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S1 Calculations of substrate penetration and limiting compounds 

According to Chen et al. (2020), the limiting compounds for a reaction in a biofilm can be calculated 

as follows: 
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where SLF,e.d. and SLF,a.d are the electron donor and acceptor concentrations, respectively, at the biofilm 

surface [mg L-1], α is a stoichiometric factor linking the electron acceptor and donor utilization in the 

catabolic reaction [gO2 gN-1], Y is the biomass yield [gCOD gN-1] and DF,e.d. and DF,e.a. are the diffu-

sion coefficients [m2 d-1]. Following Chen et al. (2020), we assumed DF = 0.8·DW. We used the param-

eters given in Chen et al. (2020). The results show that for AOB, the electron acceptor, i.e., oxygen, 

was limiting both in full-scale operation and in the experiments. For NOB, the electron donor, i.e., ni-

trite, was limiting both in full-scale operation and in the experiments. 

Table S1: Parameters for calculations of the limiting compounds and results. 
  AOB NOB 

𝛂𝛂 [mgO2 mgN-1] 3.4 1.1 

Y [mgCOD mgN-1] 0.22 0.22 

D_W,e.d. (NH4
+, NO2

-, respectively) [m2 d-1] 169.1·10-6 165.2·10-6 

D_W,e.a. (O2) [m2 d-1] 209.1·10-6 209.1·10-6 

Full-scale operation: SLF,e.d. [mgN L-1] 12 1) 0.3 2) 

Full-scale operation: SLF,e.a. [mgO2 L-1] 2.5 3) 2.5 3) 

Experiment: SLF,e.d. [mgN L-1] 50 4) 0.3 2) 

Experiment: SLF,e.a. [mg O2 L-1] 8.3 5) 8.3 5) 

Calculation results:    
𝟏𝟏

𝛂𝛂 − 𝐘𝐘
 
𝐃𝐃𝐅𝐅,𝐞𝐞.𝐚𝐚.

𝐃𝐃𝐅𝐅,𝐞𝐞.𝐝𝐝.
 [-] 0.4 1.4 

Full-scale operation: 𝐒𝐒𝐋𝐋𝐅𝐅,𝐞𝐞.𝐝𝐝.
𝐒𝐒𝐋𝐋𝐅𝐅,𝐞𝐞.𝐚𝐚.

  [mgN mgO2
-1] 4.8 0.1 

Experiment: 𝐒𝐒𝐋𝐋𝐅𝐅,𝐞𝐞.𝐝𝐝.
𝐒𝐒𝐋𝐋𝐅𝐅,𝐞𝐞.𝐚𝐚.

 [mgN mgO2
-1] 6.0 0.04 

1) 1/3 of the average influent NH4
+ concentration (volume exchange ratio at Kloten–Opfikon WWTP = 1/3) 

2) nitrite effluent concentration at Kloten–Opfikon WWTP and in the experiments was usually below 0.3 mgN L-

1 under normal operation. 

3) operating DO concentration at Kloten–Opfikon WWTP 

4) ammonium spike added to the experiments 

5) saturation oxygen concentration due to constant aeration  
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S2 Molecular work 

S2.1 16S rRNA gene amplicon sequencing 

MLSS was collected from the reactor and separated into flocs (<0.25 mm), small granules (0.25 – 

1 mm), medium granules (1 – 2 mm) and large granules (>2 mm) by sieving. Then, water was re-

moved by centrifugation and samples were stored at -80 °C until further processing. Nucleic acid ex-

traction and amplicon sequencing were done at the Genetic Diversity Center (GDC) at ETH Zürich. 

DNA was extracted using the FastDNA® Spin Kit for Soil (MP Biomedical) following the manufac-

turer’s recommendation except bead-beating was done 4 times at 4 °C at 6 m/s at (with 2-min rest in 

between) using a bead ruptor (OMNI International). 50 – 150 mg of wet biomass was used for each 

extraction. A negative control was included for which the same extraction procedure was done but 

without biomass material (extraction negative control). The PCR primers, purchased from the Inte-

grated DNA Technologies, consist of the Illumina Nextera overhang adapter sequences and the 

27F/524R primer set ("Evaluation of 16S rDNA-based community profiling for human microbiome 

research," 2012) for targeting the V1-V3 16S rRNA gene. To increase the complexity of the sequenc-

ing run, four primer sets with varying frame shift(s) plus linkers (Table S2) were mixed in equal 

amount to yield a final primer set for PCR reaction. Unless specified otherwise, we performed all PCR 

and qPCR reactions using a SensoQuest thermocycler and Roche Lightcycler 480, respectively. All 

PCR reactions were conducted using the KAPA HiFi HotStart ReadyMix (Roche). Concentrations of 

nucleic acids were measured using the Qubit BR or HS dsDNA assays (Invitrogen) on a Qubit fluo-

rometer (Thermo Fisher Scientific) or a Spark 10M Plate Reader (Tecan). All normalization and pool-

ing were done using a Pipetting Robot (BRAND, Germany). All cleanups of PCR products and librar-

ies were done with the AMPure beads (Beckman Coulter) on a KingFisher Apex (ThermoFisher) fol-

lowing the manufacturer’s recommendations. 

Concentration of the DNA extractions were quantified and normalized to 10 ng/µl. A gradient PCR 

run was first conducted to determine the optimal annealing temperature, and a qPCR run was con-

ducted to determine the optimal number of cycles for constructing the library. Then, a limited-cycle 

PCR was done in triplicate 25-µl reactions (12.5 µl KAPA ReadyMix, 0.75 µl each of 10 µM for-

ward/reverse primer, 1 µl of 10 ng/µl DNA template, and 10 µl PCR water) using the following ther-

mal profile: 95°C/3m, 21×(98°C/20s, 62°C /30s, 72°C/30s), 72°C/10min, 4°C/∞. The triplicate PCR 

reactions were pooled, cleaned up, barcoded with the Nextera XT index adaptors in another PCR run 

of 25-µl reactions (12.5 µl KAPA ReadyMix, 2.5 µl each of Index 1 and Index 2 primer, 2 µl of the 

product from limited-cycle PCR, and 5.5 µl PCR water) using the following thermal profile: 95°C/3m, 

10×(95°C/30s, 55°C /30s, 72°C/30s), 72°C/5min, 4°C/∞. The PCR products were cleaned up, quanti-

fied, and pooled using 39.7 ng of each product. The pooled library was checked using a 4150 TapeSta-

tion (Agilent) to verify a single amplicon of 648 bp average size. To avoid under quantification of the 
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dsDNA due to bubble products, a reconditioning PCR run was performed in four 25-µl replicate reac-

tions (12.5 µl KAPA ReadyMix, 1 µl each of 100 µM Illumina P5 and P7 primer, 1 µl of pooled li-

brary, and 9.5 µl PCR water) using the following thermal profile: 95°C/3m, 4×(98°C/20s, 62°C /15s, 

72°C/30s), 72°C/1m, 4°C/∞. The products were pooled, and the concentration of the final library was 

measured again and diluted to 3.82 nM. 15 pM was loaded and sequenced on the MiSeq using the 

600PE v3 kit.  

Raw sequences analyses were performed by the GDC following their established workflow. Using 

USEARCH v11.0.667 (Edgar, 2010), forward/reverse reads were merged and primer sequences were 

stripped using the fastq_mergepairs and search_pcr commands, respectively. Quality filtering was 

done using PRINSEQ-lite v0.20.4. Zero operational taxonomic units (ZOTUs) were obtained using 

USEARCH - UNOISE3 (Edgar, 2016b), then further clustered at 97% identity. The reads were then 

mapped to the ZOTUs with an identity threshold of 97%. Taxonomy of the ZOTUs were assigned 

against the MiDAS 5.2 (Dueholm et al., 2024) database using the USEARCH - SINTAX classifier 

(Edgar, 2016a).  

 

Table S2: List of primers used for amplicon sequencing. The heighted sequence indicate the 27F/524R primer 
set. 

Name Primer Sequence (5' - 3') 

27F_nex0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACAGAG-

TTTGATCCTGGCTCAG 

27F_nex1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNACAGAG-

TTTGATCCTGGCTCAG 

27F_nex2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNACAGAG-

TTTGATCCTGGCTCAG 

27F_nex3 TCGTCGGCAGCGTCAGATGTGTATAAGAGA-

CAGNNNACAGAGTTTGATCCTGGCTCAG 

534R_nex0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGAATTAC-

CGCGGCTGCTGG 

534R_nex1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGN-

GAATTACCGCGGCTGCTGG 

534R_nex2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGN-

NGAATTACCGCGGCTGCTGG 

534R_nex3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNN-

NGAATTACCGCGGCTGCTGG 
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Figure S1: Composition of (a) Nitrosomonas species (AOB) and (b) Nitrotoga and Nitrospira species (NOB) at 
Kloten–Opfikon WWTP. Nitrosospira AOB and Nitrobacter NOB were not detected. SG = small granules; MG 

= medium granules; LG = large granules.  
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S3 SRTmin sensitivity 

Table S3: Parameters for SRTmin calculation. 

  
AOB NOB 

Kinetic parameters (SUMO2, Dynamita) 

umax,20°C [d-1] 0.9 0.65 

b20°C [d-1] 0.17 0.15 

KN [mgN L-1] 0.7 0.1 

KO2 [mgO2 L-1] 0.25 0.25 

θµmax [-] 1.072 1.06 

θb [-] 1.03 1.03 

Kinetic parameters (Metcalf et al., 2014) 

umax,20°C [d-1] 0.9 1 

b20°C [d-1] 0.17 0.16 

KN [mgN L-1] 0.5 0.2 

KO2 [mgO2 L-1] 0.5 0.9 

θµmax [-] 1.063 1.063 

θb [-] 1.026 1.026 

Electron acceptor/donor bulk concentrations 

SN (NH4+ or NO2
-) [mgN L-1] 12* 0.3** 

SO2 [mgO2 L-1] 2.5*** 2.5*** 

 

 

Figure S2: SRTmin values of AOB for temperatures between 12 and 24°C for the biokinetic values from SUMO2 
(Dynamita) and Metcalf et al. (2014). 
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Figure S3: SRTmin values of NOB for temperatures between 12 and 24°C for the biokinetic values from SUMO2 
(Dynamita) and Metcalf et al. (2014). 

 

S4 Stereomicroscopic image of AGS from Kloten-Opfikon 

 

Figure S4: Stereomicroscopic image of the AGS from a sample of Kloten–Opfikon WWTP from August 2023. 
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