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ABSTRACT: Nitrite (NO,”) accumulation caused by nitrite-oxidizing e ] -
bacteria (NOB) inhibition in nitrification is a double-edged sword, i.e., a 2 ¥ v m"'w Harmiul % Benefica

biogeochemical] - NG
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Removal Technologies
Decoupled ammonia and nitrite oxidation"

disaster in aquatic environments but a hope for innovating nitrogen
removal technology in wastewater treatment. However, little information
is available regarding the molecular mechanism of NOB inhibition at the
cellular level. Herein, we investigate the response of NOB inhibition on
NO,™ accumulation established by a side-stream free ammonia treatment <S55 EEEE - 1 -
unit in a nitrifying reactor using integrated metagenomics and ecaminio Poymacrase Q = 3¢ Bomaion
metaproteomics. Results showed that compared with the baseline, the ‘ -
relative abundance and activity of NOB in the experimental stage Ecné;‘ - / L\ ;% ) s
decreased by 91.64 and 68.66%, respectively, directly resulting in a NO,~ Shsicogienl ) I P e L
accumulation rate of 88%. Moreover, RNA polymerase, translation L
factors, and aa-tRNA ligase were significantly downregulated, indicating

that protein synthesis in NOB was interfered during NO,™ accumulation.

Further investigations showed that ribosomal proteins and GTPases, responsible for bindings between either ribosomal proteins and
rRNA or ribosome subunits, were remarkably downregulated. This suggests that ribosome biogenesis was severely disrupted, which
might be the key reason for the inhibited protein synthesis. Our findings fill a knowledge gap regarding the underlying mechanisms
of NO,~ accumulation, which would be beneficial for regulating the accumulation of NO,™ in aquatic environments and engineered
systems.

Decreased functional proteins and NOB Suppression
Transeription Translation
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Bl INTRODUCTION oxidation (anammox) could reduce 25% of aeration con-
sumption,” 40% for denitrification, and nearly 100% for
anammox of the carbon source demand,”® which have
attracted ongoing attention recently as such impressive
benefits.

For better regulation of NO,” accumulation, numerous
studies were conducted to investigate the causes of NO,~
accumulation in both aquatic environments and engineered
systems. The instability of the NOB is considered one of the
main reasons for the induction of NO,~ accumulation. NOB is
considered the most unstable among guilds and exhibits a
different general pattern of instability in nitrification.” In
particular, the review of Sarah et al. concluded that the
accumulation of NO,™ was directly caused by the loss of nitrite
oxidation capacity due to the inhibition of NOB.® Taking the

Nitrification mediated by microbes is the only oxidation
reaction linking the reduced (ammonium, NH,") and oxidized
(nitrite, NO,~ and nitrate, NO;") inorganic nitrogen pools in
the global nitrogen cycle. Specifically, nitrification is a two-step
process accomplished by distinctly different nitrifiers.” NH," is
oxidized to NO,” by ammonia-oxidizing bacteria (AOB)
(sometimes ammonia-oxidizing archaea, AOA and complete
ammonia oxidizer, comammox) and then further converted to
NO;~ by nitrite-oxidizing bacteria (NOB). Theoretically,
NO,™ rarely accumulates in complete nitrification, as there is
thought to be a high mutual benefit between AOB and NOB.
They usually work in concert, which is the basis of the global
nitrogen cycle.””> However, the accumulation of NO,™ has
been widely reported in aquatic and engineered water systems.
For example, Schaefer and Hollibaugh observed that NO,~
concentrations can exceed 10 #M during summer in estuarine
waters adjacent to Sapelo Island in U.S.A.* Nevertheless,
restricting ammonia oxidation to nitrite instead of nitrate has
been proposed as a promising novel nitrogen removal
approach for wastewater treatment. Nitrification terminated
at nitrite followed by denitrification or anaerobic ammonium
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typical biocide free ammonia (FA) as an example, NOB
activity (i.e., nitrite oxidation capacity) was inhibited by more
than 50% under the stress of an FA concentration of 0.7 mg
NH3—N/L.9 However, further investigations did not explain
exactly how the NOB inhibition occurs. Vadivelu et al.'’
proposed that FA inhibits the anabolic processes of NOB
Nitrobacter, thus stopping the growth of NOB and causing
NO,™ accumulation. At the same time, Sun et al. reported that
though the abundance of nxrA and nxrB genes remained stable,
the abundance and activity of NOB decreased significantly
under FA stress."' Previous studies explored the possible
reasons for NOB inhibition from different perspectives such as
nitrification kinetics, community composition, and gene
relative abundance but failed to clarify what intracellular
changes occur that lead to NOB inhibition and ultimately
cause the loss of nitrite-oxidizing capacity. In aquatic
environments, even sporadic accumulation of NO,™ can pose
serious environmental risks. The potential ecosystem con-
sequences of NO,” accumulation include increased N,O
production12 and toxicity to a suite of aquatic organisms.13 In
engineered systems, however, stable NOB suppression is highly
expected but remains a big challenge. The phylogenetic and
physiological diversities of NOB that result in the difficulty in
stable NOB suppression were reported recently, but little is
known regarding the key physiological features for achieving
stable NOB suppression. Revealing the fundamental mecha-
nisms of NO,™ accumulation would help to develop effective
methods for improving the solution of natural environmental
hazards and the development of novel nitrogen removal
technologies.

It is generally acknowledged that the essence of NO,~
oxidation is an enzyme-catalyzed process driven by nitrite
oxidoreductase (NXR, NO,™ to NO;~), which is essentially a
protein. In addition, various other proteins are required for
NOB growth. These enzymes (proteins) come from a complex
enzyme (protein) synthesis process from genes to proteins, i.e.,
genetic central dogma. In short, DNA is first transcribed into
mRNA, after which mRNA is used as a template to synthesize
proteins in translation.'”"> In addition, the enzyme (protein)
synthesis is done by multimolecular factories called ribosomes,
which makes ribosomes lie at the core of cell growth.'®
According to the previous literature, there was no significant
change in gene abundance of NXR during NO,™ accumu-
lation,"" but no activity of NXR was detected (i.e., there was
no nitrite oxidation). It is therefore assumed that NO,~
accumulation may be caused by the deregulation of enzyme
(protein) synthesis or ribosome. However, the limited gene-
centered information from previous studies could not shed
light on this perspective. Metaproteomic can annotate large-
scale proteins for information about specific enzymes and
assign them to specific microbial species, which is good for
understanding the enzyme (protein) synthesis process
involving many functional proteins (e.g. transcription enzymes
and translation factors) and ribosome consisting of ribosomal
proteins. Therefore, the regulation of ribosome and enzyme
(protein)synthesis of NOB can be deeply elucidated by
applying metaproteomic based on metagenomic.

In this study, two lab-scale reactors (namely, control and
treatment reactors) were operated to enrich nitrifiers and
establish NO,™ accumulation. Sludge treatment using biocide
FA exerted by a side-stream line was chosen as the typical
method to achieve NO,™ accumulation. FA is the un-ionized
form of ammonium, which inevitably occurs under alkaline

conditions with high concentrations of ammonium in both
aquatic environments and engineered systems.'”'® Then, label-
free metaproteomics based on metagenomics were used to
investigate the microscopic changes in enzyme synthesis
processes of NOB causing the accumulation of NO,”. Our
results fill a knowledge gap on the microscopic response
mechanisms of NOB during NO,™ accumulation, which not
only provides valuable insights into the regulations of NO,~
accumulation in aquatic environments but also facilitates the
improvement of novel nitrogen removal technology.

B MATERIAL AND METHODS

Reactor Operation, Monitoring, and Sample Collec-
tion. The inoculated sludge, which was taken from a
wastewater treatment plant (WWTP) in Changsha, China,
was seeded to operate two 4 L reactors supplied with synthetic
wastewater (please see composition below) without organic
carbon sources to enrich nitrifiers.’”” One was set as the
control, and the other was set as the treatment reactor. The
reactors were continuously operated for over 200 days in a
temperature-controlled laboratory (21—-23 °C), consisting of
the baseline and experimental stages. The initial baseline stage
(days 0—110) was designed to enhance the growth of nitrifiers.
The reactors were operated with a cycle daily in the baseline
stage. Each cycle lasted 24 h, comprising a S min feeding stage
(feeding 1.5 L of synthetic wastewater), a 9 h aerobic mixing
period, a 50 min settling stage, a S min drainage period, and a
14 h idle period.

In the experimental stage (day 110—210), the two reactors
were operated with two cycles. Each cycle lasted 12 h,
comprising a S min feeding stage (feeding 1.5 L of synthetic
wastewater), a 9 h aerobic mixing period, a 50 min settling
stage, a 5 min drainage period, and a 2 h idle period. In this
stage, FA-based side-stream treatment was implemented in the
treatment reactor. In short, S00 mL of the mixture was
extracted from the main reactor at the end of each aerobic
mixing period for the side-stream treatment. After the mixture
was thickened to 100 mL, it was treated for 24 h with a
concentration of S00 mg NH;—N/L at pH 8.9 (leading an FA
concentration of 130 mg NH;—N/L). Then, the sludge was
rinsed with deionized water until ammonia was completely
washed out and then recirculated back to the main reactor.
The side-stream treatment was proposed as an effective way to
establish NO,” accumulation in previous study,”’ thus
ensuring that NOB would be inhibited, but not inactivated
entirely and sufficient protein samples from NOB (measured
by BCA method) could be collected and analyzed.

During the whole experiment, dissolved oxygen concen-
tration of 2.5—3 mg/L and pH value of 7.5—7.7 were regulated
by programmed logic controllers in the aeration period. Since
synthetic wastewater does not contain organic carbon sources,
there is no sludge waste sludge except loss via effluent. The
reactors were operated continuously until the effluent NH,,
NO,7, and NO;~ concentrations and AOB and NOB activities
reached stability. The determinations of NH,", NO,~, and
NO,;~ were carried out by standard methods (three times a
week), and the activities of nitrifiers were determined by batch
experiments (Supporting Information). Once the reactors
reached stability, triplicate samples were systematically
collected over three consecutive days from each reactor for
metagenomic and metaproteomic analyses (three samples in
total for each reactor). The three consecutively collected
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Figure 1. (A) Schematic diagram of two reactors in the experimental stage. (B) Effluent ammonium, nitrite, and nitrate levels in the treatment
reactor. (C) Top 1S genera of microbial community detected in the control and treatment reactors in 200 days. (D) The volcano plot shows the
number of differentially expressed proteins (treatment to control) for samples which triplicate meet the stringency levels of p-value <0.0S, setting

the foldchange thresholds as follows: foldchange > 1.5, upregulated (orange); foldchange < 0.6, downregulated (blue).

samples from each reactor were considered to be parallel and
grouped together for subsequent analysis.

Composition of Synthetic Wastewater. Each liter of
synthetic wastewater consists of 1150 mg of NH,CI
(equivalent to 300 mg of NH;—N/L), 13 mg of K,HPO,,
14 mg of KH,PO,, 1000 mg of NaHCO;, S mg of CaCl,, 10
mg of MgCl,, and 0.5 mL of trace element solution. Each liter
of trace element solution consists of 1.5 g of FeCl;-6H,0, 0.12
g of ZnSO,7H,0, 0.06 g of Na,MoO,2H,0, 0.15 g of
H;BO;, 0.03 g of CuSO,-5H,0, 0.18 g of KI, 0.12 g of MnCl,-
4H,0, 0.15 g of CoCl,-6H,0, and 10 g of EDTA.”'

Metagenomic Analysis. For metagenomic analysis, DNA
extraction was exerted first, as detailed in the Supporting
Information. For subsequent analysis, a total of 153123014 raw
reads (PE150, 150 bp paired end reads) from the sample were
processed to remove low-quality reads as follows. The fastp
software (https://github.com/OpenGene/fastp) was applied
to eliminate the adapter sequences from the 5’ end and 3’ end.
After that, low-quality reads (shorter than SO bp, containing N
bases, or with a mean quality below 20) were removed by the
library sickle (https: //github.com/najoshi/ sickle). The cover-
age of the filtered 150720472 reads was between 98.3 and
98.5% with a reliable accuracy (Table S1). Furthermore, the
filtered clean reads from all samples underwent assembly using
MEGAHIT (v1.1.3) with default parameters.”” For gene
prediction and taxonomy annotation, open reading frames

(ORFs) were predicted by searching the assembled contigs
(>300 bp in length) using MetaGene (http://metagene.cb.k.u-
tokyo.acjp/).”’ The predicted ORFs (>100 bp in length) were
retrieved and translated into amino acid sequences by the
National Center for Biotechnology Information (NCBI)
translation table. All predicted ORFs were subjected to
clustering at 95% sequence identity and 90% coverage by
CD-HIT (http:/ /www.bioinformatics.org/cd—hit/)24 to con-
struct a nonredundant gene catalog. After quality control, the
reads were aligned to the representative sequences with a 95%
identity threshold using SOAPaligner (http://soap.genomics.
org.cn/),”® and gene abundance in each sample was evaluated.
Representative sequences of the nonredundant gene catalog
were aligned to NCBI NR database for taxonomic annotations
with an e-value cutoff of le™® using BLASTP (Version 2.2.28+,
http://blast.ncbi.nlm.nih.gov/ Blast.cgi).

Metaproteomic Analysis. For metaproteomic analysis,
protein extraction was first carried out followed by protein
dissolution and then the high-performance liquid chromatog-
raphy (HPLC) assay and mass spectrometry analysis.
Descriptions of protein extraction and dissolution, the high-
performance liquid chromatography (HPLC) assay, and mass
spectrometry analysis were conducted and detailed in the
Supporting Information. For sequence database searching,
MS/MS spectra were searched by Proteome Discoverer TM
Software 2.4 software against the translated metagenomic
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Figure 2. (A) Schematic representation of the roles of RNA polymerase and translation factors in protein synthesis, showing mainly the inhibited

processes, i.e., transcription, initiation, and elongation of translation.

(B) Regulation of the significantly downregulated vital proteins, including

RNA polymerase, ribosomal proteins involved in binding with mRNA or tRNA, translation factors, and aa-tRNA ligase; one pentagram represents
significant (P < 0.05), two are highly significant (P < 0.01), and three are extremely significant (P < 0.001).

database, as well as public databases such as Uniprot and
NCBI. To ascertain parent proteins, the highest score for a
given peptide mass indicating the best match predicted in the
database was used. The parameters for protein searching were
configured with the following settings: tryptic digestion

allowing for up to two missed cleavages, carbamidomethylation
of cysteines as a static modification, and dynamic modifica-
tions, including oxidation of methionines and protein N-
terminal acetylation. Validation of peptide spectral matches
was conducted based on g-values at a false discovery rate of
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1%. For differential expression analysis, specifically, a protein
that met a p-value stringency of <0.05 in triplicate was
considered significantly changed in expression, a p-value of
<0.01 was considered highly significant, and a p-value of
<0.001 was considered extremely significant (setting the
upregulated foldchange (FC) at 1.5 and the downregulated at
0.6). It is important to note that the proteins we discussed in
the latter section are all differentially expressed proteins
(DEPs) with statistical significance. Foldchange, log,FC and p-
values for all DEPs are provided in Table S1. The taxonomic
classification involved comparing the protein sequences with
the NR database, while the functional annotation of all
identified proteins was performed using the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway database
(http://www.genome.jp/kegg/). The metagenomic sequence
data have been submitted to the NCBI with the accession
number PRJNA901239. Likewise, the metaproteomic data
have been deposited in the ProteomeXchange Consortium and
can be accessed with the data set identifier PXD041274.

B RESULTS AND DISCUSSION

Performance and Microbial Community Composition
of the Reactors. As the baseline stage of the experiment
progressed, the NH,*—N concentration in the effluent
maintained a steady decreasing trend while the NO;~
concentration increased steadily (Figure 1B), indicating that
the nitrifiers were gradually enriched. At the end of the
baseline stage, near-thorough conversion of NH," to NO;~
occurred (Figure 1B and Figure S2) in both reactors (control
and treatment), indicating the high activity of nitrifiers.
Though a brief nitrite peak was observed during each cycle,
nitrite was eventually converted to nitrate (Figure S5).
Following the baseline stage, the experimental stage (days
110—200) commenced with (Figure 1A). No significant
change in the effluent was observed during the first 20 days
of the experimental stage (day 110—130), after which
accumulation of NO,” occurred. At the end of the
experimental stage, NH," in the Treatment Reactor was nearly
completely converted to a mixture of NO,™ (88.02 + 0.37% of
the total effluent nitrogen) and NO;~ (11.04 + 0.28% of the
total effluent nitrogen) (Figure 1B).

The obvious NO,” accumulation, which means loss of
nitrite oxidation capacity, may be explained by two aspects. On
the one hand, the relative abundance of NOB sharply reduced
in the treatment reactor. Specifically, the dominant NOB genus
Nitrospira and Nitrobacter represented 5.42 and 2.24% of the
microbial communities in the control reactor, respectively, and
reduced to 0.21 and 0.43% in the treatment reactor (Figure
1C). It is noteworthy that the abundance of denitrifiers, such
as Comamonas and Sphingopyxis, significantly increased (Figure
S4). Previous studies reported that FA may kill some
microorganisms such as NOB, making them potential source
of organic carbon for denitrification. On the other hand, NOB
activity, indicated by nitrite oxidation rate, decreased from
53.73 + 1.73 mg N/g VSS h to 16.84 + 3.69 mg N/g VSS h in
the treatment reactor (Table S3). Thus, it can be understood
that the NOB was inhibited and gradually eliminated, which
directly caused NO,™ accumulation.

Further, results from the metaproteomic analysis showed
that 755 DEPs were detected within NOB, and 715 DEPs were
detected as downregulated (FC < 0.6), while only 40 of them
were upregulated (Figure. 1D). The downregulation of these
DEPs could explain the inhibition of NOB and the

accumulation of NO,” to some extent. Notably, the key
enzyme of NOB (i.e, NXR) that catalyzes the conversion of
NO,™ to NO;™ and shuttles two electrons in each reaction as
an energy source to sustain life activities,”® was detected to be
downregulated significantly. This was consistent with the
observed decrease in nitrite oxidation capacity (53.734 + 1.73
to 16.849 + 3.69 mg N/g VSS h) (Table S3), indicating that
NOB may fail to oxidize nitrite to maintain activity and cause
NO,™ accumulation. Therefore, it is worth considering the
underlying reasons for the decrease in these critical enzymes
(proteins). Similar to the results reported by Sun et al,'' the
results from metagenomic showed that the relative abundance
of nxrA and nxrB did not decrease as strongly as the abundance
and activity of NOB. The relative abundance of nxrA (7.92 to
5.306%) and nxrB (4.33 to 3.152%) decreased by 33.02 and
31.73%, respectively, while the relative abundance and activity
of NOB decreased by 91.64 and 68.66%, respectively. A
plausible speculation was that the NXR decreases may be due
to the perturbation of gene expression patterns, i.e., the protein
synthesis process.

Understandings of Inhibited Protein Synthesis Proc-
ess. The process of protein synthesis is a complex process
consisting of several steps, such as transcription, translation,
and post-translational processing. These steps require the
participation of ribosomes and many enzymatic and non-
enzymatic proteins, such as RNA polymerase, necessary for
transcription and translation factors and aminoacyl-tRNA (aa-
tRNA) ligase responsible for the translation process. The
protein synthesis of NOB was evaluated based on the DEPs
involved in these steps.

Typically, transcription is thought to be the first step of
protein synthesis, while coupled transcription-translation is
considered a mark of protein synthesis in prokaryotic.””** In
transcription, mRNA is transcribed from DNA by RNA
polymerase, which contains several essential subunits, includ-
ing subunit alpha, beta, and omega in prokaryote.29 However,
metaproteomic analysis suggested that the expression of
subunits alpha, beta, and omega were downregulated
significantly in the treatment reactor (Figure 2B). RNA
polymerase subunits alpha and beta catalyze the transcription
process, while subunit omega promotes the assembly of RNA
polymerase.”” This indicates that the transcription process was
adversely affected within NOB. Meanwhile, ribosomes bind
concurrently to the mRNA with the aid of several ribosomal
proteins, such as 30s ribosomal proteins S1 and $3.”" However,
30s ribosomal proteins S1 and S3 derived from N. defluvii were
detected to be downregulated by —4.231 log,(FC) and —3.358
log,(FC) in the treatment reactor (Figure 2B), respectively,
signifying that the binding between mRNA and ribosome was
also unfavorably influenced.

During transcription, ribosomes initiate the translation
process at the same time. Generally, the translation process
is divided into four steps: initiation, elongation, termination,
and recycling, while each step is accomplished accurately based
on the interaction between the relevant translation factors and
the ribosome.>* In addition, ribosomal proteins, such as 30s
ribosomal protein S4, SS, and S12, and tRNA (e.g, aa-tRNA)
are necessary for translation. The metaproteomic and
metagenomic analyses were further applied to reveal the
changes in the expression of these components and elucidate
the effects on translation.

The initiation of translation in prokaryotes requires the
coordinated activities of translation initiation factors (IF-1, IF-
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Figure 3. Heatmap showing the regulation of proteins related to (A) energy generation and (B) stress response system; white color indicates that
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2, and IF-3)** (Figure 2A). Among them, IF-3 is responsible
for separating the subunits from the ribosomes, which bind to
the 30s ribosomal subunit and promote dissociation of the
ribosome. After that, IF-2 facilitates binding the P site to the
initiating tRNA,***° and IF-1 is demonstrated to be essential
for cells with crucial functions such as stimulating the activity
of IF-2 and IF-3.°° Statistical analyses showed that decreased
expression levels of IF-1, IF-2, and IF-3 derived from several
NOB populations were detected in the treatment reactor
(Figure 2B), strongly indicating that translation initiation was
adversely affected. Elongation is known as a highly conserved
step catalyzed by elongation factors’ following initiation.
Elongation involves a sequential cycle including tRNA
selection, peptidyl transfer, and translocation of tRNAs*®
(Figure 2A), and each process requires corresponding
elongation factors described as the workhorses of protein
synthesis.”> The abundance of those translation elongation
factors, including elongation factor Tu (ef-Tu), elongation
factor G (ef-G), elongation factor P (ef-P), and elongation
factor Ts (ef-TS), was detected to be remarkably down-
regulated in the treatment reactor (Figure 2B). For instance,
ef-Tu promotes aa-tRNA binding to the A-site of ribosomes
and forms the EF-Tu-GTP complex,’” which is further
changed to GDP with the assistance of ef-Ts.”’ Severe
decreases in the expression of both ef-Tu and ef-T's for several
NOB populations were seen in the treatment reactor (Figure
2B). In addition, ef-P was proven to stimulate efficient
translation and peptide-bond synthesis, while ef-G catalyzed

ribosomal translocation. The metaproteomic analyses showed
that ef-P and ef-G were downregulated by —3.747 and —16.61
log,(FC) (Figure 2B), respectively. Overall, these elongation
factors are essential for the translation elongation process in
bacteria, and obviously, the elongation step of translation was
seriously inhibited due to the restrained expression of
elongation factors.

In addition, aa-tRNA ligase (synthetase) catalyzes the
attachment of specific amino acids to appropriate tRNA,
forming aa-tRNA, the substrate of the translation and protein
synthesis.””*" For example, serine-tRNA ligase catalyzes the
attachment of serine to tRNA (Ser), which is then delivered to
the ribosome for protein synthesis. Statistical analyses
suggested that the abundance of at least eight kinds of aa-
tRNA ligase from several Nitrospira populations was
significantly downregulated in the treatment reactor (Figure
2B). Additionally, the binding between aa-tRNA and ribosome
seemed to be disturbed the same as mRNA due to decreased
expression of relevant ribosomal proteins, such as S50s
ribosomal protein L19 and 30s ribosomal protein $10*
(Figure 2B). In brief, there is no doubt that the bioavailability
of aa-tRNA within the NOB population was disrupted during
NO,™ accumulation, which may also contribute to inhibited
protein synthesis.

It seems that the termination and recycling steps were not
affected significantly, as only a DEP (ribosome-recycling factor
(N. defluvii)) related to these steps was detected in this study.
In addition, the regulation of proteins related to post-
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translational processing is shown in the Supporting Informa-
tion. On the whole, this study not only proposed the influence
on transcription, translation initiation, and elongation causing
NOB inhibition and loss of nitrite oxidation capacity but also
provided direct proof by identifying the decreased relevant
enzymatic and nonenzymatic proteins (i.e., RNA polymerase,
translation initiation factor, translation elongation factor and
aminoacyl-tRNA ligase), as shown in Figure 2.

Revealing the Underlying Reasons for Inhibition on
Protein Synthesis Processes. It should be noted that
protein synthesis was affected by several factors. For instance,
it has a huge demand for cellular resources, including cellular
substances (amino acids)* and energy (ATP),** and environ-
mental stress may also influence the rate of protein synthesis.**
Most importantly, as described above, protein synthesis is
highly dependent on the involvement of ribosomes as multiple
steps are completed at the ribosome. Therefore, we further
discussed the underlying mechanisms of the inhibited protein
synthesis from these perspectives.

As mentioned above, protein synthesis is considered the
most expensive macromolecular synthesis type in cells due to
its high ATP consumption.””*” In addition, the substrates for
protein synthesis are amino acids, which must be obtained
through amino acid metabolism. Both ATP and amino acids
are biosynthesized in the primary metabolism. In other words,
protein synthesis is directly affected when primary metabolism
is inhibited, and sufficient cellular resources are unavailable.
Notably, we did detect significant downregulation of proteins
related to energy generation and amino acid synthesis in
several NOB species, such as NXR, ATP synthase, cysteine
synthase, and threonine synthase (Figure 3A). However,
despite these DEPs, enrichment analysis based on the Gene
Ontology (GO) database showed that no significant difference
was detected in energy production processes and amino acid
metabolism between the reactors, which means that overall

energy and amino acid generation were not significantly
influenced. It may not be the major reason for inhibited
protein synthesis.

In addition, the protein synthesis process is vulnerable to
environmental stresses. For instance, when suffering DNA
damage, cells may stop transcription until the DNA repair
process is complete;*® oxidative stress may influence protein
synthesis by slowing or even completely stalling the transla-
tional elongation process.*” To cope with environmental stress
and maintain internal homeostasis, bacteria have evolved
corresponding stress response systems such as DNA repair and
antioxidant systems. However, we found that only a few
oxidative stress enzymes and DNA repair proteins showed
upregulation in the treatment reactor and most showed
significant downregulation. For instance, catalase, known to
be the key enzyme against ROS in bacteria,”® was upregulated
by 1.90 and 2.33 log,FC for N. vulgaris and Nitrospira sp,
respectively (Figure 3B), while thioredoxin and glutaredoxin
were detected to be downregulated in the treatment reactor.
One possible explanation is that downregulation in stress
response systems may lead to the inability to maintain internal
homeostasis within the NOB, which further influences protein
synthesis. However, a limited number of stress response system
proteins were detected to be downregulated, while others did
not significantly change expression. The GO enrichment
analysis results also showed no significant change in the
pathways related stress response system, such as GO:0006974
DNA damage response or GO:0098869 cellular oxidant
detoxification (Figure 3C). Therefore, inhibited stress response
systems may not be the primary reason as well.

Finally, the perturbation of the biogenesis of ribosomes
within the NOB was believed to be the underlying reason for
the adverse effect on protein synthesis. As mentioned above,
many steps of protein synthesis depend on properly assembled
and fully functional ribosomes including the entire translation

https://doi.org/10.1021/acs.est.3c06002
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c06002/suppl_file/es3c06002_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c06002/suppl_file/es3c06002_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06002?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06002?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06002?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c06002?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c06002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

RNA Polymerase

50s ibosomal proteins and rRNA
1’;' 30s ribosomal proteins and rRNA
* Translation initiation factor 1
* Translation initiation factor 2
* Translation initiation factor 3
@) Translation elongation factor
L

Aminoacyl-tRNA ligase 0,

7
Inhibited
Stress
Response System

S - . ; 2
“Ppressed Protein Synt est®

Chapcrone proteins, )
Sec translocon and Q ','
Post Translational /\ :"’

1

Modifications cnzymces
NN A . 3
o oSt~ translational Proc®

N

Disrupted N \?

Ribosome N
Biogenesis *. Inhibited
Cellular
Metabolism

Figure 5. Overview model of the inhibition mechanisms of the combined interference on ribosome biogenesis and protein synthesis. The bold
fonts represent downregulated proteins that are significant to the process: RNA polymerase, transcription; 50s and 30s ribosomal proteins,
biogenesis of ribosome; translation initiation factor 1, stimulating activity of IF-2 and IF-3; translation initiation factor 2, binding the P site to the
initiating tRNA; translation initiation factor 3, separating the subunits; translation elongation factor, translation elongation; aa-tRNA ligase,

attachment of specific amino acids to appropriate tRNA.

process. In addition, the synthesis of RNA polymerase®' and
recruitment and activity of translation factors are regulated by
the ribosomes.”>>® Thus, the accurate and unambiguous
process of ribosome biogenesis, including both binding
between ribosomal proteins to rRNA (i.e., formation of
subunits) and subunit-to-subunit binding, is of great
importance for protein synthesis, even cellular activity.”*>®
More importantly, enrichment analysis based on the GO
database showed that downregulated expressed proteins were
significantly (p < 0.0S) correlated with ribosomes and rRNA
binding (Figure 3C). This indicates that the ribosome
biogenesis in NOB may be severely disrupted, which may be
one of the underlying mechanisms of protein synthesis.
Deregulation of Ribosome Biogenesis: Decrease of
Ribosomal Proteins and GTPases. The prokaryotic
ribosome consists of two subunits (i.e., 30s and 50s subunits),
each containing different rfRNA and dozens of ribosomal
proteins. Ribosomal proteins play a vital role in ribosome
biogenesis, exemplified by the essential housekeeping roles.*®
The 50s ribosomal proteins L1, L2, and 30s ribosomal proteins
S4 and S7, described as universal ribosomal proteins,”” connect
with RNA in direct contact and complicate them, which is
considered the first step in ribosomal subunit formation.”>** In
this test, significant decreases in expression of these ribosomal
proteins were observed in the treatment reactor (Figure 4B),

which suggests the inability of the first step of ribosome
biogenesis within the NOB. Moreover, 30s ribosomal protein
S16 helps the assembly of the platform of the 30s subunit as
another essential primary binding protein that binds to 16S
rRNA directly. The 30s ribosomal protein S16 derived from N.
winogradskyi was seen to be downregulated by —16.61log,FC
in the treatment reactor. In addition, 50s ribosomal protein LS
is proven to play a pivotal role in the assembly of 50s
ribosomal subunits, which is responsible for the binding
between 50s and 30s subunits.”” Correspondingly, 30s
ribosomal protein S13 contacts S0s ribosomal protein L5
and contributes to connecting the two subunits.”’ In the
present study, statistical analyses based on the multiomics
showed that SOs ribosomal protein LS (N. defluvii) was
downregulated by —16.61 log,(FC) while 30s ribosomal
protein S13 (N. defluvii) was downregulated by
—4.63log,(FC) (Figure 4B). This suggests that not only the
bindings between ribosomal proteins and rRNA but also the
consequent bindings between ribosome subunits were
inhibited.

Some other evidence supports this speculation, as well. For
example, GTPases regulate numerous cellular processes and
play a key role in ribosome biogenesis in E. coli. Specifically,
GTPases Era and RsgA are related to the maturation of the 30s
ribosomal subunits in Escherichia coli, while GTPases Era and
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Der (double Era-like GTPase) are relevant to the assembly of
the 50s ribosomal subunits.”*"® The metaproteomic analysis
showed that the abundance of GTPases such as Era and Der in
NOB was significantly downregulated with a log,FC of —16.61
(Figure 4B). In addition, bipA, functioning in the 50s subunit
biogenesis,”” decreased with a Log,FC of —1.026. In
conclusion, we proposed that decreases in ribosomal protein
and GTPase expression perturb the biogenesis of ribosomes,
which is a primary cellular process for maintaining ribosome
homeostasis and gene expression. Given the importance of
ribosomes, the adverse influence on the biogenesis of
ribosomes should be the major cause of inhibited protein
synthesis and NOB inhibition, even inactivation, which
ultimately leads to the loss of NO,™ oxidation capacity.

Based on these findings, we proposed an overview to
diagrammatically show the underlying mechanisms of NOB
inhibition causing NO,~ accumulation (Figure S). First, in this
study, the abundance of NXR was significantly reduced in the
treatment reactor, which means a loss of NO, oxidation
capacity and directly results in accumulation of NO,™. Since
NXR is essentially an enzymatic protein, the possible
explanation is that the protein synthesis process was inhibited,
as evidenced by the downregulation of RNA polymerase and
translation factors, which play vital roles in the transcription,
translation initiation, and elongation. Further investigations
revealed that ribosome biogenesis was significantly affected in
NOB due to decreased levels of ribosomal proteins and
GTPases. In particular, several primary binding proteins
responsible for formation of subunits, such as 50s ribosomal
proteins L1 and L2 and 30s ribosomal proteins S4 and S7,
were downregulated significantly, which means that the first
step of ribosome biogenesis was disturbed. In addition,
metaproteomic analysis showed that primary metabolism
(energy production and amino acid synthesis, etc.) and stress
systems (oxidative stress, DNA repair, etc.) were also adversely
affected within NOB, which would contribute to the inhibited
protein synthesis as well. Knowing the critical role of
ribosomes in protein synthesis, the disruption of ribosome
biogenesis was believed to be the underlying reason for
inhibited protein synthesis, which results in NOB suppression
and eventually leads to NO,™ accumulation.

Environmental Implications. Several significant implica-
tions are proposed with the following considerations. First,
achieving the paradigm shift in the operation of WWTPs to
establish a circular economy, i.e., from pollutant removal to
resource recovery, is of practical significance in the 21st
century. Partial nitrification/anammox (PN/A), also known as
mainstream deammonification, is widely considered the most
promising method with the major challenge of achieving stable
NOB suppression. Our study provides novel and profound
insights into achieving stable NOB suppression from a
molecular perspective. High metabolic flexibility and physio-
logical diversity of NOB have been proposed as new hurdles
for stable PN, which resulted in a predestined inability to
suppress all NOB species from current perspectives. It is
suggested that stable suppression of NOB could be established
by disrupting ribosome biogenesis, thereby affecting protein
synthesis, which is generally a conserved but susceptible
cellular process with significant correlations to cell prolifer-
ation.* Due to the conservatism, disrupting ribosome
biogenesis is an effective strategy for inhibiting all NOB
species. It would not fail due to physiological and phylogenetic
redundancy (e.g., diversity of metabolism and stress response

systems) among NOB species when the NOB population
shifts. The potential for application of physical and chemical
factors (e.g., ultrasound, cold stress, radiation, and biocides)
that can affect ribosome biogenesis should be comprehensively
evaluated to find the most suitable strategy for stable NOB
suppression. In addition, when extrapolated to full-scale
WWTPs, it is also necessary to consider whether these
strategies would inhibit other functional microorganisms in the
overall sludge microbial community, such as AOB and
denitrifiers, thus affecting the removal of other pollutants.

Second, although denitrifiers and anammox bacteria are
NO,~ consumers, the conversion of NO,~ to NO;™ can only
be achieved by NOB. According to Zhang et al,** NO,™ and
NO;™ concentrations are the key factors driving N cycle in
eutrophic lakes, which means that NO,” may affect the
transformation of nitrogen compounds in sediments. Of
importance to note is that FA concentration (5—6 mg
NH;—N/L) in eutrophic lake sediment reached the NOB
inhibition level,'”*® which would lead to NO,~ accumulation.
High concentrations of NO,™ are strongly toxic to aquatic
organisms and microorganisms, making fragile eutrophic
ecosystems even more vulnerable. Moreover, the accumulation
of NO,™ tends to enhance the denitrification of AOB, thus
increasing N,O emission in eutrophic environments,”” which
are already hotspots for N,O emissions.”””" In addition,
extreme conditions due to anthropogenic activities, such as
wastewater shock containing high NH,"-N and concentrated
discharge of ribosome-targeted antibiotics, may induce direct
damage to the ribosomes of NOB, resulting in irreversible loss
of NO,~ oxidation. Efforts should be made to maintain the
activity of ribosome biogenesis and protein synthesis within
the NOB to avoid NO,™ accumulation under these conditions.

In conclusion, our study provided the first experimental
evidence that disrupted ribosome biogenesis and protein
synthesis in NOB was the underlying mechanism for its
inability to remain active and loss of the NO,™ oxidation
capacity. The limitation of our study was that we evaluated
only the NO,™ accumulation established by sludge treatment
using FA, but it was an advantageous supplement to the
underlying mechanisms of NO,” accumulation at least.
Whether other treatment measures or environmental pertur-
bations affect NOB in the same way deserves more
investigations in the future, and our study provides a paradigm.
In addition, the reasons for the decrease in ribosomal proteins
and GTPases remain unknown. Previous studies on rats and
human cells demonstrated that ammonia impairs ribosome
biogenesis and protein synthesis by causing degradation of f-
catenin, a transcriptional activator of ribosomal biogenesis
regulator.”” Nevertheless, no significant change in expression
of the ribosomal biogenesis regulator was detected in this test.
More studies based on molecular and cellular biology are
needed for further investigations of the instability of the NOB
ribosome biogenesis. Filling these knowledge gaps will not only
improve our understanding of the nitrogen biogeochemical
cycle but also advance the development of engineering
optimization strategies.
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(Table S1) Detailed information for all DEPs discussed
in this study (XLSX)

Materials and methods of the batch test, DNA
extraction, protein extraction, protein dissolution,
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) assay, high-performance liquid
chromatography (HPLC) assay, and mass spectrometry
analysis; discussion of effect on post-translational
processing; statistics of the metagenomic sequences
(Table S1); determined protein concentrations of
samples by the bicinchoninic acid method (Table S2);
parameters showing main reactor performance at the
end of the experiment (Table S3); sample concen-
trations determined by the BCA method (Table S4);
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis picture of samples for protein profile 125 quality
check (Figure S1); nitrogen compounds in the effluent
of the control reactor (Figure S2); top 10 of the nitrifier
species in the reactor based on the relative abundance-
(Figure S3); overview of the top SO genus of the
microbial community, and the color scale is generated
based on data of relative abundance (Figure $4);
changes in concentration of nitrogen compounds over
a typical operating cycle at the end of baseline stage (day
100—110) (Figure SS); changes in concentration of
nitrogen compounds over a typical operating cycle at the
end of baseline stage (day 200—210) (Figure S6) (PDF)
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