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ARTICLE INFO ABSTRACT

Keywords: The floatation of anammox granules can be a serious challenge in practical wastewater treatment, as it can
Anammox granules deteriorate reactor performance and cause bacterial loss. To deepen the understanding of floatation mechanism,
Floatation

in this study, both the floating (F-AnGS) and settling anammox granules (S-AnGS) from a high-rate anammox
reactor were comparatively investigated. F-AnGS demonstrated 1.6 times higher specific anammox activity
compared to S-AnGS, but only 65 % of produced gas could be successfully released, as quantified by anaerobic
respirometry. In addition to the overall EPS accumulation, F-AnGS exhibited a heterogeneous microstructure
distinct from that of S-AnGS, as revealed by 3D X-ray microscopic imaging at the single granule level. The
heterogeneous distribution of EPS, which can form a dense surface layer, was the main cause for granule floa-
tation. The heterogeneous microstructure of F-AnGS can reduce the distance between microorganisms and
enhance the metabolic interaction between anammox bacteria and heterotrophs. The abundance of community
members did not have a significant variation, but the functional genes related to anammox and partial deni-
trification pathway were significantly increased, indicating the enhanced nitrite loop in F-AnGS. This study
proposed new structural insights into mechanism of anammox granule floatation, suggesting the appropriate

Gas release
EPS imaging
N-cycling genes

activity control of granule-based anammox process.

1. Introduction

Anaerobic ammonium oxidation (anammox) process, whereby
ammonium is anaerobically oxidized to dinitrogen gas with nitrite as
electron acceptor instead of utilizing the external organics, has been well
recognized as one of the most cost-effective nitrogen removal techniques
in wastewater treatment (Kuenen, 2020; McCarty, 2018). Although the
installation of anammox process in wastewater engineering has made
great achievements worldwide, its widespread applications still face
many challenges, especially the shortage of high-quality seed sludge
(Cao et al., 2017; Lackner et al., 2014). As slow-growing microorgan-
isms, the doubling time of anammox bacteria (AnAOB) could extend
from 3 to 14 days (Oshiki et al., 2016), leading to prolonged startup
times and the operational instability of full-scale reactor (Jin et al.,
2012; van der Star et al., 2007). Therefore, how to achieve effective
retention of anammox biomass become a key issue to promote process
stability. The currently employed biomass retention strategies in
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anammox-based systems has been critically reviewed including granu-
lation, carrier-dependent biofilm, gel entrapment, and membrane sep-
aration (Kosgey et al., 2021).

AnAOB usually live in a communal lifestyle, and the specific anam-
mox activity was only detectable when the free-living cell densities
higher than 107 cells/mlL (Oshiki et al., 2020). Moreover, AnAOB are
well known for their superior EPS secretion ability, which favors the cell
aggregation to form attached biofilms or granules (Ali et al., 2018; Hou
et al., 2015; Jia et al., 2017). Microbial self-immobilization to form the
dense granular sludge has been proposed as the most promising and
cost-saving biotechnology without the addition of carriers or any other
extra separation equipment (Adams et al., 2022; Winkler et al., 2018).
The average N-load of granule-based partial nitritation/anammox
(PN/A) system is about three times higher than other configurations (e.
g., SBR, MBBR and others) (Lackner et al., 2014). The first full-scale
anammox process in Rotterdam used the granular sludge system and
reached the maximum nitrogen conversion rate of 9.5 kg N/(m®.d)
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(Abma et al., 2007; van der Star et al., 2007). A super high rate of
74.3-76.7 kg N/(m3~d) has been reported in the lab-scale anammox
up-flow reactor (Tang et al., 2011). Nevertheless, the floatation of
anammox granules commonly occurs in practice, especially under high
nitrogen loads. Once formed, the anammox granules floating on the
liquid surface can be easily washed out of the reactor with the effluent
flow, which could even cause the deterioration of reactor performance
(Chen et al., 2010).

Previous studies focused on the floatation of anammox granules
speculated that the decrease of density by gas pockets formation was the
direct reason for the granule floatation. The formation mechanism of gas
pockets during the cell granulation process can be summarized into two
main aspects: 1) the over-secreted extracellular polymeric substances
(EPS) obstructed the gas tunnels around cells (Lu et al., 2012; Xue et al.,
2023); 2) the restricted diffusion of substrates caused bacterial starva-
tion, lysis, and form the cavities in the inner zone of granules. A novel
diffusion-reaction integrated mathematical model has been proposed
and suggested that size was a crucial factor to determine the granule
floatation (Tan et al., 2020). However, as three-dimensional micro-
aggregates, the determination of size, density, settling velocity, and EPS
amount could not reflect the microstructural change within the granule,
thus, limiting our knowledge on how settling anammox granules tran-
sition to the floating state. Previous study proposed that microbial
community composition was not the main reason for sludge flotation
since no significant microbial difference between the floated and settled
granules (Tao et al., 2020; Song et al., 2017). Xu et al. (2024) demon-
strated that dosing folate could weaken the cross-feeding interaction
between anammox and other bacteria, thereby reducing EPS secretion
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and mitigating sludge floatation. However, the microbial mechanism
behind granule floatation behavior remains unclear.

In this study, the settling and floating anammox granules from a
long-term high-rate anammox reactor were comparatively investigated,
in addition to determine the apparent characteristics (specific anammox
activity, size, EPS), the anaerobic respirometry was applied to accu-
rately quantify the gas release rate and volume of the floating granules,
and the 3D X-ray microscopic imaging was introduced to visualize the
in-situ spatial microstructure on the single granule level. Furthermore,
the anammox communities were analyzed to determine the functional
variations. This study provides direct evidence to reveal the micro-
structural change within granules, and proposes the mechanism for
anammox granules shifting between the floating and settling state.

2. Results and discussion
2.1. Floating granules from a stable and efficient anammox reactor

The settling (S-AnGS) and floating anammox granules (F-AnGS) in
this study were sampled from a stable and efficient anammox granular
system (Fig. S1). The anammox reactor has been operated for over 200
days with the average influent concentrations of ammonium and nitrite
as 96.5 + 20.9 and 135.0 + 24.4 mg N/L, respectively (Fig. 1a). The
effluent concentrations of ammonium and nitrite were 2.9 + 5.3 and 3.6
+ 5.0 mg N/L (>97 % removal efficiency), and the removal efficiency of
total inorganic nitrogen (TIC) was 79.3 + 7.2 %. The nitrogen removal
rate was 1.6 = 0.4 kg N/(rn3-d) (Fig. 1b). The stoichiometric ratios of
nitrite/nitrate to ammonium were in agreement with the typical
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Fig. 1. Long-term performance of anammox granular system. (a) concentrations of influent and effluent nitrogenous compounds; (b) nitrogen removal efficiency
(NRE) and nitrogen removal rate (NRR); (c) stoichiometric ratios of nitrogenous compounds; (d) images of the settling (S-AnGS) and floating anammox granules (F-

AnGS) used in this study.
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anammox reaction (Fig. 1c¢) (Lotti et al., 2014; Strous et al., 1998).
During the operation period, there was a consistent accumulation of
floating granules on the liquid surface, which were collected to compare
with the normal settling granules at the bottom of the reactor (Fig. 1d).

2.2. Gas entrapment in floating granules with increased specific activity

Since anammox process converts ammonium and nitrite to form ni-
trogen gas, the specific anammox activity (SAA) of anammox aggregates
could be characterized by both substrate consumption rate or gas pro-
duction rate (van Loosdrecht et al., 2016). The batch tests showed
typical nitrogen profiles of the anammox reaction (concurrent con-
sumption of ammonium and nitrite with nitrate production, Fig. S2) and
surprisingly, F-AnGS exhibited a significantly higher SAA at 68.4 + 3.7
(mg N/g VSS-d) than S-AnGS at 42.6 + 1.9 (mg N/g VSS-d) (p < 0.01)
(Fig. 2a), indicating the flotation behavior was not caused by activity
deterioration, and highlighting the necessity to retain the high-rate
floating anammox granules.

The granule floatation was thought to be caused by the restricted gas
release (Chen et al., 2010). Furthermore, we used the anaerobic respi-
rometry to quantify the gas release volume and rate during the batch
activity tests. When the cumulative gas volume curve levelled off, the
fresh substrate was injected into the vessels and three consecutive cycles
were repeated. In contrast to the substrate consumption rate, the
respirometric results showed that the maximum gas production rate of
S-AnGS (1.85 + 0.40 mL/(g-d)) was higher than that of F-AnGS (1.41 +
0.02 mL/(g-d)), and the maximum gas accumulation volume of S-AnGS
could reach 19.1 + 0.5 mL, which was close to the theoretical stoi-
chiometric value, but for F-AnGS, only ~65 % gas could be successfully
released (12.2 + 0.5 mL in total) (Fig. 2b). These results quantitively
demonstrated the previous assumption that the accumulation of gas
inside would decrease the density of granules and finally lead to the
sludge floatation (Lu et al., 2012; Xue et al., 2023). Previous study
proposed that the specific anammox activity could be measured by
headspace pressure variation (Dapena-Mora et al., 2007), but it should
be aware that the type or size may largely impact the gas entrapment
ability, which would bias the activity, especially for the dense granules.

(@)

100

*%k

80

60

40

SAA [mgN/(gVSS-d)]

20

F-AnGS S-AnGS

(b)

Cumulative gas volume (mL)

Water Research X 28 (2025) 100319

2.3. Size, composition and abundance of EPS

The granular sludge, as self-immobilized microbial aggregates, con-
sists of densely packed microorganisms, EPS, gas-liquid channels, and
inorganic particles. The size and EPS component analysis are the
commonly used methods to characterize the granular sludge. The size of
granular sludge not only determines its settling velocity (Lu et al., 2013),
but also affects its mass transfer efficiency (Zhu et al., 2018). Anammox
granules are found to exhibit a wide size distribution, ranging from 0.5
mm to 4.0 mm (Ni et al., 2009). The size distribution curve showed that
both F-AnGS and S-AnGS were composed of flocs (<0.5 mm, 43.3-44.4
% v/v) and granules (>0.5 mm, 55.6-56.7 % v/v) (Fig. 3a). The Volume
Mean Diameter (VMD) of F-AnGS was 737.7 pm larger than S-AnGS at
667.3 pm. This result aligns with previous studies, which indicate that
larger granule sizes do not necessarily lead to better performance. The
optimal granule size was identified as 0.5-0.9 mm, striking a balance
between efficient mass transfer and sustained microbial activity (Xu
etal.,, 2021; Zhu et al., 2018). Furthermore, a higher proportion of large
granules (1.0-2.0 mm) was observed in F-AnGS compared to S-AnGS
(30.2 % vs. 20.3 %), indicating the significant volumetric expansion for
the floating granules.

The self-produced extracellular polymeric substances (EPS) play a
key role in immobilizing cells in close proximity and the over-secretion
of EPS was thought to be the main reason for blocking the gas-liquid
channel and causing the sludge floatation (Song et al., 2017). Organic
matters in EPS include polysaccharides (PS), proteins (PN), humic acids
(HA), nucleic acids, and other biopolymers (Flemming and Wingender,
2010). Herein, the EPS component analysis showed that PN, compared
to PS, was the predominant component in all three EPS subfractions, and
the PN content of F-EPS was significantly higher than S-EPS (458.7 +
2.3 mg/g VSS vs. 103.4 + 13.9 mg/g VSS, p < 0.01) (Fig. 3b). PNs
include both enzymes and structural proteins, which are highly related
to microbial metabolism, intercellular communication, and biofilm
formation. Some enzymes can degrade EPS to provide energy and car-
bon sources for cells, while other enzymes can promote cell attachment
and detachment. The non-enzymatic proteins may help maintain
structural integrity by interacting with other EPS components like
polysaccharides and nucleic acids (Xiao et al., 2016; Yu et al., 2023).
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Fig. 2. Specific anammox activity (SAA) of S-AnGS and F-AnGS as determined by substrate consumption rate (a) and on-line gas monitoring (b) using batch ac-

tivity test.
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Fig. 3. Particle size distribution (a), concentration of proteins (PN) and polysaccharides (PS) (b), and fluorescence analysis of stratified EPS (S-slime; LB-loosely

bound EPS; TB-tightly bound EPS) (c).

Furthermore, EPS exhibits a stratified structure containing
tightly-bound EPS (TB-EPS), loosely-bound EPS (LB-EPS), and soluble
EPS (S-EPS). The PN and PS were found to vary across the
TB-/LB-/S-EPS. Specifically, PN had the highest percentage in the
TB-EPS layer ranging from 67.0 % to 74.9 %, while the LB-EPS layer
contained the lowest PN content, varying between 8.3 % and 17.2 %.
This suggests that AnGS had a stronger aggregation ability of cells than
the further flocculation ability of flocs. Moreover, the 3D-EEM analysis
revealed that TB-EPS layer had the strongest fluorescence intensities
compared to the S and LB layers, and 8 peaks could be identified in total
according to the previous literature (Chen et al., 2003) (Table S3). Most
of the peaks (Peak 4-8) belonged to soluble microbial by-product-like
Region IV at Em/Ex of (335-345)/(260-300) nm, which are described
as tryptophan-related biological process. Other peaks (Peak 1-3) were
ascribed to Aromatic protein (Region I and II). F-AnGS had the higher

tryptophan-like intensity located at Em/Ex of 345/280 nm than S-AnGS
(6.59 vs. 5.28) (Fig. 3c), which was consistent with the previous finding
that protein-like substance was the most widely distributed substance in
all three stratified EPS (Jia et al., 2017). Overall, a large increase of
protein-like EPS was observed in the floating granules compared to the
settling granules, with no significant compositional differences detected.

2.4. Visualization of the heterogeneous distribution of EPS in floating
granules

In addition to the conventional chemical analysis of EPS mentioned
above, the three-dimensional (3D) X-ray microscope (XRM) was applied
to visualize the microstructure of F-AnGS and S-AnGS, respectively. The
XRM provides new insights into microstructure at the single granule
level using non-destructive imaging at high-resolution and high
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contrast. Approximately 1000 images were captured along the thickness
(~3.5 pm) to reveal the cross-section of the single granule. The imaging
results clearly showed the cross sections of the EPS predominantly as
bright lines. Significantly different distribution patterns of EPS were
observed between the single floating granule and the settling granule.
For the F-AnGS, EPS was primarily distributed on the surface, forming
well-interconnected structures with relatively uniform lengths and
thicknesses (Fig. 4a). The center was hollow (marked in yellow circles),
with no EPS penetration. In contrast, the internal EPS of S-AnGS
exhibited an irregular distribution with varying lengths and thicknesses,
and they were not closely interconnected (Fig. 4b). EPS can be distrib-
uted in both the inner layer and on the surface, which would favor the
rapid gas release from the inside. Furthermore, the raw cross-section
images were computationally combined to generate a 3D reconstruc-
tion of the granule’s volume. The colored 3D data showed a higher
density in the surface layer of F-AnGS compared to S-AnGS, and F-AnGS
formed more concentrated microaggregates with larger sizes (red dots
marked in red circles). In conclusion, this study introduced the advanced
XRM imaging technology and confirmed the dense structure within the
floating anammox granules, which was consistent with the higher EPS
concentration and intensity as determined in Fig. 3. Moreover, we
revealed the heterogenous EPS distribution within the floating granules,
which could block the gas release channels and subsequently lead to
sludge floatation. However, larger microbial aggregates were detected
within the floating granules, which could explain the higher specific
anammox activity and the higher EPS content detected in F-AnGS.

Previous study has observed the nanobubbles, which can be trapped
inside the anammox granules, affecting its density and stability (Fu
et al., 2021). The BET technique was used to quantify the surface area,
pore volume and pore size distribution of the high-porosity granules
using Ny as the carrier gas. The adsorption-desorption isotherms
exhibited typical type III isotherm according to IUPAC classification
(Gregg et al., 1967), no flattish portion was found in the curve which
indicated no monolayer was formed and the irregular mesopores (be-
tween 2 and 50 nm) or macropores (larger than 50 nm) were the
dominant pore size inside anammox granules with weak interaction
between the adsorbate (N2) and the adsorbent (biomass) (Fig. 4c). The
surface aera and total pore volume of F-AnGS (3.061 m2/g VSS and
0.01567 cm®>/g VSS) were higher than those of S-AnGS (2.827 m?/g VSS
and 0.01546 cm®/ g VSS), indicating that more Ny could be accumulated
inside the floating granules. Whereas, the average pore diameter of
S-AnGS (21.87 nm) was larger than that of F-AnGS (20.47 nm), indi-
cating the produced Ny bubbles could more easily escape out of S-AnGS
compared to F-AnGS. Overall, we demonstrated the microstructural
change in the floating anammox granules with heterogeneous EPS
distribution.

2.5. Higher abundance of N-cycling genes in floating granules

To investigate the microbial dynamics between F-AnGS and S-AnGS,
16S rRNA gene sequencing was firstly applied to analyze the microbial
communities. The results showed that most of ASVs (225, accounting for
93 %—98 %) were overlapped in different samples indicating the mi-
crobial taxa between F-AnGS and S-AnGS were highly similar (Fig. S3).
S-AnGS had a higher median Simpson index than F-AnGS (0.043 vs.
0.032), indicating the increase of biodiversity when floatation occurred,
but no significant difference was examined (p > 0.05, Fig. S4). At the
genus level, Candidatus Brocadia was the most dominant anammox
bacteria (AnAOB) in both F-AnGS and S-AnGS varying from 21.3 % to
35.4 %, while Candidatus Kuenenia, as another common genus of
AnAOB, accounted for only 0.4 % to 1.4 % (Fig. 5a). However, no sig-
nificant difference of AnAOB abundance was examined between F-AnGS
and S-AnGS (Welch’s t-test, p > 0.05). In addition to the anammox
bacteria, heterotrophic denitrifiers including Denitratisoma, OLB13,
and Ignavibacterium were abundant within the granules. Denitratisoma
belong to the phylum Proteobacteria, and were reported to be the main
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accompanying bacteria in the anammox system and contain functional
genes related to partial denitrification (Zhou et al., 2023). OLB13 belong
to the phylum Proteobacteria, and had the ability to reduce nitrate
and/or nitrite (Xiao et al., 2022). Ignavibacterium are affiliated with the
class Ignavibacteria, which appeared to be fermentative anaerobic
bacteria and participated in denitrification pathway (Ma et al., 2023).
Compared to S-AnGS (14.3 + 3.8 %), F-AnGS had a higher abundance
(18.4 + 1.1 %) of these potential denitrifying bacteria, which could
contribute to the nitrate reduction and enhance the nitrite loop between
anammox bacteria and heterotrophs. However, only very few genera (e.
g., Arenimonas, SWB02, Limnobacter, UTBCD1) had a significant differ-
ence between F-AnGS and S-AnGS (p < 0.05, Fig. S5), but their total
relative abundance was <0.2 %.

Moreover, the absolute abundance of functional genes involved in
the anammox (hzsB) and denitrification (napA, narG, nirS, nirK, nosZ)
pathway was quantified. The results showed that no significant differ-
ence of 16S rRNA gene was detected between F-AnGS and S-AnGS,
indicating the same amount of microorganisms existed in both floating
and settling granules. The average abundance of hzsB gene in F-AnGS
were significantly higher than S-AnGS ((1.4 + 0.2) x 10° vs. (6.1 + 0.7)
x 108 copies/g, p < 0.05), which could explain the higher specific
anammox activity detected in Fig. 2a. A higher abundance of denitrifi-
cation functional genes was also detected in anammox granules
(Fig. 5b). Interestingly, F-AnGS hold a higher abundance of napA and
narG genes responsible for reducing nitrate to nitrite than S-AnGS ((2.9
+ 0.4) x 10° vs. (1.6 + 0.0) x 10° copies/g, p < 0.05), while S-AnGS
contained a higher abundance of nirK and nirS (nitrite reductase genes)
(9.6 £ 0.6) x 10° vs. (5.8 + 0.1) x 10° copies/g, p < 0.01). The co-
occurring of heterotrophic bacteria in the anammox community are
crucial to maintain the activity and stability of the microaggregates
(Chen et al., 2019; Keren et al., 2020). The heterotrophs have been
demonstrated to be the pioneering colonizers for anammox biofilm
formation and forge complex cross-feeding interactions with AnAOB
(Lawson et al., 2017; Niederdorfer et al., 2021; Zhao et al., 2018).
Heterotrophs could grow on both soluble microbial products and
detritus produced by AnAOB, even with no external carbon source (Ni
et al., 2012), while the nitrate produced by AnAOB could be reduced to
nitrite by heterotrophs to replenish the anammox substrate (Speth et al.,
2016). By dosing folate to attenuate the cross-feeding between AnAOB
and heterotrophs, the granule floatation could be efficiently alleviated
(Xu et al., 2024). Overall, the variation of abundance of functional genes
demonstrated the enhanced metabolic interaction between anammox
bacteria and heterotrophs via the nitrite loop, which can further facili-
tate the granule floatation.

2.6. New insights into floatation mechanism of anammox granules

Anammox bacteria usually live in a communal lifestyle, and tend to
form microbial aggregation, such as the granular sludge. Comparing to
the conventional flocculated sludge, granular sludge has the advantages
of space saving, higher removal rate, and greater resilience in practical
wastewater engineering. However, the high-rate anammox granular
system always face the great challenge of sludge floatation, which could
deteriorate the nitrogen removal performance and washout the slow-
growing anammox bacteria. The sludge flotation phenomenon is a dy-
namic equilibrium process. In the reactor, some settling granules could
transition into the flotation state over time; while some floating granules
settle back into the bottom zone, and others could be washed out with
the effluent.

Previous studies hypothesize that the floatation of anammox gran-
ules was mainly caused by over-secreted EPS, which could block the gas-
liquid channels, restrict the release of produced nitrogen gas, increase
the whole density, and finally cause the granule floatation. In this study,
we provide the direct evidence to quantify the gas entrapment in the
floating granules, visualize their EPS distribution, and perform
comparative analysis of microbial communities between the floating
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and settling granules. To verify and deepen the previous hypothesis, the
new insights into floatation mechanism of anammox granules we pro-
posed in this study were shown in Fig. 6. Anammox granules can shift
between the settling and floating states. The activity heterogeneity has
been reported in the anammox granular system at the single granule
level (Li et al., 2024). As the nitrogen load on the single granule in-
creases, its specific activity will rise. Within the granule, in addition to
the increase of total amount of EPS, we observed the heterogeneous
distribution of EPS channels. Unlike the random distribution across
different layer depth in the settling granules, EPS primarily distribute on
the surface layer of the floating granule and form a closed area inside.
This heterogeneous distribution will not only decrease the pore size,
limit the gas escape, but also reduce the distance between microorgan-
isms. Although the abundance of whole microbial community including
the anammox bacteria did not increase significantly, the functional
genes related to anammox and partial denitrification pathway increased,
indicating the enhanced metabolic interaction between anammox bac-
teria and heterotrophs, which would further promote the activity. Both

the over-excretion of EPS concentrated on the surface layer and
enhanced microbial activity for nitrogen removal could contribute to gas
accumulation within granules and finally lead to sludge floatation.
When the high-rate granule floats to the water surface from the bottom
to the top of the reactor, the limited substrate and dense surface of the
floating granule will largely decrease its activity. With the decline of EPS
excretion, the entrapped gas will disappear, and the floating granule will
shift back to the settling state.

Based on our findings, the feasible strategies to alleviate the flotation
of anammox granules include nitrogen load control, reactor design
optimization, and microbial selection. Both substrate and biomass con-
centrations directly influence the nitrogen load on individual cells,
subsequently affecting their aggregation and flotation behavior. How-
ever, the critical threshold of microbial nitrogen load distinguishing
between settling and floating states remains unclear. Considering the
significant heterogeneity among granules, further research focusing on
tracking single-granule dynamics is needed to address this gap.
Improving reactor mixing can alleviate flotation by enhancing gas-



D. Kang et al.

Water Research X 28 (2025) 100319

N loads |

N,
(~100%)

Settling anammox granules

. AnAOB ‘Heterotrophs

NH,*+NO,"

Floating anammox granules

Fig. 6. Proposed mechanism for anammox granules shifting between the settling and floating states.

liquid-solid separation; however, it is crucial to balance this with the risk
of structural disruption and biomass washout to ensure system stability.
Microbial selection is an inherent and effective strategy to optimize the
microstructure of anammox granules. However, understanding the EPS
secretion capabilities of different species within the anammox commu-
nity remains challenging. Further research combining metagenomics
and culturomics is required to gain deeper insights into the ecophysi-
ology of these species, facilitating more effective microbial selection and
optimization of anammox granule microstructure.

3. Conclusions

This study reveals the floatation mechanism of anammox granules by
comparing the structural and microbial characteristics with the settling
granules. The following conclusions can be drawn:

1) The specific anammox activity of floating granules was 1.6 times
higher than the settling granules, but only 65 % produced gas could
be successfully released from the floating granules.

2) In addition to EPS accumulation, the heterogenous distribution of
EPS, which forms a dense surface layer, was the main cause for
granule floatation.

3) The enhanced metabolic interaction between anammox bacteria and
heterotrophs via the nitrite loop further facilitated the granule
floatation.

4. Materials and methods
4.1. Anammox granular system

A lab-scale upflow anaerobic sludge blanket (UASB) reactor was used
in this study with the working volume of 1.5 L (Fig. S1). The inoculated
anammox granular sludge was sampled from a pilot plant treating high
ammonium-containing wastewater. The reactor was continually fed
with synthetic medium containing 0.1 g N/L (NH4)2SO4, 0.12 g N/L
NaNO», 0.3 g/L MgS04-7H20, 0.24 g/L. KHCO3, 0.4 g/L. NaHCO3, 0.0175
g/L KHyPOy4, 0.0175 g/L CaCl, and 1.0 mL/L trace elements solutions
(van de Graaf et al., 1996). The hydraulic retention time (HRT) was set
at 3 h and the nitrogen loading rate (NLR) of anammox reactor was 1.8
kg N/(m®-d). The anammox reactor maintained a stable and efficient
nitrogen removal performance during this study (Table S1). The floating
and settling anammox granules (F-AnGS and S-AnGS) were respectively

collected from the top and bottom of the reactor on day 200 as shown in
Fig. 1d.

4.2. Batch anammox activity tests

The batch anammox activity tests were performed according to the
recommended manual (van Loosdrecht et al., 2016). The anammox
granules were withdrawn from the reactor and washed using the
nitrogen-free macro-nutrient solutions same as the reactor influent. Both
F-AnGS and S-AnGS group was set in triplicates. 5 g anammox granules
were added into the 100 mL serum bottle with 80 mL nitrogen-free
macro-nutrient solutions. No was sparged into the headspace for
approximately 10 mins to ensure an oxygen-free environment and the
serum bottles were sealed with butyl rubber stoppers and aluminum
caps. The bottles were placed in a thermostatic shaker at 150 rpm and 30
°C. After the pre-incubation for approximately 30 min, the ammonium
and nitrite were dosed into the bottles to reach final concentrations of 25
mg N/L. The mixed sludge liquor samples were collected every 1 h,
filtered through 0.45 pm filter, and the concentrations of ammonium,
nitrite, and nitrate were determined. The final MLVSS concentration
(Xyss) was determined for each group. The linear regression was used to
determine the ammonium (ramxnu4) and nitrite removal rates (ramx,
No2) as well as the nitrate production rate (ramx,no3). The maximum
specific anammox activity (ramx, expressed as mg N/(g VSS-d)) can be
computed as ramx = (FAMX,NH4 + TAMX,NO2 - 'AMX,N03)/Xvss.

4.3. Gas release determination

The anaerobic respirometry method was applied to measure the gas
production rate and volume of anammox granules (Logan et al., 2002).
The 250 mL vessels containing 7.5 g different granules (S-AnGS, F-AnGS
and F-AnGS after vacuum degassing) were placed in a 30 °C water bath.
The flow volume and rate of bubbles were automatically monitored and
recorded every 10 mins by an AER-800 respirometer (Challenge Tech-
nology, USA). The initial concentrations of ammonium and nitrite were
set as 50 mg N/L, after the gas release curves levelled off (at the time
substrates were completely consumed), the concentrated substrates
were reinjected to recover the initial concentrations, and three consec-
utive batch cycles were monitored for each group.
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4.4. Physical analyses of anammox granules

The particle size distribution of anammox granules were determined
by a laser particle size analyzer (Microtrac S3500, USA). ~3 ml sludge
samples were prepared and the final results were averaged after three
measurements. The Volume Mean Diameter (VMD) was adopted to
represent the average size of anammox granules.

The pore analysis of the granules was measured using BET (Bru-
nauer-Emmett-Teller) analysis, which is based on nitrogen gas adsorp-
tion. Prior to the analysis, the granules were freeze-dried to remove
moisture while preserving their structural integrity. The dried samples
were determined using an automated gas sorption analyzer (Autosorb
iQ, Quantachrome, USA). Nitrogen adsorption-desorption isotherms
were recorded at liquid nitrogen temperature (—196 °C). The specific
surface area was calculated using the BET equation over a relative
pressure range of 0-1. Total pore volume was determined from the
amount of nitrogen adsorbed at a relative pressure close to 1, assuming
the pores were completely filled with liquid nitrogen. The pore size
distribution was calculated using the Barrett-Joyner-Halenda (BJH)
method by analyzing the adsorption branch of the nitrogen adsorption-
desorption isotherm (Bardestani et al., 2019). The derivative dV/dD,
representing the change in pore volume (V) with respect to pore diam-
eter (D), is computed to generate a detailed pore size distribution (PSD)
curve.

4.5. EPS analysis and imaging

The extracellular polymeric substances (EPS) were extracted using a
modified heat extraction method (Li and Yang, 2007) and three
sub-fractions of EPS, slime (S), loosely bound EPS (LB) and tightly bound
EPS (TB) were respectively obtained. Each sample were prepared with
three replicates. The content of EPS was firstly characterized with
colorimetric methods. For each stratified EPS, the protein (PN) and
polysaccharide (PS) were respectively quantified using the modified
Lowry method with bovine serum albumin as the standard (Frglund
et al., 1996), and the phenol sulfuric acid method with glucose as the
standard (DuBois et al., 1956).

In addition, the characterization of fluorescence components within
the EPS was conducted using the three-dimensional excitation-emission
(3D-EEM) matrix. The stratified EPS was determined by a fluorescence
spectrophotometer (Hitachi F7100, Japan). The range of excitation
spectra was set from 200 to 400 nm at 10 nm increments and emission
spectra from 200 to 500 nm at 5 nm increments. The scanning speed was
set at 12,000 nm/min. The spectra of individual samples were further
processed using R package staRdom (v1.1.28) (Pucher, 2020). Deion-
ized water served as the blank and was subtracted from the spectra, all
the spectra data were normalized using Raman normalization method
and both the Raman and Rayleigh scattering were removed. The peaks
were listed in Table S3.

To visualize the microstructure, particularly the EPS distribution
within the granule, single floating and settling granules were randomly
selected and scanned using a 3D X-ray microscope (XRM) (ZEISS Xradia
520 Versa, Germany). Each granule was mounted on a holder using a
centrifuge tube as an adapter and rotated horizontally by 180° to collect
2D projection images at discrete angles. The scanning energies were set
to vary between 30 and 160 kV. Image stacks of about 1000 virtual slices
with 3.5 pm voxel sizes were acquired on XRM, which were then com-
bined together to produce a 3D reconstruction of the volume dataset.
The 3D imaging result was reviewed and colored with XRMViewer
software.

4.6. 16S rRNA gene sequencing
The genomic DNA of F-AnGS and S-AnGS sampled at day 200 was

respectively extracted using the FastDNA Spin kit for Soil (MP Bio-
medicals, USA) according to the manufacturer’s instructions. Both F-
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AnGS and S-AnGS group had three replicates. The quantity of DNA was
checked with a NanoDrop spectrophotometer (Thermo Fisher Scientific,
USA). Each sample was amplified using specific primers (338F and
806R) with a barcode targeting the V3-V4 region of 16S rRNA gene. The
amplicons were checked, pooled, purified and sequenced on the Illu-
mina Novaseq 6000 platform (Illumina Inc., San Diego, CA, USA) by
Guangdong Magigene Biotechnology Co., Ltd. (Guangzhou, China).
Pair-end raw reads with maximum read length of 250 bp were quality
controlled by fastp (v0.14.1) (Chen et al., 2018) and then merged by
usearch (v10.0.240) (Edgar, 2010). The advanced DADA2 algorithms
within Qiime2 (v2020.11.0) pipelines was applied to denoise, correct
errors and remove chimeras to obtain the amplicon sequence variants
(ASVs) (Bolyen et al., 2019; Callahan et al., 2016). ASVs with fewer than
20 reads (<0.03 %) were filtered out and taxonomy assignment was
performed based on the SILVA reference database (v132) (Quast et al.,
2012). Detailed sequencing information was summarized in Table S2.
The raw reads have been deposited to the Sequence Read Archive (SRA)
database of NCBI under the accession number of PRINA1060873.

4.7. Real-time PCR

A high-throughput qPCR chip was used in SmartChip Real-Time PCR
System (WaferGen Biosystems USA) was used to quantify the absolute
abundance of nitrogen-cycling functional genes (Zheng et al., 2018). The
hydrazine synthase genes (hzsB) were chosen as the qPCR primers for
anammox bacteria detection with high specificity (Zhou et al., 2018),
while narG/napA, nirS/nirK, nosZ genes were used to quantify the
denitrifying bacteria. Detailed information for the primers were listed in
Table S4. The amplification efficiency was quality controlled between
1.8 and 2.2, and the absolute abundance of each target gene was
calculated according to the absolute quantitative conversion of 16S
rRNA gene following the formula: 16S rRNA gene relative quantifica-
tion/16S rRNA gene absolute quantification = Target gene relative
quantification/Target gene absolute quantification.

4.8. Regular analyses

The bulk concentrations of NH}, NOz, and NO3were determined by
Quikchem 8500 flow injection analysis system (HACH, USA) after
filtering into 0.45 pm filter. The mixed liquor volatile suspended solid
(MLVSS) was determined by the prepASH 340 thermogravimetric
analyzer (Precisa, Switzerland). The statistical difference between two
groups of F-AnGS and S-AnGS were assessed using student t-test, where p
< 0.05 has significance (*) and p < 0.01 has high significance (**).
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