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Abstract

Hydrogen (H,), formate, and acetate are effective electron donors for denitrification; however, their interactions with microflora and their impacts
on sludge production remain poorly understood. In this study, integrated mixed- and pure-culture experiments were conducted to systematically
elucidate how these electron donors and microbes collectively regulate denitrification and sludge formation. Mechanistic insights were further
elucidated using metagenomics-based metatranscriptomics methods. In mixed culture reactors, H, and formate share similar microbial
communities, dominated by Paracoccus pantotrophus (60.4%-70.0%). In contrast, acetate-driven denitrification was primarily facilitated by
Pseudomonas aeruginosa (42.3%) and Pseudomonas stutzeri (39.1%), which achieved the highest denitrification rate of 142.3 mgy*(L-h-ODgg) .
Metagenomics-based metatranscriptomics identified Pseudomonas aeruginosa as the main contributor to denitrification, a finding validated by
pure-culture experiments. Notably, in the pure-culture experiment, Pseudomonas aeruginosa demonstrated superior denitrification performance
with lower acetate demand (0.56 gcop'gn ') and lower biomass yield (ODgg 0.20 vs 0.54). Support vector machine analysis further indicated that
Pseudomonas is widely distributed in wastewater treatment plants globally, and that acetate is the most efficient electron donor for denitrification.
These results highlight that the combination of acetate and Pseudomonas aeruginosa is a promising strategy for achieving high efficiency with
minimal sludge production in wastewater treatment plants.
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1. Introduction

The discharge of nitrogen-rich wastewater from industrial and agricultural activities has become a global environmental
concern [1,2]. Excess nitrate (NO;~) contamination leads to eutrophication, deteriorates water quality, and disrupts aquatic
ecosystems, thereby threatening biodiversity and human health [3,4]. The current denitrification strategies primarily involve
physicochemical and biological approaches [5]. Physicochemical methods often require the addition of highly efficient
catalysts, which may pose the risk of secondary environmental pollution and significantly increase treatment expense [6]. In
contrast, the bio-denitrification process has gained increasing attention owing to its cost-effectiveness, minimal byproduct
generation, operational reliability, and environmental compatibility [6,7].

WWTPs play a critical role in nitrogen removal through the bio-denitrification process, traditionally relying on
heterotrophic denitrification, in which organic carbon sources (e.g., acetate) serve as electron donors to facilitate microbial
nitrate reduction [8]. However, this process faces significant limitations, including overdosing of carbon sources in response
to fluctuating NO5;-N concentrations, which elevates operational costs, enhances greenhouse gas (GHG) emissions,
particularly CO, and N,0O, and exacerbates sludge production [9-11]. Sludge disposal alone accounts for 49%—-53% of WWTP
operational expenses and contributes substantially to carbon emissions, ranging from 0.3 to 680 gCO,eq-m™ [12,13].
Alternatively, H,-driven autotrophic denitrification has recently attracted interest as a potential substitute because it eliminates
the need for organic carbon supplementation, is clean and non-toxic, and markedly reduces sludge yield [1, 14]. Despite these
benefits, its application remains constrained by its relatively low nitrogen-removal efficiency and operational safety, limiting
its widespread implementation [15]. Thus, denitrification strategies that achieve high nitrogen removal efficiencies while
minimizing sludge production are urgently required.

Recent studies have indicated that electron donors and microbes play a decisive role in denitrification [16,17]. Electron
donors can alter microbial community structure and metabolic patterns, as observed in Pseudomonas and Thauera, which are
dominant in acetate-fed reactors [17], whereas Hydrogenophaga preferentially utilize H, [18]. Moreover, electron donors and
microbial consortia regulation can reduce cell synthesis, thereby minimizing sludge production in wastewater treatment
systems [19-21]. Bacteria constitute the main component of activated sludge [21]. This implies that denitrification efficiency
and sludge yield are co-regulated by the type of electron donor and microbial metabolism. However, systematic investigations

1


mailto:qhji@tsinghua.edu.cn

into _thece interactione _are limited A deener nnderctandino of how electron_donore_and microorcaniame inintlv_affect
deni ) L < ) _ gies
for WWTPs.

H, and acetate are widely used for autotrophic and heterotrophic denitrification, respectively [10,14]. Formate, a ubiquitous
one-carbon compound in anaerobic environments [22], is another promising electron donor for denitrification due to its
excellent storage and transport properties, which warrant further investigation [23]. To systematically assess the effects of
electron donors and functional denitrifying microbes on nitrogen removal and sludge generation, we designed a study (Fig.
1) that integrated microbial metabolic pathway analysis with denitrification performance. First, in mixed-culture experiments,
we investigated how different electron donors affect the microbial community structure and denitrification rates. Machine
learning was applied to visualize the distribution of dominant denitrifying genera (e.g., Paracoccus and Pseudomonas) and
to identify how key operational parameters influence the microbial community in full-scale WWTPs. To further elucidate the
molecular metabolic pathway of electron donor utilization, we conducted a metagenomics-based metatranscriptomics analysis
[24] to quantify the transcription levels of the dominant genes in the mixed-culture experiment. Subsequently, a pure-culture
experiment was performed to validate the optimal pairing of electron donor and microbes for achieving high-efficiency
denitrification with minimal sludge yield. Finally, a multi-dimensional evaluation was conducted to propose a practical and
scalable denitrification strategy applicable to full-scale WWTPs. By optimizing both electron donor selection and microbial
composition, this study aimed to provide valuable insights into the design of efficient, low-carbon-footprint denitrification
systems that minimize sludge generation, thereby supporting the global transition toward sustainable wastewater treatment.

2. Materials and Methods

2.1 Mixed-culture denitrification experiment design

Batch tests were conducted to evaluate the denitrification potential of various electron donors in a mixed-culture system.
NaNO; was used as the nitrate source, and CH;COONa, HCOONa, and H, served as electron donors for denitrification,
respectively. The experiments involving CH;COONa, HCOONa, and H, were conducted in parallel. For the H,-driven
denitrification, CO, was supplied along with H, at a 2:1 (H,: CO,) ratio to provide an inorganic carbon source for microbial
biosynthesis [25]. All experiments were performed in triplicate using 120 mL serum bottles (Fig. 1). Each bottle contained
0.5 mL of inoculum (ODgg of approximately 0.5) and 50 mL of the growth medium.

The inoculum was obtained from a lab-scale autotrophic denitrification reactor (Beijing, China), which was continuously
fed with a mixed gas (H,: CO; at a 2:1 ratio). The growth medium was prepared in demineralized water with the following
composition per liter: 3 g KH,PO,, 5.8 g K,;HPO,, 0.09 g MgCl,-6H,0, and 0.023 g CaCl,-2H,0, formulated to minimize
interference from extraneous nitrogen and carbon sources. Additionally, 10 mL of Wolin’s vitamin solution (Table S1 in
Appendix A) and 10 mL of Wolin’s mineral solution (Table S2 in Appendix A) were added per liter of growth medium.
Before inoculation, the serum bottles containing the growth medium were purged with argon (Ar) gas for 30 min, sealed with
a butyl rubber septum, and autoclaved at 121 °C for 15 min. Sterile solutions of NaNOj3, formate, acetate, as well as H,—CO,
gas, were prepared separately using 0.22 um membrane filtration. After cooling the growth medium to room temperature, the
nitrate solution, electron donor solution (containing the same electron equivalents), and inoculum were aseptically injected
into the reactor using syringes to initiate the experiment. All reactors were incubated at 37 °C with shaking at 100 r-min™".
The only variable among the reactors used in the mixed-culture experiment was the type of electron donor.

During the experiment, liquid samples (0.5 mL) were collected periodically to measure the ODggy and determine the
concentrations of nitrate, nitrite, formate, and acetate. The volume of gas was measured using a syringe. The sampling
frequency was adjusted according to the reaction rate, with more frequent sampling during the rapid phases and less frequent
sampling during the slower phases. Microbial samples (10 mL) were collected at the end of the experiment (54 h), when
denitrification was complete in all the reactors. Samples for EPS analysis were also collected at this point. The denitrification
rate (mgy - (L-h-ODggg) ') was calculated based on the time-dependent decrease in nitrate concentration, normalized to
biomass density (ODggp).
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Fig. 1. The setup for the various experiments.
2.2 16S rRNA gene amplicon sequencing, metagenome, metatranscriptome, and bioinformatics analyses

Microbial samples (10 mL) were collected aseptically using sterile syringes at the end of the mixed-culture experiment (54
h) and placed in RNase-free tubes. The samples were centrifuged at 10 000 r-min™! at 4 °C for 15 min, after which the
precipitate was collected and stored at —80 °C for further analysis. The DNA and RNA were extracted using the FastDNA
SPIN Kit for soil (MP Biomedicals, USA) and TRIzol reagent (Invitrogen, USA), respectively, following the manufacturers’
protocols [26]. The samples were then sent to Majorbio Bio-Pharm Technology Co., Ltd. (China) for further analysis.

To characterize the microbial communities and gene content across reactors supplied with H,, formate, or acetate as electron
donors in the mixed-culture experiment, 16S rRNA gene amplicon and metagenomic sequencing were performed. The quality
of the extracted DNA was verified by 1% agarose gel electrophoresis. 16S rRNA gene amplicon sequencing was used to
profile the microbial community composition, whereas metagenomic analysis of the same DNA extracts revealed differences
in gene content across different electron donors. A paired-end library was constructed using the NEXTFLEX™ Rapid DNA-
Seq kit (Bio Scientific, USA) and then sequenced on an Illumina HiSeq Xten using HiSeq X Reagent Kits according to the
manufacturer’s instructions. Sequences with a length > 1000 bp after assembly were binned using Metabat (version 2.12.1).
All binned boxes were clustered, and dRep (version 2.2.9) was used to remove duplicate metagenome-assembled genomes
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A metatranscriptome was used to characterize the gene transcripts. Metagenomics-based metatranscriptomics analysis was
employed to quantify gene transcription levels to ensure accurate assessment of gene transcription and microbial contributions
[24]. This analysis was referred to as the metagenomics task (raqo_8fol167e7utuvak051a8nm). A schematic showing the
distinctions between the metagenome, metatranscriptome, and metagenome-based metatranscriptome is shown in Fig. S2 in
Appendix A. Sequencing was performed by Majorbio Bio-Pharm Technology Co., Ltd. (China) on an Illumina HiSeq platform
[27].

2.3 WWTP samples and an explainable machine learning method

A global dataset of 1186 WWTP microbial samples, along with associated operational parameters, was obtained from a
previous study [28]. To identify the key operational factors influencing the abundance of dominant genera (Paracoccus and
Pseudomonas), we implemented an explainable machine learning framework. The analytical process integrated the following
components: e ensemble feature selection to screen robust predictors; &5 SVM modeling to capture complex, non-linear
relationships; ® five-fold cross-validation to ensure model generalizability and mitigate overfitting; O standard metrics (R?
and RMSE) to evaluate predictive performance; and B SHAP analysis to quantify and interpret feature contributions. Further
details are provided in Appendix A.

2.4 Pure culture denitrification experiment

Based on the meta-omics results, the dominant model species Paracoccus pantotrophus and Pseudomonas aeruginosa,
which were present in the WWTP samples, were selected for pure-culture experiments to clarify the effect of different
microbes and electron donors on denitrification performance (Fig. 1). Paracoccus pantotrophus (DSM2944) and
Pseudomonas aeruginosa (CMCC10104) were obtained from the BeNa Culture Collection. Both strains were initially revived
in peptone medium (10 g-L™"), and when the ODgg reached approximately 0.7-0.8, the cultures were harvested for use as
denitrification inocula. Before inoculation, bacterial cells were collected by centrifugation at 10 000 r-min™' for 10 min at
4 °C, then washed three times with phosphate-buffered saline (PBS) to remove residual peptone medium and prevent
interference from external electron donors. The washed cells were resuspended in PBS, and the suspension (0.5 mL) was
inoculated into serum bottles, which were then supplied with H,—CO,, formate, and acetate separately. All the other
experimental procedures were consistent with those described for the mixed-culture experiment.

The pure culture experiment was conducted in the sequential batch mode for three cycles. At the end of each cycle, samples
were collected, and 15 mL of fresh growth medium was added to each reactor to maintain a constant working volume.
Following the three batch cycles, all reactors were switched to a daily feeding regimen and operated for an additional 8 days
to evaluate the stability of the denitrifying system.

2.5 EPS extraction and spectroscopic measurements

EPS was extracted using previously reported heating methods (Appendix A) [29,30]. Three distinct fractions were isolated,
namely soluble EPS (S-EPS), loosely bound EPS (LB-EPS), and tightly bound EPS (TB-EPS). The three-dimensional
excitation—emission matrix (EEM) spectra were obtained using an F-4700 spectrophotometer (HITACHI, Japan) equipped
with a 1.0 cm quartz cell. The emission (EM) wavelengths ranged from 250-600 nm, and the excitation (EX) wavelengths
ranged from 200-500 nm, both at 2 nm increments. The photomultiplier voltage was set to 700 V, and the excitation and
emission slit widths were fixed at 5 nm. A scan speed of 30 000 nm-min~! was employed, and Milli-Q water was used as the
blank. Before EEM analysis, all samples were filtered through 0.45 um membrane filters.

2.6 Analytical methods

The concentrations of nitrate (NO;™-N) and nitrite (NO,-N) were quantified by ion chromatography (IC, Thermo Fisher
Scientific , USA) using a Dionex™ InoPac™ AS11 analytical column (4 x 250 mm) and a protection column using 14
mmol-L! eluent (Dionex EGC 500 KOH, RFICTM Eluent Generator Cartridge; Thermo Fisher Scientific ) for 15 min.
Microbial growth was monitored by measuring the ODggy with a microplate reader (TENCAN Spark multimode; Thermo
Fisher Scientific), which has been established as a reliable proxy for biomass concentration in liquid cultures [31]. N,O
concentration was analyzed using a gas chromatography system (Agilent 8890 GC, USA). Detailed procedures for analyzing
PN, PS, TOC, and TN are provided in Appendix A.

3. Results and Discussion

3.1 Effects of electron donors on reactor performance in mixed culture

Batch tests were conducted to evaluate the impact of electron donors, such as H,—CO,, formate, and acetate, on
4
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achieved within 24 h, accompanied by the highest biomass density (ODgo). However, this rapid nitrate reduction also resulted
in the highest transient nitrite accumulation (35.97 mgy-L™!), compared to approximately 15.04 mgy-L™! for formate and H,
(Fig. 2(b)).

In contrast, formate and H, exhibited similar denitrification rates (51.6 and 48.3 mgy(L-h-ODggo) !, respectively). Formate,
as a representative organic C1 electron donor, is less readily utilized in the TCA cycle for biomass synthesis [32]. This was
reflected in its slower ODggo growth curve (Fig. 2(c)) and the lowest transcription levels of TCA cycle-related genes (6718.8
TPM), leading to an extended lag phase (approximately 24 h) before denitrification activity increased. In contrast, H; as a
gaseous electron donor is limited by its low aqueous solubility (Henry’s constant 1.279 atm-m3-mol™'), which inherently
restricts its microbial uptake and assimilation [20,33]. Nevertheless, H, offers the advantages of avoiding residual organic
pollutants and producing less biomass (Fig. 2(c)), thereby improving process controllability [14].

Regarding sludge production, the EPS surrounding microbes is a major component of sludge, affecting its handling and
disposal costs [12]. A detailed analysis of EPS, comprising PS and PN, revealed that its composition varied significantly
among the electron donor groups. Acetate-driven denitrification was found to substantially stimulate PN secretion, particularly
in the LB-EPS fraction, where the PN content was 2.4-2.9 fold greater than that of the other electron donors (Fig. 2(d)) [34].
In contrast, the PS content remained relatively consistent across conditions and represented the dominant EPS component
(Fig. 2(e)) [35]. Consequently, the acetate-driven group exhibited the highest PN/PS ratio, which is known to enhance sludge
flocculation and settleability [36-38]. These findings were further corroborated by fluorescence analysis using EEM
spectroscopy (Fig. S3 in Appendix A).

Collectively, these results demonstrate that the choice of electron donor not only modulates denitrification kinetics and
biomass yield but also directly shapes EPS compositions, thereby influencing critical sludge properties such as flocculation
and settling in the mixed-culture experiment [39]. These insights are essential for optimizing electron donor selection in
wastewater treatment to balance nitrogen-removal efficiency with sludge management requirements.
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Fig. 2. Reactor performance and EPS composition with different electron donors. (a) The variation of nitrate concentration (mgy - L) and
denitrification rate (mgy-(L-h-ODgg0)"); (b) The variation of nitrite concentration (mgy-L™"); (¢) the variation in ODgqo; (d) PN; (e) PS; and (f)
PN/PS of different layers of EPS. Significance was determined using a two-tailed Student’s #-test. A corrected p-value < 0.05 was considered
significant. Asterisks represent significant differences at *p < 0.05, **p < 0.01, ***p < 0.001).



3.2 Analvcic of micvohial community and dominant micvohes in mived culture

Bioprocess performance is strongly influenced by specific microorganisms, which are shaped by the available electron
donors. Analysis of 16S rRNA sequencing data revealed the differences in alpha diversity across electron donor regimes. As
presented in Table S3 in Appendix A, acetate-driven denitrification resulted in a noticeable decrease in richness (Chao index),
evenness (Shannoneven index), and diversity (Shannon index), which is consistent with a recent study [17] and indicates the
proliferation of certain functional microorganisms [4].

At the phylum level, Proteobacteria dominated across all experimental scenarios ((89.6% + 7.6%); Fig. S4 in Appendix A),
corroborating its widely reported prevalence in denitrification systems, particularly under acetate supplementation [4,40,41].
Notably, 41.8% of the MAGs were classified within this phylum (Fig. S1). Among the Proteobacteria, Paracoccus and
Pseudomonas were identified as the primary denitrifying genera [42]. Both H,- and formate-driven denitrification shared
similar microbiota and were closely clustered in the hierarchical clustering tree analysis (Fig. S5 in Appendix A), with
Paracoccus being dominant in both H,-driven (59.3%) and formate-driven (68.3%) reactors (Fig. 3(a)), which is the most
abundant in hydrogenotrophic denitrification reactors [43]. In comparison, Pseudomonas (88.4%) dominated in acetate-driven
denitrification, with Pseudomonas aeruginosa (MAG23, 42.3%) and Pseudomonas stutzeri (MAG9, 39.1%) as the
predominant species. Co-occurrence network analysis at the genus level further revealed that Pseudomonas occupied a central
topological position in the acetate system, accounting for 3.9% of the total edges (Fig. S6 and Table S4 in Appendix A),
suggesting its key role in maintaining community structure, possibly through the provision of public goods such as structural
materials, signaling molecules, or enzymes [44,45].
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Fig. 3. Microbial responses to denitrification with different electron donors. (a) Microbial community shifting on the genus level under different
electron donors based on 16S rRNA; (b) RDA of microbial community (top two at genus level) and critical reactor operation indicators for all
scenarios (red and blue arrows represent operation indicators and microbes, respectively); (¢) microbes’ contribution to denitrification process;
and (d) bar chart and swarm plot of SVMs result. The operational parameters (top 10) for Pseudomonas were analyzed using SVMs, and the impact
of SHAP values on the model was examined (presented by the average and individual sample plots).

RDA explained 99.28% of the total variance at the genus level and clearly separated the three denitrification groups into
distinct quadrants (Fig. 3(b)), underscoring the strong influence of electron donors on the microbial community structure.
Samples of acetate-driven denitrification, genera (Pseudomonas), and reactor operation indicators (denitrification rate, nitrite
content, and PN content) were clustered in the first quadrant, indicating strong positive relationships. Pseudomonas accounted
for 81% of denitrification in the acetate-driven system (Fig. 3(c)). These relationships were further confirmed using Pearson’s
correlation analysis and Mantel’s test (Fig. S7 in Appendix A). Specifically, the high denitrification rate and PN content were
positively correlated with Pseudomonas, whereas ODgy was closely linked to both the acetate-driven group and the
denitrification rate. In contrast, H,- and formate-driven systems were located on the left side of the coordinate axis and showed
a specific correlation with Paracoccus, which accounted for 89%-93% of denitrification in these systems (Fig. 3(c)).

Notably, both Pseudomonas and Paracoccus have been widely detected in full-scale WWTPs worldwide (Fig. S8 in
Appendix A) [28]. Pseudomonas was detected in nearly all samples (> 99%) and generally had a higher relative abundance.
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Pseudomonas abundance quantitatively. Comprehensive five-fold cross-validation revealed consistently strong model
performance, with test set R? values ranging from 0.625 to 0.642 (mean = (0.637 + 0.007)) and RMSE values between 1.281
and 1.296 (mean = (1.287 + 0.007)) (Table S5 in Appendix A). The remarkably low standard deviations across folds
underscore the model’s stability, whereas the minimal training-testing performance gap (R? difference: 0.028) indicates
effective overfitting prevention. SHAP analysis, which was applied to this robust model, quantitatively prioritized the
influence of operational parameters on Pseudomonas abundance. The key drivers, ranked by their mean [SHAP value|, were
temperature (SHAP = 0.031), followed by DO (SHAP ~ 0.027), and nitrogen concentrations, including both TN (SHAP ~
0.027) and TNj,r (SHAP = 0.021) (Fig. 3(d)). This indicates that temperature was the most influential factor, whereas the
synergistic contributions of the nitrogen parameters reinforced the crucial role of Pseudomonas in the nitrogen-removal
performance in full-scale WWTPs [46]. The widespread occurrence and high abundance of Pseudomonas in global WWTPs
may reflect the common use of acetate as an electron donor. In contrast, Paracoccus showed no clear relationship with the
analyzed operational parameters (Fig. S8 in Appendix A).

3.3 Mechanisms of reducing power generation through electron donor oxidation

3.3.1 H; as an electron donor

H, serves as a ubiquitous electron donor in natural and engineered environments and can diffuse directly into microbial
cells [47,48]. Microbes utilize H, through metalloproteins called hydrogenases [48]. In our mixed-cultured experiment,
multiple hydrogenases were expressed, among which hyaAd, hyaB, hyaC, hyaD, and hyaF were significantly upregulated
during H,-driven denitrification compared to formate- and acetate-driven denitrification (Fig. 4(a)). Microbial contribution
analysis revealed that the transcription of these hydrogenases was predominantly attributed to Paracoccus pantotrophus
(MAG15, 73.3%-99.5%) in H,-driven denitrification. Although both Paracoccus pantotrophus and Pseudomonas aeruginosa
(MAG23) harbor hydrogenase genes (Fig. S9 in Appendix A) [48], the metabolic versatility and bioenergetic flexibility of
Paracoccus [43] likely underlie the dominance of Paracoccus pantotrophus in the Hp-driven denitrification.
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Fig. 4. Denitrification mechanisms of the different electron donors, heatmaps of genes, and the contribution by dominant species. (a) H, as an
electron donor; (b) formate as an electron donor; (c) functional classification and gene transcription of hydrogenase (gene transcription was
calculated based on log,(TPM); and (d) acetate as an electron donor; Paracoccus pantotrophus MAGI1S, Pseudomonas aeruginosa MAG23,
Pseudomonas stutzeri MAG9).

H, oxidation by these enzymes yields low-potential electrons that are transduced through the respiratory chain for nitrate
reduction, and CO; is indispensable in this process. CO, serves as an inorganic carbon source in the Calvin (M00165) and
rTCA cycles (M00173; Fig. S10 in Appendix A) for biomass growth and regeneration [4,25]. Ribulose biphosphate
carboxylase (RuBisCO, EC: 4.1.1.39) is the key enzyme in the Calvin cycle [49,50] and exhibited a significantly higher
relative abundance (0.22%, p < 0.001) in H,-driven denitrification (Fig. S11 in Appendix A), with Paracoccus pantotrophus
contributing to 99.1% of its transcription. Notably, Paracoccus pantotrophus was the only species containing RuBisCo for
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supports its cellular metabolism and microbial regeneration in H,-driven denitrification.

3.3.2 Formate as an electron donor

The transcription of formate transporters (fdhC and oxIT) was upregulated in formate-driven denitrification (Fig. 4(b)),
implying that formate enters the cell primarily via active transport, a process predominantly mediated by Paracoccus
pantotrophus (> 95.9%). Once inside the cell, formate can be metabolized via two pathways. One is the rapid conversion of
formate into CO,; via formate dehydrogenase, and the other is the conversion of formate into acetyl-CoA via the THF cycle
(Fig. S13 in Appendix A). As shown in Fig. 4(b), the genes fdoG, fdoH, and fdol, encoding key subunits of formate
dehydrogenase, were abundant and significantly upregulated in formate-driven denitrification compared to denitrification by
the other electron donors, with Paracoccus pantotrophus accounting for 91.29%-99.2% of their transcription. This
upregulation suggests a metabolic preference for the direct oxidation of formate to CO,, which is subsequently fixed via the
Calvin or r'TCA cycles. The initial metabolic pathways of H,-driven and formate-driven denitrification were similar up to this
point. NAD* is reduced to NADH, which can provide energy for cellular metabolic processes, such as denitrification [51].
Intriguingly, formate dehydrogenase is an Hy-evolving [NiFe]-hydrogenase [48] that is closely related to hydrogenase, leading
to the development of similar microflora during H,- and formate-driven denitrification. In addition, the transcription of Hj-
uptake hydrogenases [52] was significantly upregulated in formate-driven denitrification (Fig. 4(c)), as in Hj-driven
denitrification, further illustrating that they share a similar metabolism.

3.3.3 Acetate as an electron donor

Acetate is a widely used organic carbon source that enables rapid and complete denitrification [40]. It enters microbial cells
via active or passive transport mechanisms (Fig. 4(d)) [53]. In acetate-driven denitrification, lower gene transcription of the
acetate symporter (actP) is observed in Pseudomonas stutzeri (MAG9), suggesting that acetate crosses the membrane
primarily by passive transport, without a specific uptake system, as previously reported [53]. Subsequently, intracellular
acetate is converted to acetyl-CoA via the two pathways, AckA-K13788 and Acs. Pseudomonas aeruginosa preferentially
uses the Acs pathway, whereas Pseudomonas stutzeri favors the AckA-K13788 pathway. Acetyl-CoA then enters the TCA
cycle, as confirmed by the isotope experiment (Fig. S14 in Appendix A), generating NADH as the primary reducing power
for denitrification. In acetate-driven denitrification, the transcriptional levels of TCA cycle genes were markedly higher than
those of the other electron donors, supporting the synthesis of biomass precursors, production of reducing equivalents (NADH
and FADH,), and ATP generation [32].

3.4 The underlying denitrification metabolisms with different electron donors

Expectedly, denitrification was the dominant nitrogen metabolism pathway across all mixed-culture experiments with
different electron donors (Fig. S15 in Appendix A). Electron transport via oxidative phosphorylation (accounted for 1.0%—
1.4%) and flow direction determines stepwise nitrate reductions: NO;~—NO, " —NO—-N,0—N, (Fig. 5(a)). Generally, each
step is catalyzed by specific enzymes such as membrane-bound nitrate reductase (Nar), periplasmic-bound nitrate reductase
(Nap), nitrite reductase (Nir), nitric oxide reductase (Nor), and nitrous oxide reductase (Nos).

The initial reduction of nitrate to nitrite is mediated by either Nar or Nap. In this study, Nar was identified as the
predominant enzyme (Fig. 5(b), Table S6 in Appendix A). Initially, NO;7/NO,~ undergoes transmembrane transport through
the nitrate/nitrite transporter (K02575), which is abundant in the H,—CO, group and correlated with a high abundance of
membrane-bound Nar. Paracoccus pantotrophus accounted for 96.6% of Nar transcription in H,-driven denitrification. In
contrast, Pseudomonas stutzeri preferentially catalyzed this step in the periplasm via Nap, accounting for 89.3%—93.6% of its
transcription (Fig. 5(b)). The subsequent reduction of nitrite to nitric oxide, catalyzed by NirK or NirS, represents a central
step in denitrification, as it marks the transition from dissolved to gaseous nitrogen species [54]. In this study, nirS was the
dominant nitrite reductase gene, consistent with its widespread presence in Proteobacteria [55]. Nitric oxide (NO) is then
converted into nitrous oxide (N,O) by Nor, a membrane-bound cytochrome enzyme. The highest Nor abundance (0.36%) was
observed in the acetate-driven denitrification reactors and was primarily expressed by Pseudomonas stutzeri and
Pseudomonas aeruginosa. In Pseudomonas aeruginosa, Nor not only supports anaerobic respiration but also serves as a
detoxifier against exogenous NO [56], contributing 44.4%—46.8% of total Nor transcription. Finally, N,O is reduced to N, by
Nos, a Cu-containing enzyme located in the periplasm, which was also abundant in acetate-driven reactors (0.32%). The Nor
genes were more abundant than the Nos genes in the acetate-driven reactor, with a Nor/Nos ratio of 1.09, compared to 0.62
and 0.60 for H,- and formate-driven denitrification, respectively. The production/consumption ratio can be a genetic indicator
to predict the net production of intermediates, such as N,O [57], which is consistent with the pure culture results, where
acetate-driven denitrification had the highest N,O concentration (8.6 ppm) at the beginning. However, the higher abundance
of Nos in the acerate-driven group drastically decreased to 0.5 ppm. Although Paracoccus pantotrophus, Pseudomonas
aeruginosa, and Pseudomonas stutzeri all harbor complete denitrification genes, their relative contributions to each reduction
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Fig. 5. Denitrification process with different electron donors. (a) The metabolic process of denitrification; (b) heatmap of genes and the contribution
by dominant species (gene transcription was calculated based on log,(TPM); Paracoccus pantotrophus MAG1S5, Pseudomonas aeruginosa
MAG?23, Pseudomonas stutzeri MAG9.

During denitrification, microbial oxidation of electron donors generates substantial amounts of NADH, and the subsequent
reduction of ubiquinone contributes to the proton motive force that powers ATP synthesis [58]. Specifically, acetate oxidation
via the TCA cycle yields significant amounts of NADH and ATP, theoretically producing approximately 5.2 ATP per mol of
acetate consumed [59]. In comparison, H, and formate are oxidized at the outer layer of the cytoplasmic membrane,
transferring electrons directly to quinones (Q/QH,), a pathway that supports lower ATP synthesis [59,60]. The higher redox
potential of the NAD*/NADH couple (219.2 kJ-mol™!) compared to that of the quinone pool (150 kJ-mol™') enables more
efficient electron transfer and enhanced ATP production via oxidative phosphorylation. ATP is the energy carrier for
denitrification [61] and is generated mainly by the F-type ATPase (M00157) present in bacteria (Table S7 in Appendix A)
[62]. In this study, acetate-driven denitrification yielded the highest ATP content, 51 and 18 fold higher than that of H,- and
formate-driven denitrification, respectively (Fig. 5(a)), which was consistent with the metatranscriptome results (2-fold higher
than those of H,- and formate-driven denitrification).

In summary, in H,- and formate-driven denitrification, Paracoccus pantotrophus performs the complete denitrification
pathway by coupling the oxidation of the electron donor with the reduction of nitrate to N,. Complete denitrification can
maximize energy generation [55], which is more likely to occur in systems where energy is more difficult to obtain (lower
ATP). In contrast, acetate-driven denitrification systems exhibit a cooperative mode of denitrification, with differentiated
contributions from Paracoccus pantotrophus, Pseudomonas aeruginosa, and Pseudomonas stutzeri in distinct enzymatic
steps, reflecting a distinct metabolic division of labor.

3.5 Biomass growth and EPS production

Microbial biomass is primarily attributed to cellular replication, accompanied by the secretion of EPS to enhance survival
in harsh environments (Fig. 6(a)), which are the main components of sludge [63,64]. DNA replication is the core cellular
replication pathway. Transcription of the DNA replication gene correlated well with the ODgg (Fig. 2(c)) across the different
electron donors. Paracoccus pantotrophus, as the core species, mainly contributed to DNA replication during denitrification
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involving three main steps in both PS and PN biosynthesis (Fig. 6(d)). The transcription of PN biosynthesis (Fig. 6(b)) was
consistent with the actual PN content (Fig. 2(d)) during denitrification, with the acetate-driven system exhibiting the highest
transcription. Differences in PS content and gene transcription may be due to the translation process. The lower contribution
of Pseudomonas aeruginosa to EPS formation is associated with reduced pyocyanin production under anaerobic conditions,
which is essential for EPS and biofilm formation [56]. In H,- and formate-driven reactors, Paracoccus pantotrophus was the
primary contributor to almost all metabolic pathways (Figs. 6(b) and (¢)).

In summary, Paracoccus pantotrophus, the dominant species in H,- and formate-driven denitrification, mainly contributed
to cellular replication and EPS formation. In contrast, Pseudomonas aeruginosa, although dominant in acetate-driven
denitrification, only contributed 10%—20% to biomass and EPS biosynthesis. Pseudomonas stutzeri contributed to the large

amount of sludge and biomass generated in the acetate-driven mix-culture denitrification.
3.6 Pure culture investigation

Based on the meta-omics results, two dominant and model denitrifiers, Paracoccus pantotrophus and Pseudomonas
aeruginosa, were selected to investigate the effects of different electron donors on denitrification performance. Successive
acclimation cycles markedly enhanced the denitrification rates of both species, although distinct differences were observed
(Fig. 7(a)). In all three cycles, acetate-driven denitrification consistently achieved outstanding performance, similar to that
observed in the mixed-culture experiments, with denitrification rates increasing by approximately 2.4-3.4 fold. Notably,
Pseudomonas aeruginosa outperformed Paracoccus pantotrophus under acetate-driven scenarios by 1.6-2.4 fold. In H,- and
formate-driven systems, Paracoccus pantotrophus exhibited slightly higher denitrification rates than Pseudomonas
aeruginosa. This divergence aligns with the mixed cultures, suggesting that acetate is particularly effective when paired with
specific denitrifiers.
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Fig. 7. Denitrification performance of domain pure cultures. (a) Nitrate concentration (mgy-L™!) curve and denitrification rate (mgy-(L-h-ODggo) 1)
of two pure cultures with different electron donors; (b) ODggg curve; (c) N,O concentration (in cycle I&II N,O test at the end of cycle, in cycle 11T
gas samples were analyzed at 3, 6, 12, and 24 h); and the COD/N levels (gcop' gy ') in the (d) H,-CO,-fed, (e) formate-fed, and (f) acetate-fed
scenarios. p.p, Paracoccus pantotrophus; p.a, Pseudomonas aeruginosa.

As the denitrification process proceeded, the biomass yield (ODggg) exhibited a species-dependent behavior (Fig. 7(b)). For
Paracoccus pantotrophus, acetate supported the highest biomass, followed by formate and H,—CO,, indicating that acetate
promoted vigorous cell growth. In contrast, Pseudomonas aeruginosa maintained a stable biomass level across all electron
donors, and is prone to slow growth and generates less biomass under anaerobic environments [56]. Remarkably, with acetate
as the electron donor, Pseudomonas aeruginosa not only sustains a high denitrification rate (103.8 compared to 46.9
mgy(L-h-ODgqg) ! for Paracoccus pantotrophus) but also limits biomass production (ODgg 0.20 vs 0.54). This combination
underscores a promising bioaugmentation strategy: deploying Pseudomonas aeruginosa with acetate effectively reduces
sludge production while maintaining robust nitrate removal. Similarly, a previous study selected Pseudomonas aeruginosa as
a bioaugmentation strategy to recruit high-efficiency denitrifying consortia for wastewater with high nitrate content [44].
Overall, these results underscore that both electron donor type and microbial identity are key determinants of sludge
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In cycles 1&I11, the gas samples were analyzed only at the end. Thus, N,O was almost completely reduced to N, resulting in
a low concentration (Fig. 7(c)). In cycle III, gas samples were collected at four sampling points to determine the N,O
concentrations as denitrification progressed. Faster denitrification (as in the acetate-driven systems) led to an earlier N,O
peak. The highest N,O concentration (8.6 ppm) was observed in the acetate-driven reactor, but it decreased rapidly to 0.5 ppm
regardless of the denitrifiers, indicating that sufficient reaction time is necessary to minimize N,O emissions in acetate-based
denitrification.

Intriguingly, as the reaction proceeded and acclimation took effect, the overall requirement for electron donors decreased,
as indicated by the declining COD/N ratio (Figs. 7(d)—(f)), and biomass levels stabilized [9]. The COD/N ratio was the lowest
in acetate-driven reactors, with Pseudomonas aeruginosa consuming significantly less acetate (0.56 gcop*gn™! in cycle IIT)
than Paracoccus pantotrophus (2.43 gcop' gy ). The biomass yield is closely related to the electron donor utilized for cell
synthesis (f;), a critical parameter in denitrification [21], which explains why Pseudomonas aeruginosa obtained a lower
biomass yield (Fig. 7(b)). As a facultative bacterium, the denitrification of Pseudomonas aeruginosa can be regulated by the
transcriptional regulators ANR, DNR, and NarXL, which significantly decrease biomass biosynthesis when conditions shift
from aerobic to anaerobic [65,66].

Meta-omics analyses further revealed that Pseudomonas aeruginosa contributed less to the top three pathways under acetate
conditions (13.1% for energy metabolism, 19.5% for amino acid metabolism, and 14.7% for membrane transport), resulting
in lower electron donor utilization and restrained biomass synthesis. Thus, pairing Pseudomonas aeruginosa with acetate
sustains high denitrification efficiency while generating less biomass, underscoring its potential for practical nitrate removal
in wastewater treatment. This approach promises to reduce sludge-handling costs and improve process controllability, making
it an attractive strategy for sustainable denitrification.

3.7 Economic, ecological, and engineering implications analysis

The proper selection of electron donors for denitrification should be based on several criteria. While previous studies have
focused more on the cost of electron donors, specific substrate utilization (SSU), biomass yield (BY), and denitrification rate
(DR) [20,49]. The pursuit of carbon neutrality highlights the role of WWTPs as significant sources of GHG emissions [13].
For instance, the A20 technology has been reported to emit 6.19 gn,o kgrn! influent and 375.53 gco, kgcop ' [67]. This
study further evaluated the electron donors with regard to carbon emissions (CO,E), N,O emissions (N,OE), toxicity, and
transportability (Fig. 8).

From an economic perspective, H, is the most favorable option. H, is the cleanest and cheapest (0.02 USD - mol,jjae 1)
electron donor for denitrification, and hydrogenotrophic denitrifiers entail the lowest disposal costs due to their minimal
biomass yield in mixed cultures (0.23 geeir* Sninate ) [20] (Table S9). Moreover, H,-driven denitrification is a CO,-sequestration
process that achieves negative CO, emissions (—0.138 mol¢o,  molyiyae ') by fixing CO, into biomass. However, a major
limitation of H, is its relatively low denitrification rate (48.3 mgy-(L-h-ODgg)"!; Fig. 2(a)), which stems from constraints on
gas—liquid mass transfer [20, 33]. Additional challenges include difficulties with H, storage and transportation, which carry
the risk of leakage and spontaneous combustion due to the vulnerability of the material [68].

Although formate exhibits high solubility in water and polar solvents, which facilitates its storage and transport [23,69], it
does not stand out in terms of denitrification rate, CO, emissions, or N,O emissions. Another drawback of using formate is
its toxicity, as reflected by the lowest live/dead cell ratio observed in all scenarios (0.68-0.70; Fig. S17 in Appendix A).
Formate toxicity is attributed to the inhibition of respiratory cytochromes and may be exacerbated by the diffusion of the
protonated acids across the cell membrane, which acidifies the cytoplasm and reduces the proton motive forces [70].
Furthermore, the addition of formate increases the pH (> 8.5) of the system (Fig. S18 in Appendix A); therefore, formate is
not recommended for long-term operation.

From the perspective of treatment efficiency, acetate was the optimal choice. It required the lowest dosage to reduce a given
amount of nitrate, as indicated by its minimal SSU (Fig. 7(b)). Acetate has an excellent denitrification rate (142.3
mgy-(L-h-ODgg) ") compared to nearly all other inorganic and organic donors [20,40]. The types of microbes also affect the
denitrification efficiency, as Pseudomonas aeruginosa has a higher denitrification rate than Paracoccus pantotrophus in an
acetate-fed system. In addition, combining acetate with the bioaugmenting denitrifying bacterium Pseudomonas aeruginosa
can significantly reduce sludge yield and provide sufficient reaction time (6 h), helping mitigate N,O emissions (Fig. 7(c)).
The higher PN/PS of the EPS makes it easier to dispose of the sludge. Presumably, the on-site acetate generation via the WLP
could enable green, efficient, and sustainable denitrification, with low CO, emissions (fixed by the sidestream acetate from
the WLP; Fig. 8(a)) and minimized sludge yield (mediated by Pseudomonas aeruginosa; Fig. 7(b)).
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Fig. 8. The comparison of different electron donors in denitrification. (a) The denitrification process in wastewater treatment plants and (b) a
comparison of different electron donors considering several factors, SSU: specific substrate utilization; BY: biomass yield; DR: denitrification
rate; CO,E: carbon emission; N,OE: N,O emission. The innermost and outermost parts of the octagon represent the lowest and highest scores (bad
and good, respectively), respectively. The original data are presented in Table S9 in Appendix A.

4. Conclusions

High-performance denitrification is pivotal in WWTPs, where the selection of optimal electron donors and microbial
communities is critical. The proper selection of electron donors substantially influences the microbial composition. Notably,
H, and formate as electron donors fostered similar microbial communities and metabolic pathways, with Paracoccus being
the dominant genus and Paracoccus pantotrophus being the predominant species. In contrast, acetate-driven denitrification
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driven denitrification, stands out as an energy-efficient microbe characterized by reduced electron donor consumption and
minimal biomass production while maintaining the highest denitrification rate. These findings provide a framework for
achieving a low-emission denitrification process using a bioaugmentation dosage (Pseudomonas aeruginosa) and a selective
electron donor (acetate) for enhanced denitrification performance. Furthermore, integrating on-site acetate production via the
WLP as a sidestream process offers a promising route to reduce operational costs and the overall carbon footprint.
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DR: denitrification rate; CO,E: carbon emission; N,OE: N,O emission; COD: chemical oxygen demand; WLP: Wood-
Ljungdahl pathway; ODggo: biomass density; ANR: anaerobic regulation of arginine deiminase and nitrate reduction; DNR:
dissimilative nitrate respiration regulator; NarXL: two-component nitrate-sensing system; CO, emission for treating per cubic
meter of wastewater: gCO,eq-m3; denitrification rate: mgy'(L-h-ODg)'; the consumption of COD per nitrate: geopgn '
N,O emission per total nitrogen: gn,o'kgrn!; CO, emission per COD: gco, kgcop '; cost for treating mol of nitrate:
USD mol,jae !; biomass generation for treating nitrate: geei*Enitate '3 CO» emission for treating mol of nitrate:
molco, molyirae s TNeg: total nitrogen in effluent; TN, total nitrogen in influent; CODgy: COD in effluent; CODy,: COD
in influent; COD emoval: the removal of COD; NH4-N;,s: NH4-N in influent.
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