOA can also significantly influence the nitrification process in the

biofilter, although they are under competitive pressure from the comammox bacteria, which

leads to a reduction in their abundance. Furthermore, fluctuations in the availability of food

substrates shape the microbiome of the biofilter and affect the competitive relationships

between the microorganisms.
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The conclusions drawn may be useful for users of this type of aquarium biofilter.

Often, when setting up smaller, non-commercial aquaria, users opt for ready-made prepa-

rations containing cultures of nitrifying bacteria, typically from the genera Nitrosomonas or

Nitrobacter. However, this study suggests that aquarium biofilters are not an ideal environ-

ment for these bacteria, which should be taken into account when producing and using

such preparations. Furthermore, the impact of feeding regimes on the abundance and

competitive relationships among bacteria indicates that a planned feeding schedule for fish

is essential in order to maintain a consistent level of food substrates for microorganisms.
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Table S.1. Values of alpha biodiversity indices in microbial samples before (BF) and after feeding (AF).  

 

 BF_I BF_II AF_I AF_II 

Simpson_1-D 0.97 0.97 0.98 0.98 

Shannon_H 4.35 4.43 4.57 4.48 

 

Figure S.1. Principal coordinates analysis based on the Bray � Curtis dissimilarity for the samples  before (BF) and 

after feeding (AF).  
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A B S T R A C T

Portable canister �lters are often used in aquaria or smaller recirculating aquaculture systems (RAS). However, 
the microbiome of these canister �lters, especially the presence of comammox bacteria, has not been extensively 
studied. The aim of this study was to explain the mechanisms of nitrogen transformation, with a focus on the 
comammox process, in a portable �lter under varying organic compound availability. Biomass samples were 
collected before and after feeding, and the microbial community was pro�led using metagenomics and meta-
transcriptomics, with ecological relationships analyzed through network analysis. The results showed that 
Nitrospira was the dominant nitri�er in the bio�lter, with an average abundance of 4.2 %, while other nitri�ers, 
such as Nitrosomonas, were present at signi�cantly lower levels (0.1 % average abundance). High transcription 
levels of the amo, hao, and nxr genes of comammox Nitrospira further indicated their critical role in nitri�cation 
within the �lter. Aerobic denitri�ers, e.g. Pseudomonas, Flavobacterium, and Aeromonas, were also abundant in 
the bio�lter (8.3 %, 4.2 %, and 1.6 % average abundance respectively). Nitrogen transformations varied across 
�lter layers, with more intensive nitri�cation occurring in the lower layers and increased denitri�cation in the 
upper layers. The most important competitors of the comammox bacteria were heterotrophic bacteria of the 
genus Pseudomonas, which increase in abundance after feeding and inhibit comammox activity. These �ndings 
provide insights into nitrogen conversion in canister �lters at the molecular level and offer practical recom-
mendations for engineers when designing this type of �lter.

1. Introduction

Traditional aquaculture methods face signi�cant challenges, 
including environmental impact and limited opportunities for further 
development to meet increasing consumer demand [1]. These methods 
typically include cage-based systems in natural water bodies, such as 
rivers, lakes, or oceans, as well as pond farming and land-based systems 
with >ow-through tanks and raceways [2]. While these conventional 
systems are still in use, they present several drawbacks, including water 
pollution [3], transmission of parasites and pathogens between farmed 
�sh and wild �sh populations [4], escape of farmed �sh, the need for 
substantial water resources [5], and the generation of wastewater [6].

In response to the above problems, the �sh production industry has 
evolved in recent years and is increasingly using recirculating aqua-
culture systems (RAS) [7]. The advantages of such systems over tradi-
tional aquaculture methods are due in part to their ability to grow �sh at 

higher densities in indoor tanks under strictly controlled conditions. 
This is particularly important in countries where the environmental 
conditions for rearing �sh and seafood in natural or arti�cial external 
water reservoirs are unfavorable [8]. In addition, closed-loop farming 
reduces the impact of aquaculture facilities on the natural environment, 
as less wastewater is discharged, and water is reused. However, �sh 
farming in RAS, with tanks that generally have a high stocking density, 
presents a number of challenges that need to be overcome [9]. In order 
to maintain the well-being and health of the �sh, it is necessary to ensure 
adequate water quality and to remove �sh metabolic products from the 
water. Special bio�lters are used for this purpose, which are inhabited 
by populations of bacteria that utilise and neutralize the metabolic 
products of the �sh.

The most important by-product of �sh metabolism is ammonia, and 
its toxicity depends on the form in which it occurs. Total ammonia ni-
trogen (TAN) consists of ammonia in ionic (NH4+) and non-ionic (NH3) 
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forms. Non-ionic ammonia penetrates biological membranes more easily 
and accumulates in tissues and organs, impairing their function. For this 
reason, it is many times more toxic than ionized ammonia [10]. The 
proportion of the non-ionic fraction grows as the pH and temperature 
increase, and at the same time, the risk of �sh poisoning increases [11]. 
Nitrite is another toxic nitrogen compound, which is formed during the 
nitri�cation process via ammonia oxidation. Tolerable concentrations of 
these compounds differ between �sh species and the age of farmed �sh. 
For example for Atlantic salmon the total concentration of ammo-
nia1nitrogen should not exceed 2 mg N/l and the nitrite concentration 
should not exceed 0.1 mg N/l [12]. In sturgeons, very young individuals 
are the most sensitive, and a 24-h exposure to ammonia at a concen-
tration of 0.9 mg N/l can be fatal for half of the individuals (LC50) [13]. 
This sensitivity decreases with age and the LC value for �sh weighing 
around 450 g is 2.5 mg N/l. Sturgeons are also considered to be rela-
tively resistant to nitrite [14].

Since even low concentrations of ammonia and nitrite can be very 
harmful to �sh, their effective removal is crucial for the success of an 
aquaculture facility. To achieve this, water puri�cation �lters in RAS 
provide a microbiologically rich environment [15,16], which is colo-
nized by groups similar to those found in wastewater treatment plants. 
The �lters contain numerous nitrifying bacteria: ammonia oxidizing 
bacteria (AOB) and archaea (AOA), as well as nitrite oxidizing bacteria 
(NOB) [17]. In the �rst step of nitrogen removal, ammonia is oxidized to 
nitrite. Bacteria of the genus Nitrosomonas or Nitrosococcus are involved 
in this process. In the next stage, bacteria such as Nitrobacter, Nitrotoga, 
or Nitrospira oxidize nitrite to nitrate.

However, most nitrifying bacteria are classi�ed as so-called r-strat-
egists, which have a low af�nity for the substrate and develop well under 
eutrophic conditions [18]. In RAS systems, on the other hand, the con-
centration of nitrogen compounds is relatively low (compared to, e.g. 
wastewater treatment plants), especially in the periods before feeding. 
Therefore, RAS systems seem to be a good environment for the devel-
opment of K-strategists such as comammox Nitrospira, which have a high 
af�nity for the substrate and grow well in resource-limited environ-
ments [19]. The presence of comammox Nitrospira has been con�rmed 
in various commercial-scale RAS using different types of bio�lters, for 
example in the >uidized sand bio�lter [17], �xed bed bio�lters [16] and 
moving bed bio�lter [20]. Its abundance, however, is highly variable 
between the different systems, and the reason for this variability is not 
explained. Moreover, many different types of nitri�ers are found in 
bio�lters, and the factors that determine their niche differentiation and 
shape the bacterial communities in RAS are not well understood. The 
most common factors that determine the composition of the microbial 
community in aquaculture bio�lters include the species of �sh being 
farmed, the type of feed, and physicochemical parameters such as pH, 
temperature, and salinity. The design of the bio�lter and the type of 
bio�lter medium are also likely to be important factors in>uencing the 
microbiome. Fish health in RAS depends on the health and functioning 
of the microbial community in the �lters. Changes in feeding doses and 
schedules can cause large variations in nitrogen compound levels in the 
water, which can have important effects on the microbial community, 
affecting its ability to treat the recirculated water. Thus, considering the 
importance of effective water treatment for the health of �sh in RAS 
systems, it seems important to understand how alternating feeding and 
the resulting variations in nitrogen-compound concentrations would 
affect the �lter microbiome. In addition, most studies have focused on 
commercial-scale RAS with large bio�lters similar to those used in 
wastewater treatment plants, while smaller portable canister �lters have 
not yet been investigated. Portable canister bio�lters are commonly 
used because they are easy to set up, inexpensive to maintain, and 
readily available on the market. These advantages make them suitable 
for small recirculating systems, such as laboratory-scale research setups, 
pet shops, and private aquariums of hobbyists. Despite their frequent 
use, these bio�lters are rarely studied, even though unique processes can 
develop in this particular environment, leading to the elimination of 

harmful pollutants. The use of different materials in these layered �lters 
creates conditions that favor the development of various groups of mi-
croorganisms with different ecological preferences. In addition, the 
microbiome of the bio�lter under investigation is subject to constant 
changes and is exposed to environmental stress through the alternating 
feeding of the �sh. This variability can favor the development of unique 
relationships between the bacteria responsible for these pollutant 
removal processes, making the bio�lter an extremely interesting subject 
for the study of microbiological processes.

The aim of this study was to address this knowledge gap by (i) 
verifying the presence of comammox Nitrospira in the freshwater 
external canister bio�lter and identifying the main bacterial groups it 
competes with for the nitrogen transformations (ii) describing the 
ecological network of relationships among these bacteria, and (iii) 
determining how variations in organic/nitrogen compound concentra-
tions in>uence the activity and abundance of different microbial taxa. 
To achieve these aims, we employed shotgun sequencing to identify the 
bacterial groups within the bio�lter and metatranscriptomics to assess 
their activity in response to substrate availability. In addition, we used 
co-occurrence network analysis to indicate ecological relationships. 
Gaining deeper insights into these complex systems can enhance the 
management of aquaculture recirculating systems, thus improving �sh 
welfare and increasing production.

2. Materials and methods

2.1. Description of recirculating aquaculture system bio:lter

All samples were taken from an EHEIM professional 3 (model 
1200XLT) external canister �lter with a volume of 13.5 l, equipped with 
a mechanical �lter and an ultraviolet light chamber unit that inactivated 
heterotrophic and coliform bacteria. The bio�lter contained three types 
of �lter material. The bottom one, was �lled with spherical shapes made 
of PCV with a diameter of about 1.5 cm and a surface with numerous 
channels. The middle level consisted of hollow ceramic cylinders, and 
the top one was �lled with a porous sponge. The water from the 
aquarium was pumped into the lower part of the �lter, and the cleaned 
water was drained from the upper part of the �lter back into the 
aquarium. The hydraulic retention time (HRT) of the system tank was 
2.6 h. A diagram of the �lter is shown in Fig. 1. The recirculation system 
discussed in this study has been used to maintain a stock of carp and 
sturgeon. As this system was designed for �sh maintenance rather than 
research purposes, the �sh were fed at a low intensity. Over a period of 6 
months, the average increase in �sh biomass was about 165 grammes for 
sturgeon and about 100 grammes for carp. The �sh were fed every third 
day with commercial feed (Aller Aqua Ltd., Christians-feld, Denmark) at 
a dose corresponding to approximately 2 % of the total �sh biomass per 

Fig. 1. Schematic diagram of the bio�lter in the recirculation system that pu-
ri�ed the water in the rearing aquarium. The biomass samples for the micro-
biological tests were taken from the three layers, which contained different 
types of �lter materials.
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day. This feeding regimen is routinely used in this system and was not 
modi�ed for the purposes of this study. The �lter is cleaned on average 
every six months. After cleaning and introduction of the �sh into the 
tank, it is operated for 2 weeks without stocking, in water with the 
addition of approximately 100 g of feed, which is later fed to the �sh. 
This ensures that the microbiome in the system is stabilised before the 
�sh are added to the tank. The RAS system was a square tank with a 
volume of 1.05 m3 made of polyester-glass laminate where two �sh 
species were cultured: 12 individuals of Siberian sturgeon Acipenser 
baerii (Brandt, 1869) and 35 individuals of common carp Cyprinus carpio 
L. juveniles (mean size 320 ± 75 g and 180 ± 35 g, respectively). The 
typical water temperature in the tested system was (mean ± standard 
deviation) 18.7 çC ± 0.2, and the dissolved oxygen concentration was 
8.7 mg/l ± 0.3. pH of water was stable reaching a mean value of 7.8 ±
0.1. The photoperiod was consistent with the natural one.

2.2. Sample collection and extraction of nucleic acids

To assess the composition of the bio�lter microbiome and possible 
changes caused by alternating feeding, biomass samples were taken for 
microbiological analysis both the day before and the day after �sh 
feeding. To reduce variability, samples were collected in two different 
time periods: the �rst sampling (I) and the second sampling (II) 
approximately two weeks apart. On each sampling day, biomass samples 
were taken from different layers of the bio�lter. The biomass for DNA 
extraction and metagenomics was collected into sterile 50 ml Falcon 
tubes. The samples for RNA isolation and metatranscriptome analysis 
were collected into sterile 2 ml Eppendorf tubes. These RNA samples 
were centrifuged immediately after collection to remove excess water 
and suspended in a phenol solution (A&A Biotechnology, Gdynia, 
Poland) to prevent degradation of the transcripts. All biomass samples 
were frozen immediately after collection and stored at −20 çC until the 
isolation of nucleic acids.

Prior to the extraction procedure, the samples were thawed and 
centrifuged to remove excess liquids. For DNA extraction, 500 mg of the 
semi-dry biomass was used, while 50 mg was used for RNA extraction. 
The DNA samples isolated from each layer of the bio�lter on the same 
sampling day were pooled together. This procedure ensured that the 
resulting DNA libraries provided a comprehensive representation of the 
microbiome throughout the entire bio�lter. To investigate which bac-
terial groups were most active in each layer of the bio�lter, the RNA 
samples from each layer were sequenced separately.

DNA was isolated using an MP Bio FastDNA® SPIN Kit for Soil (MP 
Bio, Solon, OH, USA) according to the manufacturer9s instructions. For 
RNA isolation, a Total RNA Mini Kit (A&A Biotechnology, Gdynia, 
Poland) was used. The concentration of isolated nucleic acids was 
measured with a Qubit >uorimeter (Invitrogen, Waltham, MA, USA) 
using Qubit# Broad Range Quanti�cation Assay Kits (Invitrogen, Wal-
tham, MA, USA). The quality of the isolated RNA was measured using a 
2100 Bioanalyzer RNA 6000 Nano Assay System (Agilent Technologies, 
Santa Clara, CA, USA).

2.3. Concentration of nitrogen compounds and dissolved oxygen

Samples of the water >owing into and out of the �lter were taken at 
the same time as the biomass samples in order to determine the con-
centration of the individual nitrogen compounds. The concentrations of 
ammonia, nitrite, and nitrate were measured on the day of sampling 
using photometric LCK cuvette tests (Hach Lange GmbH, Düsseldorf, 
Germany). An HQ40D digital multimeter (Hach Lange GmbH, Düssel-
dorf, Germany) was used to measure temperature and oxygen 
concentration.

2.4. Shotgun sequencing and data analysis

DNA and RNA sequencing were performed by Macrogen Inc. (Seoul, 

Korea). A TruSeq DNA PCR-Free Kit (Illumina, San Diego, CA, USA) was 
used to prepare the metagenomic library, and a NEBNext® rRNA 
Depletion Kit (Bacteria) (New England Biolabs, Ipswich, MA, USA) was 
used to prepare the metatranscriptome library. The libraries were 
sequenced on a NovaSeq 6000 S4 (Illumina, San Diego, CA, USA) using 
the paired-end method (2 × 150 bp). The raw sequences were deposited 
in the NCBI Sequence Read Archive (SRA) database under accession 
number PRJNA1149071.

Read preprocessing, taxonomic classi�cation, and metagenomic as-
sembly were performed using tools from the KBase platform [21] 
Brie>y, raw reads were �rst subjected to quality assessment, including 
trimming and �ltering of reads based on quality and length using 
Trimmomatic (v.0.36) [22] and FastQC (v.0.12.1) [23]. The meta-
genomic reads processed in this way were used for taxonomic pro�ling 
using Kaiju (v.1.9.0) [24] with the default parameters against the NCBI 
BLAST non-redundant protein database. All four metagenomics datasets 
were then co-assembled using two different assemblers: MEGAHIT 
(v.1.2.9) [25] and metaSPAdes (v.3.15.3) [26] with a minimum contig 
length of 2000. These two assemblies were then compared with the 
KBase app <Compare Assembled Contig Distributions= (v.1.1.2). This 
tool generates a report that is similar to the report generated by Meta-
QUAST and allows a simple comparison of the number and size distri-
bution of the contigs. Based on assembly statistics (number of contigs, 
longest contig, N50, L50), the assembly created with metaSPAdes was 
selected for further analysis.

MetaGeneMark (v.3.25) was used to predict genes in the metaSPAdes 
assembly and generated over 2.6 million possible genes. To identify 
genes related to the nitrogen cycle, genes predicted by MetaGeneMark 
[27] were aligned to the NCBI nr database using DIAMOND [28] with an 
E- value <1e-3. The gene identi�ed as ammonia monooxygenase subunit 
A (amoA) was utilized to construct the phylogenetic tree using 
Maximum Likelihood method with 1000 bootstrap replicates. The 
analysis was done against reference sequences downloaded from NCBI 
GenBank using MEGA (version 12) [29]. The iTOL software (version 7.0) 
was used to visualize the tree [30]. The abundance of genes and tran-
scripts associated with the nitrogen cycle was determined using the tools 
available on the Galaxy platform [31]. Trimmed DNA and RNA reads 
were mapped to the predicted nitrogen cycle genes using HISAT2 
(v.2.2.1) [32]. The quality of the mapping was checked using QualiMap 
BamQC [33]. The output of HISAT2 was further processed using 
StringTie (v.2.2.3) [34] to estimate the expression levels of genes related 
to the nitrogen cycle in the analyzed samples.

2.5. Network construction and microbial diversity analysis

The network of co-occurrence of individual bacteria was plotted on 
the basis of a correlation analysis. Spearman9s correlation coef�cients 
were calculated for the bacterial genera whose abundance in at least one 
sample was at least 0.01 %. Spearman9s rank correlation test was per-
formed in Statistica (v.13.1, StatSof, Inc., Tulsa, OK, USA). The resulting 
correlation matrix was used to visualize the network using Gephi soft-
ware (version 0.10.1) [35] with the <Force Atlas= layout. Subgroups 
were identi�ed using the Leiden algorithm. The network was only drawn 
for highly correlated taxa, i.e. those with a correlation coef�cient g 0.75 
for a positive relationship or f −0.75 for a negative relationship. The 
analysis of alpha diversity (Chao1 and Shannon_H indices) and beta 
diversity (PERMANOVA) was performed with Past (v.4.17).

3. Results

3.1. Concentration of nitrogen compounds

Ammonia, nitrite, and nitrate concentrations were measured in the 
�lter in>ow and out>ow one day before and one day after feeding the 
�sh. The results are presented in Table 1. Ammonia concentrations were 
notably high, especially after feeding, with only a minimal reduction 
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observed in the ef>uent. A signi�cant decrease in ammonia concentra-
tion was recorded only in the �nal sample analyzed. Nitrite concentra-
tions remained generally low across all samples, but were increasing 
after feeding. In contrast, nitrate concentrations were consistently 
higher after feeding, except in the �nal sample.

3.2. Bacterial community composition and diversity

The bacterial population in the bio�lter was analyzed before and 
after feeding. DNA was isolated from biomass samples taken from each 
of the three types of �lter �llings that were then mixed to obtain four 
sequencing libraries, one for each time period. Using Kaiju, a total of 178 
bacterial and archaeal phyla and 3741 genera were identi�ed in the 
analyzed metagenomes. On average, 53 % of the reads were taxonom-
ically annotated. The vast majority of the identi�ed phyla and genera 
had a very low abundance, not exceeding 0.5 %. The most abundant 

phyla and genera are shown in Figs. 2 and 3.
Only 10 phyla reached an abundance of at least 0.5 % in at least one 

sample. However, the abundance of these 10 phyla accounted for over 
95 % of the total population. In all samples, the vast majority of the 
population were bacteria from the very numerous and diverse phylum 
Proteobacteria. Their numbers varied between 55 % and 70 %. In second 
place were bacteria from the phylum Bacteroidetes (8314 %). Bacteria 
from the phyla Nitrospirae, Verrucomicrobia, Planctomycetes, Actino-
bacteria, and Acidobacteria were also quite abundant (235 %), although 
with varying abundances in individual samples. Although some differ-
ences in the abundance of individual phyla were observed, the differ-
ences before and after feeding were not statistically signi�cant (White9s 
non-parametric t-test, p > 0.05). As with the phyla, most of the identi�ed 
genera occurred in very low abundance. At this taxonomical level, 
however, the rare groups made up a substantially larger proportion of 
the total population, ranging from 31 % to 37 %. There was also a high 
percentage (34.8 % ± 1.8 % (mean ± standard deviation)) of microor-
ganisms that were not identi�ed at the genus level. Thirty-one identi�ed 
genera with an abundance of >0.5 % in at least one sample accounted 
for a total of 29 % to 39 % of the total population. The pre-feeding 
samples contained signi�cantly more Aeromonas and Mycobacterium 
bacteria, whereas the post-feeding samples contained signi�cantly more 
Pseudomonas bacteria (White9s non-parametric t-test, p < 0.05. In 
addition, all samples contained numerous bacteria of the genus Nitro-
spira (3.3 % 3 5.2 %), which were the only representatives of nitrifying 
bacteria. There were also numerous representatives of denitri�ers, such 
as Flavobacterium and Acidovorax. The denitri�er population was 
particularly well developed in the last sample examined (AF_II). Pseu-
domonas (13.6 %) was the most common, followed by Dechloromonas 
(4.1 %), Acinetobacter (3.0 %), and Hydrogenophaga (2.2 %), while their 
mean abundance in Before Feeding samples was 3.9 %, 0.3 % 0.2 %, 0.3 
% respectively.

The vast majority of identi�ed genera were present in all samples, 

Table 1 
Ammonia, nitrite, and, nitrate in the in>uent and ef>uent of the bio�lter on the 
day the biomass was sampled.

Before 
Feeding I 
(BF_I)

After 
Feeding I 
(AF_I)

Before 
Feeding II 
(BF_II)

After 
Feeding II 
(AF_II)

ammonia (mg 
N/l)

in>ow 0.066 0.429 0.087 0.806
out>ow 0.053 0.322 0.065 0.007

nitrite (mg N/ 
l)

in>ow 0.021 0.221 0.026 0.044
out>ow 0.024 0.26 0.028 0.02

nitrate (mg N/ 
l)

in>ow 3.25 5.11 2 0.47
out>ow 3.26 5.17 2.99 0.52

Dissolved 
oxygen (mg/ 
l)

in>ow 8.96 9.02 8.95 9.07

Temperature 
(çC)

in>ow 19.1 19.2 19.7 19.2

Fig. 2. Relative abundance of the most numerous bacterial phyla. The graph shows only those phyla which had an abundance of at least 0.5 % in at least one sample.
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although with varying abundances. Only a few genera were unique in 
individual metagenomes, and they all belonged to the rare genera. The 
value of the Chao1 coef�cient depends on the total number of genera 
observed in the sample and is thus an indicator of the richness of the 
population. In addition, this indicator is sensitive to rare genera repre-
sented by only one or two representatives. The value of the Shannon_H 
coef�cient is in>uenced not only by the number of bacterial groups 
observed, but also by the uniformity of their occurrence. The values of 
these coef�cients in the analyzed groups are shown in Fig. 4. The 
decrease in the values of these coef�cients in the <After feeding= group 
indicates that in the periods after feeding some bacterial groups gained 
predominance and their number in the population increased at the 
expense of a decrease in the number of other groups. However, Per-
mutation multivariate analysis (PERMANOVA) based on the Bray3Curtis 
dissimilarity matrix revealed no statistically signi�cant differences be-
tween the population before and after feeding (Bonferroni corrected p- 
values: 0.33).

3.3. Network analysis

The interactions between the individual bacterial groups in the 
tested bio�lter were visualized using the co-occurrence network anal-
ysis. In addition, the concentrations of nitrogen compounds were also 
taken into account in the correlation analysis and the creation of the 
network in order to determine which bacterial groups have the strongest 
in>uence on the values of these parameters. The network shown in Fig. 5
consists of 50 nodes representing the most numerous generations and 
concentrations of nitrogen compounds in the in>uent and ef>uent 
water. The nodes of the network are connected by 502 edges symbol-
izing the presence of correlations in co-occurrence. Positive values of the 
correlation coef�cient are marked in green, while negative values are 
marked in red. The color of the nodes indicates the af�liation to one of 
the two identi�ed clusters. This algorithm identi�es the af�liation of 
nodes to a particular cluster by analyzing the number of connections 
between them. If several nodes are connected to each other by many 
edges, while they are only weakly connected to others, they belong to 

Fig. 3. Relative abundance of the 20 most numerous bacterial genera.

Fig. 4. Values of the alpha-biodiversity coef�cients in the bacterial population of the tested bio�lter before and after feeding.
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the same cluster. Both clusters consisted of a similar number of nodes: 
the green cluster consisted of 23 nodes, while the pink cluster consisted 
of 27 nodes. Interestingly, most nodes within the same cluster were 
connected only by positive edges. However, the edges connecting rep-
resentatives of different clusters were only negative. Such a division may 
indicate the existence of two competing subpopulations. The size of the 
individual nodes is related to the betweenness centrality parameter. The 

higher the betweenness centrality value, the larger the node. This 
parameter indicates how important a particular node is for the structure 
of the entire network. It measures how often a particular node is present 
on the shortest path between all possible node pairs in the network. High 
betweenness centrality values of nodes representing bacterial genera 
indicate that they have a signi�cant in>uence on the number of many 
different bacterial groups and the existence of ecological dependencies 

Fig. 5. Microbial community network with nodes representing the most abundant genera (with a relative abundance of at least 0.01 % in at least one sample), the 
concentration of nitrogen compounds and gene transcripts. Red edges represent a negative correlation, green edges represent a positive correlation. Thickness of the 
edges depend on strength of the correlation. Part A shows the network with all edges. Part B shows the same network, but to increase readability the edges that 
connect two competing clusters have been omitted. (For interpretation of the references to color in this �gure legend, the reader is referred to the web version of 
this article.)

M. Godzieba et al.                                                                                                                                                                                                                              Journal of Water Process Engineering 72 (2025) 107494 

6 



between them. Among the nodes representing bacteria, Flavihumibacter, 
Reyranella, Ideonella, Hydrogenophaga, Nitrospira, and Acidovorax had 
the highest betweenness centrality value.

3.4. Nitrogen cycle-related genes and transcripts

The phylogenetic analysis of the amoA gene revealed a high simi-
larity to the amoA genes present in representatives of comammox bac-
teria, especially Candidatus Nitrospira nitrosa (Fig. 6). To construct the 
phylogenetic tree, reference sequences of the amoA genes from both 
comammox bacteria, such as Nitrospira, and canonical ammonia oxi-
dizers like Nitrosomonas and Nitrosospira were utilized. The analyzed 
sequences formed three distinct clusters: the upper cluster (marked in 
red) contained amoA sequences from comammox Clade A, the middle 
cluster (marked in yellow) represented comammox Clade B, and the 
lower cluster comprised sequences from canonical AOB. The amoA se-
quences identi�ed in this study (marked in bold) were closely related to 
those of Candidatus Nitrospira nitrosa.

Fig. 7 shows the average expression levels of transcripts associated 
with the nitrogen cycle in the samples before and after feeding. In 
general, the strongest expression level, expressed by the TPM (transcript 
per million) value, concerned transcripts related to the nitri�cation 
process (amo, hao, and nxr). All these transcripts belonged to bacteria of 
the genus Nitrospira, indicating the presence of bacteria capable of 
complete ammonia oxidation in the bio�lter. Signi�cant changes in the 
transcription level of the studied genes occurred in the AF_II sample. The 
number of transcripts of amo, hao, and nxr decreased signi�cantly, 
indicating that the transcription level of genes related to the assimilation 
of ammonia (gln) and its transport into the cell (amt) increased. The gln 
gene encodes the enzyme glutamine synthase, which determines the 
ATP-dependent reaction of glutamine synthesis from glutamate and 
ammonium. Glutamine is the primary product of ammonium assimila-
tion and plays an extremely important role in bacterial cells. It is not 
only one of the basic amino acids for building proteins, but is also 
required for the synthesis of other nitrogenous compounds. The increase 
in the transcription level of the gln gene in the sample AF_II could 

indicate that with greater availability of organic compounds, ammonia 
was used to a greater extent for biomass growth than for the nitri�cation 
process. In both samples After Feeding, the transcription of genes related 
to dissimilatory nitrate reduction (nar/nap and nirB/nirD) also 
increased. The processes of transformation of nitrogen compounds took 
place at different intensities in the individual levels of the bio�lter, as 
shown in Fig. 8. The largest number of transcripts related to nitri�cation 
is found in the lower two levels of the �lter, while the proportion of 
transcripts related to denitri�cation increases at the top level. Only in 
the last sample (AF_II) was there a disturbance in these ratios, probably 
related to the excessive proliferation of heterotrophic bacteria.

4. Discussion

4.1. Abundance of the nitrifying bacteria

In many papers investigating the microbial community of RAS bio-
�lters, Nitrosomonas is one of the most common nitri�ers. Hüpeden et al. 
[36], who investigated nine freshwater, brackish, and marine bio�lters, 
classi�ed Nitrosomoas as one of the <core taxa=, as it was present in all 
�lters tested. In contrast to the works mentioned above, the number of 
typical AOB representatives was signi�cantly lower in the system 
investigated in this study. The average number of Nitrosomonas bacteria 
was 0.1 %. The low abundance of Nitrosomonas could be due to the low 
ammonia concentrations. According to the r/K-strategist theory, Nitro-
somonas belongs to the group of r-strategists, i.e. it has a low af�nity for 
ammonia and develops better in environments where this compound is 
present in higher concentrations. This was the case in the above- 
mentioned work by Roalkvam et al. [37] where ammonia concentra-
tions reached up to 17.6 mg N/L. This theory also seems to be con�rmed 
by the work of Bartelme [17], where the mean ammonia concentration 
in the freshwater bio�lter in>uent was 9.02 ± 4.76 ¿M and the number 
of Nitrosomonas did not exceed 1 %.

The second important group of bacteria with regard to water treat-
ment in RAS is Nitrospira. The number of Nitrospira in the tested system 
was stable, both in the samples before and after feeding. In addition, the 

Fig. 6. Maximum likehood phylogenetic tree generated from an alignment of identi�ed in the contigs amoA gene and reference amoA genes from comammox 
Nitrospira, Nitrosomonas and Nitrosospira. Cluster representing Nitrosomonas and Nitrosospira was collapsed and labeled as canonical AOB. Circles on the branches 
represent bootstrap values. The name of the sequence identi�ed in this work is given in bold type. The accession numbers of the sequences from the NCBI are given 
in brackets.
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presence of the species Candidatus Nitrospira nitrosa and Candidatus 
Nitrospira nitri�cans, which are classi�ed as comammox Nitrospira, was 
detected. To further con�rm the presence of comammox Nitrospira in the 
tested bio�lter we performed phylogenetic analysis of the identi�ed in 
the contigs amoA gene. The signi�cant sequence similarity of amoA gene 
and the reference comammox amoA sequences, particularly Candidatus 
Nitrospira nitrosa [38] reinforces the presence of comammox bacteria 
within the studied bio�lter. Additionally, we performed a simple cor-
relation analysis between the abundance of Nitrospira and Nitrosomonas 
bacteria and the number of ammonium monooxygenase genes, which 
resulted in correlation coef�cients of 0.86 and 0.26, respectively. 
Furthermore, Nitrospira emerged as the sole identi�ed autotrophic 
nitri�er in the bio�lter, while canonical AOB, such as Nitrosomonas, 
were only marginally detectable. This suggests that Nitrospira has 
assumed the role of ammonia oxidizer in this ecosystem.

The presence of comammox bacteria is common in RAS systems, but 
usually together with other nitri�ers, especially AOA [39]. However, in 
the system of this study, the abundance of AOA was negligible and the 
abundance of Nitrospira was many orders of magnitude greater than that 
of AOB or AOA. In the studies conducted by Yang et al. [40] on the 
bacterial community in a pond aquaculture system, the abundance of 
comammox Nitrospira was similar to the abundance of AOB, although 

the ammonia concentrations were at a similar level (0.530.7 mg N/l) as 
in our RAS system. In the cited paper, the authors also found that the 
proportion of clade A in comammox Nitrospira was greater than clade B.

The advantages of comammox bacteria compared to conventional 
AOB are increasingly recognised, not only in the context of water 
treatment in RAS, but also in various other environments, highlighting 
their versatility. For example, a study by Zheng et al. [41] examined 
activated sludge samples from 25 full-scale wastewater treatment plants 
and found that comammox bacteria outnumbered both AOB and AOA in 
19 of these plants. Importantly, the comammox bacteria not only had a 
higher population but also made a greater contribution to ammonia 
oxidation than other nitri�ers. In addition, the research by Zhang et al. 
[42] on the transformation processes of nitrogen compounds in wetlands 
showed that the role of comammox bacteria in nitri�cation is much 
greater than that of AOB. It was found that the ammonia oxidation rates 
of comammox Nitrospira were even twice as high as those of AOB.

The formation of the bacterial community is in>uenced by envi-
ronmental factors and mutual ecological relationships [43]. Such re-
lationships can be antagonistic when several populations of 
microorganisms compete for the same food substrate. Competition can 
be particularly intense in resource-limited environments, such as RAS 
bio�lters. Comammox Nitrospira and AOA occur in different 

Fig. 7. Transcripts abundance of functional genes in the samples from �rst and second sampling, normalized by transcript length and to 1 million reads.

Fig. 8. The contribution of transcripts related to the nitrogen cycle in individual �lter levels.
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environments, but it is generally assumed that they develop better in 
oligotrophic environments [44]. Because comammox bacteria have a 
greater af�nity for ammonia than AOB [45,46], so they will have a clear 
advantage over AOB in a resource-limited environment. Therefore, there 
is a stronger competitive relationship between comammox bacteria and 
AOA adapted to oligotrophic environments, but little is known about the 
mechanisms of this competition. Ghimire-Ka>e et al. [47] investigated 
the competitive relationships at different substrate concentrations be-
tween comammox bacteria and AOA Nitrosarchaeum from the fresh-
water lake Burr Oak. These studies showed that comammox Nitrospira 
always outcompeted AOA. The authors hypothesize that the reason for 
this advantage may be a more effective pathway of energy production 
through complete ammonia oxidation and reductive tricarboxylic acid 
cycle. The predominance of comammox bacteria in oligotrophic envi-
ronments is further supported by microbiome studies conducted on RAS 
bio�lters. McKnight et al. [48] studied the microbial community of over 
30 bio�lters in freshwater aquariums with relatively low ammonia 
concentrations (NH3-N concentration between: 030.1 mg N/l (32 sam-
ples), 0.130.25 mg N/l (5 samples)). Comammox Nitrospira was present 
in all bio�lters and dominated in 30 of them, while AOA dominated only 
in 7, but it is not known which factors had a decisive in>uence on the 
selection of the dominant microorganism. Determining the parameters 
that determine the differentiation between comammox and AOA could 
be a promising and important direction for future research.

The microbiome in bio�lters is in>uenced also by abiotic factors. The 
type of �lling used in the bio�lter can increase the prevalence of 
comammox bacteria. Different types of carriers that support the devel-
opment of a bacterial bio�lm contribute positively to an increase in the 
number of K-strategists, which have a slower growth rate compared to r- 
strategists. Therefore, these carriers are often used in environments 
where it is important to maintain ammonia levels at very low concen-
trations, which would be dif�cult to achieve with bacteria that have a 
low af�nity for ammonia [49]. The bacterial structure of bio�lters is 
in>uenced by hydraulic retention time (HRT). To maintain optimal 
water quality for the organisms being cultivated, it9s important to 
choose the appropriate water recirculation ratio. In RAS, this often ex-
ceeds 20 cycles per day. Some studies suggest that a longer HRT in the 
�sh tank can increase the risk of pathogenic bacteria growth [50]. 
Additionally, HRT affects the bacterial composition of the bio�lter. In 
studies conducted by Chen et al. [51], three different water recirculation 
rates were tested in shrimp RAS. The results showed that at the highest 
tested water recirculation rate, the lowest concentrations of ammonia 
and nitrite were observed, along with the highest number of nitrifying 
bacteria in the bio�lter.

4.2. Abundance of the denitrifying bacteria

Although nitrifying bacteria are a key group in RAS bio�lters, due to 
their ability to oxidize ammonia and nitrate, their numbers usually 
range from 5 % to 10 % [48,52]. The remaining majority of the bacterial 
community is more diverse and shows greater variability between 
different systems. Sometimes it is even stated that this diversity is so 
great that each system has its own microbiological <�ngerprint= [17]. 
Such great variability may result from the fact that individual RAS 
systems differ signi�cantly from each other, for example in the species 
and stage of development of the �sh bred, type of food, frequency and 
method of disinfection, as well as the design, �lter material and capacity 
of the bio�lter itself [53]. These diverse groups of bacteria participate in 
many biological processes and, together with nitri�ers, will contribute 
to ensuring the appropriate quality of the recirculating water. For 
example, the numerous types of denitri�ers and DNRA bacteria, 
participate not only in the transformation of nitrogen compounds, but as 
heterotrophs also degrade organic compounds. Due to the slightly 
different environmental requirements of different bacterial groups, and 
especially different tolerance to oxygen, bacterial bio�lms in bio�lters 
exhibit spatial organization [54]. In canister �lters, where aerobic 

conditions prevail, anaerobic representatives of these bacterial groups 
can develop in the deep layers of the bio�lm, while aerobic nitri�ers 
develop in their outer layers.

Bacteria of the genera Pseudomonas, Flavobacterium, Aeromonas, 
Acidovorax, Acinetobacter, Flavihumibacter, and Dechloromonas, which 
are representatives of the denitri�ers, were present in the investigated 
system. Pseudomonas was particularly abundant, especially in the sam-
ples after feeding, where the proportion reached 11.8 % and 13.6 %. 
They are facultatively anaerobic, i.e. they can also grow under aerobic 
conditions [55]. Bacteria of the genus Pseudomonas are also involved in 
the processes of converting nitrogen compounds. Pseudomonas aerugi-
nosa, for example, can carry out complete denitri�cation under anaer-
obic conditions [56]. Many recent research results also indicate the 
existence of strains capable of removing ammonia via heterotrophic 
nitri�cation - aerobic denitri�cation (HN-AD) [57,58]. The genus Aer-
omonas is also common in the aquatic environment. Like Pseudomonas, it 
can cause infections in �sh [59], but some strains also play an important 
role in the removal of toxic nitrogen compounds. For example, in the 
study by Chen et al. [60], the strain Aeromonas sp. HN-02 removed ni-
trogen compounds from wastewater by heterotrophic nitri�cation 3 

aerobic denitri�cation, with ammonia being the preferred nitrogen 
source, followed by nitrate and nitrite. Aerobic denitri�ers, including 
Flavobacterium and Dechloromonas, were also in the majority in the study 
by Deng et al. [61] in zero-discharge, bio>ock-based, recirculating 
aquaculture system, especially at higher C/N ratios. Furthermore, in this 
study, most of the nitrogen (approx. 75 %) was removed in gaseous 
form, i.e. by aerobic denitri�cation.

4.3. Functional pro:le of microbial community in the RAS bio:lter

Most studies on microbial communities in RAS bio�lters focus on the 
abundance of different bacterial groups that are crucial for the removal 
of toxic nitrogen compounds. However, detailed data on their activity 
and the expression pro�les of functional genes are still lacking. An 
important advantage of metatranscriptome studies over metagenome 
studies is that they provide information on differences in the intensity of 
microbial processes taking place in different environments, even if they 
appear to have a similar bacterial composition. In this study, for 
example, the abundance of comammox Nitrospira was relatively stable, 
but its activity changed signi�cantly. However, there was a signi�cant 
difference in the abundance of amo and nxr transcripts. Some research 
indicates that comammox Nitrospira grows better on ammonia and 
prefers it as a substrate compared to nitrite [62,63]. In all samples except 
the AF_II sample, the abundance of amo transcripts was the highest. In 
the sample AF_II, the abundance of amo transcripts decreased signi�-
cantly, while the abundance of Nitrospira increased slightly.

After feeding, the amount of organic compounds probably also 
increased, which intensi�ed the competition between nitri�ers and 
heterotrophic bacteria. Faster-growing heterotrophs compete with 
slower-growing chemoautotrophs for nutrients, oxygen, and space 
under conditions of elevated organic carbon and can inhibit nitri�cation 
activity [64].

Most researchers emphasize the role of nitri�cation in the process of 
ammonia removal from the environment, while the role of ammonia 
assimilation is often neglected. Ammonia is the preferred nitrogen 
source for most bacteria, which is a vital component of many bio-
molecules, such as amino acids, purines, and pyrimidines [65], so 
ammonia assimilation is directly linked to biomass growth. When the 
amount of organic compounds is low, the amount of C is a limiting factor 
for the growth of heterotrophs and consequently the amount of N 
assimilated by them. The resulting excess nitrogen is available for ni-
tri�ers. With a large amount of organic compounds, the limiting factor 
for both heterotrophs and nitri�ers is the amount of available N. In these 
conditions competition for nitrogen compounds between these two 
groups of bacteria becomes more intense [66,67]. Such a situation has 
probably occurred in the AF_II sample, in which the number of 
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transcripts related to nitri�cation (amo, hao, nxr) has decreased signif-
icantly, while the number of transcripts related to ammonia assimilation 
(amt, gln) has increased. In recent years, the process of ammonia 
assimilation has been increasingly described in bacteria of the genus 
Pseudomonas. Sun et al. [68] found in their studies on the utilization of 
ammonia by the representative of HN-AD bacteria, Pseudomonas stutzeri 
T13, that most of the ammonia was utilized by assimilation, not by 
heterotrophic nitri�cation. Furthermore, an increase in the amount of 
ammonia available enhanced the process of aerobic denitri�cation and 
thus contributed to increased nitrate degradation. When ammonia was 
depleted as the preferred nitrogen source for biomass growth, nitrate 
was also utilized as an alternative nitrogen source. Similar observations 
were made in studies by Huang et al. [69] with the strain Pseudomonas 
putida Y-9 under aerobic conditions. After the depletion of ammonia in 
the environment, this strain utilized nitrate for assimilation rather than 
denitri�cation. In addition, nitrate was reduced to ammonia via the 
dissimilatory nitrate reduction pathway (DNRA), which is controlled by 
the nirBD and nrfAH genes. These results are consistent with the results 
obtained in this study. The increased abundance of Pseudomonas bac-
teria (and other aerobic denitri�ers) and the number of DNRA-related 
transcripts in the sample AF_II suggests that ef�cient nitrogen removal 
in the �lter may not only depend on nitri�cation, but also on other 
bacterial groups and other metabolic pathways. The highest loss of 
ammonia was observed in the sample AF_II, which was probably mostly 
consumed by assimilation, as indicated by the high number of gln 
transcripts. Despite the high activity of the DNRA process, there was no 
accumulation of ammonia, as it was probably continuously used up for 
other metabolic pathways.

The type of bio�lter used also had an in>uence on the activity of the 
bacteria in the RAS system. The layered canister �lter is characterized by 
the fact that the water enters the lower part of the bio�lter and >ows 
upwards through the subsequent layers. This can create a gradient of 
dissolved oxygen, with more oxygen present in the lower layers. This is 
likely to result in a greater proportion of the nitri�cation process taking 
place in the lower layers. Lower oxygen availability in the last, highest 
layer could lead to a decrease in the intensity of nitri�cation in favor of 
denitri�cation.

4.4. Structure of microbial network

In network analysis, the betweenness centrality parameter is crucial 
as it indicates the extent to which a particular node is on the shortest 
path between other nodes in the network. A node with high betweenness 
centrality is likely to play a central role in the community, and its 
removal can disrupt the network structure unless new connections are 
formed between the remaining nodes [70]. In the studied network, the 
Nitrospira node was characterized by one of the highest values of 
betweenness centrality. It was the only nitri�er identi�ed in the bio-
�lter, so its importance to the system could result from the production of 
nitrate by nitri�cation, which can later be utilized by numerous de-
nitri�ers in the studied bio�lter. At the same time, Nitrospira showed a 
negative correlation, indicating a competitive relationship with several 
bacterial genera (e.g. Acidovorax, Aquabacterium, Paucibacter, Rhodo-
bacter, Tabrizicola). However, the highest betweenness centrality values 
were found in the less numerous genera Flavihumibacter, Reyranella, 
Ideonella, and Hydrogenophaga. The role of these few genera is often 
poorly understood. In microbiome studies using network analysis 
methods, the highest betweenness centrality values are often found in 
less abundant taxa. The potential importance of these bacteria has 
recently attracted the interest of researchers [71].

Two competing populations have formed in the network under 
investigation. The pink-labeled population consists of genera that show 
a positive correlation with transcripts related to ammonia assimilation 
(amt, gln). These bacteria are also positively correlated with the 
ammonia concentration in the water >owing into the bio�lter. The 
bacteria from this cluster were more numerous in the samples after 

feeding, especially in the AF_II sample. The Pseudomonas described in 
the previous paragraphs belongs to this cluster, which further con�rms 
its signi�cant involvement in the ammonia assimilation process. Most of 
the relationships identi�ed between the members of this cluster are 
positive, but there is also a sub-population composed of several het-
erotrophs (Rhodobacter, Zooglea, Dechloromonas, Cetobacterium, Tabrizi-
cola, Microbacterium, Gemmobacter) between which negative 
relationships exist. This is probably due to competition for the limited 
availability of organic compounds. The second population, marked in 
green, contains bacteria that were more abundant in the pre-feeding 
samples. In this cluster, the relationships between the nodes are only 
cooperative. Here there are comammox Nitrospira and denitrifying 
bacteria (e.g. Aeromonas, Flavihumibacter, Flavobacterium). In addition, 
this cluster also contains nodes representing nirK/nirS transcripts and 
nitrate concentrations. Such a division into two clusters indicates that 
two competing subpopulations have developed in the bio�lter: the �rst 
one develops better at lower concentrations of organic carbon and 
mainly performs nitri�cation and denitri�cation, while the second one is 
characterized by a faster growth rate at higher C availability and uses 
ammonia for biomass growth.

5. Conclusions

This study explains the mechanisms of nitrogen conversions in a 
portable �lter, during alternating feeding regime. The changes in the 
abundance and activity of key bacteria impact water quality in a RAS. 
The �ndings revealed that comammox Nitrospira were the sole nitri�ers 
in this system, likely due to their preference for oligotrophic environ-
ments with limited ammonia availability. Contrary to earlier studies 
suggesting competition between comammox Nitrospira and AOA or 
AOB, this study found that comammox Nitrospira faced no competition 
from other nitri�ers in the environment. The main competition for 
comammox bacteria came from heterotrophs, especially those of the 
genus Pseudomonas, whose populations increase after feeding. These 
heterotrophs assimilate ammonia for biomass growth. Consequently, 
toxic nitrogen compounds were more effectively removed through 
assimilation and aerobic denitri�cation than through nitri�cation. Even 
small changes in water quality parameters in the RAS can signi�cantly 
impact the bacterial community of the bio�lter. These �ndings provide 
insights into nitrogen transformations in canister �lters on a molecular 
level and offer practical recommendations for optimizing conditions in 
�sh farms using these �lters. The increased competition between 
comammox bacteria and heterotrophs observed in the periods following 
�sh feeding indicates that feeding must be planned to maintain organic 
compound levels at a constant and low level. Commercial preparations 
for inoculating bio�lters typically include standard nitrifying bacteria. 
However, the low presence of classic AOB, such as Nitrosomonas, in 
bio�lters suggests that these environments may not be ideal for their 
growth, contrary to previous beliefs. This insight should be considered 
when producing or using these preparations.
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