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Abstract: This study extensively analyzed the bacterial information of biofilms and activated sludge
in oxic reactors of full-scale moving bed biofilm reactor-integrated fixed-film activated sludge (MBBR-
IFAS) systems. The bacterial communities of biofilms and activated sludge differed statistically
(R=0.624, p < 0.01). The denitrifying genera Ignavibacterium, Phaeodactylibacter, Terrimonas, and
Arcobacter were more abundant in activated sludge (p < 0.05), while comammox Nitrospira was
more abundant in biofilms (p < 0.05), with an average relative abundance of 8.13%. Nitrospira and
Nitrosomonas had weak co-occurrence relationships with other genera in the MBBR-IFAS systems.
Potential function analysis revealed no differences in pathways at levels 1 and 2 based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) between biofilms and activated sludge. However, in
terms of pathways at level 3, biofilms had more potential in 26 pathways, including various organic
biodegradation and membrane and signal transportation pathways. In comparison, activated sludge
had more potential in only five pathways, including glycan biosynthesis and metabolism. With respect
to nitrogen metabolism, biofilms had greater potential for nitrification (ammonia oxidation) (M00528),
and complete nitrification (comammox) (M00804) concretely accounted for methane/ammonia
monooxygenase (K10944, K10945, and K10946) and hydroxylamine dehydrogenase (K10535). This
study provides a theoretical basis for MBBR-IFAS systems from the perspective of microorganisms.

Keywords: biofilm; activated sludge; nitrogen metabolism; bacterial community; potential function

1. Introduction

The discharge standard of treated wastewater into surface water is tightening, espe-
cially for nitrogen [1,2]. However, some conventional technologies for nutrient removal
have faced challenges in achieving the required efficiency [1]. Among these technologies,
the activated sludge process for biological nitrogen removal was generally applied in
existing wastewater treatment plants (WWTPs) because of its economic advantages [3].
Therefore, an effective method for upgrading activated sludge to improve nitrogen removal
efficiency is imperative to meet the increasingly stringent discharge standard [3]. Thereby,
moving bed biofilm reactor-integrated fixed-film activated sludge (MBBR-IFAS) technol-
ogy was introduced to WWTPs to upgrade them worldwide [4-6]. In recent years, this
process has become a leading option for treating wastewater [7]. It combines the benefits of
biofilms and activated sludge to improve pollutant removal capacities and reduce the risk
of washing away slow-growing microorganisms [4,7].

Microbial communities are thought to affect the efficiencies and stabilities of wastew-
ater treatment systems [8]. In recent years, studies have been carried out to research the
microbial communities of MBBR-IFAS systems. For example, the bacterial community infor-
mation of temporal samples in MBBR-IFAS systems was investigated in detail by varying
sludge retention times [9]; the effects of dissolved oxygen (DO) on microbial communities in
MBBR-IFAS systems for simultaneous nitrification and denitrification were researched [4];
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and the microbial communities for partial nitrogen/anammox in MBBR-IFAS systems were
studied [10]. However, most of these studies were based on lab-scale or pilot-scale experi-
ments, focusing on the microbial communities of MBBR-IFAS systems that are affected by
various factors or have special functions. Little attention has been paid to the microbial in-
formation of full-scale running municipal MBBR-IFAS systems. In-depth exploration of the
microbial information of full-scale, running MBBR-IFAS systems is crucial to understanding
MBBR-IFAS systems better for practical operation. Moreover, biofilms and activated sludge
coexist in MBBR-IFAS systems in attachment and flocs, respectively, and they are two
common microbial communities with distinctive properties [7]. Comparative analysis of
bacterial information between biofilms and activated sludge simultaneously in MBBR-IFAS
systems is of great importance in providing insight into their roles in pollutant removal.

For some time now, Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) matched up with high-throughput sequencing has been
extensively used in predicting microbial functions based on 16S rRNA gene sequencing [11].
This method has increased accuracy due to the excellent coverage of the taxonomic diversity
of the reference genome database in recent years [12-14]. PICRUSt2 is an effective method
for gaining an in-depth understanding of the functional roles of microbial communities in
various environments [15].

Therefore, in this study, one typical municipal WWTP (250,000 m*/d) was selected to
explore and comparatively analyze the bacterial community diversity and bacterial pop-
ulations of biofilms and activated sludge by high-throughput sequencing. Moreover, the
bacterial co-occurrence network was studied. Specially, this plant contains three indepen-
dent MBBR-IFAS systems with the same influent water and climate conditions, providing
the conditions for parallel investigations. In addition, the potential functions based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG) of the biofilms and activated
sludge in MBBR-IFAS systems were explored by PICRUSt2. This research aims to under-
stand MBBR-IFAS systems in depth from the perspective of microorganisms and provide
the theoretical basis for its practical application to obtain high efficiency in biological
wastewater treatment.

2. Materials and Methods
2.1. Treatment Process, Sewage Characteristic, and Sample Collection

The samples in this study were collected in a municipal WWTP in the Shandong
Province of China. The total treatment capacity and personal equivalent (PE) of this plant
were 250,000 m3/d and 3,000,000, respectively. This WWTP includes three independent
secondary biological treatment systems, numbered Systems I, II, and III. The capacities of
Systems I, II, and III were 95,000 m3/d, 110,000 m3/d, and 45,000 m3/d, respectively. The
layout and flow diagrams of Systems I, II, and III are shown in Figure 1. Systems [, II, and
III adopted an improved University of Cape Town (UCT) process [16], an improved anaero-
bic/anoxic/oxic (A/A/O) process [17], and the Bardenpho process [18], respectively. The
month’s influent and effluent water qualities of this plant during sample collections were as
follows: five-day biochemical oxygen demand (BODs) concentrations were 369 mg/L and
4.24 mg/L; chemical oxygen demand (COD) concentrations were 818 mg/L and 20 mg/L;
suspended solids (SS) concentrations were 568 mg/L and 5 mg/L; ammonia nitrogen (NHj-
N) concentrations were 48.39 mg/L and 1.35 mg/L; total nitrogen (TN) concentrations were
77.31 mg/L and 11.01 mg/L; and total phosphorus (TP) concentrations were 10.95 mg/L
and 0.10 mg/L. The effluent water satisfied the First-order Class-A of Chinese Discharge
Standard of Pollutants for Municipal WWTP Discharge Standard (GB18918-2002). The
high-density polyethylene suspended carriers (SPR-I, 450 m? /m3 and SPR-II, 620 m?/m?)
were added to some aeras of oxic reactors with a filling fraction of ~40% so that the systems
could achieve the required ammonia nitrogen removal capacities. All the carriers were
retained in the systems by the perforated sieves on the effluent end of the reactors, but the
activated sludge could pass through to the next unit with the treated water [19].
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Figure 1. The layout diagrams of Systems I (a), II (b), and III (c) and flow diagrams of Systems I (d), IT
(e), and III (f).

For System I, with a total of four oxic galleries, the suspended carriers were added to
the tail of the third oxic zone (the first MBBR-IFAS of System I) and the head of the fourth
oxic zone (the second MBBR-IFAS of System I); for System II, with a total of three oxic zones,
the suspended carriers were added to the tail of the second oxic zone (the first MBBR-IFAS
of System II) and the head of the third oxic zone (the second MBBR-IFAS of System II); for
System III, the suspended carriers were added to the first-stage oxic reactors (MBBR-IFAS
of System III). So, these areas formed MBBR-IFAS systems. The biofilms attached to the
suspended carriers and activated sludge were collected randomly from these MBBR-IFAS
systems. These samples were numbered as shown in Table 1.

Table 1. Description of sample numbers of biofilms and activated sludge.

1311:;1;1; Sample Type System Source Reactor Source

BI-1 Biofilms System I The first MBBR-IFAS of System I
SI-1 Activated sludge System I The first MBBR-IFAS of System I
BI-2 Biofilms System I The second MBBR-IFAS of System I
SI-2 Activated sludge System I The second MBBR-IFAS of System I
BII-1 Biofilms System II The first MBBR-IFAS of System II
SII-1 Activated sludge System II The first MBBR-IFAS of System II
BII-2 Biofilms System II The second MBBR-IFAS of System II
SII-2 Activated sludge System II The second MBBR-IFAS of System II
BIII Biofilms System III The MBBR-IFAS of System III

2.2. High-Throughput Sequencing Methods

The biofilms obtained for high-throughput sequencing were scratched from the sus-
pended carriers. The activated sludge mixture was centrifuged at 3000 r/min, and the
supernatant was poured off. Then, the biofilms and activated sludge were stored at —80 °C
immediately. Deoxyribonucleic acid (DNA) extraction and sequencing were entrusted to
Yuanxu Biotechnology Co., Ltd. (Shanghai, China). The detailed procedures were per-
formed on the Illumina Miseq platform (paired-end, 2 x 300) following the manufacturer’s
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protocols [20,21]. The V3-V4 region of the bacterial 16S rRNA gene was amplified using
universal primers 338F and 806R.

2.3. Potential Function Analysis

The total sequencing reads were annotated from the KEGG databases (http://www.
genome.jp/kegg/, accessed on 1 December 2023 and 1 January 2024) by means of PICRUSt2
to predict gene functions [11,13,14]. This part of the analysis was performed using the
Majorbio Cloud Platform online tool (https://cloud.majorbio.com/page/tools/, accessed
on 1 December 2023) [22].

2.4. Ammonia Nitrogen Removal Capability Test

After the carriers and activated sludge were sampled from the three MBBR-IFAS
systems, they were added to six reactors with a volume of 5 L, respectively. Then, the sec-
ondary sedimentation tank effluent water was added to the scale mark. The filling fraction
of the suspended carriers was 40%, and the mixed liquid suspended sludge of activated
sludge was ~6000 mg/L, corresponding to the full-scale systems. The initial ammonia
nitrogen concentration of ~30 mg N/L was obtained by adding ammonium chloride into
the reactor. At this moment, air was added to these reactors simultaneously, and the clock
started. During the operation, the DO concentration was controlled at 2—4 mg/L. The test
lasted three hours, and water samples were taken every 30 min. The ammonia nitrogen
concentration was finally tested according to the standard method [23,24].

2.5. Statistical Analysis

The difference analysis and co-occurrence network analysis in this study were per-
formed using an online gene cloud tool (https://www.genescloud.cn, accessed on
1 December 2023 and 1 January 2024), with the significance level p-value set at 0.05.

3. Results and Discussion
3.1. Bacterial Community Diversity
3.1.1. Alpha Bacterial Community Diversity

The alpha diversities of biofilms and activated sludge in MBBR-IFAS systems are
shown in Figure 2a. The coverage of all biofilms and activated sludge samples was above
90%, indicating that sequencing data give an accurate picture of the bacterial community.
However, there may still be a small number of microbial populations that remain unde-
tected. Abundance-based coverage estimator (ACE) and Chaol indexes represented com-
munity richness [25,26]. ACE indexes of biofilms and activated sludge were 12,492 + 5380
and 17,955 + 3786, respectively, and their Chaol indexes were 7185 4+ 2822 and 9438 + 1755,
respectively. No significant differences were found in bacterial community richness be-
tween biofilms and activated sludge in MBBR-IFAS systems (p > 0.05). A larger Shannon
index value and a smaller Simpson index value indicate more community diversity [27-29].
The Shannon indexes of biofilms and activated sludge were 4.75 £ 0.94 and 5.76 & 0.02,
respectively, and their Simpson indexes were 0.070 £ 0.059 and 0.014 £ 0.004, respectively.
Therefore, significantly higher bacterial community diversity was found in activated sludge
than in biofilms (p < 0.05). This may be related to biofilms always being in a relatively
stable environment compared to activated sludge. Concretely, in these systems in the
study, the activated sludge circulated in anaerobic, anoxic, and oxic reactors, while biofilms
always remained in oxic reactors. Therefore, microorganisms in activated sludge adapted
to various conditions, and microorganisms in biofilms adapted to specific aerobic condi-
tions. The Shannoneven index indicates community evenness [30]. The values of biofilms
and activated sludge were 0.61 & 0.10 and 0.72 & 0.02, meaning that significantly higher
community evenness was found in activated sludge than in biofilms (p < 0.05).


http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://cloud.majorbio.com/page/tools/
https://www.genescloud.cn

Microorganisms 2024, 12,1121

50f 17

@) E Biofilms (B) £+ Activated sludge (S)
Coverage I ACE Chao1
0.98-]
=0.009 =0.117 =0.251
P o 25000+ p 125001 P
[ N !
1 @
00 200004 100001
0.944 150004 75004
[ ]
0.92- 10000+ 5000 -
5000 L
B S B S B S
Shannon Simpson Shannoneven
p=0.016 0.16- p=0.016 0.8 p=0.028
6 —— e — — — o
[ ]
[ ] 0-12 0.7+
5.
0.08+
0.6+
44 0.04-
) .&& 051 @
B S B S B S
(b) ® Biofilms (B) /. Activated sludge (S)
4500
4000 1
3500
3000
2500 1
~ 2000
x
]
~ 1500
]
9 1000
500
0 - . ------------------
-500
-1000 1
-1500
-14000 -10000 -6000 -2000 0 2000 6000
PC1(86.35%)

Figure 2. Difference analysis of alpha diversity indexes between biofilms and activated sludge
in MBBR-IFAS systems (a) and the PCA for the bacterial communities in MBBR-IFAS systems (b).
“*” presents “p < 0.05”, and “**” presents “p < 0.01”.

In conclusion, biofilms had higher bacterial community diversity than activated sludge
in MBBR-IFAS systems, and no significant differences were found in community richness
and evenness between them.

3.1.2. Beta Bacterial Community Diversity

The principal component analysis (PCA) revealed beta diversity in bacterial communi-
ties (Figure 2b). P1 and P2 explained 86.35% and 7.58% variance in bacterial communities,
respectively. As a result, the samples are divided into two groups: biofilm and activated
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sludge samples. The analysis of similarities (ANOSIM) confirms that the grouping is
statistically significant (R = 0.624, p < 0.01).

In conclusion, there were different bacterial communities between biofilms and acti-
vated sludge in MBBR-IFAS systems.

3.2. Bacterial Populations
3.2.1. Bacterial Populations at Phylum Level

As depicted in Figure 3a, ten kinds of bacterial populations at the phylum level
exceed 0.1%. Proteobacteria was the most abundant phylum in biofilms and activated
sludge systems in MBBR-IFAS systems. This phylum has always been reported as the main
dominant phylum in WWTPs [31]. The relative abundance of the samples was 48.67-85.56%.
The next most abundant phylum in both biofilms and activated sludge was Bacteroidetes,
and it was also the main dominant phylum in WWTPs [32,33]. However, the relative
abundance of Bacteroidetes in biofilms and activated sludge was 12.46% =+ 5.94% and
31.39% == 3.09%, respectively, and this phylum was statistically more abundant in activated
sludge than that in biofilms (p < 0.05) (Figure 3b). It was reported that Bacteroidetes were
related to the hydrolysis of macromolecules under anaerobic or anoxic conditions [31,34].
Among the top ten abundant phyla in MBBR-IFAS systems, Ignavibacteriae was also
statistically more abundant in activated sludge than in biofilms (p < 0.05). Ignavibacteriae
was reported to be related to cellulolytic [35]. Firmicutes and Nitrospirae were statistically
more abundant in biofilms than in activated sludge (p < 0.05). Firmicutes were reported to
be the dominant bacteria in antibiotic pharmaceutical wastewater [36-38]. Nitrospirae is
highly correlated with nitrification efficiency [32,39].

(b)
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Figure 3. Relative abundance of the biofilms and activated sludge (a) and difference analysis between
biofilms and activated sludge (b) in MBBR-IFAS systems at the phylum level.

3.2.2. Bacterial Populations at Genus Level

As depicted in Figure 4a, twenty kinds of bacterial populations at the genus level ex-
ceed 1%. The most abundant genus in MBBR-IFAS systems was Acinetobacter. The average
relative abundance of Acinetobacter was 27.76%. This genus was reported to be aerobic deni-
trifier [40,41], suggesting denitrification occurred in the oxic reactors. Moreover, Arcobacter,
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Terrimonas, Flavobacterium, Thermomonas, Dechloromonas, Comamonas, Phaeodactylibacter,
Clostridium sensu stricto, Ignavibacterium, Ferruginibacter, Thauera, and Pseudomonas have
all been reported to be related to denitrification [42—48]. Among them, Ignavibacterium,
Phaeodactylibacter, Terrimonas, and Arcobacter were more significantly abundant in activated
sludge than in biofilms (p < 0.05) (Figure 4b). Correspondingly, activated sludge flew into
the anoxic reactors for denitrification, while the biofilms were always retained in the oxic
reactors. Nitrospira, regarded as comammox bacteria [49], was the third abundant genus
in MBBR-IFAS systems. The average relative abundances of Nitrospira in biofilms and
activated sludge were 8.13% and 1.02%, respectively. Nitrospira was significantly more
abundant in biofilms than activated sludge (p < 0.05). It was investigated that the average
abundance of Nitrospira in activated sludge of 16 WWTPs was 2.8% [33], higher than the ac-
tivated sludge but much lower than the biofilms of MBBR-IFAS systems. Overall, Nitrospira
was enriched in the MBBR-IFAS systems because of biofilms. In addition, Clostridium sensu
stricto was also significantly more abundant in biofilms than activated sludge (p < 0.05).
This genus was reported to be dominant in a continuous aeration system [46], suggesting
that its enrichment in biofilms was caused by the biofilms always being in aerobic condi-
tions. Nitrosomonas, another genus associated with nitrification, was found in MBBR-IFAS
systems with an average abundance of 1.15%.
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Figure 4. Relative abundance of the biofilms and activated sludge (a) and difference analysis between
biofilms and activated sludge (b) in MBBR-IFAS systems at the genus level.

In summary, the unique environments of biofilms and activated sludge in MBBR-IFAS
systems inevitably form their unique bacterial communities.

3.3. Bacterial Co-Occurrence Network

By constructing a combined co-occurrence network, the relationships among the top
ten phyla and among the top twenty abundant genera in biofilm and activated sludge
samples of MBBR-IFAS systems were further examined. At the phylum level, three mod-
ules emerged in the constructed network (Figure 5a). Module 1 included Bacteroidetes,
Ignavibacteriae, and Chloroflexi; Module 2 included Proteobacteria and Actinobacteria;
Module 3 included Nitrospirae and Acidobacteria. There were negative correlations be-
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tween Module 1 and Module 2, where most bacteria are heterotrophic. Module 3 had no
correlations with the other two modules. Acidobacteria is a phylum of acidophilic bacteria,
and their co-occurrence relationship with Nitrospirae may be due to the acid-production
ability of nitrifying bacteria.
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Figure 5. Co-occurrence network analysis for the top 10 phyla (a) and 20 genera (b) in
MBBR-IFAS systems.

At the genus level, four main modules emerged in the constructed network (Figure 5b).
Module 1 included Arcobacter, Terrimonas, Flavobacterium, Phaeodactylibacter, Clostridium
sensu stricto, Ignavibacterium, and Thauera; Module 2 included Acinetobacter, Thermomonas,
Dechloromonas, and Ferruginibacter; Module 3 included Comamonas and Pseudomonas; and
Module 4 included Nitrospira and Nitrosomonas. Each module appeared to be usually
related to a specific function [50]. Modules 1, 2, and 3 were all dominated by heterotrophic
denitrifying genera. Among these three modules, there were negative correlations between
all the genera in Modules 1 and 2, and there were no correlations between Module 3
and other modules. Module 4 was dominated by nitrifying bacteria poorly connecting to
other genera in the network. This phenomenon is likely due to the dependence of these
genera on aerobic conditions rather than other bacteria [50], and the suspended carriers
provided them with the conditions to always be in a suitable environment. In conclusion,
the nitrifying bacteria seem to have a weak co-occurrence relationship with other bacteria
in MBBR-IFAS systems.

This research revealed the co-occurrence relationships among the dominant bacteria
in MBBR-IFAS systems.

3.4. Potential Functions
3.4.1. Potential Functions of Pathways Based on KEGG

There are seven pathways at level 1 (pathways-levell) based on KEGG, including
metabolism, genetic information processing, environmental information processing, cellu-
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lar processes, organismal systems, human diseases, and drug development. The predicted
abundances of these pathways-levell for biofilms and activated sludge in MBBR-IFAS
systems are shown in Figure 6. The most abundant function was metabolism in MBBR-IFAS
systems. The predicted abundance of this pathway was one order of magnitude larger than
that of the rest in biofilms and activated sludge. Correspondingly, pollutant removal in
wastewater treatment is mainly dependent on microbial metabolism. There were no signifi-
cant differences in these seven pathways-levell between biofilms and activated sludge.

H Biofilms Activated sludge

Organismal Systems

Human Diseases

Cellular Processes

Environmental Information Processing

Genetic Information Processing

! LI AL T

Metabolism

0 2 x 107 4 x 107 6 x 107 8 x 107
Predicted abundance

Figure 6. Predicted abundances for pathways-level 1 of biofilms and activated sludge in MBBR-IFAS
systems based on KEGG.

The potential functions of pathways at level 2 (pathways-level2), which were members
of the seven pathways-levell, are illustrated in Figure 7. The top five abundant pathways-
level2 were all from metabolism: global and overview maps, carbohydrate metabolism,
amino acid metabolism, energy metabolism, and metabolism of cofactors and vitamins.
These functions were all associated with pollutant removals in wastewater treatment.
Like pathways-levell, there were no differences in pathways-level2 between biofilms and
activated sludge.

Unlike pathway-levell and pathway-level2, PCA for the pathways at level 3 (pathways-
level3) revealed the difference between biofilms and activated sludge (Figure 8a). P1 and
P2 explained 65.38% and 16.72% of variances, respectively. As a result, the samples are
clustered into two groups corresponding to biofilm samples and activated sludge sam-
ples. Furthermore, the differences for pathways-level3 between biofilms and activated
sludge in MBBR-IFAS systems are shown in Figure 8b. There were five pathways-level3
more significantly abundant in activated sludge than biofilms (p < 0.05), including various
types of N-glycan biosynthesis (ko00513), other glycan degradation (ko00511), neuroactive
ligand-receptor interaction (ko04080), lysosome (ko04142), glycosphingolipid biosynthesis
ganglio series (ko00604). Among them, various types of N-glycan biosynthesis (ko00513),
other glycan degradation (ko00511), and glycosphingolipid biosynthesis ganglio series
(ko00604) belong to glycan biosynthesis and metabolism, which help stick microbial cells
together and further form activated sludge. On the other hand, there were twenty-six
pathways-level3 more significantly abundant in biofilms than activated sludge (p < 0.05).
Among these pathways-level3, atrazine degradation (ko00791), biosynthesis of siderophore
group nonribosomal peptides (ko01053), caprolactam degradation (ko00930), degradation
of aromatic compounds (ko01220), drug metabolism-cytochrome P450 (ko00982), fluoroben-
zoate degradation (ko00364), metabolism of xenobiotics by cytochrome P450 (ko00980),
naphthalene degradation (ko00626), nitrotoluene degradation (ko00633), polycyclic aro-
matic hydrocarbon degradation (ko00624), primary bile acid biosynthesis (ko00120), and
retinol metabolism (ko00830) are associated with various organic biodegradation, indicat-
ing that biofilms had more potential in organic biodegradation, including removal of some
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micropollutants [51]. Among these pathways-level3, cell cycle-yeast (ko04111) and Fanconi
anemia pathways (ko03460) are associated with cell renewal, and phosphotransferase
system (PTS) (ko02060) and sphingolipid signaling pathways (ko04071) are associated
with membrane and signal transportation. Higher predicted abundances of these four
pathways-level3 in biofilms than in activated sludge indicated higher biomass activity [19].
In addition, the potential functions of mineral absorption (ko04978), prolactin signaling
pathway (ko04917), and RIG-I-like receptor signaling pathway (ko04622) were all more
abundant in biofilms than activated sludge, as well as seven pathways-level3 belonging to

human diseases.
In summary, there were no significant differences between the biofilms and activated
sludge of MBBR-IFAS systems on pathways-levell and pathways-level2, but there were

some differences in pathways-level3.
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Figure 7. Predicted abundances for pathways-level 2 of biofilms and activated sludge in MBBR-IFAS

systems based on KEGG.
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Figure 8. PCA (a) for pathways-level3 of biofilms and activated sludge and difference analysis (b) for
pathways-level3 between biofilms and activated sludge in MBBR-IFAS systems based on KEGG.

3.4.2. Potential Functions of Modules Involved in Nitrogen Metabolism

The potential functions of modules involved in nitrogen metabolism in MBBR-IFAS
systems were explored based on KEGG (Figure 9). As shown in Figure 9a, six modules
involved in nitrogen metabolism (ko00910) were predicted in oxic reactors of MBBR-IFAS
systems, including nitrogen fixation (M00175), assimilatory nitrate reduction (M00531),
dissimilatory nitrate reduction (M00530), denitrification (M00529), nitrification (ammonia
oxidation) (M00528), and complete nitrification (comammox) (M00804). The most abundant
modules of nitrogen metabolism in MBBR-IFAS systems were dissimilatory nitrate reduc-
tion (M00530) and denitrification (M00529) with average predicted relative abundances of
16.42% and 12.84%. This corresponded to the bacterial populations in the previous study.
Complete nitrification and comammox (M00804) were followed by an average predicted
relative abundance of 4.52%. This indicated that ammonia nitrogen removal might mainly
depend on comammox in the MBBR-IFAS systems. The differences between biofilms and
activated sludge in these modules were further analyzed in Figure 9b. The two modules
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involved in nitrification, complete nitrification (comammox) (M00804), and nitrification
(ammonia oxidation) (M00528) were predicted to be more significantly abundant in biofilms
than activated sludge (p < 0.01). This indicated that ammonia nitrogen removal was mainly
performed more in biofilms than in activated sludge. This corresponded to the fact that
comammox bacteria Nitrospira were more abundant in biofilms. In addition, dissimilatory
nitrate reduction (M00530) was also more abundant in biofilms than in activated sludge.
This is possibly due to the competitive effect of denitrification, as these two modules were
competitive with each other due to similar substance and environmental conditions [52,53].
On the other hand, nitrogen fixation (M00175) was predicted to be more significantly
abundant in activated sludge than in biofilms (p < 0.05).

In terms of nitrogen metabolism, biofilms had more potential functions in complete
nitrification (comammox) (M00804), nitrification (ammonia oxidation) (M00528), and dis-
similatory nitrate reduction (M00530) than activated sludge in the MBBR-IFAS systems.
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Figure 9. Predicted relative abundances for the core nitrogen metabolism modules of biofilms and
activated sludge (a) and difference analysis (b) for the core nitrogen metabolism modules between
biofilms and activated sludge in MBBR-IFAS systems. “*” presents “p < 0.05”, and “**” presents
“p <0.01”.
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3.4.3. Potential Functions of KOs Involved in Nitrification

Since the main reason for adding the suspended carriers was to enhance the ammo-
nia nitrogen removal abilities of the systems, the ammonia nitrogen removal abilities of
biofilms and activated sludge in the MBBR-IFAS systems were detected (Figure 10a). The
results showed that the decreasing rates of ammonia nitrogen concentration in these three
MBBR systems were faster than those in the three activated sludge systems. In addition,
their downward trends were consistent with the first-order reaction kinetics relationship
(R? > 0.97). It was calculated after linear fitting that the ammonia removal rates of biofilms
were 7.85,5.33, and 7.47 mg N/L/h, while those of activated sludge from the same MBBR-
IFAS systems were only 3.45, 4.31, and 2.92 mg N/L/h, respectively (Figure 10b). Therefore,
biofilms” ammonia nitrogen removal abilities were much more potent than that of activated
sludge in MBBR-IFAS systems. This is also the recognized advantage of the MBBR-IFAS
systems due to the high retention time [16].
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Figure 10. Removal effect of ammonia nitrogen (a), ammonia nitrogen removal rates (b), and

predicted relative abundances of KOs involved in nitrification (c) of biofilms and activated sludge in
MBBR-IFAS systems.
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Furthermore, the potential functions of nitrification in MBBR-IFAS systems were ana-
lyzed (Figure 10c). The KOs involved in nitrification include methane /ammonia monooxy-
genase K10944 (pmoA-amoA), K10945 (pmoB-amoB), and K10946 (pmoC-amoC); hydroxy-
lamine dehydrogenase K10535 (hao); and nitrate reductase /nitrite oxidoreductase K00370
(narG/narZ/nxrA) and K00371 (narH/narY /nxrB). As a result, 84%, 84%, 85%, and 86% of
K10944 (pmoA-amoA), K10945 (pmoB-amoB), K10946 (pmoC-amoC), and K10535 (hao)
were derived from biofilms, respectively, indicating that most of the ammonia-oxidizing
potentials of the MBBR-IFAS systems came from biofilms. The relative abundances of
K00370 (narG/narZ/nxrA) and K00371 (narH/narY/nxrB) in activated sludge were 47%
and 48%, respectively, while they were 39% and 38% in biofilms, respectively. These two
KOs symbolize nitrate reductase and nitrite oxidoreductase, which are involved in nitri-
fication and denitrification, respectively, but not just nitrification. They were found to be
abundant in both oxic and anoxic reactors [52]. So, the greater abundance of the two KOs
in activated sludge than in biofilms may be due to their alternate retention in anoxic and
oxic reactors.

In conclusion, biofilms have more potential functions for the KOs of methane /ammonia
monooxygenase (K10944, K10945, and K10946) and hydroxylamine dehydrogenase (K10535)
than activated sludge in MBBR-IFAS systems, corresponding to a higher ammonia nitrogen
removal rate at the macro level.

4. Conclusions

As far as we know, this study is the most comprehensive exploration to date analyz-
ing the comparisons in microbial information between biofilms and activated sludge in
large, running, full-scale MBBR-IFAS municipal WWTPs. The different environments of
biofilms and activated sludge in MBBR-IFAS systems inevitably form their different bacte-
rial communities. They complement each other to achieve the goal of pollutant removal.
The difference analysis results showed that some denitrifying bacteria were enriched in
activated sludge, while the comammox bacteria Nitrospira was enriched in biofilms. Nitri-
fying bacteria had a weak co-occurrence relationship with other bacteria in the MBBR-IFAS
systems, possibly due to the biofilm providing them with suitable habitats. PICRUSt2 anal-
ysis specific functions (pathways-level3) based on KEGG revealed that biofilms had more
potential in various organic biodegradation and membrane and signal transportation. In
comparison, activated sludge had more potential in glycan biosynthesis and metabolism. In
terms of nitrogen metabolism, biofilms had more potential in methane/ammonia monooxy-
genase and hydroxylamine dehydrogenase for nitrification. This exploration of the bacterial
information of the biofilms and activated sludge in MBBR-IFAS systems in this study will
be a theoretical base for a practical application of the operation and design strategy of
these systems.
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