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ARTICLE INFO ABSTRACT

Keywords: Sulfur-driven partial denitrification coupled with anammox (SPD/A) has been proposed as an innovative strategy
S‘{If“r autotrophic denitrification for nitrogen removal from wastewater. This study proposes a novel strategy that integrates 20-um S° powders
Microgranules with anammox granules to establish S°-driven partial denitrification coupled with anammox (i.e., S’PD/A) for

Metabolic pathway
Microbial niche
Metagenomic analysis

the simultaneous removal of NH and NO3 from wastewater. When the influent concentrations of NHf and NO3
were maintained at 31 and 52 mg-N/L, respectively, the efficiency of total-nitrogen removal reached 92 %, with
anammox, S’-driven denitrification, and sulfammox accounting for 71 %, 27.4 %, and 1.6 %, respectively. Mi-
crobial community analysis revealed that anammox bacteria and sulfur-oxidizing bacteria were dominant
functional genera involved in the S°PD/A. Anammox bacteria were enriched in anammox granules, and sulfur-
oxidizing bacteria were enriched in microgranules of S° powders and Candidatus Brocadia. These findings
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highlight distinct microbial niche differentiation, elucidate nitrogen-sulfur metabolic interactions, and offer in-
sights into an autotrophic process for total-nitrogen removal.

1. Introduction

Anaerobic ammonium oxidation (anammox) has emerged as a
promising technology for nitrogen removal in wastewater treatment due
to its better energy efficiency, lower sludge production, and elimination
of demand for organic carbon compared to conventional biological
removal of total-nitrogen (Jimenez et al., 2015). In anammox, ammo-
nium (NHZ) and nitrite (NO3) are converted into dinitrogen (N3) by
anammox bacteria in anoxic conditions (Strous et al., 1999). Large-scale
application of anammox has been constrained by the challenge of
maintaining a stable NO3 supply achieved by partial oxidation of
incoming NHJ to NO3 (Zhen et al., 2024). An alternative is heterotro-
phic partial denitrification (PD), which adds an organic electron donor
to reduce NO3 to NO3 (Zhang et al., 2021). However, current PD sys-
tems require an external electron donor, which increases operational
costs and CO3 emissions, and PD may lead to secondary pollution due to
discharge of residual organics (Du et al., 2020; Zhang et al., 2019).
Additionally, the significantly faster specific growth rate of heterotro-
phic bacteria (e.g., 0.23 h7™!), compared to anammox bacteria
(0.0075-0.014/h), may lead to overgrowth of heterotrophic bacteria
that suppresses anammox bacteria activity and compromises nitrogen
removal (Cao et al., 2021; Lotti et al., 2015).

The limitations of PD may be overcome by sulfur-driven partial
denitrification (SPD), mediated by sulfur-oxidizing bacteria (SOB)
coupled with anammox (Gu et al., 2024). In SPD, reduced sulfur com-
pounds, such as sulfide (S%7) and thiosulfate (Szog’), serve as electron
donors for SOB to reduce NO3 into NO3 (Wang et al., 2023). Compared
to heterotrophic bacteria, SOB have lower specific growth rates
(0.04-0.27 h_l) and stronger preference for NO3 reduction over NO3
reduction (Zhou et al., 2011), making SPD more compatible with
anammox (Kosgey et al., 2021). SPD coupled with anammox (i.e., SPD/
A) eliminates the need for adding an organic electron donor, and it re-
duces sludge production, and mitigates CO, emissions. Additionally, the
denitrification process is controlled at the NO3 stage, which helps
reduce N,O emissions (Gu et al., 2024; Hu et al., 2020).

While SPD/A has significant potential, concerns remain regarding its
operational stability and cost-effectiveness (Deng et al., 2022). Both
aspects should be benefited by using elemental sulfur (S°) as the electron
donor for denitrification, since S is readily available from natural sulfur
mines or industrial by-products (Li et al., 2023). Compared to $,03~ and
SZ_, S? also is less toxic and less expensive (Zeng et al., 2021). Being a
solid, S° can act as a substratum for SOB attachment, which may be
compatible with anammox granule (Wang et al., 2024b).

Previous studies have shown that smaller S° particles increase
denitrification kinetics; thus, S powders may achieve better nitrogen
removal when coupled with anammox than larger S° particle (Li et al.,
2023). Meanwhile, as S° serves as a carrier in the S°PD/A system, using
smaller S° powder to increase the specific surface area can accelerate
microbial aggregation and biofilm formation (Wang et al., 2024a).
Overall, S° powders can promote formation of microgranules of S° and
microorganisms, which should improve the retention of SOB biomass
and enhance nitrogen-removal efficiency (Li et al., 2023; Liang et al.,
2022; Wang et al., 2023). Up to now, research on S°PD/A focused on S°
particles, not S° powders. Additionally, previous studies have revealed
the occurrence of sulfammox in S°PD/A (Yin et al., 2025; Zhu et al.,
2022). In sulfammox, NHj is oxidized to N, while sulfate (SO%’), which
is produced by SOB oxidation of 8°, is reduced to S° and utilized again as
an electron donor. Therefore, since sulfammox should enhance N—S
metabolic interactions, it is crucial to investigate interactions among
anammox, S%-driven denitrification (SOD), and sulfammox in S°PD/A
using S° powders as the electron donor.

Here, this study explores the feasibility of using S° powders as an
electron donor for an S°PD/A system treating wastewater containing
NHJ and NO3 (such as the effluents of mine, mill, and fertilizer factory
(Deng et al., 2019b)). A sequencing batch reactor (SBR) was established
and operated continuously for 170 days to evaluate the nitrogen-
removal efficiency and stability of S°PD/A. Physical characteristics of
biomass were analyzed, and denitrification pathways were explored
through batch experiments. Fluorescence in situ hybridization (FISH),
high-throughput 16S rDNA amplicon sequencing, and metagenomic
sequencing were employed to reveal microbial community succession,
spatial niches of bacteria, and interactions between SOB and anammox
bacteria.

2. Materials and methods
2.1. Reactor set-up and operation

A novel S°PD/A system was developed in a laboratory-scale SBR
reactor with working volume of 3.0 L and a volume exchange ratio of 50
%. It was equipped with a mechanical stirrer (150 rpm) for mixing. The
reactor temperature was maintained at 35 + 1°C by recirculating water
from a water bath to the inner and outer walls of the SBR. The reactor
was operated with three cycles per day, with each cycle lasting 8 h: 7 h of
reaction time, 0.5 h of settling time, and 0.5 h of idle time. The SBR
reactor was operated for 170 days that were divided into 2 phases: Phase
1 (0-70 days) focused on S%-driven partial denitrification, while Phase 2
(71-170 days) was dedicated to SOPD/A. To provide electron donor and
carrier for the SOB, 20 g of S° powders were initially added, followed by
a daily addition of 0.5 g according to the NO3-N loading (Chen et al.,
2018). Table S1 shows the operational conditions and Fig. S1 shows the
physical characteristics of S° powder.

To begin Phase 1, the SBR was seeded with secondary-sedimentation
sludge obtained from a wastewater treatment plant in Shanghai. The
seeding sludge did not contain significant abundances of SOB or
anammox bacteria, and the initial concentrations of mixed liquor sus-
pended solids (MLSS) and mixed liquor volatile suspended solids
(MLVSS) were 4.6 g/L and 3.7 g/L, respectively. In Phase 2, 500 mL of
anammox granules were introduced into the SBR to initiate SPD/A. The
anammox granules were obtained from a laboratory-scale anammox
SBR that had been operating stably with NO5 and NHJ as substrates. The
MLSS and MLVSS concentrations of the anammox sludge were 3.3 g/L
and 2.9 g/L, respectively.

To simulate the water quality of wastewater containing NO3 and
NHJ, synthetic wastewater was prepared by dissolving predefined
amounts of NH4Cl and NaNOs in tap water, with the concentrations
varying according to different operational phases. Additionally, mineral
medium contained KHoPO4 (27.2 mg/L), MgCly-6H20 (247.4 mg/L),
CaCly-2H20 (180 mg/L), KHCO3 (500 mg/L), and 1 mL/L of trace
element solutions A and B (Zhang et al., 2022). The compositions of the
trace element solutions are provided in Text S1.

2.2. Analytical methods

Water samples were collected and filtered through 0.22-pm mem-
brane filters (Titan, Shanghai, China). The MLSS, MLVSS, sludge settling
velocity (SV), sludge volume index (SVI), and concentrations of NHZ,
NO3z, and NO3 were measured according to standard methods (APHA,
1998). The concentration of SO7~ was measured using ion chromatog-
raphy (Thermo Fisher, USA).

The morphology and element distribution of S° powders and solids
were analyzed by scanning electron microscope (SEM, Zeiss Gemini 300,
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Fig. 1. Overall performance of the SOPD/A reactor: influent and effluent nitrogen concentrations and the NO3-to-NO3 transformation ratio (NTR) (A); influent and
effluent SOZ -S concentrations and the ASO3~-S/ANO3-N (B); efficiency of NH;-N, NO3-N, and TN removal and contribution of anammox, S°D, and sulfammox to

total-nitrogen removal in Phase 2 (C).

Germany) and energy dispersive spectroscopy (EDS, Oxford Xplore,
Britain). Functional groups of biomass samples were analyzed using the
Fourier Transform Infrared Spectroscopy (FTIR, Thermo Fisher, USA). X-
Ray Photoelectron Spectroscopy (XPS, Thermo Scientific, USA) and X-
Ray Diffraction (XRD, Rigaku, Japan) were used to identify various
elemental compositions and crystalline structure. Fluorescence in situ
hybridization (FISH) was employed to examine the spatial distribution
of different bacteria within suspended biomass and anammox granules.

The soluble microbial products (SMP), loosely bound EPS (LB-EPS), and
tightly bound EPS (TB-EPS) were collected and filtered through a 0.45-
pm filter membrane for analysis (Yin et al., 2025). Protein (PN) and
polysaccharides (PS) in SMP and EPS were determined based on the
Lowry-Folin method and phenol-sulfuric acid method (Wang et al.,
2024a). Three-dimensional excitation-emission matrix (3D-EEM)
spectra of TB-EPS were obtained using a fluorescence photometer. More
details about analytical methods are in Text S2, calculations are in Text
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S4 and Text S5.
2.3. Batch experiments

Three sets of batch experiments were conducted to elucidate the
nitrogen-removal pathways of S’PDA, and the experimental conditions
are summarized in Table S2. During the end of phase 2B of the reactor,
the suspended solids, anammox granules, and a mixture of the two were
collected separately from the bioreactor and washed three times with
0.1-M phosphate-buffered saline (PBS). Then, the inoculum was mixed
with 80 mL of simulated wastewater and supplemented with 1 g of §°
powders. The mixture was placed into 100-mL serum bottles for batch
experiments. To establish an anoxic environment, nitrogen gas (N3) was
purged into the bottles for 10 min to remove dissolved oxygen (DO). All
experiments were performed in a shaker at 150 rpm and 35 + 1 °C.
During the experiments, water samples were collected at predetermined
time intervals, filtered through 0.22-ym filter membranes, and stored at
4 °C for further analysis.

2.4. Microbial community analysis

For 16S rDNA amplification and sequencing, suspended solids were
collected at the end of Phase 1A and Phase 2B, and anammox granules
were collected at the end of Phase 2A and Phase 2B. DNA extraction was
conducted using the DNeasy PowerBiofilm Kit (50) (QIAGEN, Ger-
many). The V3-V4 region of bacterial 16S rDNA gene was amplified with
the forward primer 338F (5-ACTCCTACGGGAGGCAGCAG-3) and
reverse primer 806R (5-GGACTACNNGGGTATCTAAT-3). 16S rDNA
gene amplification and sequencing were performed on Illumina Next-
$eq2000 platform (Illumina, San Diego, USA) according to the standard
protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China). Principal co-ordinates analysis (PCoA) was employed to explore
differences in the microbial community over long-term operation (Wang
et al., 2024b). For metagenomic sequencing, paired-end sequencing was
performed on Illumina NovaSeqTM X Plus (Illumina Inc., San Diego, CA,
USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China)
using NovaSeq X Series 25B Reagent Kit. Detailed information is in Text
S3. Raw sequencing data are available from the NCBI database with
accession number PRINA1266653.

3. Results and discussion
3.1. Long-term nitrogen-removal performance of the SBR reactor

Phase 1 was divided into three sub-phases: 1A (Days 0-25), 1B (Days
26-60), and 1C (Days 61-70). Performance results are presented in
Fig. 1. Phase 1A initiated S’-driven denitrification. After 25 days of
acclimation, the effluent NO3 and NO3 concentrations decreased to 1
mg-N/L and 2 mg-N/L, respectively. In Phase 1B, the influent NO3
concentration was increased to 53.3 + 1.2 mg-N/L with effluent NO3
concentration peaking at 25.5 mg-N/L (Fig. 1A). The NO3-to-NO3
transformation ratio (NTR) (calculation is in Text S5) reached 48 %,
indicating successful establishment of S°pD (Deng et al., 2019b). In
Phase 1C, 53 mg-N/L of NH was added and the NHj -removal efficiency
remained below 4 %, meaning that the reactor was unable to effectively
remove NHZ with S°PD alone.

The mass ratio of produced S0Z%~-S to consumed NO3-N (ASO3-S/
ANO3-N) helps distinguish the relative contributions of S°-driven
complete denitrification (S°CD) and S°PD. In the S°PD pathway, NO3 is
partially reduced to NO3, which is subsequently removed via anammox.
In the S°CD pathway, NO3 is further reduced to Na, leading to greater
S0%~ production. Theoretically, the ASOZ-S/ANO3-N ratiois 1.9 mg-S/
mg-N for S°CD and 0.76 mg-S/mg-N for S°PD, based on the stoichiom-
etry in Text S4. At the beginning of Phase 1B, a sharp increase in influent
NO3 concentration led to incomplete NO3 reduction by SOB, resulting in
the accumulation of NO3. The ASO%’-S/ANOg -N ratio declined from
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Fig. 2. Results of batch experiments with different biomass types: suspended
solids (A); anammox granules (B); and the combined system (suspended solids
and anammox granules) (C).

1.93 mg-S/mg-N to 1.18 mg-S/mg-N, suggesting that S°PD was the
dominant pathway (Fig. 1B). NOz accumulation likely was due to higher
enzymatic activity of SOB’s nitrate reductase compared to its nitrite
reductase (Deng et al., 2022). By the end of Phase 1C, this ratio grad-
ually increased to 1.29 mg-S/mg-N, indicating that SOB began adapting
to the elevated NOg levels so that the S°CD contribution could increase.
Since S°CD typically dominates during long-term operation of $°-driven
denitrification systems (Chen et al., 2018), having S°PD still predomi-
nate at the end of Phase 1C was optimal for the subsequent introduction
of anammox bacteria in Phase 2.

Phase 2 was divided into two sub-phases: Phase 2A (startup, days
71-110) and Phase 2B (stable operation, days 111-170). To establish
S°PD/A, enriched anammox granules were introduced into the SBR
reactor on day 71. In Phase 2A, the influent concentrations of NO3 and
NHJ} were maintained at 52.8 + 0.5 mg-N/L and 50.6 + 0.6 mg-N/L,
respectively. Following inoculation of the anammox granules, the
effluent NHJ concentration dropped to 33 mg-N/L on day 71 and further
decreased to 19 mg-N/L by the end of Phase 2A, which corresponded to
a NHj-removal efficiency of 62 %. Simultaneously, the NO3 concen-
tration also declined to 1 mg-N/L, with a NO3-removal efficiency of 99
% (Fig. 1C). From day 92 to the end of Phase 2A, the ASO%’-S/ANOg -N
ratio increased from 0.91 mg-S/mg-N to 1.11 mg-S/mg-N, the NTR
decreased from 85 % to 70 %, and S°D’s contribution to total-nitrogen
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Fig. 3. Physical characterization of biomass: MLVSS, SV30, and SVI30 (A); cumulative graph of particle size (B); FISH analysis of microgranules and anammox
granules (SOB labelled with 5, 6-FAM green and anammox bacteria labelled with 5, CY5 red) (C); and Elemental analysis (D).

removal correspondingly increased from 9 % to 22 %; thus, NO3
reduction to Ny occurred via scp (Fig. 1C). The suboptimal NHZ-
removal efficiency (62 %) can be attributed to SOB out-competing
anammox bacteria for NO3 due to a relatively low proportion of
anammox granules compared to denitrifying sludge (Du et al., 2024).

During Phase 2B, the influent NHZ concentration was lowered to 31
mg-N/L in order to lower residual NHJ in the effluent, and a rapid
decrease in effluent NHJ concentration was observed: the effluent NHJ
and NO3 concentrations stabilized at 4.4 mg-N/L and 1.9 mg-N/L,
respectively. Meanwhile, sulfammox activity also was observed during
Phase 2, with its contribution to total-nitrogen removal increasing from
1.2 % in Phase 2A to 1.6 % in Phase 2B. The mass-balance analysis in
Text S5 confirmed that anammox had a contribution of 71 % to total-
nitrogen removal in Phase 2B and was the dominant nitrogen-removal
pathway. Compared to anammox contribution of 75 % in Phase 2A,
this slight decrease was attributed to the reduced influent NHj con-
centration and the decreased activity of anammox bacteria caused by
interspecies competition (Deng et al., 2019b). However, the total-
nitrogen removal efficiency increased from 81 % in Phase 2A to 92 %
in Phase 2B, indicating effective nitrogen-removal under the optimized
influent conditions.

3.2. Metabolic pathways of S°PD/A

Three sets of batch experiments were conducted to investigate
nitrogen-removal pathways of suspended solids and anammox granules
in the S°PD/A process, with experiments design in Table $2 and results
in Fig. 2. When only suspended solids were present, NO3 decreased
significantly, while NO3 accumulated, with a slight decrease of NHZ
(Fig. 2A), suggesting that S°PD dominated the suspended solids, while

anammox activity was limited there. When only anammox granules
were present, SO%’ production and removal of NO3 and NHj were
observed (Fig. 2B). This can be attributed to SOB that attached to the
surface of anammox granules and supplied NO3 for anammox bacteria
(Yin et al., 2025). Suspended solids and anammox granules were com-
bined to simulate reactor conditions (Fig. 2C). After 8 h, a decline in
NHZ and SO3~ concentrations suggested the occurrence of sulfammox.
After 24 h, the removal efficiencies of NO3 and NHJ reached 94 % and
73 %, respectively. The contributions of anammox, S°D, and sulfammox
to total-nitrogen removal were 80 %, 16 %, and 4 %, respectively. Thus,
anammox was the dominant nitrogen-removal pathway in the S°PD/A
process, with S°D and sulfammox providing support.

3.3. Biomass characteristics

3.3.1. Physical characterization of solids and spatial niches of bacteria
No biomass washout was observed during the entire operation and
physical characterization of solids and spatial niches of bacteria are
presented in Fig. 3. As shown in Fig. 3A, after the addition of S° powders,
the MLVSS initially decreased due to the change in electron donor but
subsequently increased and stabilized. The SVIgp, used to evaluate
flocculent and compact characteristics of the biomass (Lu et al., 2023),
decreased from 20.4 mL/g in the seeding sludge to 14.4 mL/g in Phase
2B, indicating excellent settling performance of the suspended solids.
Fig. 3B presents the cumulative particle-size distributions for the sus-
pended solids across different operational stages, where D[3,2] repre-
sents the Sauter mean diameter and D[4,3] represents the De Brouckere
mean diameter. In the seeding sludge, D[3,2] and D[4,3] were 43 pm
and 71 pm, respectively. Following addition of S° powders, the particle
sizes increased significantly, with D[3,2] and D[4,3] reaching 124 pm



Bioresource Technology 442 (2026) 133707

S. Wang et al.
A 120 8
> I smp
LB-EPS
v 1004
5 TB-EPS PF PN
= —e— PN/PS l
> 80 - 16
Lo
on 5]
E 60- £
z &
=]
2 40{ PN 14
o /+ S
gj ol PS
e 2 PS T I
m B #
o " Bt . =
0 = | | ]
1A 1C 2B
C Phase
550 T 9000
b Phase 1C
500 4 b 8000
Lo I 7000
450 I
b L 6000
E 400 Lo i
g o 5000
= J | | - 4000
s 350 : :
b L 3000
300 - !
L 2000
250+ - 1000
200 — —— L 0.000
200 250 300 350 400 450 500 550
Em (nm)

i 9000
! : Phase 1A
500 - b 8000
- 7000
450 P
b - 6000
E 400 b
E - 5000
% 350 I - 4000
& 350 : !
| L 3000
300- i C\ )
{4\:\;:/ y 2000
250 F--mmmme B T T iy - 1000
200 L+ 0.000
200 250 300 350 400 450 500 550
Em (nm)
550 TR 9000
D bt Phase 2B
500 - Lo 8000
- 7000
450 P
b - 6000
E 400 ro i
g 5000
% 350 1 - 4000
s 350 ! !
D L 3000
300 e
- 2000
2501 - 1000
200 : i atial L} 0.000
200 250 300 350 400 450 500 550
Em (nm)

Fig. 4. SMP and EPS characteristics in phases 1A, 1C, and 2B: SMP, EPS, and PN/PS ratio (A); and EEM spectra of TB-EPS: (B-D).

and 383 pm, respectively, in Phase 2B. FTIR, XRD, and XPS analysis
revealed enhanced hydrophobicity and amorphous structures of
biomass after S° powders addition with results in Fig. S2. As a powdered
carrier, S° powder enhanced biomass settling ability, improved biomass
concentration, and promoted formation of microgranules (Wang et al.,
2024a; Wang et al., 2021; Wu et al., 2022).

The surface morphology of biomass was examined by SEM, with
results in Fig. S3. Although S° powders theoretically could serve as a
core for anammox bacteria to aggerate (Xue et al., 2023), anammox
granules with S° powders were not observed. Instead, S° powders were
embedded within suspended solids, thereby forming microgranules. The
spatial distribution of anammox bacteria and SOB in microgranules and
anammox granules was investigated using FISH analysis, with results in
Fig. 3C and detailed methods in Text S2. Anammox bacteria and SOB
were evenly distributed in microgranules. In anammox granules, SOB
was primarily located in porous structure on the surface of the granules.
This porous structure and spatial distribution of microbial community
may have promoted substrate exchange, electron transport, and micro-
bial interactions (Wang et al., 2022; Xue et al., 2023). SEM combined
with EDS analysis, shown in Fig. S3, reveals that the clustered crystalline
structures observed on the surface of anammox granules were composed
of %, consistent with a previous study of a SPD/A process (Jiang et al.,
2025). These crystals were likely bio-S° (polysulfides produced by S°
disproportionation or S° produced via sulfammox), which could
enhance S° bioavailability and denitrification performance (Liu et al.,
2025; Qian et al., 2021). EDS analysis, presented in Fig. 3D, show that
the S content in suspended solids increased after the addition of S°
powders, which may be attributed to the S° powders accumulating
within microgranules.

3.3.2. SMP and EPS characterization
SMP and EPS, which play a crucial role in microbial aggregation and

sludge granulation, were extracted to quantify PN and PS contents at
different phases; results are in Fig. 4A (Wang et al., 2024a). The total
EPS, which includes SMP, LB-EPS and TB-EPS, increased from 48 mg/g-
MLVSS in Phase 1A to 107 mg/g-MLVSS in Phase 2B, indicating effective
microgranule formation within the suspended solids. Among the three
fractions, TB-EPS exhibited the highest content, increasing from 36 mg/
g-MLVSS in Phase 1A to 95 mg/g-MLVSS in Phase 2B, suggesting that
TB-EPS may play a more important role in microgranule formation. PN
and PS concentrations increased over time, PN was higher than PS and
most of PN was TB-EPS. From Phase 1A to Phase 2B, the PN in TB-EPS
increased from 32 to 85 mg/g-MLVSS, and the PN/PS ratio rose from
3.3 to 5.1. A higher PN/PS ratio can enhance the hydrophobicity and
stability of biomass (Campo et al., 2018). In addition, the PS in TB-EPS,
which can act as a structural scaffold to enhance bacterial adhesion and
biomass aggregation (Wang et al., 2020), increased over time.

3D-EEM fluorescence spectroscopy was employed to analyze the
composition of TB-EPS in suspended solids, shown in Fig. 4B-D. The
fluorescence regions in the spectra were identified based on established
classification (Yin et al., 2015; Yu et al., 2023). Fluorescence intensity
related to tyrosine-like (regions I/II) and tryptophan-like substances
(region IV) increased, indicating that microorganisms secreted more
protein-like compounds in response to S°. Additionally, a fluorescence
peak related to polysaccharide-like substances (region V) was detected
in Phase 2B, but not in Phase 1A, which is consistent with the increased
PS content observed in TB-EPS. Microgranules can facilitate interspecies
electron transfer because tyrosine-like and humic acid-like substances
can function as electron mediators (Yin et al., 2025).
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3.4. Microbial analysis

3.4.1. Microbial community succession of suspended biomass and
anammox granules

As shown in Fig. 5A, the dominant microorganisms at the phylum
level were Pseudomonadota, Chloroflexota, Acidobacteriota, Planctomy-
cetota, and Myxococcota. The relative abundance of Planctomycetota
(which include anammox bacteria) increased from 0.26 % to 1 % in
suspended biomass and from 5.4 % to 5.8 % in anammox granules (Yin
et al.,, 2025). Chloroflexiota, which can promote biofilm formation
(Wang et al., 2024a), accounted for 7.21 % of the microbial community
in suspended biomass in Phase 2B and might have played a role in
microgranules formation.

The microbial community at the genus level is shown in Fig. 5B-D.
Thiobacillus, a typical SOB (Deng et al., 2019a), was dominant in sus-
pended biomass, but its relative abundance decreased from 48.1 % in

Phase 1A to 19.7 % in Phase 2B (Fig. 5C). Thiobacillus also was detected
in anammox granules with abundance decreasing from 5 % in Phase 1A
to 1.8 % in Phase 2B, which helps explain the removal of NO3 and NHZ
observed in batch experiment B because Thiobacillus could provide NOy
for anammox granules (Fig. 5D). The decrease in the relative abundance
of Thiobacillus may be attributed to the competitive utilization of NO3 by
anammox (Yin et al., 2025).

The relative abundance of Thiohalobacter, which can oxidize S to
SO%_, increased from 1.3 % to 7.7 % in suspended biomass. In addition,
heterotrophic denitrifying bacteria were detected in the suspended
biomass, including Thermomonas (3.8 %) and Denitratisoma (2.3 %).
These bacteria can reduce NO3 using EPS or SMP as electron donors, and
their relatively high abundance was related to the formation of
microgranules.

Candidatus Brocadia, the only anammox bacterium detected in the
reactor, increased from 0.16 % to 0.28 % in suspended biomass and from
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2.1 % to 3.9 % in anammox granules, which implies that the addition of
S powders to the S°PD/A reactor promoted the growth of anammox
bacteria (Yin et al., 2025). Additionally, PCoA analysis, which is shown
in Fig. S4, reveals that microbial richness in the suspended biomass was
much lower than in the anammox granules.

3.4.2. Distribution of functional genes related to N—S metabolic
interactions

The results of metagenomic sequencing, conducted to investigate
changes in functional genes related to N—S metabolic interactions, are
summarized in Fig. 6. As shown in Fig. 6A, N-related genes were

significantly different among the phases. The hzs gene (encoding hy-
drazine synthase) and the hdh gene (encoding hydrazine dehydroge-
nase), which are related to the central energy metabolism of anammox
bacteria, increased from Phase 2A to Phase 2B in anammox granules;
this means that the activity of anammox bacteria was well-maintained
when the influent NHZ concentration was lowered in Phase 2B. The
taxonomic origins of the key genes in Phase 2B are shown in Fig. 6C. In
anammox granules, the hzs and the hdh gene were primarily associated
with Candidatus Brocadia. Notably, these genes also were detected in
suspended biomass, supporting the fact that anammox activity could
have occurred there, as well.
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The denitrification process is catalyzed by NO3 reductase, NO3
reductase, NO reductase, and N3O reductase. In the suspended biomass,
the nar gene (encoding NO3 reductase), the nap gene (encoding NO3
reductase), and the nir gene (encoding NO; reductase) were primarily
attributed to Thiobacillus (Fig. 6C). The (nar + nap) to nir ratio, which is
used to evaluate the capacity of NO3 accumulation (Wang et al., 2024b),
was 3.2 in the suspended biomass, which exceeds a threshold value of
3.1 to have Thiobacillus provide a sufficient supply of NO3 for Candidatus
Brocadia. Notably, functional gene amoA (encoding the enzyme for the
first step of nitrification) was detected in suspended biomass and
anammox granules in Phase 2B. Previous studies have shown that the
amoA gene is associated with the sulfammox process, in which NH}
could be oxidized to NO3 for anammox (Zhang et al., 2025).

In the S°PDA process, sulfur metabolism is accompanied by nitrogen
metabolism, and S-related genes are shown in Fig. 6B. The soxAXY
genes, which are involved in the oxidation of s%to SO%’, were associated
with Thiobacillus; the soxAXY genes decreased in the suspend biomass
from Phase 1A to Phase 2B. This might have been due to the decrease of
SOB’s abundance. As shown in Fig. 6C, SOZ~ reduction was mediated by
a group of genes primarily associated with Thiobacillus, including the sat
gene (encoding sulfate adenylyltransferase) and the aprAB gene
(encoding adenylylsulfate reductase). These genes also were detected in
anammox granules and related to Candidatus Brocadia, perhaps sug-
gesting its involvement in the sulfammox process in cooperation with
Thiobacillus. This finding aligns with previous studies showing that
Candidatus Brocadia mediating nitrification and SO3~ reduction in sul-
fammox process (Jiang et al., 2025; Zhang et al., 2025).

Overall, anammox bacteria (Candidatus Brocadia) and SOB (Thio-
bacillus) jointly established a N—S cycle to enhance nitrogen-removal;
this relationship is illustrated in Fig. S5. In the S°D process, S° pow-
ders and the reduced sulfur compounds produced from sulfammox were
oxidized to reduce NO3, which was from influent and anammox process,
to NO3. In the sulfammox process, SO‘Z( produced from S° oxidization
could serve as an electron acceptor to oxidize NHJ to NO3. Finally, the
NO3 from $°D and sulfammox was utilized via anammox. S° powders
supported this cooperative mechanism and facilitated electron transfer
and substrate exchange.

4. Conclusions

This study evaluated a novel S°PD/A process that, by integrating
anammox granules with $° powders, achieved good nitrogen-removal
performance without addition of organic electron donors. A stable
synergy was established between SOB and anammox bacteria, which
inhabited different spatial niches: Thiobacillus (SOB) formed micro-
granules in the suspended solids colonizing the S° powders, while
Candidatus Brocadia (anammox bacteria) was predominantly localized
within the anammox granules. This spatial organization promoted
effective substrate exchange and electron transfer that established
among S°D, anammox, and sulfammox.
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