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A B S T R A C T

Photogranules are an emerging algal-bacterial system with potential for wastewater treatment and resource 
recovery. However, the mechanisms underlying their re-granulation after collapse remain poorly understood, 
limiting stable application. This study systematically examined the re-granulation mechanisms of photogranule 
fragments (0.3, 0.5 and 1.0 mm) by analysing growth dynamics, treatment performance, sludge characteristics 
and microbial community shifts. Results showed that 1.0-mm fragments (R3) achieved the average granular size 
of 3.34 ± 0.35 mm within 10 days of recovery, with 89.0 % ± 4.9 % chemical oxygen demand (COD) and 60.2 % 
± 7.5 % TIN removal rates. In addition, Reactor 3 (R3) exhibited 50 % faster recovery rates and achieved a re- 
granulated particle size 33.07 % larger than that of smaller fragments. The extracellular polymeric substance 
(EPS) content in R3 was 273 mg/g VSS, with a protein (PN)/polysaccharide (PS) ratio of 4.7. In comparison, R1 
and R2 showed lower Chl-a/Chl-b ratios and weaker EPS accumulation, consistent with their relatively lower 
pollutant removal efficiencies. Filamentous polysaccharides formed structural scaffolds enabling microbial 
colonization, reinforced by synergistic hydrophobic interactions and hydrogen bonding. Re-granulation drove 
microbial shifts from Hyphomicrobium/Lysobacter to functional genera Methylobacillus, Chthonobacter, and 
anammox bacterium SM1A02. These findings establish fragment size as a key control parameter in the re- 
granulation process, where robust EPS and functional microorganisms enable rapid re-granulation and high- 
efficiency nutrient removal. This study offers an in-depth understanding of photogranule stability and a novel 
strategy for sustainable wastewater treatment optimisation.

1. Introduction

Driven by rapid urbanization and global water scarcity, wastewater 
treatment plants are shifting toward multifunctional and sustainable 
solutions [1]. Aerobic granular sludge (AGS) has attracted attention for 
its compact structure, good settling ability, and high nutrient removal 
capacity [2,3], but it still suffers from excess sludge production and 
greenhouse gas (GHG) emissions [4,5]. Integrating algae with AGS 
provides a promising alternative to overcome these limitations. In 
algal-bacterial systems, photosynthetic algae supply oxygen and organic 
matter, while bacteria reciprocate by providing CO2 and metabolites, 
forming a self-sustaining consortium that enhances treatment efficiency 

and stability [6-8]. Importantly, the additional biomass formed in such 
systems originates from photosynthetic growth rather than excess sludge 
accumulation [9], thereby reducing sludge disposal and improving 
resource recovery potential [10-12].

Photogranules represent an advanced form of such algal-bacterial 
systems [9]. With a low carbon footprint and algal-bacterial symbio
sis, they exhibit enhanced structural stability and wastewater treatment 
performance [13], making them a promising alternative to conventional 
AGS. However, their stability is highly sensitive to factors such as 
organic loading rate [14], carbon-to-nitrogen (C/N) ratio [15], aeration 
intensity level [16], presence of toxicants, and temperature [17]. 
Granular size - typically ranging from sub-millimetre fragments to 
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several millimetres [18] - and structural features such as pore density 
and size distribution affect substrate mass transfer and microbial suc
cession, thereby influencing their stability [19,20]. For instance, 
nutrient diffusion limitations in larger cores can lead to disintegration 
[14]. Perturbations in these parameters can ultimately compromise 
granule integrity [21].

Granular disintegration is inevitable during the long-term operation 
of photogranules, which typically undergo repeated cycles of granula
tion, break-up, and re-granulation [22]. After break-up, photogranules 
form fragments of various sizes and some flocs; the flocs are washed out 
with the effluent, whereas the fragments remain in the reactor and 
regrow [22]. However, the influence of fragment size on the 
re-granulation process is still unclear, particularly in terms of its in
teractions with functional resilience and structural traits. Previous 
studies have shown that granule size affects dominant microbial taxa 
[23] and functional enzyme profiles, which in turn regulate system 
performance during re-granulation [24-26]. Therefore, investigating the 
role of fragment size in re-granulation is crucial for stabilizing and 
sustaining photogranule performance.

This study investigated the photogranule re-granulation by using 
different photogranule fragment sizes in lab-scale photo-sequencing 
batch reactors (PSBRs). The priority is to assess the effect of granular size 
on photogranule physicochemical properties. In parallel, pollutant 
removal efficiency was also evaluated to prove the efficiency and sta
bility of the re-granulation system. Additionally, the structural dynamics 
were characterised via scanning electron microscopy (SEM) and 
confocal laser scanning microscopy (CLSM). Key functional microor
ganism shifts and their corresponding metabolic enzymes involved in re- 
granulation and nutrient removal were identified. By integrating the 
functional microalgae-bacteria synergy, spatial distribution, and surface 
functional group abundance within photogranules, this study provides 
new insights into the re-granulation of photogranules.

This study establishes theoretical foundations for practical photo
granule ‘disintegration-re-granulation’ applications and proposes an 
innovative strategy for recycling photogranule fragments in wastewater 
treatment systems.

2. Materials and methods

2.1. Lab-scale reactor (PSBRs) set-up and operation

Mature photogranules had previously been cultivated in the labo
ratory [27], but they exhibited limited nutrient removal performance, 
possibly resulting from granule aging. To improve their re-granulation, 
these granules were collected and used in this study. Their settlement 
ability, measured as the sludge volume index after 5 min of settling 
(SVI5) was 30 mL/g and an average granular size of 2.0 mm. The mature 
photogranules used for fragmentation were collected after long-term 
cultivation. Manual crushing was applied to obtain fragments with 
controlled size ranges (0.3, 0.5, and 1.0 mm), ensuring experimental 
reproducibility. Although this approach differs from spontaneous frag
mentation, the resulting fragments retained comparable physicochem
ical and microbial features to those naturally disintegrated during 
operation. According to the different initial fragment sizes, the reactors 
were designated as R1 (0.3 mm), R2 (0.5 mm), and R3 (1.0 mm). The 
initial mixed liquor suspended solid (MLSS) and mixed liquor volatile 
suspended solid (MLVSS) concentrations were approximately 1500 and 
1200 mg/L, respectively, across all PSBRs, with minor 
post-fragmentation reductions. The reactors were initiated at a lower 
MLSS (≈1.5 g/L), because flocculent biomass was largely washed out 
during decanting and only granular fragments are retained.

The experiment was conducted over 60 days using three laboratory- 
scale PSBRs. Each PSBR, constructed from acrylic columns (diameter: 
6 cm; height: 100 cm), had a working volume of 2 L and was equipped 
with light-emitting diode strips with an intensity of 80 μmol/(m2⋅s). The 
light was continuously irradiated throughout each operational cycle to 

maintain stable photosynthetic activity of the photogranules. The re
actors were operated in 12 h cycles (HRT = 15 h) with a volume ex
change ratio (VER) of 80 %, comprising 5 min of feeding, 705 min of 
aeration, 5 min of settling, and 5 min of effluent withdrawal. Continuous 
aeration was provided via an air pump through fine-bubble diffusers 
[28] at an airflow rate of 1.2 L/min, maintaining a dissolved oxygen 
concentration of 4 ± 1 mg/L. The PSBRs were operated at ambient 
temperature (25◦C ± 5◦C), and the pH was adjusted to 7.4 ± 0.5 using 
1 mol/L HCl or NaHCO3 solutions.

The influent wastewater used in this study was synthetic wastewater 
prepared in the laboratory. The initial water quality parameters were as 
follows: chemical oxygen demand (COD) = 600 ± 50 mg/L, methanol 
was chosen as the organic carbon source because it is a common external 
carbon source for denitrification [29]. Ammonium nitrogen (NH4

+-N) 
= 40 ± 10 mg/L and nitrate nitrogen (NO3

- -N) = 20 ± 5 mg/L. NH4
+-N 

and NO3
- -N were supplied by ammonium chloride (NH4Cl) and potas

sium nitrate (KNO3), respectively. In addition, Ca2+, Mg2+, and PO4
3- 

were supplied by calcium chloride (CaCl2, 10 mg/L), magnesium sulfate 
(MgSO4, 10 mg/L), and potassium dihydrogen phosphate (KH2PO4, 
10 mg/L), respectively. All reagents were of analytical grade and pro
cured from Aladdin Industrial Corporation, China.

2.2. Reactors performance

COD, NH4
+-N, NO3

- -N and NO2
- -N were analysed every 2 days using 

standard methods [30], and the SVI5 and ML(V)SS concentrations were 
measured every 10 days. The chlorophyll content of the photogranules 
was determined following established protocols [31].

Loosely bound extracellular polymeric substances (LB-EPSs) and 
tightly bound extracellular polymeric substances (TB-EPSs) were 
extracted using a modified thermal extraction method [32]. Extracel
lular polymeric substance (EPS) contents and composition were quan
tified by analysing the major components: protein (PN) and 
polysaccharide (PS). PN was measured using the Lowry method [33], 
and PS was determined using a phenol-sulphuric acid assay [34].

2.3. Morphology observation of photogranules

For SEM observation, samples were fixed with 2.5 % glutaraldehyde 
at 4◦C for 4 h, followed by dehydration through an ethanol gradient 
series (20 %, 40 %, 60 %, 80 % and 100 %, 15 min per step [35]. After 
dehydration, the samples were sputter-coated with gold before imaging.

For CLSM, photogranules were immobilised on glass slides, rinsed 
three times with phosphate-buffered saline (PBS, pH 7.4) and stained 
with protein-specific fluorophores (FITCs; Sigma, USA) for 10 min. After 
staining, PBS was used to remove excess dye, enabling the in situ visu
alisation of PS and PN distributions. Polysaccharides were differentiated 
using α-specific (ConA, Sigma, USA) and β-specific fluorescent probes 
(Calcofluor White, CW, Sigma, USA) [11]. Fluorescence signals were 
captured at excitation wavelengths of 543 nm (emission: 550–600 nm), 
400 nm (emission: 410–480 nm) and 488 nm (emission: 500–540 nm) to 
distinguish α-polysaccharides, β-polysaccharides and proteins, 
respectively.

Excitation-emission matrix fluorescence spectroscopy was per
formed using a fluorescence spectrophotometer (F-7100 FL, Hitachi, 
Japan) equipped with a 1-cm quartz cuvette featuring four optical 
windows. The excitation (Ex) and emission (Em) slit widths were set to 
5 nm at a scanning speed of 2400 nm/min. The Ex wavelengths ranged 
from 200 to 400 nm, whereas the Em wavelengths ranged from 250 to 
500 nm. All fractionated samples were diluted 100-fold before analysis. 
To eliminate Raman scattering, background subtraction was performed 
using ultrapure water [36].

2.4. High-throughput sequencing

High-throughput sequencing was employed to analyse the diversity 
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of microbial community structures across the three PSBRs using samples 
collected before fragmentation (pre-fragmentation), after fragmentation 
(post-fragmentation) and at the end of the experiment. Sequencing was 
performed by Shanghai MajorBio Bio-pharm Technology Co., Ltd., 
China. The general workflow was as follows: DNA purity and concen
tration were assessed using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, USA). The qualified DNA extracts were sub
jected to polymerase chain reaction (PCR) amplification (ABI 
GeneAMP® 9700, Applied Biosystems, USA) using TransStart FastPfu 
DNA Polymerase (TransGen AP221–02, TransGen Biotech, Beijing) in a 
20-μL reaction volume. The PCR conditions included initial denatur
ation at 95◦C for 3 min, followed by 30 cycles of denaturation (95◦C, 
30 s), annealing (60◦C, 30 s) and extension (72◦C, 45 s), with a final 
elongation step at 72◦C for 10 min. The amplified products were 

subjected to high-throughput sequencing on an Illumina MiSeq PE300 
platform (Illumina, USA). Primer pairs targeting bacterial 16S rRNA 
(338 F: ACTCCTACGGGAGGCAGCAG; 806 R: GGAC
TACHVGGGTWTCTAAT) and eukaryotic 18S rRNA (528 F: 
GCGGTAATTCCAGCTCCAA; 706 R: AATCCRAGAATTTCACCTCT) were 
used. The sequencing data have been deposited in the NCBI Sequence 
Read Archive (SRA) under BioProject accession number 
PRJNA1335007. The functional gene abundances related to nitrogen 
metabolism, the TCA cycle, and other pathways were obtained through a 
predictive analysis based on 16S rRNA gene data using PICRUSt2 
(Phylogenetic Investigation of Communities by Reconstruction of Un
observed States). The predicted KEGG Orthology (KO) functional pro
files were normalized and visualized to illustrate the potential metabolic 
pathways within the microbial community.

Fig. 1. MLSS, MLVSS and SVI5 (a). Average removal efficiencies of COD (b), NH4
+-N (c) and NO3

- -N (d) in the reactors (n = 30). COD, NH4
+-N, and NO3

- -N removal 
rates at different granular sizes (the median particle diameter) at the end of the experiment (day 54–60) (e).
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2.5. Statistical analysis

All measurements (e.g., COD, nitrogen species, EPS, chlorophyll) 
were performed in technical triplicates, and results are expressed as 
mean ± standard deviation. For high-throughput sequencing, replicate 
DNA extractions and sequencing depth were applied to minimize 
analytical bias. While the study was based on three 2 L SBRs without 
biological replicates due to sample and resource constraints, care was 
taken to maintain stable environmental conditions and repeated mea
surements to ensure reproducibility of observed trends.

3. Results

3.1. Reactors stability and performance

The initial MLSS and MLVSS concentrations were about 1500 and 
1200 mg/L, and only minor reductions after fragmentation. As shown in 
Fig. 1(a), R1, R2 and R3 reached final concentrations of 3300, 3000 and 
4200 mg/L, respectively. This result suggests that partial granule 
disintegration occurred in R2 during the early stage, leading to the 
release of fine flocs that were preferentially washed out with the 
effluent.

The initial SVI5 values for R1, R2 and R3 were 55, 50 and 40 mL/g, 
respectively. R3 exhibited the lowest SVI5 values, highlighting the in
fluence of initial granular size on settling performance. All PSBRs 
showed progressive improvement in settling efficiency during re- 
granulation, with final SVI5 values of 20, 21, and 18 mL/g for R1, R2, 
and R3, respectively-about 33 % lower than the pre-fragmentation value 
(30 mL/g). R3 was the lowest, but the differences among the three re
actors were small, indicating that once mature, photogranules in all 
reactors achieved similarly good settling performance. Re-granulation 
from fragments enhanced the settling properties of photogranules, 
most likely due to structural densification.

Moreover, Fig. 1(b-d) shows the treatment performances of the three 
PSBRs, and all removal efficiencies were calculated based on the dif
ferences between influent and effluent concentrations. R3 achieved 
rapid and stable treatment performance within approximately 10 days, 
whereas R1 and R2 required about 15 days (Fig. S1). Recovery time was 
defined as the period needed to reach stable pollutant removal, indi
cating that R3 required approximately one-third less recovery time. The 
results demonstrate the critical influence of granular fragment size on 
the treatment efficiency and system stability. R3 demonstrated superior 
COD removal performance (89.0 % ± 4.9 %) (n = 30) compared with 
those of R1 (59.4 % ± 3.9 %) (n = 30) and R2 (70.3 % ± 3.6 %) 
(n = 30). R3 showed higher NH4

+-N removal efficiency (54.2 % ±
3.7 %) (n = 30) than R1 (41.2 % ± 3.4 %) (n = 30) and R2 (20.5 % ±
12.8 %) (n = 30) (Fig. 1c). It also achieved the highest NO3

- -N removal 
(65.8 % ± 5.3 %) (n = 30), compared with R2 (40.9 % ± 14.2 %) 
(n = 30) and R1 (30.4 % ± 14.2 %) (n = 30). The large deviations, 
especially in R2, were due to early-stage fluctuations, while long-term 
data (Fig. S1) confirmed stable performance in the later phase. Supe
rior nitrate removal in R3 may further be linked to larger anaerobic 
microzones within bigger granules, which provide niches for denitrifiers 
(Kedves et al., 2025). These observations collectively indicate that 
partial nitrification occurred simultaneously with heterotrophic and 
photoautotrophic denitrification. No NO2

- -N accumulation was detected.
The removal rates at the end of the experiment (54–60 d) were 

analyzed (Fig. 1e), with the median granule size used to reflect the 
overall trend between granule size and effluent indices, which helps 
minimize the influence of a few occasionally occurring extremely small 
or large granules. COD removal rates increased with photogranule size: 
R1 and R2 reached 444 ± 18 and 524 ± 22 mg-COD/(g VSS⋅d) (n = 7), 
respectively, while R3 achieved the highest rate of 626 ± 24 mg-COD/(g 
VSS⋅d) (n = 7), markedly higher than the pre-fragmentation value of 
358 ± 24 mg-COD/(g VSS⋅d) (n = 7). These results suggest that larger 
initial fragments favoured COD removal. Meanwhile, NH4

+-N and NO3
- -N 

removal rates fluctuated with granular size. R1 and R2 exhibited mini
mal improvement compared with that of the control (R0), even showing 
reduced performance in certain phases. However, R3 demonstrated 
consistent improvement: NH4

+-N removal rate increased from 14 
± 1–20 ± 1 mg-N/(g VSS⋅d) (n = 7), and NO3

- -N removal rate increased 
from 9 ± 1–15 ± 1 mg-N/(g VSS⋅d) (n = 7). These findings collectively 
suggest that larger granular size is associated with enhanced metabolic 
activity in re-granulated photogranules.

3.2. Photogranule size distribution and morphology

Fig. 2a shows phase-contrast images of photogranules from different 
reactors. After crushing, fragmented photogranules exhibited sheet-like 
(thin, flat fragments) or flocculent (clustered) morphology. The average 
granular size before fragmentation was 2.15 mm. During the early stage 
of re-granulation, these fragments rapidly aggregated into clusters larger 
than their original size. Subsequently, newly formed small particles 
appeared, leading to a continuous increase in MLSS. This evolution 
suggests that the initial granulation process was dominated by fragment 
coalescence rather than gradual growth of individual particles. Only 
after 5-days operation, R3 exhibited initial granule formation, which 
subsequently evolved towards regular and smooth morphology. In 
contrast, R1 and R2 slowly formed cohesive granules after 10 days. By 
the end of the experiment, R1, R2 and R3 reached the final average sizes 
of 2.51 ± 0.15, 2.89 ± 0.21 and 3.34 ± 0.35 mm, respectively (Fig. 2c), 
indicating obvious granules growing and size-reframe.

The structures observation of photogranules by the SEM and CLSM 
were shown in Fig. 2b. Microscopically, structural evolution substan
tially varied among the PSBRs. In the initial phase, R1 exhibited rough 
surfaces and highly irregular morphologies, with filamentous bacteria 
serving as the structural backbone and numerous cocci attached to their 
surfaces. Finally, R1 transitioned to filamentous-dominated aggregates, 
in which bacilli replaced surface-adhered cocci. Regarding to R2, it 
primarily comprised intertwined filamentous bacteria with sparse bacilli 
and cocci attached superficial while cocci became the dominant mi
crobial population, whereas residual filamentous structures persisted as 
skeletal frameworks after re-granulation. It should be noted that the 
process observed here represents re-granulation rather than the direct 
growth of intact small granules. The initial fragments exhibited irreg
ular, sheet-like morphologies before cultivation (Fig. 2b), confirming 
their disintegrated state prior to structural reconstruction. In contrast, 
R3 maintained structural consistency throughout the experiment, with a 
filamentous bacterial scaffold that promoted stability and served as a 
framework for microbial colonization and nutrient retention, as also 
reported by Kedves and Kónya [37].

3.3. Sludge compositions and chemical characteristics

Chlorophyll-a (Chl-a) is the primary pigment capturing light energy 
and driving electron transport [38], while chlorophyll-b (Chl-b) func
tions as an accessory pigment that broadens the absorption spectrum 
and transfers excitation energy to Chl-a. Measuring both pigments 
therefore reveals not only the total photosynthetic capacity but also the 
light-harvesting strategy of the algal community [39-41]. In this study, 
the final Chl-a contents in R1 and R2 were 22 and 24 mg/g VSS, 
respectively, whereas R3 reached a much higher level of 34 mg/g VSS. 
Chl-b showed a similar trend, with R3 also exhibiting the highest con
centration. These increases in absolute pigment contents indicate that 
larger fragments promoted faster algal proliferation and higher biomass 
accumulation. Beyond absolute values, the Chl-a/Chl-b ratio provides an 
indicator of algal photoacclimation: lower ratios reflect shade adapta
tion through broader spectral absorption, while higher ratios denote 
improved photosynthetic efficiency under stronger illumination. The 
calculated ratios were 3.62 (R1), 3.56 (R2), and 4.97 (R3), clearly 
demonstrating that R3 not only contained more pigments overall but 
also supported an algal community better adapted to light utilization. 
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Fig. 2. Variation in the photogranule fragments in different reactors (a), SEM and CLSM images of photogranule fragments (b) and granular size distribution of 
photogranules after re-granulation (60 d) (c).
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This simultaneous enhancement in pigment abundance and the 
Chl-a/Chl-b ratio explains the higher photosynthetic efficiency and 
pollutant removal observed in R3, in agreement with Pozzobon et al. 
[42].

During re-granulation, the EPS content increased across all reactors, 
with R3 showing the most pronounced accumulation. The final con
centrations of protein (PN) in TB-EPS were 135 mg/g VSS in R1, 
153 mg/g VSS in R2, and 225 mg/g VSS in R3. The total EPS concen
trations were 179, 195, and 273 mg/g VSS, respectively, compared with 
a pre-fragmentation baseline of 150 mg/g VSS. These increases indicate 
that larger fragments promoted stronger EPS secretion. The PN/PS ratio 
also differed, being 3.1 in R1, 3.6 in R2, and 4.7 in R3, showing that R3 
contained proportionally more proteins. Proteins in EPS enhance hy
drophobic interactions, hydrogen bonding, and the formation of a 
cohesive gel-like matrix, thereby reinforcing microbial aggregation and 
granular stability [43]. In contrast, hydrophilic polysaccharides retain 
water within the matrix and improve its flexibility, supporting granule 
expansion during continuous collisions [44]. Higher polysaccharide 
levels promote stronger aggregation and structural growth, leading to 
larger and denser granules, which helps explain why R3 exhibited the 
largest particle size at the end of the experiment. The distinction be
tween LB-EPS and TB-EPS further explains their complementary roles: 
LB-EPS interacts with external substrates, whereas TB-EPS provides 
mechanical support to maintain granule morphology. Thus, the higher 
EPS content and PN/PS ratio in R3 enhanced intercellular cohesion and 
structural integrity, leading to better settling and pollutant removal, 
consistent with previous findings [44-46].

The structures of photogranules were evaluated through the extrac
tion and visualization of extracellular polymers (EPSs), which are 
involved in microbial activity and system stability [46]. This study 
divided EPSs into loosely bonded and tightly bonded EPS based on their 
bonding structures. LB-EPSs, which exhibit fibrous or flocculent mor
phologies, are distributed around cells with high specific surface areas, 
facilitating interactions with external substrates. In contrast, TB-EPSs 
provide direct structural support, maintaining cellular integrity and 
morphology [47]. As showed in Fig. S2, in all PSBRs, α-polysaccharides 
exhibited filamentous structures that diverged from their initial struc
tures and formed an internal skeletal framework that facilitated micro
bial aggregation and granulation. By the end of the experiment, 
α-polysaccharides were uniformly distributed throughout the granules. 
This implied the enriched of filamentous microorganisms, which was 
observed by SEM (Fig. 2b). Similarly, β-polysaccharides and chlorophyll 
exhibited homogeneous spatial distributions in all PSBRs. In R1, pro
teins were predominantly localized in the outer layer of granules at the 
end of the experiments, whereas in R2, proteins accumulated in the 
granular core. Meanwhile, R3 exhibited an extensive protein distribu
tion across both the inner and outer layers of granules. The spatial dis
tributions of polysaccharides, proteins and chlorophyll in R3 were 
highly coordinated, forming a microporous network within the granule 
matrix. These interconnected pores facilitate substrate diffusion into the 
interiors of granules, thereby enhancing the metabolic exchange be
tween microbial communities and their surrounding environments.

As shown in Fig. S3, tryptophan and tyrosine were identified as the 
dominant components in LB-EPSs and TB-EPSs, with tryptophan 

Fig. 3. Chlorophyll content and Chl-a/Chl-b ratio (a), EPS content and PN/PS ratio (b).
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concentrations exceeding those of tyrosine. Both are synthesized via the 
shikimate pathway, which is widely conserved in bacteria, fungi, and 
algae [48,49]. Tryptophan, an essential amino acid for microbial 
growth, plays a critical role in intracellular protein synthesis, cellular 
proliferation and the maintenance of structural and functional integrity, 
with tyrosine further linked to pigment biosynthesis and photo
protection in algal cells [50,51]. In larger granules (R3), enhanced 
photosynthetic activity and higher microbial density promoted the 
synthesis of protein-like substances such as tryptophan and tyrosine, 
which supported cell proliferation, EPS secretion, and photoprotection. 
In contrast, smaller granules (R1 and R2) with weaker metabolic in
tensity produced less of these amino-acid-like fluorophores, resulting in 
slower re-granulation. Overall, EEM results indicate that tryptophan- 
and tyrosine-like substances are key components of the EPS that corre
late with granule re-formation and size evolution.

3.4. Microbial community structure and metabolic pathway analysis

3.4.1. Microbial community analysis
Stichococcus (Chlorophyta) was dominant in R3, with a relative 

abundance of 59.1 %, far exceeding that in R1 (12.1 %) and R2 (14.4 %) 
(Fig. 4a). This genus forms short filaments and corresponds to the fila
mentous algae observed in SEM images, with its high abundance in R3 
consistent with the SEM results (Fig. 2b). The increase in algal biomass 
was also associated with the higher chlorophyll content in R3 (Fig. 3b). 
Owing to its strong adaptability to environmental fluctuations [52], 
Stichococcus likely contributed to the greater resilience of R3 against the 
disturbances caused by granule disintegration and microbial exposure. 
Auxenochlorella, a spherical or oval alga, accounted for 9.9 %, 8.7 %, 
and 2.0 % in R1, R2, and R3, respectively. Chlorella, which shares a 
similar morphology, represented 5.7 %, 22.6 %, and 0.9 % in the same 
reactors. Both genera were enriched in R1 and R2, reflecting their 
preferential accumulation in these reactors (Fig. 2b). Notably, both 
Chlorella and Auxenochlorella have been reported to enhance pollutant 
removal efficiency [53].

As shown in Fig. S4, Proteobacteria dominated all PSBRs (R1:64.2 %, 
R2:69.9 %, R3:60.9 %), with Bacteroidota, Planctomycetota, and Cyano
bacteria as subdominant phyla. Planctomycetota have been reported to 
exhibit hydrolytic potential for complex polysaccharide degradation 
[54], whereas Proteobacteria and Bacteroidota are linked to sludge 

Fig. 4. Relative abundance of eukaryotes at the genus level (a), Relative abundance of bacteria at the genus level (b), environmental factor analysis (c), network 
analysis of microbial taxa correlations (d) and bacterial dumbbell plot at the genus level (e).
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aggregation, EPS secretion, and nutrient removal [55]. At genus level 
(Fig. 4b), R3 exhibited a substantially higher abundance of the anam
mox bacterium SM1A02 [56] (8.7 %) compared to R1 (6.3 %) and R2 
(6.4 %), likely facilitated by micro-anaerobic zones within larger gran
ules, which enhanced anaerobic ammonium oxidation and ammonia 
removal efficiency [57]. Concurrently, Methylobacillus (an obligate 
methylotroph) [58] increased in all reactors, peaking in R3 (29.7 %) 
(R1: 21.7 %, R2: 18.3 %), and its role as a core node of the network 
(Fig. 4d) is critical for maintaining community stability. In contrast, 
Hyphomicrobium declined, likely because granule fragmentation exposed 
microorganisms to the aqueous environment, which was unsuitable for 
its survival [59]. Chthonobacter abundance increased in all PSBRs and 
was correlated with denitrification activity and biofilm stability [60]. As 
shown in Fig. 4(c, e), these genera (Chthonobacter, SM1A02) were 
considerably enriched in R3 and exhibited strong associations with COD, 
ammonia and nitrate removal efficiencies as well as photogranule 
granular size and settleability. Overall, the microbial community during 
re-granulation approached the mature photogranule profile yet differed 
from any single initial size group, implying that new granules formed 

through fragment integration rather than single-fragment growth. 
Larger granule fragments post-regranulation facilitated the enrichment 
of functionally critical microbial communities, which directly enhanced 
the treatment performance of regenerated photogranules through syn
ergistic substrate utilization and metabolic coordination.

3.4.2. Metabolic pathways
To further elucidate the mechanism by which granular size facilitates 

photogranule formation, we investigated the pathways of nitrogen 
metabolism, porphyrin metabolism, and the tricarboxylic acid (TCA) 
cycle, along with changes in the abundance of associated enzymes, 
referencing previous findings [61].

In algal-bacterial systems, nitrogen removal relies on bacterial 
nitrification/denitrification and algal assimilation [62]. Crucially, the 
higher abundances of denitrification-related enzymes (narG, nirK, nrfA, 
and nirB) in R3 contributed to its superior nitrate removal performance. 
The abundance of denitrifying enzymes in R1 was lower than in R0, 
which aligns with its reduced nitrate removal rate relative to R0. 
Conversely, elevated Hao in R1 and R2 indicated 

Fig. 5. Nitrogen metabolism (a), porphyrin metabolism (b), and TCA cycle pathways (c), along with the relative abundances of key associated enzymes.
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nitrification-dominated ammonia conversion to nitrite. Furthermore, 
R3’s enriched gdhA and GLU enhanced ammonium assimilation into 
glutamate, stimulating TCA cycle activity and metabolic flux. Although 
nitrogen pathways (nitrification, denitrification, anammox) were 
consistent across reactors, divergent enzyme abundances drove perfor
mance disparities, directly linking granule fragment size to enzymatic 
potential and treatment performance.

The TCA cycle serves as a critical pathway for carbohydrate meta
bolism and microbial energy production [63]. As shown in Fig. 5c, genes 
encoding TCA cycle enzymes exhibited fragment-size-dependent regu
lation: Acetyl-CoA synthetase (EC 6.2.1.1) abundance was highest in R3 
and lowest in R1, indicating enhanced acetate entry into the TCA cycle. 
Furthermore, R3 showed elevated abundances of oxoglutarate dehy
drogenase (EC 1.2.4.2), malate dehydrogenase (EC 1.1.1.37), and suc
cinate dehydrogenase (EC 1.3.5.1) compared to pre-disintegration 
levels. This enzymatic upregulation enabled larger granules to metab
olize more organic substrates, stimulating EPS secretion and establish
ing a self-reinforcing feedback loop that enhanced granule stability, 
regranulation rate, and overall system performance.

Porphyrin metabolism is intrinsically linked to chlorophyll synthesis 
[64]. Genes encoding enzymes involved in the L-gluta
mate-to-protoporphyrin IX pathway-hemC, hemB, hemE, hemF and 
hemY-were upregulated in R3 but downregulated in R1 and R2. The 
elevated abundances of these enzymes ensured enhanced chlorophyll 
synthesis in R3, consistent with the results shown in Fig. 3b. The 

increased chlorophyll production in R3 facilitated efficient material and 
energy exchange between algae and bacteria within the granules, 
thereby improving granule stability.

4. Discussion

4.1. how size influence re-granulation

Fragment size critically dictated photogranule re-granulation effi
cacy through synergistic compositional, structural, and microbial cas
cades (Fig. 6). Larger fragments (1.0 mm) retained superior EPS 
reserves-notably elevated PN content and PN/PS ratios-which enhanced 
hydrophobicity and stability, accelerating dense structural reassembly 
and ensuring exceptional settleability (e.g., low SVI5). Structurally, 
these fragments preserved a structural "memory" that facilitated rapid 
microbial colonization, while their filamentous α-polysaccharide net
works (CLSM-verified) formed skeletal frameworks for bacterial adhe
sion and nutrient retention. Microbially, size governed algal assembly: 
R3’s dominance of filamentous Stichococcus (59.1 %) generated inter
twined α-polysaccharide matrices that anchored bacteria and enabled 
metabolic reciprocity - algae supplied photosynthetic oxygen/organics 
to bacteria, which reciprocated with organic acids to sustain the algal 
framework. This shift from Chlorella to Stichococcus dominance may be 
attributed to the latter’s stronger attachment ability and higher toler
ance to limited oxygen and light diffusion, allowing it to maintain 

Fig. 6. Schematic of photogranule disintegration–re-granulation and granular size effects on metabolic pathways.
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structural stability within large granules. In contrast, the Chlorella- 
driven systems of R1 and R2 produced homogeneous β-poly
saccharides, lacking cohesive architecture. This underpinned R3’s faster 
wastewater treatment recovery, as higher chlorophyll levels optimized 
photosynthetic efficiency, energizing bacterial metabolism while PN- 
mediated aggregation reinforced granular integrity. The enrichment of 
Methylobacillus and SM1A02 indicates a synergistic interaction between 
methylotrophic denitrification and anammox. Compared with mixed- 
carbon-source wastewaters, methanol as a single carbon source selec
tively enriched Methylobacillus, which coupled methanol oxidation with 
nitrate reduction to supply nitrite for SM1A02, thereby enhancing 
overall nitrogen removal efficiency. However, identification based 
solely on 16S rRNA sequencing cannot confirm the metabolic activity of 
anammox bacteria; therefore, their performance was not analyzed in 
this study. To address this limitation, future work will employ meta
genomic and metatranscriptomic approaches to elucidate the potential 
roles of anammox bacteria and their interactions with algal-bacterial 
consortia during the re-granulation process. Consequently, the fila
mentous framework in larger fragments structured a hierarchical mi
crobial habitat, in which microalgae provided O2 and organic matter 
through photosynthesis, while bacteria supplied CO2 and nutrients that 
promoted algal growth [10,24,23,25]. This reciprocal interaction 
enhanced structural stability and facilitated simultaneous carbon and 
nitrogen removal, ultimately demonstrating that fragment size inher
ently encodes regeneration advantages through 
physicochemical-metabolic interactions.

4.2. Promising strategy to promote disintegration-re-granulation

Unlike conventional re-granulation strategies-such as poly
aluminium chloride addition [65], Ca2+ supplementation [66], 
zero-valent iron enhancement [54] and functional microbe inoculation 
[67] - this study proposes a size-dependent operational strategy for 
photogranule systems. The proposed strategy aims to balance treatment 
performance and system stability by optimizing the initial granule size 
and biomass concentration, thereby mitigating the risks of chemical 
residues and bio-competitive inhibition associated with external addi
tives. For example, while Ca2+ addition can accelerate granulation, 
excessive concentrations (>200 mg/L) may inhibit nitrifier activity and 
lead to colonization failure of bioaugmented strains (e.g., Nitrosomonas), 
causing fluctuations in denitrification efficiency (± 15 %). In contrast, 
the re-granulation observed in our study proceeded spontaneously, 
driven by the intrinsic algal-bacterial interactions within the photo
granules. Photogranules leverage synergistic interactions between algal 
photosynthetic oxygen supply and bacterial metabolic feedback to 
dynamically reconfigure EPS networks (23 % increase in poly
saccharides), enabling low-cost, ecologically benign regeneration. 
Notably, functional microbial shifts during re-granulation lead to 
divergent performance outcomes: larger initial fragments exhibit 
enhanced treatment efficacy, whereas smaller fragments exhibit 
underperformance. This particle-size-dependent divergence highlights 
the need for strategies to homogenise post-disintegration system per
formance, such as optimising key operational parameters (e.g., dissolved 
oxygen concentration, C/N ratio, and hydraulic retention time) and 
developing particle-size-selective approaches (e.g., screening and reas
sembling larger fragments to accelerate re-granulation). In engineering 
practice, resolving the performance heterogeneity due to 
post-disintegration granular size divergence will become a key research 
direction for the long-term stable application of photogranule 
technology.

5. Conclusions

This study establishes a fragment size-driven photogranule re- 
granulation strategy that enables rapid structural recovery and 
enhanced wastewater treatment without chemical additives. Critically, 

1.0-mm fragments regenerated 50 % faster (within 10 days) and formed 
33 % larger granules than smaller counterparts by leveraging inherent 
structural retention (e.g., preserved PN/PS ratios) to create stable mi
croenvironments. Improved mass transfer accelerated microbial 
nutrient assimilation and proliferation, facilitating synergistic advan
tages: enriched anammox bacteria (SM1A02) optimized ammonium 
oxidation; glutamate-mediated EPS biosynthesis (via glutamine syn
thetase, EC 6.3.1.2) reinforced granular stability; and elevated algal 
biomass intensified photosynthetic substrate supply for bacterial meta
bolism. Consequently, regenerated granules achieved superior struc
tural integrity and treatment performance - exceeding pre- 
fragmentation levels (50 % COD and 30 % TIN removal) with 90 % 
COD and 60 % TIN removal-thus providing a theoretical foundation for 
sustainable photogranule reactor optimization.
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