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Abstract: The sustainable restoration of river and lake ecosystems requires advanced
wastewater treatment technologies to control nitrogen pollution, a key driver of aquatic
degradation. This study explores the physiological responses of anammox granular sludge
(AnGS) to varying nitrogen loading rates (NLRs), offering insights into microbial stability
under environmental stress. AnGS samples with different particle sizes (<1.0 mm, 1-2 mm,
>2 mm) were subjected to NLRs ranging from 0.9 to 3.6 gN/L/d. As the NLR increased,
the NO, "-N/NH;*-N consumption ratio rose from 1.0 to 1.2, and the most active particle
size shifted to 1-2 mm. Hydroxyapatite (HAP) crystals formed at higher NLRs, enhancing
the settling and activity of 1-2 mm AnGS but inhibiting larger granules (>2 mm). Microbial
analysis revealed that Candidatus Brocadia dominated at high NLRs (10.5%), outperforming
Candidatus Kuenenia (2.47%). The enrichment of these key genera across granules indi-
cates adaptive microbial migration under loading stress. These findings provide critical
operational strategies for sustaining AnGS performance through particle size regulation,
contributing to nitrogen control solutions vital for river and lake restoration efforts.

Keywords: anammox; granular; nitrogen removal; particle size; microbial migration

1. Introduction

Water pollution remains a significant global challenge, particularly in developing
countries [1,2]. Various technologies have been developed to treat wastewater [3,4]. The
anammoXx process is an innovative biological nitrogen removal technology that offers
distinct advantages for treating wastewater with high levels of NH4"-N, such as food waste
digestate and swine manure digestate [5,6]. However, the growth rate of anammox bacteria
(AnAOB) is only 0.0027 h~?, prolonging the startup period of the anammox process and
posing a significant obstacle to its widespread engineering application [7].

Achieving effective retention and enrichment of AnAOB is crucial for addressing
the low growth rates of AnAOB. The addition of biofilm carriers and the optimization
of reactor configurations have been adopted to address this obstacle. A high enrichment
of AnAOB was achieved by utilizing a hollow carrier in a gas lift reactor, with a relative
abundance of 32.31% [8]. Although the addition of carriers is beneficial for achieving the
stability of the anammox process, the long biofilm formation period (up to 210 days) poses
an extended risk of AnAOB loss. Membrane bioreactors, which offer efficient biomass
retention, are utilized for the effective enrichment of AnAOB, enabling the rapid startup of
the anammox process within 63 days [9]. However, membrane bioreactors require high
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operating costs [10]. Compared with aerobic sludge, anammox sludge is more likely to
secrete extracellular polymeric substances to facilitate the aggregation of anammox flocs
into anammox granular sludge (AnGS) [11]. Granules are the primary sludge morphology
form of AnAOB [12]. Therefore, it is necessary to evaluate the growth characteristics of the
AnGS and the AnGS stability mechanisms.

NLRs can directly affect the physiological characteristics and mechanical strength of
ANGS, such as settling velocity, activity, microbial community, and particle size [13,14].
The settling velocity of the AnGS increased from 126 to 198 m/h as NLR was elevated
from 1 to 3 gN/L/d [15]. The high settling velocity promotes the maintenance of an ad-
equate AnAOB biomass within the reactor. The AnAOB activity enhanced from 0.38 to
0.8 gN/gVSS/d as the NLR increased from 5 to 50 gN/L/d [16]. As the NLR was ele-
vated from 1.2 to 15.4 gN/L/d, the abundance of Candidatus Kuenenia rose from 36.1%
to 57.1% [17]. As the NLR elevated from 0.1 to 0.5 g N/L/d, a migration occurred from
Candidatus Kuenenia to Candidatus Brocadia [18]. Additionally, as the influent ratio rose from
1 to 1.25, a migration occurred from Candidatus Brocadia to Candidatus Kuenenia, with an
abundance of 52.3% [17]. Due to the different substrate tolerance conditions of different
AnAOB, Candidatus Kuenenia is suitable for growing under high NLRs, while Candidatus
Brocadia is suitable under low NLRs. For wastewater with different total nitrogen concen-
trations, particle size can be specifically regulated (such as through screening) to achieve
maximum nitrogen removal efficiency.

The highest AnAOB activity of 0.17 gN/gVSS/d was achieved with AnGS particles
sized from 1.5-2.0 mm when NLR was 0.4 gN/L/d [19]. AnGS particles sized from
2-2.8 mm has been reported to exhibit an optimal SAA of 2.0 gN/gVSS/d at an NLR
of 1.5 gN/L/d [15]. At an NLR of 13.6 gN/L/d, AnGS particles sized from 0.5-1 mm
exhibited an absolute dominance of 55.7% [20]. AnGS particles sized >4.0 mm were
classified as floating granules when the NLR was 44 gN/L/d [21]. These results suggest
that the properties of AnGS are closely related to particle size and are influenced by the
NLR. However, current studies have concentrated on a single NLR level, and the reported
optimal particle sizes for AnGS have not been uniformly established. To address the
knowledge gaps, it is essential to investigate the impact of NLRs with wide dimensional
fluctuations from low to high on the biochemical and physical properties of sludge with
varying particle sizes and to analyze the microbial community relationships from a macro-
genetic perspective.

The objectives of this study include the following: (1) to investigate the physicochemi-
cal properties of AnGS with different particle sizes under NLR fluctuations ranging from
0.9to 3.6 gN/L/d, (2) to investigate the microbial community response characteristics of
different particle sizes, and (3) to identify the optimal particle size for AnGS.

2. Material and Methods
2.1. Experiment Setup

An 4.5 L expanded granular sludge bed (EGSB) reactor (Shanghai Binyue Plexiglass
Production Center, Shanghai, China) was used (Figure 1). The temperature was maintained
at 35 £ 1 °C using a heat pump, and a black insulating jacket was applied to prevent the
impact of light on the AnGS. A pump was used to control an effluent reflux ratio of 1:1.
The effluent from the EGSB reactor is partially treated by a peristaltic pump and reinjected
into the bottom of the reactor, where it is mixed with the influent. This design increases
the upward flow rate of the reactor, promotes the expansion of the sludge bed, and forms
a stable suspended state of granular sludge, thereby expanding the contact area between
sludge and wastewater.
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Figure 1. Configuration of the EGSB reactor.

2.2. Reactor Operation

The entire operation was segmented into three phases, based on the influent
NO, -N/NH,*-N ratios and NLRs (Table 1). In Phase I, the TN concentration in in-
fluent was 450 mg/L, and the NLR was 0.9 gN/L/d. A previous study reported that the Rg
(ANO,~-N/ANH4*-N) of the anammox process was correlated with the NLR [16]. As NLR
was evaluated from 5 to 50 gN/L/d, the Rs was augmented from 1.13 to 1.31. The NLR for
Phase I'was 0.9 g N/L/d, which is significantly below 5 gN/L/d. Therefore, the NO, -N
to NH4*-N ratio in the influent was set to 1. In Phase II, the NO, ~-N to NH4*-N ratio in
the influent was adjusted to 1.15 to prevent substrate inhibition based on the Ry in Phase I,
while the TN concentration and NLR were the same as in Phase I. In Phase III, the NLR was
increased to 3.6 gN/L/d by shortening the hydraulic retention time (HRT), with a higher
influent NO, "-N/NH,"-N ratio of 1.2.

Table 1. The operational conditions and performance of the anammox-EGSB reactor.

Operation Conditions Reactor Performance
Phase  Days (d) TN, NO,— :NH,*. HRT NLR NHy* g NO2 o NO3 o TNRE
(mg/L) 2 N4 in (h) (gN/L/d) (mg/L) (mg/L) (mg/L) (%)
I 1-47 450 1:1 12 0.9 28.98 + 11.91 10.26 £4.71 31.87 £7.44 82.69 +1.92
1I 48-123 450 1.15:1 12 0.9 45.47 +16.90 9.11 £6.31 53.53 £9.37 79.28 +£0.27
I 124-154 450 1.2:1 3 3.6 16.90 £ 7.976 20.03 + 13.69 51.79 £ 3.17 83.64 = 0.59

2.3. Synthetic Wastewater and Inoculum Sludge

The synthetic wastewater was composed of NH4Cl and NaNO;. The detailed composi-
tion of the synthetic wastewater was consistent with that reported in a previous study [22].

The AnAOB seed sludge was collected from an EGSB reactor that had been cultured
for 3 years. The initial volatile suspended solids (VSS) concentration was 16.7 g/L, with a
VSS to suspended solids (SS) ratio of 0.39 [23].
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2.4. Properties of AnGS with Different Particle Sizes

The mixed AnGS was filtered into three separate groups, based on particle size: <1.0,
1.0-2.0, and >2.0 mm [24]; the volume proportion of the AnGS was measured in a glass
column with a volume of 20 mL. Macroscopic morphological variations of the AnGS were
recorded using a mobile phone under identical lighting conditions. The settling velocity
was determined in a 1 m hollow glass water column, and 15-20 samples were tested in
each group [25]. To test the SAA of the AnGS, at the end of each phase, the AnGS is placed
in serum bottles containing substrates, exposed to nitrogen for 10 min, and gas production
is regularly measured for analysis [26]. The VSS and SS concentrations of particles with
different particle sizes were measured via the APHA method [27]. Each test was set up
in parallel to ensure the accuracy of the data. One-way analysis of variance (ANOVA)
was conducted using the Statistical Package for the Social Sciences 22.0 to evaluate the
significance of the experimental results, with a difference considered statistically significant
atp <0.05.

2.5. Analytical and Calculative Methods

The influent and effluent samples from the reactor were filtered using 0.45 pum filters
every 2 days. The NH4*-N, NO; -N, and NO3; -N were assessed using the standard
method [27]. pH was determined using a PHS-25 PH meter (PHS-25, Shanghai Yidian
Scientific Instrument Co., Ltd., Shanghai, China). X-ray diffraction (XRD) was applied
to measure the AnGS crystals of different sizes. The calculation methods for Ry and Rp
are based on the methods used in a previous study [28]. Rs is the ratio of the actual
consumption of nitrite nitrogen to ammonia nitrogen. R}, is the ratio of the production of
nitrate nitrogen to the consumption of ammonia nitrogen.

2.6. Microbal Community Analysis

At the end of Phase I and III, mixed AnGS and three groups of anammox particulate
sludge samples (<1.0, 1.0-2.0, and >2.0 mm) were collected and retained at —20 °C. Eight
sludge samples were analyzed at the Shanghai Majorbio Bioengineering Laboratory. Micro-
bial communities were determined by sequencing using the Illumina MiSeq platform 2.0,
and MiSeq sequencing libraries were prepared by two-step tailed PCR, using 515F and
806R as primers.

3. Results and Discussion
3.1. Overall Performance

The performance of the EGSB-anammox reactor is shown in Figure 2. In Phase I,
the NLR was 0.9 gN/L/d, EGSB-anammox process exhibited the mean removal effi-
ciency of NH;"-N and NO, ™ -N was 85.74 &+ 5.76% and 95.21 £ 2.28%, respectively
(Figure 2c). The mean total nitrogen removal efficiency (TNRE) during the operation
phase was 82.69 + 1.92%, with mean Ry and R values of 1.14 + 0.08 and 0.18 + 0.04
(Figure 3a,b), respectively. Based on the theoretical stoichiometric equation of anammox
process [29], the Rs was 1.32 and Ry, was 0.26. At the end of Phase I, the removal efficiency
of NH,*-N reached only 81%, while the NO, ~-N removal efficiency reached 97%. As a
result, the Rs and R, were 1.26 and 0.24, separately (Figure 3a,b). Previous studies have
also reported that Rs was 1.14 4= 0.14 when NLR reached 1.0 gN/L/d [30]. The NO,™-N
to NH,*-N ratio was 1, which conducive to preventing substrate inhibition during the
initial period of startup. Then, the AnAOB activity was enhanced and the residual NH;*-N
was the primary factor limiting the improvement of NRE, necessitating adjustments to the
influent NO, " -N/NH,"-N ratio based on the actual ratio of Rs.
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Figure 2. Nitrogen removal performance under various NLRs: (a,b) changes in the concentration of
nitrogen species; (¢) ammonia, nitrite, and TN removal efficiency; (d) pH in the influent and effluent;
(e) FA and FNA contents.
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In Phase II, NLR were not changed. The NO, ~-N to NH,;*-N ratio was improved to
1.15. The EGSB-anammox process achieved a mean TNRE of 79.28 + 0.27% (Figure 2c),
resulting in effluent NO, ~-N and NH;"-N concentrations of 0.75 mg/L and 16.09 mg/L,
respectively (Figure 2b). The Rs was 1.39 4 0.14, and Ry, was 0.32 + 0.05, both exceeding the
theoretical values for the anammox reaction. These results indicated that the presence of
trace amounts of oxygen in the influent might led to the growth of nitrifying bacteria [31].

In Phase III, a higher NLR was adopted to enhance the anammox activity and inhibit
the nitrifying bacteria activity. The TN concentration remained at 450 mg/L while the
NO,™-N to NH;*-N ratio was improved to 1.2, and the HRT was shortened to 3 h to increase
the NLR to 3.6 gN/L/d. The mean TNRE was 83.64 & 0.59%. The Rs was 1.31 £ 0.03, and
Rp was 0.28 4= 0.04, approaching the theoretical values.

The R; is related to the enrichment level of AnAOB and the NLRs. The widely used in-
fluent theoretical Ry for anammox was reported in a low NLR condition of 1.0 gN/L/d [32].
The high enrichment level of 67% AnAOB contributed to the high Rs. As the NLR increased
from 5 to 50 gN/L/d, the anammox bacteria become enriched, accompanied by the increase
in Rg from 1.13 to 1.31 [16]. In this study, the trends of Ry and R;, were consistent with
those in previous studies [15,16,30,33,34] (Figure 3c,d). The Rs and Ry, corresponding to the
NLR in this study were fitted with those from previous studies. Within the NLR range of
0.9-20 gN/L/d, an excellent correlation exists among the results from various studies for
Rs (0.9951) and R;, (0.9638). Meanwhile, Rs and R, increase rapidly within an NLR below
5.0 gN/L/d, subsequently approaching the theoretical values of 1.32 and 0.26, respectively.
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Figure 3. (a) Changes in Rs values; (b) changes in Rp values; (c) relationship between Ry and NLR;
(d) relationship between R, and NLR [15,16,30,33,34].

3.2. Physicochemical Properties of AnGS
3.2.1. Morphology of AnGS at Different Sizes

Figure 4 shows the morphology of the AnGS. In Phase I, the reddish-brown color of
AnGS gradually deepened with increasing particle size. The AnGS particles sized <1.0 mm
was mainly light red and light brown. AnGS with a 1.0-2.0 mm particle size was pink with
irregularly spherical particles. AnGS particles sized >2.0 mm had a more regular spherical
shape, and the color was bright red, with a distinct brownish red hue (Figure 4a—c). AnGS
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is usually blood red, indicating its activity. The color has been reported to be due to the
presence of cytochrome ¢, and it correlates significantly with the amount and activity of
AnAOB [35]. The abundance of anammox can be roughly represented by the degree of
redness [36].

[NLR=[}.9gN /L/d

NLR=3.6gNILIdJ

Figure 4. Morphological characteristics of size-fractionated granular sludge: (a—c) images of granular
sludge in size categories of <1.0, 1.0-2.0, and >2.0 mm at an NLR of 0.9 gN/L/d; (d—f) images of
granular sludge in the same size categories at an NLR of 3.6 gN/L/d.

In Phase III, the color change of the AnGS with increasing particle size is similar to
that in Phase I. Notably, the surface of AnGS particles sized 1.0-2.0 mm and >2.0 mm was
coated with a thin layer of white inorganic material, which is likely calcium precipitation
(Figure 4d-f). Research has indicated that the presence of Ca’*, Fe?*, Mg?*, and Mn?* sig-
nificantly enhances anammox granulation [37]. Ca?* readily combines with SO42~, PO,
and CO3%~ in water to form different types of precipitates. However, these precipitates
have been reported to exacerbate mass transfer limitations in mature AnGS [38].

The long-term addition of calcium substrates has been shown to result in the formation
of AnGS with a hydroxyapatite (HAP) inorganic core, thereby enhancing their settling
properties [39]. However, the precipitation of calcium phosphate can lead to decreased
biomass activity [40]. The positive and negative effects of HAP on anammox granules
are related to particle size, which exhibited different results among AnGS with different
particle sizes. The surface of the particles >2.0 mm exhibited a distribution of compact
and irregular white round particles. The whiteness of these particles intensified, and some
displayed signs of mineralization. XRD (X-ray diffraction) analysis (Figure S1) indicated
that the primary inorganic crystal in sludge particles sized from 1.0-2.0 mm and >2.0 mm
was hydroxyapatite (HAP), which is the main mineral present. The HAP crystals were
not detected in AnGS particles sized < 1.0 mm. The formation of HAP requires alkalinity
provided by anammox, which is closely linked to the activity of the AnGS [41]. Larger
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particles indicate higher anammox activity, which promotes the formation of HAP and
provides an inorganic core for anammox granules, thereby further facilitating the growth
of AnGS [42]. Therefore, HAP crystals are predominantly present in larger particles.

The accumulation of inorganic HAP can provide a core for particle formation, but it
may also affect microbial activity [43]. The formation of HAP has been reported to decrease
the abundance of AnAOB, thereby obstructing substrate mass transfer and ultimately
leading to bacterial death [44]. In this study, the effects of HAP on AnGS with different
particle sizes will be analyzed from several aspects, including settling property, activity,
and microbial community structure.

3.2.2. Percentage of Granular Sludge

In Phase I, the particle sizes of anammox sludge were primarily concentrated in the
<1.0 mm range, which accounted for 42.79%. Meanwhile, AnGS particles sized 1.0-2.0 mm
and >2.0 mm accounted for 32.68% and 24.51%, respectively (Figure 5a). In Phase III,
ANGS particles sized 1.0-2.0 mm were the most abundant, with a percentage of 57.32%.
Conversely, AnGS particles sized < 1.0 mm accounted for 24.57%. The proportion of AnGS
particles sized >2.0 mm remained relatively constant. The results suggest that as the NLR
increases, the dominant particle size of AnGS shifts from <1.0 mm to 1.0-2.0 mm. This shift
may result from the migration of anammox particles among different particle sizes. Under
higher NLR conditions, AnGS is likely to release more extracellular polymeric substances
to promote granule formation [11]. Research has indicated that the ideal particle size shifts
from 0.6-1.6 mm to 1.6-2.5 mm as the NLR increases [45]. As the NLR increased from
18.7 to 37.9 gN/L/d, the proportion of AnGS particles sized 0.5-1.0 mm increased from
46% to 58% [20]. Under NLR impacts, the biofilm surrounding the AnAOB and the central
core may detach, leading to a decrease in the size of immature granular sludge particles,
which then adhere to each other to form larger particles [46].
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Figure 5. Percentage by volume (a) and settling velocity (b) of the sludge; sludge characteristics,
where sludge concentrations are measured in (c); (d) SAA analysis of the granular sludge.
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3.2.3. Sludge Settling Velocity

The improved settling ability of the sludge helps reduce biomass loss, thereby im-
proving the retention rate of AnAOB [47]. In Phase I, the settling velocity of particles
increased with particle size (Figure 5b). The average settling velocities of AnGS with parti-
cle sizes of <1.0 mm, 1-2 mm, and >2.0 mm were 39.92 & 6.15m/h, 71.58 4+ 10.97 m/h, and
96.49 + 14.62 m/h, respectively. In Phase III, the average settling velocities of AnGS with
particle sizes of <1.0 mm and 1.0-2.0 mm were 47.24 + 5.98 m/h and 78.29 + 12.34 m/h,
respectively. The accumulation of inorganic materials and the formation of hydroxyapatite
(HAP) contributed to the improved settling performance. The formation of HAP was
reported to increase the settling rate of AnGS particles sized >2.8 mm from 130 m/h to
210 m/h [48]. HAP plays a beneficial role in the retention of AnGS. However, the settling
velocity of AnGS particles sized >2.0 mm was 90.56 £ 9.18 m/h. Research has shown that
the accumulation of HAP crystals in mature AnGS hinders mass transfer, thereby impeding
the release of nitrogen gas and resulting in a decrease in settling velocity [49].

An increase in the percentage of inorganic content in AnGS can enhance the settling
velocity of the AnGS [24]. In Phase I, the VSS/SS ratios of AnGS with particle sizes of <1.0,
1.0-2.0, and >2.0 mm were 0.56, 0.71, and 0.84, respectively (Figure 5c). Under low NLR
conditions, there were few inorganic components in the large particles of AnGS. The same
phenomenon was also observed in an upflow anaerobic sludge blanket; as the particle
size increased, the VSS/SS ratio gradually increased from 0.32 to 0.88 when the NLR
reached 1.05 gN/L/d [50]. However, another study found that the VSS/SS ratios for AnGS
particles sized 0.75, 1.28, 1.83, and 2.67 mm were 0.51, 0.50, 0.45, and 0.40, respectively [19].
In Phase III, the VSS/SS ratios of AnGS with a particle size of <1.0 mm and 1-2 mm
were 0.61 and 0.71, respectively (Figure 5c). Notably, the VSS/SS ratio of AnGS particles
sized >2.0 mm was 0.25. There were more inorganic components and less biomass in large
particles. A previous study reported that anammox particles sized >2.0 mm, with a VSS/SS
of 0.15, exhibit high surface inorganic content, leading to impeded mass transfer when NLR
was 2.8 gN/L/d [51]. It was reported that anammox biomass decreased in response to the
HAP formation [44]. In this study, HAP was identified as the predominant crystal in AnGS
particles >2.0 mm, promoting biomass retention. However, the accumulation of HAP also
impacts the activity of the AnGS, a topic discussed in Section 3.2.4.

3.2.4. Specific Anammox Activity

SAA is a crucial factor for evaluating the nitrogen removal performance of AnGS
(Figure 5d). In Phase I, the SAA results were 88 £ 1.85, 144 + 2.3, and 146 + 1.8 mg N/g VS5/d
for AnGS particles sized < 1.0 mm, 1.0-2.0 mm, and >2.0 mm, respectively. The optimal par-
ticle size for AnGS was >2.0 mm. In Phase III, the SAA of AnGS particles sized <1.0 mm was
127 + 1.1 mg N/g VSS/d, and that of particles sized 1-2 mm was 167 & 2.6 mg N/g VSS/d.
However, the SAA of AnGS particles sized >2.0 mm was 64.95 = 1.2 mg N/g VSS/d. The
trend in SAA across different particle sizes in Phase I and III aligned with the trend of
MLVSS (p < 0.01), indicating that variations in SAA related to particle size can be attributed
to biomass content. A similar trend was observed on AnGS particles sized 2.0-2.8 mm
as the NLR raised to 3.0 gN/L/d [15]. When NLR was 3.6 gN/L/d, the optimal particle
size was 1.0-2.0 mm. HAP was detected in large AnGS particles (>1.0 mm). The activity
and proportion of AnGS with a particle size of 1.0-2.0 mm both increased, indicating that
HAP is beneficial for AnGS. However, the accumulation of HAP in granular sludge sized
>2.0 mm caused a reduction in biomass and AnAOB substrate starvation, leading to a
decrease in AnAOB activity.



Water 2025, 17, 1653

10 of 16

3.3. Microbial Community
3.3.1. Taxonomic Results

At the phylum level of mixed AnGS, the microorganisms mainly include Plananc-
tomycetota, Proteobacteria, Chloroflexi, Bacteroidota, and Acidobacteriota, which are widely
present in Phase I and III, with a total abundance of 82.33-92.55% (Figure 6a).
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Figure 6. Relative abundance of predominant microbes in the mixed sludge and granular sludge
with three different particle sizes at the phylum level (a) and genus level (b). An abundance of <0.5%

is categorized as “others”.
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Significant community differences were observed at the phylum level of AnGS with
different particle sizes. The abundance of phylum Plananctomycetota increased significantly
with particle size from 7.38%, 7.96%, and 2.74% to 49.88%, 50.97%, and 47.33%, respectively.
Increasing the NLR is beneficial for the growth of AnAOB. Conversely, the abundance
of phylum Proteobacteria decreased from 54.65%, 56.31%, and 46.09% to 20.09%, 23.39%,
and 21.56%, respectively. The highest abundance of phylum Plananctomycetota and phylum
Proteobacteria was exhibited in AnGS particles sized 1.0-2.0 mm. Chloroflexi was evenly
distributed among the different particle sizes (14.02%, 10.85%, 11.48%). The phylum Chlo-
roflexi has been reported to enhance the structure of the AnAOB communities and promote
coordinated denitrification among various bacteria in the system [43]. The abundance of
phylum Bacteroidotas increased to 4.67%, 3.94%, and 7.52%, respectively. Bacteroidetes are
critical for the dispersion of AnAOB, and their increased abundance could be linked to
sludge pelleting [4].

At the genus level of mixed AnGS (Figure 6b), the AnAOB identified in Phase I and
Phase III were mainly Candidatus Brocadia, Candidatus Kuenenia, and Candidatus Jettenia. For
mixed sludge, the abundance of Candidatu Brocadia increased prominently from 4.47% to
10.51%. Candidatus Brocadia was reported to follow a growth rate (r) strategy, better suited
for high NLR environments [52]. However, the abundance of Candidatus Jettenia was not
detected in Phase III. This may be due to the weaker substrate competitiveness of Candidatus
Jettenia under higher NLR [53]. Research has shown that under low NLR, Candidatus Jettenia
competes more effectively for nitrite than does Candidatus Brocadia, while under high NLR,
Candidatus Brocadia outcompetes Candidatus Jettenia for substrates, resulting in a decrease
in the abundance of Candidatus Jettenia [54]. Candidatus Kuenenia and Candidatus Brocadia
were detected in particles of different sizes. However, under a high influent substrate ratio,
the abundance of Candidatus Brocadia in different particle sizes was significantly increased
(10.5%). This is because adjusting the influent substrate ratio resulted in a decrease in
effluent TN concentration, making it more suitable for the growth of Candidatus Brocadia,
with low substrate tolerance. Additionally, Nitrosomonas decreased from 3.46% to 0.74%.
The relative abundance of denitrifying organisms (Denitratisoma) increased to 9.35%, which
may be attributed to the death of certain microorganisms that were not well-suited to
the high NLR condition, thereby providing a carbon source for the thriving denitrifying
bacteria [55].

At the genus level of AnGS with different particle sizes, the abundance of Candidatus
Kuenenia distinctly increased from 3.84%, 2.43%, and 0.09% to 4.99%, 4.07%, and 3.17%,
respectively. Candidatus Kuenenia was evenly distributed among the different particle
sizes. Candidatus Brocadia was enriched prominently in AnGS particles sized <1.0 mm
(7.71%) and 1-2 mm (7.36%). Additionally, the lowest anammox abundance (7.08%) was
detected in AnGS particles sized >2 mm, indicating that anammox granules of this size
are not beneficial for AnAOB growth. The abundance of denitrifying bacteria significantly
increased in all three particle sizes, with the highest abundance observed in particles
>2.0 mm, which indicates that a higher NLR is more suitable for the co-denitrification of
multiple anammox species.

The aggregation of microbial communities across different phases was analyzed using
principal component analysis (PCA) (Figure 7). The results indicated that the three particle
sizes of AnGS in Phase I were dispersed in distant areas, while they were clustered more
closely in Phase 111, reflecting the high correlation and complex functional relationships
within the community. Increasing NLR may help improve the biological aggregation of the
anammox system.
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Figure 7. The PCA analysis of AnGS with varying particle sizes at the genetic level. P I: Phase I;
P III: Phase III.

3.3.2. Interrelationships Between Major Microbial Communities

The interconnections among dominant microbial genera were analyzed using Pear-
son’s correlation analysis (Figure 8a,b). In Phase I, Candidatus Kuenenia demonstrated
a negative association with Candidatus Brocadia (R = —0.15, p < 0.05), indicating a weak
competitive relationship. Additionally, Candidatus Kuenenia displayed a strong positive
correlation with SBR1031 (R = 0.89, p < 0.05) but exhibited negative correlations with
Denitratisoma (R = —1 and —0.33, p < 0.05) and OLB17 (R = —1 and —0.33, p < 0.05). Candi-
datus Kuenenia and SBR1031 exhibited a synergistic coexistence relationship. Denitratisoma
was most abundant in >2.0 mm granular sludge, where it competed for substrates with
Candidatus Kuenenia, resulting in a lower Candidatus Kuenenia abundance. Conversely,
Candidatus Brocadia was positively correlated with OLB17 (R = 0.98, p < 0.05), exhibiting
the highest abundance in 1.0-2.0 mm granular sludge. OLB17 has been shown to promote
interdependence between Candidatus Brocadia and other AnAOB, reflecting the complex
dynamics of microbial communities [56].

In Phase III, Candidatus Kuenenia was positively correlated with Candidatus Brocadia
(R =0.90, p < 0.05). The abundance of AnAOB is the lowest in granular sludge with a
particle size of >2.0 mm. Candidatus Kuenenia and Candidatus Brocadia were negatively
correlated with Denitratisoma (R = —0.91 and —0.64, p < 0.05), which indicates that un-
der a higher NLR, denitrifying bacteria are more likely to grow. Due to high NLR, bac-
teria that are not adapted to the environment will die, providing a carbon source for
denitrifying bacteria.
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Figure 8. Pearson’s correlation analysis was conducted to examine the primary microbial communities
at the genus level in Phase I (a) and Phase III (b), as well as to assess the relationships between the
dominant genera and environmental factors in Phase I (c) and Phase III (d).

3.3.3. Pearson’s Correlation Analysis Between Genera and Environmental Factors

Pearson’s correlation analysis between the main genera and environmental factors
(Figure 8c,d). In Phase I, the SAA was positively correlated with Candidatus Brocadia
(R=0.7, p <0.05) and Denitratisoma (R = 0.75, p < 0.05), indicating a synergistic nitrogen
removal process facilitated by AnAOB and denitrifying bacteria. The collaborative action
of functional microorganisms, including AnAOB, denitrifying, and anaerobic digesting bac-
teria, has been widely recognized as an essential factor in improving nitrogen removal [9].
Denitratisoma showed positive correlations with specific anammox activity (SAA), parti-
cle size, volatile suspended solids (VSS), and settling velocity (SV). Candidatus Kuenenia
and OLB17 were negatively correlated with all four parameters. In Phase III, Candidatus
Kuenenia, Candidatus Brocadia, and SBR1031 emerged as the primary bacteria positively cor-
related with SAA. Particle size exhibited positive correlations with Denitratisoma and OLB17
(R =0.91, p <0.05), suggesting that their presence may also enhance the settlement of gran-
ular sludge.

4. Conclusions

This study evaluated the granular characteristics and microbial community migration
of AnGS particles under varying NLRs. As the NLR was elevated from 0.9 gN/L/d to
3.6 gN/L/d, the ratio NO, ~-N to NH,*-N influent increased from 1 to 1.2, and the TNRE
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increased from 82.69% to 83.64%. The optimal particle size for AnGS was >2.0 mm when
the NLR was 0.9 gN/L/d, whereas the optimal particle size was 1.0-2.0 mm at an NLR of
3.6 gN/L/d. HAP formed in AnGS particles sized > 2.0 mm and adversely affected the
activity. The primary genera of anammox shifted from Candidatus Kuenenia, Candidatus
Brocadia, and Candidatus Jettenia to Candidatus Kuenenia and Candidatus Brocadia. Candidatus
Brocadia occupied a dominant ecological niche across different particle sizes. These findings
offer valuable operational strategies for maintaining a robust AnGS performance through
targeted particle size regulation, contributing to an enhanced nitrogen removal process
critical for sustainable river and lake restoration.
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Nomenclature

VSs volatile suspended solids

SS suspended solids

HRT hydraulic retention time

TN total nitrogen

Anammox anaerobic ammonium oxidation
AnAOB anammox bacteria

NLR nitrogen loading rate

HAP hydroxyapatite

SAA specific anammox activity
TNRE total nitrogen removal efficiency
PCA principal component analysis
SV settling velocity
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