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Abstract

The second step of nitrification can be mediated by nitrite oxidizing bacteria (NOB), i.e.
Nitrospira and Nitrobacter, with different characteristics in terms of the 1/K theory. In this study,
an activated sludge model was developed to account for competition between two groups of
canonical NOB and comammox bacteria. Heterotrophic denitrification on soluble microbial
products was also incorporated into the model. Four 5-week washout trials were carried out at
dissolved oxygen-limited conditions for different temperatures (12°C vs. 20°C) and main
substrates (NH4"-N vs. NO2-N). Due to the aggressive reduction of solids retention time (from 4
to 1 d), the biomass concentrations were continuously decreased and stabilized after two weeks at
a level below 400 mg/L. The collected experimental data (N species, biomass concentrations, and
microbiological analyses) were used for model calibration and validation. In addition to the
standard predictions (N species and biomass), the newly developed model also accurately

predicted two microbiological indicators, including the relative abundance of comammox
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bacteria as well as nitrifiers to heterotrophs ratio. Sankey diagrams revealed that the relative
contributions of specific microbial groups to N conversion pathways were significantly shifted
during the trial. The contribution of comammox did not exceed 5% in the experiments with both
NH4"-N and NO>™-N substrates. This study contributes to a better understanding of the novel
autotrophic N removal processes (e.g. deammonification) with nitrite as a central intermediate

product.
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http://mostwiedzy.pl

A\ MOST

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

1. INTRODUCTION

Although nitrification has been known since the end of the 19th century, the process of
understanding has changed dramatically in recent 30 years, which was reflected by evolving
descriptions in the Metcalf and Eddy handbook series (1990, 2003, 2014). The second stage of
nitrification (nitrite oxidation, nitratation) has been receiving special attention in response to the
development of the novel shortcut nitrogen (N) removal processes, including deammonification
and a shortened pathway of nitrification-denitrification via nitrite (“nitrite shunt”). In those
processes, nitrite is a central component and effective suppression of nitrite oxidizing bacteria
(NOB) is required for successful performance. However, the knowledge of the metabolism of
NOB has been limited and NOB remains a “big unknown of the nitrogen cycle” (Daims et al.,

2016).

Traditionally, the genus Nitrobacter was considered the typical NOB representative (Metcalf and
Eddy, 1990), whereas more recently the genus Nitrospira has been accepted as a more common
NOB population (Metcalf and Eddy, 2014). The dominance of Nitrospira in the NOB population
of activated sludge systems has indeed been confirmed in numerous recent laboratory- and full-
scale studies (Keene et al., 2017; Li et al., 2020; Persson et al., 2017; Wu et al., 2019; Zheng et
al., 2019a). Mehrani et al., (2020) presented a comprehensive review study and meta-analysis on

the role of Nitrospira in the N removal systems.

These two genera (Nitrobacter and Nitrospira) reveal different characteristics in terms of the r/K
theory. Nitrobacter represents the r-strategists which grow faster at high concentrations of the
substrates (NO>-N and dissolved oxygen (DO)), whereas Nitrospira is the K-strategist with high

substrate affinity at low concentration (Yu et al., 2020). Due to these differences, a more complex
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suppression strategy would be required for NOB. In general, the controlled solids retention time
(SRT), combined with DO-limited conditions and high residual ammonia, have been
recommended (Regmi et al., 2014). However, low DO conditions (<1.0 mg O»/L) can be

inefficient with respect to the suppression of K-strategist Nitrospira (Cao et al., 2017).

In addition to the competition between Nitrobacter and Nitrospira, recent findings suggest that
there are other critical issues to be considered for NOB suppression. These issues comprise the
occurrence of different NOB populations, such as Ca. Nitrotoga (Kitzinger et al. 2018) and
specific metabolic properties of some microorganisms, such as comammox-Nitrospira. In
particular, the discovery of comammox, i.e. complete ammonia oxidation, by a single Nitrospira-
type microorganism (Daims et al., 2015; van Kessel et al., 2015) has overturned “a century-old
dogma of nitrification research” (Koch et al., 2019). However, the actual role of comammox

bacteria in full-scale WWTPs is still ambiguous (Koch et al., 2019).

The dominance of specific groups of nitrifying bacteria results from selective pressures of the
operational conditions in the bioreactor, including substrate (NH4"-N or NO>N) concentration,
DO concentration, and temperature (Metcalf and Eddy, 2014). An efficient approach to the
investigation of the complex nitrifier competition would be a combination of dedicated physical
experiments with advanced microbiological analyses and mathematical modeling. Cao et al.
(2017) noted that the nitrification models should accommodate appropriately the competition
between AOB and NOB to understand factors influencing the competition between autotrophic
N-converting organisms. Two-step nitrification models have been continuously developed for
almost 60 years as summarized by (Mehrani et al., 2022). Such models were used for the

development of suppression strategies for NOB considered collectively as one group (Duan et al.,
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2019; Kent et al., 2019; Ma et al., 2017; Pérez et al., 2014). Very recent theoretical advances
include the examination of the competition for different r/K strategist groups of AOB and NOB
(Yu et al., 2020; Yin et al., 2022) and the incorporation of comammox in the traditional two-step
model (Mehrani et al., 2021). However, no models have been applied in practice to investigate
the competition of different NOB groups under different substrate (limited vs. unlimited)

conditions.

The purpose of this study was to develop and validate a model describing the co-existence and
competition between comammox NOB and two groups of canonical NOB, termed NOB1
(Nitrospira) and NOB2 (Nitrobacter), revealing different /K characteristics, in response to
decreasing SRTs under different substrate limitation conditions. The experimental data were
collected during four long-term washout experiments carried out at two temperatures (12°C vs.
20°C) with different substrates (NH4"-N vs. NO2™- N). The effect of the substrate was also
investigated in terms of the behavior of comammox bacteria. Overall, it was hypothesized that
the newly developed model would provide a better explanation of the competition between the
different NOB groups. Such a model can be a diagnosis and optimization tool for practical

applications of the novel shortcut N removal processes under different NO2-N availabilities.
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2. MATERIAL AND METHODS

2.1. Laboratory experiments and data collection for modeling

2.1.1. Long-term washout experiments with different nitrogen substrates

Four long-term washout trials were carried out under various laboratory conditions concerning
the nitrogen substrate and temperature (Table 1). For each experiment, new inoculum biomass
samples were obtained from a large municipal wastewater treatment plant (WWTP) in Swarzewo
(180 000 PE), located in northern Poland. The biological part of that plant, performing biological
nutrient removal, consists of six parallel sequencing batch reactors (SBRs). The effluent
standards have been set following the European Union Urban Wastewater Directive (91/21/EEC),

i.e., total N (TN) = 10 mg N/L and total P (TP) = 1 mg P/L.

The laboratory experiments were carried out in a fully automated plexiglass SBR with a working
volume of 10 L. The reactor was placed in a thermostatic water bath to keep the temperature
setpoints. Control systems were also installed for aeration and pH. A detailed description of the

laboratory setup can be found elsewhere (Mehrani et al., 2022).

In each experiment, the reactor was operated at three cycles per day (8 hours each), including
three phases: feeding (15 minutes), reaction (450 minutes), and decantation (15 minutes). The
latter phase was carried out while mixing, so the solids retention time (SRT) became equal to the
hydraulic retention time. The amount of waste activated sludge (WAS), removed during the
decantation phase, was progressively increasing. This resulted in a gradually decreasing SRT
from the initial 4 d to 1 d at the end of the trial. For all the experiments, the continuous aeration
mode was employed with the DO setpoint of 0.6+0.1 mg/L, while the pH was kept at 7.5+£0.2 by

dosing NaOH (2M solution). The temperature setpoints were kept close to the actual process
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conditions, i.e., 12°C (winter) and 20°C (summer). For a better understanding of the competition
between the NOB groups, the reactor was fed with either NH4"-N or NO>™-N as the sole inorganic
N substrate. The influent N loadings and detailed feed composition are shown in the SI (Figure

S1 and Table S1, respectively).

Mixed liquor samples were collected 3 times per week, then filtered and analyzed for different N
forms, including NH4"-N, NO3"N, and NO,"N, at the initial and the end of the reaction phase.
Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS)
concentrations were analyzed at the initial of the reaction phase. For microbiological analyses,
biomass samples were collected from the reactor in duplicate three times: at the beginning (0 d),
in the middle phase (20 d), and at the end of each trial (35 d). The samples from the initial and
middle phases were transferred to 50 mL Falcon-type tubes for sedimentation and thickening.
The terminal samples, due to the dilution of mixed liquor, were obtained by filtering 5 L of the
effluent through 0.22 um pore size filters. The biomass samples were stored at -25°C prior to

DNA extraction.

Table 1. Operational parameters and conditions in the reactor during the washout experiments

DO Source of N MLSS/MLVSS
Trial T ture °
na emperature (C) pH (mg O/L) in the feed (mg/L)
T1 20 75402 0.6:0.1 NH, "N 2140/1500
v 12 7.5402 0.6:0.1 NH, N 1890/1450
T3 20 75402 0.6:0.1 NO;-N 1970/1520
T4 12 7.5402 0.6:0.1 NO,-N 2020/1440
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2.1.2. Chemical and microbiological analytical methods

The analytical methods used by Dr. Lange and Shimadzu were based on the APHA Standard
Methods (2002). Cuvette tests in a Xion 500 spectrophotometer were used to determine NH4"-N,
NO3™-N, and NO>™-N concentrations (Hach Lange, Germany). Before the analysis, mixed liquor
samples were filtered under vacuum pressure using a 1.2 m pore size nitrocellulose filter MFV-3
(Millipore, USA). The gravimetric technique was used to determine the MLSS concentration and

its volatile fraction (MLVSS) in line with the APHA Standard Methods (2002).

The DNA extraction was performed followed by FastDNA™ SPIN KIT (MP Biomedicals, USA)
based on the manufacturer’s manual. Genomic DNA extracted from the duplicated samples was
pooled together. Following purification, the DNA was utilized for the [llumina Next Generation
Sequencing procedure. Similar to our previous studies (Al-Hazmi et al., 2021), high-throughput
[llumina sequencing of the V3-V4 regions of the 16S rRNA gene procedure and subsequent DNA

sequencing data processing and analysis were carried out.

2.2. Organization of the modeling study
The whole modeling study was arranged in five steps as shown in Figure 1, and each step was

described in the following sub-sections.
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i I
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= Competition of NOB1 (Nitrospira), and NOB2

| |
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Model evaluation and : simulation results on the activity of bacteria |
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168 : denitrification) on simulation results |

169
170 Figure 1. Flowchart diagram of the simulation procedure and model application for the competition of two NOB
171 groups and interactions with comammox and heterotrophic denitrification

172

173 2.2.1. Mathematical model development and implementation

174  The microbial growth model, used in the present study, was based on the death-regeneration

175  concept from the Activated Sludge Model No. 1 (ASM1) (Henze, 2000). In our previous studies,
176  atwo-step nitrification model was developed with further expansions to incorporate comammox

177  (Mehrani et al., 2021) and heterotrophic denitrification on soluble microbial products (SMP)
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(Mehrani et al., 2022). In the present study, NOB were divided into two subgroups depending on
their different characteristics in terms of the 1/K theory, i.e., Nitrospira as K-strategists vs.
Nitrobacter as r-strategists (Figure 2b). Their behavior and competition were assessed during the
washout experiments under different substrate availabilities (Table 2). It was assumed that the
substrate affinity is higher for Nitrobacter than Nitrospira (Kno2ns > Knozns) allowing the latter
to prevail under NO,™-N limited conditions (NH4"-N feeding). On the other hand, Nitrobacter can

outcompete Nitrospira under NO2-N feeding due to a higher maximum specific growth rate

(Hmax,NB > Hmax,NS)-

Denitritation *

Comammox
[ Nitritation I Nitratation l
—_— —_—
NH,*-N AOB NO,-N NO;-N

Denitratation I

@

<

A

______________

Hydrolysis

N

Electron donors
for denitrification

Figure 2. A concept of the extended nitrification model considering two NOB groups and interactions with

comammox and heterotrophic denitrification

The GPS-X software 8.0 (Hydromantis, Canada) was used as a simulation environment for

implementing the model and running simulations. Internal GPS-X utilities were used for

Ss

[ ——

sensitivity analysis (Analyzer) and parameter optimization (Optimizer).

10
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Table 2. Effect of the substrate conditions (limited vs. unlimited) on the different r/K NOB strategists

NOB substrate

availability Nitrospira (K-strategist) Nitrobacter (r-strategist)

Limited Snoz So Snoz So
(NH4"-N feed) Hmaz,Ns Snoz + Knozns So + Kons HmazNE Snoz + Knozne So + Kong

Unlimited ,u Snoz So I y Snoz So
(NO2-N feed) NS Spog F Knozns So + Kons B S on + Knoane So + Kong

2.2.2. Setting the initial conditions (biomass composition and model parameters)

The mechanistic ASM-type models require a setting of the initial concentrations for specific
groups of microorganisms. Based on the systematic protocol proposed in the previous study
(Mehrani et al., 2022), a combination of mass balance calculations and microbiological analyses
were applied to determine the initial concentrations of AOB, NOB (Nitrospira), comammox
bacteria, and denitrifying heterotrophs. The abundances of Nitrobacter were below the detection
limit in all the initial samples. Therefore, the initial concentrations of these bacteria were set at

1% of Nitrospira initial concentration.

The initial values of kinetic and stoichiometric parameters were adopted from the literature (Koch
et al., 2019; Yu et al., 2020; Metcalf and Eddy 2003; Hiatt and Grady, 2008; Roots et al. 2019).
Subsequently, the kinetic parameters were subjected to sensitivity analysis (see Section 2.3).
Three kinetic parameters, including Ko for AOB and NOBI together with Kno2 for NOB1, were
experimentally determined in batch tests (Mehrani et al., 2022). These parameters were not

further adjusted during model calibration.

11


http://mostwiedzy.pl

A\ MOST

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

2.3. Sensitivity analysis and correlation matrix

Coupling local sensitivity analysis and the development of a correlation matrix allows reducing
the number of parameters adjusted during model calibration. The analysis was carried out based
on the results from trial T1 (NHs"-N substrate) and trial T3 (NO2 N substrate). For trial T1, the
different microbial groups (AOB, NOB1, CMX, and HET) were subjected to the sensitivity
analysis concerning NH4"-N, NO3; N, and NO> N behavior. In trial T3, AOB were not
considered due to the lack of substrate (NH4"-N) for these bacteria. Instead, NOB2 were included
concerning NO3; N and NO> N behavior. The classification of sensitivity coefficients, Sij, (from

0 to >2.5) was adopted from a recent study of Cao et al. (2020).

Subsequently, all pairs of the most sensitive kinetic parameters were evaluated by the correlation
matrix. If the correlation coefficient for any pair is high enough, the calibration procedure can be

simplified by adjusting only one of the two parameters (Zhu et al., 2015).

2.4. Model calibration and validation

The results of the trials at 20 °C (T1 and T3) with both substrates (NH4"-N vs. NO»™-N) were used
for model calibration, while the results of the two trials at 12 °C (T2 and T4) were used for
validation. The Nelder-Mead simplex method with the maximum likelihood objective function
was used for parameter estimation as described in detail in a previous study (Lu et al. 2019). The
model efficiency was assessed using the conventional performance metrics, such as the
determination coefficient (R?), root mean square error (RMSE), and mean absolute error (MAE).
In addition, the Janus coefficient (J?) was calculated to evaluate a change in the model efficiency

between the calibration and validation phases (Hauduc et al., 2015).

12
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2.5. Model evaluation and application

After model validation, the competition between two NOB groups (Nitrospira and Nitrobacter)
under different substrate conditions (NH4"-N and NO> N) was investigated by comparing the
predicted process rates (mg N/L'd) in trials T1 and T3. Sankey diagrams were developed based
on the daily average rates at different phases of the experiment, i.e. 0 d (beginning), 20 d, and 35
d (end). The diagrams were used to identify the dominant N conversion pathways and assess the

effect of the accompanying processes (comammox, heterotrophic denitrification).

3. RESULTS

3.1. Initial biomass composition

In all the trials, the initial MLSS and MLVSS concentrations were approximately 2000 and 1500
mg/L, respectively (Table 1). The calculated initial concentrations of the specific microbial

groups (XaoB, XnoB, Xcmx, XHET), estimated sequentially using the systematic protocol of

Mehrani et al. (2022), are shown in the SI (Table S3).

3.2. Sensitivity analysis and correlation matrix

Figure 3a,c shows the sensitivity coefficients, derived for all 18 kinetic coefficients (u, K, b),
which were obtained based on the results from trial T1 (NH4 -N substrate) and trial T3 (NO2 N
substrate). For trial T1, the different microbial groups (AOB, NOBI1, CMX, and HET) were
subjected to the sensitivity analysis for the behavior of NH4*-N, NO3s N, and NO,N. For trial
T3, NOB2 were considered instead of AOB, and the sensitivity analysis was performed based on

the behavior of NO3s N and NO,N.

13
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In general, for trial T1, the very influential coefficients (S;; > 2) were paos and pinos1 concerning
the behavior of NO> N, and pnos1 associated with the behavior of NO3N. The paos had also a
substantial influence (7 <S;; < 2) on the behavior of NH4"-N, while pcvx was very influential (S;;
> 2) on the NO3; N behavior. The decay rates (baos and bnogi) and DO half-saturation

coefficients (Koaos and Konogi) were influential (1 <S;; < 2) on the NO, N behavior.

For trial T3, unosi and pevx with S;;>2, followed by unos2 with S;; = 1.8, were the most
influential coefficients associated with the behavior of NO3N. The decay rates (bnos1 and bxogz2)

were also influential (S;,>1) with respect to the behavior of NO> N and NO3N.

Based on the results of sensitivity analysis for both trials, the very influential kinetic parameters
(8> 1) were subjected to evaluation by a correlation matrix (Figure 3b,d). In general, the highest
correlation coefficients in both trials referred to the maximum growth rates (pt) and decay
coefficients (b) for all the nitrifier groups. Hence, for simplification of the calibration procedure,

b coefficients were omitted in further adjustments.
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3.3. Model calibration and validation

The experimental observations and predicted behaviors of N species (NH4"-N, NO3; N, and
NO>N), and biomass concentrations for the calibrated model (trials T1 and T3) are shown in
Figure 4. Similar data for the validated model (trials T2 and T4) are shown in Figure 5. In all the
trials, the biomass concentrations (MLSS, MLVSS) were continuously decreased and stabilized
after two weeks at below 400 mg/L. Moreover, regardless of the substrate (NH4"-N vs. NO>™-N),

the behavior of NO; N was generally similar with a peak concentration occurring after one week.

A) N component (T1) B) N component (T3)
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Figure 4. Observed data vs. model predictions for the calibrated model: A) N components in trial T1, B) N

components in trial T3, C) Biomass concentrations in trial T1, D) Biomass concentrations in trial T3
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Figure 5. Observed data vs. model predictions for the validated model: A) N components in T2, B) N components

in T4, C) Biomass concentrations in T2, D) Biomass concentrations in T4

In addition to the standard predictions (N species and biomass), the newly developed model also

predicted two microbiological indicators, including the relative abundance of comammox

bacteria and nitrifiers (NIT) to heterotrophs (HET) ratio (Figure 6). The relative abundance of

comammox bacteria in the trials with NH4"-N substrate (T1 and T2) decreased and stabilized at

0.4-0.5 (Figure 6a-b), while in the trials with NO>™-N substrate (T3 and T4), the abundance

sharply decreased in the first week and stabilized at 0.1-0.2 at the end of trials (Figure 6¢-d). The

results with NO, N substrate strongly suggest that comammox bacteria can grow on NO> N, as

the model predictions significantly worsened without considering that process (Figure 6¢-d).

17


http://mostwiedzy.pl

A\ MOST

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

The NIT/HET ratios in trials T1 and T2 were stable at 0.1-0.15 at the beginning and middle
phases and then decreased to 0.05 at the end of the trials (Figure 6e-f). In contrast, the NIT/HET
ratios in trials T3 and T4 were relatively stable (0.04-0.05) at the beginning and middle phase,

and then increased to >0.05 at the end of the trials (Figure 6g-h).

Table 3 shows a list of the model parameters along with their related values and sources of
information. Due to high sensitivity (Si;j >0.5), the p and Ko for all the nitrifier groups (AOB,
NOBI1, NOB2, CMX), and p for heterotrophs were adjusted during mathematical optimization.
The estimated values were further discussed in relation to literature data (see Section 4.1). The
extended model prediction performance for each model output (NH4™-N, NO3; N, NO2 N) is
presented in Table 4. The calibrated model exposed a high goodness-of-fit for all the outputs in
terms of R? (>0.87) and RMSE and MAE errors (2.20-3.4), while the validated model revealed
slightly decreased (<7%) R?, and slightly increased (<15%) errors (RMSE, MAE) compared to
the calibration period. The Janus coefficient varied in the range of 1.31-1.97, which also

confirmed the model validity.
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329  Figure 6. Observed vs. predicted relative adundances of comammox bacteria (A-D), and the ratio of nitrifiers to

330  heterotrophs (E-H) for trials T1-T4
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Table 3. List of the adjusted kinetic parameters during model calibration, their values and sources of information

Parameter Unit Bacterial group Source
AOB NOB 1 NOB 2 CMX HET
Nitrospira  Nitrobacter
Kinetic

n d! 0.38 0.21 0.60 0.20 1.00 Optimization
Ko mg O»/L - - 0.45 0.30 - Optimization
Ko mg O»/L 0.17 0.13 - - - Experimental

Ko mg O»/L - - - - 0.20¢ Literature

Knms mg NH./L 0.67% - - 0.012° - Literature

Kno2 mg NO,/L - - 0.76 6.29° 0.20¢ Literature
Kyo2 mg NO»/L - 0.06 - - - Experimental

Knos mg NO,/L - - - - 0.20¢ Literature

b d! 0.15¢ 0.05¢ 0.05¢ 0.05f 0.404 Literature

Stoichiometric
Y gCOD/ gN 0.15¢ 0.05¢ 0.05¢ 0.15¢ Literature
Yu ¢COD/gCOD - - - - 0.64 Literature

p: Max. growth rate constant, Ko. Dissolved oxygen half-saturation constant, Knus: Ammonia half-saturation
constant, Knoo: Nitrite half-saturation constant, Y: Yield coefficient, b: Decay rate, a: (Yu et al., 2020), b: (Koch et al
2019), c: (Metcalf and Eddy 2003) d: (Hiatt and Grady, 2008), e: assumed equal to AOB (Roots et al. 2019), f: equal
to NOB (Mehrani et al. 2021)
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Table 4. Summarized information on the model efficiency during the calibration and validation periods

Variable Calibration phase Validation phase

Trials R? RMSE MAE Trials R? RMSE MAE J?
NH4*-N 0.90 2.30 2.42 0.87 2.58 3.11 1.25
NOs™N T1 0.90 2.38 2.95 T2 0.86 2.72 3.25 1.30
NO,; N 0.86 2.47 3.48 0.81 3.44 3.67 1.93
NH4*-N - - - - - - -
NO; N T3 0.90 2.32 2.62 T4 0.84 3.09 3.95 1.77
NO; N 0.88 2.56 2.69 0.80 3.58 4.32 1.95

3.4. Contribution of accompanying processes in N conversion

Figure 7 shows the N conversion pathways in trial T1 with NH4"-N substrate. The relative
contributions of some bacteria groups were significantly shifted during the trial. The canonical
NOBI1 and comammox bacteria continuously reduced their abundances - from 43 to 21% (NOB1)
and from 5% to 1% (comammox). The contribution of NOB2 was negligible (<0.1%). The AOB
increased their contribution from 38% at the beginning to 50% at the end of the trial. The
contribution of denitrifying heterotrophs, mediating two steps of denitrification, increased from

the initial 12.5% to 28% at the end of the trial.

Figure 8 shows the N conversion pathways in trial T3 with NO> N substrate. The contribution of
NOBI was substantially decreased from 79% to 7%, while the NOB2 contribution had an
increasing trend (4% to 89%) in the course of the trial. The comammox bacteria and denitrifying

heterotrophs decreased their contributions, respectively, from 4% to <1% and from 16% to 3%.
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4. DISCUSSION

4.1. Factors influencing the competition between Nitrospira and Nitrobacter

In the present study, it has been confirmed that the NOB competition is predominantly impacted
by substrate (NO, N) concentrations, rather than temperature. Blackburne et al. (2007) attributed
the dominance of Nitrospira over Nitrobacter under low NH4 -N and NO, N concentrations to
much lower inhibition thresholds of free ammonia (FA) and free nitrous acid (FNA). These
thresholds were respectively 0.04-0.08 mg NH3-N/L and 0.03 mg HNO»-N/L for Nitrospira, and

10 mg NH3-N/L and 0.2-0.4 mg HNO»-N/L for Nitrobacter.

It has been shown in several studies (Huang et al., 2010; Nogueira and Melo, 2006; Park et al.,
2017) that Nitrobacter was the dominating NOB at higher NO>-N concentrations (> 80 mg N/L),
whereas Nitrospira thrived better under lower NO2-N conditions. Moreover, Nogueira and Melo
(2006) observed that the dominance of Nitrobacter was not reverted after decreasing the NO»™-N
concentration to the original (low) level. The authors provided two possible explanations for that
observation, including inhibition of Nitrospira by high densities of Nitrobacter or not sufficient

experimental period.

The DO concentration is another important operational factor that influences Nitrospira
abundance in WWTPs ( Ushiki et al., 2017; Chang et al., 2019). Park et al. (2017) attributed a
strong enrichment of Nitrospira (at the expense of Nitrobacter) in a DO- and NO>™-N -limited
SBR to the lower affinity constants of Nitrospira for both substrates (see Table S5). (Liu and
Wang, 2013) found that in addition to low DO concentrations (0.2-0.4 mg O»/L), extending the

SRT from 10 d to 40 d resulted in the dominance of Nitrospira over Nitrobacter.
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Liet al., (2021) found that the SRT of 10 d and shorter aeration times (1.5 h) allowed to
completely wash out NOB from the system. Gradually prolonged aeration times (3-3.5 h),
applied subsequently, did not result in enriching NOB. Both Nitrospira and Nitrobacter
abundances remained stable, but at a low level, which resulted in maintaining long-term NO2-N

accumulation in a wide temperature range (18-29 C).

Nitrospira may be better adapted to slightly higher pH (8-8.3 vs. 7.6-8.2) and temperatures (29—
30 °C vs. 24-25 °C) in addition to low NO>™-N and DO concentrations. Sun et al., (2022)
investigated the coexistence of Nitrobacter and Nitrospira at various pH (6.0-8.5). The optimum
pH of 7.0 was found in terms of the maximum specific growth rate (1) and substrate affinity
(K~o2) for NO>™-N oxidation, which also correlated with the highest absolute abundances of the

functional genes of Nitrobacter (nxrA) and Nitrospira (nxrB).

Ushiki et al. (2017) hypothesized that Nitrospira had other characteristics to compete with
Nitrobacter and other NOB in nitrite-limited environments. Nitrobacter has a cytoplasmic nitrite
oxidoreductase (nxrA) that is responsible for the reverse transport of NO2™-N and NOs3™-N through
the inner membrane. On the contrary, Nitrospira encodes for periplasmic nxrB, which catalyses
nitratation. The periplasmic oxidation is advantageous since it generates a larger specific proton
motive force and avoids the transmembrane exchange of NO>™-N and NOs3™-N (Pester et al.,

2014).

Table S5 shows a literature review of the kinetic and stoichiometric parameters for Nitrospira
and Nitrobacter. The ranges of u for r-strategist Nitrobacter and K-strategist Nitrospira are 0.31-

1.28 d! and 0.15-0.93 d*!, respectively. In the present study, the estimated u for Nitrobacter (0.6
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d!) was three times higher than Nitrospira (0.21 d'). In addition, the experimentally obtained Ko
of 0.13 mgOy/L for NOBI1 (Nitrospira) is slightly lower than the overall ranges in Table S6

(Ko Nitrobacter= 0.17-4.32 mgO2/L, Ko Nitrospira= 0.33-1.35 mgO>/L), while the optimized Ko of 0.45
mgQOy/L for NOB?2 is in the lower range (0.45-1.35 mgO./L) reported by Yu et al. (2020). It
should be noted, however, that in the literature (O'Shaughnessy, 2016), the Ko values for

Nitrospira and other NOB genera were as low as 0.04 d™!.

4.2. Role of comammox-Nitrospira in the systems fed with different N substrates

Maddela et al. (2021) noted that comammox bacteria have several competitive advantages over
coexisting canonical nitrifiers, including the capability of thriving at low DO levels and a high
substrate affinity. The high NH4"-N affinity of pure cultured comammox bacteria (N. inopinata)
is indicated by extremely low half-saturation constants, which are 4- to 2500-fold lower than the
values reported for AOB. Comammox bacteria also show a lower NO>™-N affinity than canonical
NOB. Moreover, the abundances of comammox bacteria (N. inopinata) showed significant
positive correlations with canonical NOB rather than AOB, which may suggest that comammox
bacteria more actively mediate NO>™-N oxidation rather than NH4"-N oxidation. The authors
concluded that switches between the modes of NH4"-N and NO,™-N oxidation in comammox
bacteria remain unknown, and it is difficult to identify the environmental and operational factors

determining the preferred nitrogen source.

The simulation results of the present study, strongly support the hypothesis that comammox
bacteria can grow on NO2-N. Following the discovery of comammox, it was thought that
comammoXx-Nitrospira, do not possess this ability (Koch et al., 2019). Based on the findings of a

previous investigation by Kits et al. (2017), this was explained by an extremely low NO2-N
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affinity. In comparison with canonical Nitrospira, N. inopinata (comammox bacteria) had a 50-
fold lower NO>™-N affinity (Kits et al., 2017). In a recent study, Shao and Wu (2021) found that
the NO>™-N affinities were variable among the comammox species. Under NH4'-N limiting
conditions, some authors did not exclude the possibility of comammox bacteria using NO2-N as

electron donors (Kits et al., 2017; Palomo et al., 2018; Roots et al., 2019).

There is no consensus in the literature if NO2™-N is released outside of the cells during the
comammox process. Kits et al. (2017) observed that comammox Nitrospira could produce NO> -
N as an extracellular transit product during complete nitrification. Transient NO2™-N
accumulation produced by N. inopinata (comammox Nitrospira) during nitritation was reported
by Ren et al. (2020). In contrast, Wu et al. (2020) found that comammox Nitrospira consumed

NH4"-N and produced NO3™-N at the ratio of nearly 1:1 without any NO2™-N accumulation.

4.3. Further developments of two-NOB models describing the competition with other NOB
groups

The model developed in the present study may be used to describe a competition of Nitrospira
with NOB genera other than Nitrobacter. In particular, Ca. Nitrotoga has been detected as the
main NOB genus, either alone or together with Nitrospira, in different full-scale WWTPs
worldwide (Liicker et al., 2015; Saunders et al., 2016; Chen et al. 2020), and many pilot-scale
systems (Figdore et al., 2018; Jiang et al., 2018; Persson et al., 2017; Wu et al., 2018; Zheng et
al., 2019b). Ca. Nitrotoga can oxidize NO>™-N at temperatures ranging from 4 to 28°C (Lantz et
al., 2021), its optimum temperature (22-23°C) is lower compared to other NOB genera (Zheng et
al., 2020; Ishii et al., 2020). Nowka et al. (2015) observed that Ca. Nitrotoga outcompeted

Nitrospira and Nitrobacter during a long-term cultivation at 5 and 10°C. Liu et al. (2021)
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calculated a very low temperature correction factor of 1.042 in the temperature range of 4-22 °C
for NOB dominated by Ca. Nitrotoga. Speick et al. (2021) concluded that the adaptation of Ca.
Nitrotoga to low temperatures may be beneficial for the recovery of nitratation during cold

s€asons.

Ko for Ca. Nitrotoga has been determined by Zheng et al. (2020) as 0.59 + 0.11 mg O>/L. This
value is slightly higher than Ko for Nitrospira, and much lower than Nitrobacter (see Table 5).
Both Nitrospira and Ca. Nitrotoga resisted at intermittent aeration in a PN/A system
(Gustavsson, 2020), whereas in another study, Ca. Nitrotoga was shown to have a lower DO
affinity than Nitrospira (Zheng et al. 2020). Qian et al. (2021) found in a partial
nitritation/anammox (PN/A) system that increasing the DO concentration from 0.4 to 1.8 mgO»/L
led to an increased abundance of Ca. Nitrotoga over Nitrospira. On the contrary, Jiang et al.
(2018) found that a high DO of 2-2.5 mgO»/L was sufficient for the washout of both Nitrospira

and Ca. Nitrotoga in a PN/A system.

Higher substrate concentrations may be beneficial to Nitrotoga (Nowka et al. 2015). Kinnunen et
al. (2017) discovered that at a NO>-N concentration of 1 mg N/L, Ca. Nitrotoga outcompeted
Nitrospira in a biofilm community, but Nitrospira dominated at a tenfold lower substrate
concentration. Knoz for Ca. Nitrotoga was reported in a wide range of 0.345-1.68 mg N/L (Zheng
et al., 2020; Kitzinger et al. 2018; Ishii et al. 2017; Wegen et al. 2019; Nowka et al. 2015). Ca.
Nitrotoga was also shown to be much more resistant to free ammonia (FA) and free nitrous acid

(FNA) exposure than Nitrobacter and Nitrospira (Li et al. 2020, Zheng et al., 2021).
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The pH preference of Ca. Nitrotoga is neutral to slightly alkaline range as typical for nearly all
NOB (Spieck et al., 2021). The optimum pH for Ca. Nitrotoga has been determined in a wide

range as 7.1 — 7.6 (Kitzinger et al., 2018), 7.5 (Zheng et a., 2020), 8.3 (Ishii et al., 2020).

4.4. Interactions of nitrifiers and heterotrophs in N removal systems fed with inorganic
carbon

In the present study, the strategy of progressive SRT reduction and the lack of organic carbon in
the feed resulted in re-arrangements within the heterotrophic bacteria subpopulation (Table S2).
Bacteria belonging to the order Saprospiraceae and genera Caldilinea, Curvibacter, Dokdonella,
Holophaga, Tetrasphaera constituted predominant components in the inoculum biomass.
However, during all the trials, those bacteria were systematically outcompeted by members of

Acidovorax, Hydrogenophaga, Comamonas, Pseudomonas, Simplicispira, and Thermomonas.

Based on the reported characteristics of the identified heterotrophs, there are three possible
mechanisms of the surveillance and competitiveness of those bacteria in comparison with other
heterotrophs under extremely short SRTs and inorganic feeding medium: (i) heterotrophic
denitrification with soluble microbial products (SMP) and extracellular polymeric substances
(EPS), generated by AOB and NOB (Nogueira et al. 2005; Sepehri and Sarrafzadeh 2019), (i1)
heterotrophic nitrification (Chen et al. 2012), (iii) predation of heterotrophs on autotrophic

bacteria (Dolinsek et al. 2013).

In particular, during the trials with NHs-N as a sole N source, a wider range and more equally
represented heterotrophic bacteria groups have been detected during the final stages. Similar to

the present study, a noticeable occurrence of the Acidovorax and Pseudomonas representatives in
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the reactor fed with an inorganic medium was observed by Keluskar et al. (2013). The growth of
those heterotrophs was supported by organic compounds, such as pyruvate, excreted by AOB
(Nitrosomonas). An additional metabolic pathway enabling the survival of specific heterotrophs
(Hydrogenophaga) in the systems operated under the limited carbon availability is
hydrogenotrophic denitrification with the utilization of hydrogen in the absence of organic
compounds. Furthermore, representatives of Rhodococcus have been characterized as bacteria
which are capable of performing simultaneous heterotrophic nitrification and aerobic

denitrification (Chen et, al 2012).

In the present study, in the trials with NO2-N as a sole N source, members of the Comamonas
genera outcompeted other heterotrophs, and their relative abundances exceeded 50% in both trails
(at 12 and 20°C). Representatives of the Comamonas are well known denitrifying heterotrophs,
which are capable of utilizing a wide range of organic compounds, such as amino acids,
carboxylic acids, steroids and aromatic compounds (Wu et al., 2018), thus due to wide metabolic

properties were capable to develop substrate dependencies with Nitrobacter NOB.

Predation is another factor affecting the occurrence of specific heterotrophs and their interaction
with the nitrifiers (Dolinsek et al. 2013). Daims et al. (2016) showed that abundances of
Nitrospira were dramatically reduced due to the predation by B. bacteriovorus. In the present
study, during the trials with NH4-N, predator bacteria belonging to the Bdellovibrio genus were
detected in the abundances > 3%. On the other hand, lower abundances of these bacteria were
found during the trials with NO>-N, when Nitrobacter was predominant. This finding suggests

that predation may indeed reflect a selective pressure on specific NOB.
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5. CONCLUSIONS

= A two-step nitrification model was extended with different NOB groups (competing r
strategists vs. K strategists) to increase the prediction accuracy of modeling nitrifying systems
under diverse NO>™-N availabilities in the substrate.

= In addition to the standard prediction parameters (N species and biomass concentrations),
microbiological indicators such as the relative abundance of comammox and the ratio of
nitrifiers to heterotrophs, are useful target variables for calibration of mechanistic models as
they revealed the dominant conversion pathways in the studied systems.

= A combination of microbiological analyses and modeling simulation results confirmed that
comammox bacteria can grow on NO>™-N as a sole N substrate.

* In contrast to canonical nitrifiers, comammox played a minor role in the study system.
However, the impact of these bacteria needs to be further explored by modeling systems
containing a higher abundance of Nitrospira.

= Even though comammox played a minor role in the studied system compared to the canonical
nitrifiers, the impact of these bacteria should further be explored by modeling systems

containing a higher abundances of Nitrospira.
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784  S1. Synthetic medium used for the long-term experiments and Influent substrate

785 concentrations

786 Table S1. Characteristics of the synthetic medium (NHs-N vs. NO>-N substrate) used for the long-term washout

787 experiments

Substrate Main elements Tracer solution™
Compound Concentration Compound Concentration
mg/L g/L
NH4-N NH4CL 762 ZnS0O4-7TH,0O 0.43
KHCO;3 1512 (NH4)sM07024-4H,0 0.22
CaCl, 141 CuSO0,4-5H,0 0.25
KH,PO, 50 MnCl;-4H,O 0.99
MgSO, 58.6 CoCly-6H20 0.24
FeSO4-7H,0 9.1 NaWO4-2H,0 0.005
EDTA 6.3 EDTA 15
Tracer
solution® 1 NiCl-6H,0 0.2
NaSeO4-10H,0 0.2
H3;BO; 0.014
NO2-N NOy 172 - 1470 ZnS0O4-7TH20 0.43
KHCO; 1512 (NH4)sM07024-4H,0 0.22
CaCl, 141 CuSO0,4-5H,0 0.25
KH,PO4 50 MnCl,-4H,0 0.99
MgSO4 58.6 CoCl,'6H,0O 0.24
FeSO4-7H,0 9.1 NaWO04-2H,0 0.005
EDTA 6.3 EDTA 15
Tracer
solution® 1 NiCl,-6H,O 0.2
NaSeO4-10H,0 0.2
H3;BO; 0.014
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Figure S1- SRT and influent N loading rate for A) NH4"-N substrate experiments (T1, T2), and B) NO,-N substrate
experiments (T3, T4)

S2. Microbiological analytical methods

S.2.1. DNA extraction

Biomass samples for microbial analysis were collected from the SBRs three times: at the beginning
(inoculum), during the middle phase (25th day), and at the of the experiment (35th day). The
biomass samples from the initial experimental stages were transferred to the 50 ml Falcon type
tubes for sedimentation and thickening. The biomass samples withdrawn during the terminal stages,
were separated from the outflows from the experimental SBR by filtration trough through 0.22 pm
pore size filters. Each sample was collected in duplicate. Both types of the samples (thickened

sludge and biomass deposited on filters) were stored at —25°C prior to DNA extraction. The
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extraction of the DNA from the biomass samples (100 mg of the thickened sludge or filter slices
with deposited biomass) was carried out using the FastDNA™ SPIN KIT (MP Biomedicals, USA)
following the manufacturer’s manual. The DNA acquired from purification was subsequently used

for the [llumina Next Generation Sequencing protocol.

S.2.2. High-throughput 16S rDNA sequencing

High-throughput Illumina sequencing targeting the V3-V4 region of the 16S rRNA gene was

performed with S-d-Bact-0341-b-S-17 and S-d-Bact-0785-a-A-21 primers (Klindworth et al., 2012)
and NEBNext®High-Fidelity 2X PCR Master Mix (Bio Labs inc., USA) following the

manufacturer’s manual. The sequencing reactions were carried out with MiSeq sequencer (Illumina,
USA) by applying the paired-end technology, 2x250 nt with MiSeq Reagent Kit V2 following the

manufacturer’s protocols. The obtained raw DNA sequence reads were subjected to quality control

(QC) using the tools available at Useqalaxy server (usegalaxy.org). Paired-end reads were initially

combined with the fastq-join algorithm. The reads were subsequently trimmed and filtered in terms

of the length (> 400 bp) and quality (Phred score > 20) with Filter FASTQ algorithm. The reads

quality at each QC step was validated with FastQC software

(www.bioinformatics.babraham.ac.uk/projects/fastqc).

Chimera presence was verified with a chimera check on-line tool powered by UCHIME
(http://pyro.cme.msu.edu). The classification of the reads on each taxonomical level was carried
out with the SILVA server (www.arb-silva.de) using the database release version 132 at the
similarity level of 90% and operational taxonomic units (OTUs) clustering at 97%. The output data

from the Usegalaxy server were saved into FASTA format and uploaded to the MetaGenome Rapid
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Annotation Subsystems Technology (MG-RAST) (Meyer et al., 2008) to enable public access to

the files under the accession numbers ranging from mgm4899014.3 to mgm4899025.3.

S.2.3 Absolute quantification of the Comammox bacteria by gqPCR

Absolute quantification of the comammox amoA genes was performed with primers sets comaA-
244F & comaA-659R and comaB-244F & comaB-659R in order detect and enumerate comammox
Nitrospira clades A and B, respectively, in accordance with the protocol proposed by (Pjevac et
al., 2017). The real-time PCR reactions were performed on ABI 7500 real-time PCR thermocycler
(Applied Biosystems) in MicroAmpTM Optical 96-well reaction plates (Applied Biosystems).

Each sample was analysed in triplicate.
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837 Table S2. Composition of the overall bacterial community and dynamics of the most abundant HET bacteria during

838 particular experimental trials. The relative abundances are presented in the form of the heatmap in accordance to the

0% 50% 100%
839  presented pattern BT

NO2-N only; 12°C | NO2-N only; 20°C | NHs-N only; 12°C | NH4-N only; 20°C

Experimental series T1 T2 T3 T4
(day of the experiment)

X 1 15 28 1 14 30 1 21 35 1 21 35
BLAST assignment (at >85%
similarity)
?;I%l};;med member of Saprospiraceae 71% 3.7% 7.6% 3.4% 4.16% 1.52%
Curvibacter (DEN) 7.5% 1.9% 3.7% 0.9%
Tetrasphaera (DPAO) 35%  2.8% 48%  2.1% 37%  0.6% 3.0%
Candidatus Saccharibacteria (DEN) 1.8% 1.3% 1.0% 0.5% 5.5% 1.8% 0.5% 4.5% 1.3% 0.3%
Dokdonella (DEN) 4.5% 3.6% 1.9% 3.3% 1.5% 1.3% 1.0% 2.3% 0.7% 4.9%
Gemmatimonas (DPAO) 12%  0.9% 13%  1.4% 15%  1L1% = 03% | 1.8% 1.3%
Holophaga (HET) 2.2% 2.0% 0.9% 1.0% 2.4% 0.8% 3.1% 0.5%
Thermomonas(DEN) 4.3% 0.9% 3.5% 2.5% 2.2% 2.7% 0.8% 3.7% 3.1%
Candidatus Microthrix (DPAO) 24%  0.8% 3.0%  1.8% 25%  0.5% 1.4% _
Acidovorax (DEN) 4.7% 7.9% 8.0% 16.2% 1.1% 1.6% 113%  12.6% 1.4% 2.7% 3.2%
Terrimonas (HET) 2.1% 1.6% 2.4% 1.5% 1.0% 0.7% 0.6% 0.9% 1.1%
Caldilinea (HET/DEN) 24%  2.5% 17%  2.5% 4.8% 1.0%
Pelomonas (DEN) 1.0% 6.8% 0.9% 16.0% 0.9% 0.5% 2.0% 1.1%
Hyphomicrobium (DEN) 1.6% 0.5% 0.5% 0.4% 0.8%
Candidatus Competibacter (GAO) 1.6%
Asprobacter (HET)

Ferruginibacter (HET)
Dechloromonas (DPAO)
Denitratisoma (DEN)
Thauera (DEN)
Hydrogenophaga (DEN)
Zoogloea (DEN and NIT)
Mycolicibacter (HET)
Comamonas (HET/DEN???) 0.4% 10.9%
Legionella (HET)

Simplicispira (DEN)
Pseudoxanthomonas (DEN/new
DPAO???)

Rhodoferax (DEN)

Rhodococcus (HET DEN and NIT)
Rhodobacter (DEN)

Sphingopyxis (HET)
Pseudomonas (DEN)
Brevundimonas (DEN)

0.4% 4.2% 0.7%

0.5%

5.1% 5.1%

0.4% 3.6%

0.6% 0.4% 0.4%

16.7% 6.9%

1.5% 2.5%

0.5% 4.1%

0.3%

11.2% 6.5%

4.0% 0.5%

13.7%

8.7%

0.8% 0.6%
14.9% 3.6%
0.6% 1.9%
0.5% 0.9%
0.3%
1.5% 2.5%
0.4% 3.3%
1.3%
1.3%

2.6%
0.9%

Denitratimonas (DEN) 1.1% 2.4% 1.0%
Chryseolinea related (HET) 0.8% 0.8% 1.0% 1.2%
Simplicispira (DEN) - 1.0%
Bdellovibrio (DEN predator) 0.4% 0.5%
Ferruginibacter (DEN) 1.2% 1.0%
Glutamicibacter (HET)

0.3%
0.5%
0.5%
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0.4%

2.3% 0.3% 0.3% 3.1%

0.2% 0.2% 0.5% 0.3% 0.2%

Flavobacterium (DEN)
TOTAL: 62.9%  66.3%  79.6% | 58.0%  76.3% 86.3% 41.8% 63.3%  69.5% | 40.7%

63.9%  73.7%

840
841  S3. Initial biomass concentrations for simulation of the long-term experiments

842 Table S3. Initial biomass concentrations for simulation of the long-term experiments

Initial biomass concentration

Parameters Units
T1 T2 T3 T4
XaoB mg COD/L 36.4 343 0 0
XNoBI mg COD/L 13 12.5 11.5 11
XNoB2 mg COD/L 0.13 0.12 0.11 0.11
Xemx mg COD/L 4.8 6.0 4.5 4.0
XHET mg COD/L 380 405 385 390
843
844
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845  S4. Review on stochiometric and kinetic parameters

846 Table S4. Review of recent literature data on the stoichiometric and kinetic parameters related to the specific groups

847 of canonical AOB (r-AOB vs. K-AOB), canonical NOB (r-NOB vs. K-NOB), and comammox bacteria

Canonical Canonical Canonical Canonical Comammox
Parameters
(Unit) r-AOB K-AOB r-NOB K-NOB References
nit
(Nitrosomonas)  (Nitrosospira) (Nitrospira) (Nitrobacter) (Nitrospira)
0.24 0.18 (Liu and Wang 2014)
0.2-0.9 (Metcalf et al., 2003)
3.03 1.01 0.93 0.31 (Yu et al., 2020)
Limax 0.54-2.1 0.7-0.9 (Zhang et al., 2019)
(dh 0.39-1.28 0.69 (Park et al., 2017)
0.94-0.99 2.25-2.51 (Liu et al., 2017)
b 0.09-0.27 0.09-0.27 (Metcalf et al., 2003)
(dh 0.05-0.15 0.05-0.15 (Henze 2000)
0.675 0.225 (Yu et al., 2020)
Knna 0.0005 (Sakoula et al., 2021)
(mg N/L) 0.012 (Koch et al., 2019)
0.076-0.612 0.009 (Kits et al., 2017)
0.765 0.255 (Yu et al., 2020)
0.175 (Sakoula et al., 2021)
Kno2
0.084-0.378 6.29 (Koch et al., 2019)
(mg N/L)
0.3-7.6 0.1-1.1 (Park et al., 2017)
- - 0.69-7.62 0.126-0.378 5.21 (Nowka et al., 2015)
0.42 0.14 1.35 0.45 (Yu et al., 2020)
Ko 0.15-1.15 0.13-1.10 (Zhang et al., 2019)
(mg O2/L) 0.17-4.32 0.33 (Park et al., 2017)
0.36 0.54 (Liu et al., 2017)
0.18 0.08 (Jubany et al., 2008)
0.07-0.14 (Park et al., 2017)
Y
0.2-0.38 (Kits et al., 2017)
(mg COD/mg N)
0.15-0.24 (Eldyasti et al., 2012)

848 p: maximum specific growth rate, K: half-saturation coefficient, b: decay coefficient, Y: growth yield coefficient

849
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Figure S2- Observed vs. predicted relative adundances of comammox bacteria in trial T3 (comammox can growth

only on NH4-N)
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856 Table S5. Kinetic and stoichiometric parameters for canonical Nitrospira, comammox Nitrospira, and Nitrobacter

857 reported in the literature

Hmax b Y Knna Kno2 Ko
d! d! VSS/g N m, mg N/L m
Bacteria @ @ (& £ (e (e ) (me Remarks Reference
or gCOD/g N/L) 02/L)
N)
Nitrospira
T=17-22 °C,
(Yuetal.,
0.31 0.02 - 0.25 0.45 pH=7.5-8.2,
. 2020)
Enriched culture
T=22 °C,
pH=7.540.1
0.69 + 0.14 +0.02 0.33+ . (Park et al.
- - 0.52+0.14 Enriched culture,
0.10 (g VSS/gN) 0.04 . 2017)
lineage 1
T=22 °C,
0.12+0.04 pH=7.5 (Blackburne
- 0.9-1.1 0.54 .
(g VSS/gN) Enriched culture et al. 2007)
T=28-37 °C,
pH=7.4-8.6
Pure culture, (Nowka et
0.45-0.52 - - - 0.13-0.39 - ) . .
Nitrospira defluvii, al. 2015)
and Moscoviensis,
T=29°C,
0.08
] Pure culture, .
(Lineage I) ) ] (Ushiki et al.
- - - - Nitrospira
0.14 . 2017)
. lineage I and 11
(Lineage II)
T=N/a, (Lawson and
0.45 - - - - - Enriched culture Liicker
2018)
T=37 °C,
Pure culture, )
(Kits et al.
- - - - 5.21 - clade 1,
) 2017)
lineage I1
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This study

T=12-20 °C,
Mixed culture

0.13

0.06

0.05
0.04
(2 COD/gN)

0.2

858
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Comammox

) ] T=N/a, (Lawson and
-Nitrospira .
0.148 - - 0.009 - - Enriched culture Licker,
Clade A 2018)
T=NA,
pH=NA
(Koch et al.
- - 0.012 6.29 - Pure culture,
2019)
lineage 11
(Sakoula et
0.0005 0.175
al., 2021)
0.15 T=12-20 °C,
0.2 0.04 ' - - - Mixed culture This study
(g COD/gN)
Clade A
Nitrobacter T=17-22 °C,
pH=7.5-8.2, Yu et al,
0.93 0.05 0.76 1.35 .
Enriched culture 2020)
T=22 °C,
0.08 .
- 1.2-1.3 0.43 Enriched culture, (Blackburne
(g VSS/gN)
etal., 2007)
T=28-37°C
pH=7.4-8.6, (Nowka et
0.39-1.28 - - - 0.69-7.6 -
Pure culture al., 2015)
T=25 °C,
pH=7.3-8.2, (Laanbroek
- - - - 0.17-4.32
Pure culture et al., 1994)
T=22 °C, .
0.07-0.1 (Vadivelu et
0.48 1.49 - pH=7.3,
(g VSS/gN) . al., 2006)
Mixed culture
0.05 .
0.6 0.08 0.06 0.45 This study
(g COD/gN)

859 Umax: Maximum growth rate, Y: Yield coefficient, Ko: DO affinity constant, Knus: Ammonia affinity constant, Knoa:
860  Nitrite affinity constant,

861
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	3.2. Sensitivity analysis and correlation matrix
	Figure 3a,c shows the sensitivity coefficients, derived for all 18 kinetic coefficients (, K, b), which were obtained based on the results from trial T1 (NH4+-N substrate) and trial T3 (NO2—N substrate). For trial T1, the different microbial groups (...
	In general, for trial T1, the very influential coefficients (Si,j ≥ 2) were µAOB and µNOB1 concerning the behavior of NO2—N, and µNOB1 associated with the behavior of NO3—N. The µAOB had also a substantial influence (1 ≤ Si,j < 2) on the behavior of N...
	For trial T3, µNOB1 and µCMX with Si,j>2, followed by µNOB2 with Si,j = 1.8, were the most influential coefficients associated with the behavior of NO3—N. The decay rates (bNOB1 and bNOB2) were also influential (Si,j>1) with respect to the behavior of...
	Based on the results of sensitivity analysis for both trials, the very influential kinetic parameters (Si,j>1) were subjected to evaluation by a correlation matrix (Figure 3b,d). In general, the highest correlation coefficients in both trials referred...
	Figure 3. Sensitivity coefficients, Si,j, and correlation matrix for the most sensitive kinetic parameters (µ, K, b) in trial T1 (A-B) and trial T3 (C-D) (the effect of NOB2 in trial T1 was not considered due to very low sensitivity (Si,j≤0.01))
	3.3. Model calibration and validation
	Figure 4. Observed data vs. model predictions for the calibrated model: A) N components in trial T1, B) N components in trial T3, C) Biomass concentrations in trial T1, D) Biomass concentrations in trial T3
	Figure 5.  Observed data vs. model predictions for the validated model: A) N components in T2, B) N components in T4, C) Biomass concentrations in T2, D) Biomass concentrations in T4
	Figure 6. Observed vs. predicted relative adundances of comammox bacteria (A-D), and the ratio of nitrifiers to heterotrophs (E-H) for trials T1-T4

