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Anaerobic ammonium oxidation (anammox) has evolved as a carbon and energy-efficient nitrogen management
bioprocess. However, factors such as inhibitory chemicals still challenge the easy operation of this powerful
bioprocess. This research systematically evaluated the inhibition kinetics of sulfide, nitrite, and recalcitrant
carbon under a genomic framework. The inhibition at the substrate and genetic levels of sulfide, nitrite and
recalcitrant carbon on anammox activity was studied using batch tests. Nitrite inhibition of anammox followed
substrate inhibition and was best described by the Aiba model with an inhibition coefficient Kino, of 324.04 mg
N/L. Hydrazine synthase (hzsB) gene (anammox biomarker) expression was increased over time when incubated
with nitrite up to 400 mg N/L. However, despite having the highest specific nitrite removal (SNR), the expression
of hzsB at 100 and 200 mg N/L of nitrite was more muted than in most other samples with lower SNRs. Sulfide
severely inhibited anammox activities. The inhibition was fitted with a Monod-based model with a K; s~ of 4.39
mg S/L. At a sulfide concentration of 5 mg/L, the hzsB expression decreased throughout the experiment from its
original value at he beginning. Recalcitrant carbon of filtrate from thermal hydrolysis process pretreated
anaerobic digester had a minimal effect on maximum specific anammox activity (MSAA), and thus the value of
the inhibition coefficient could not be calculated. At the same time, its hzsB expression profile was similar to that
in the control. Resiliency and recovery tests indicated that the inhibition of nitrite (up to 400 mg N/L) and
recalcitrant carbon (in 100% filtrate) were reversible. About 32% of MSAA was recovered after repeated
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exposures to sulfide at 2.5 mg/L, while at 5 mg/L, the inhibition was irreversible. Findings from this study will be
helpful for the successful design and implementation of anammox in full-scale applications.

1. Introduction

Anaerobic ammonium oxidation (anammox) has emerged as an
efficient process for inorganic nitrogen management in liquid waste
streams (Cao et al., 2017; Li et al., 2018). Compared to the conventional
nitrification-denitrification process, the anammox process effectively
removes inorganic nitrogen with less aeration and no organic carbon
addition, has a smaller footprint, potentially causes less sludge handling
costs, and has a lesser production of nitrous oxide (N2O), a potent
greenhouse gas (Azari et al., 2017; Cao et al., 2017; Du et al., 2019;
Kamp et al., 2019; Kosgey et al., 2020; Laureni et al., 2015; Wen et al.,
2020).

The anammox process has been employed as a sidestream applica-
tion mainly to treat filtrate/centrate from conventional anaerobic
digester (AD) and thermal hydrolysis process pre-treated AD (THP-AD)
(Daigger et al., 2011; Driessen et al., 2020; Driessen and Hendrickx,
2021; Izadi et al., 2021; Joss et al., 2009; Kotay et al., 2013; Lackner
et al., 2014; Lemaire and Christensson, 2021; van Dongen et al., 2001;
Wang et al., 2022). However, mainstream applications of anammox are
also on the rise to manage ammonium nitrogen in municipal wastewater
treatment plants (Cao et al., 2017; Kamp et al., 2019; Li et al., 2018; Lotti
etal., 2015; Ma et al., 2020; Wett et al., 2015). Nevertheless, sidestream
applications of anammox are common with several full-scale applica-
tions in Europe, as well as some pilot and a few full-scale installations in
the United States (Azari et al., 2017; Bhattacharjee et al., 2017; Gon-
zalez-Gil et al., 2015; Gonzalez-Martinez et al., 2015; Klaus et al., 2017;
Lackner et al., 2014; Lawson et al., 2017; Nsenga Kumwimba et al.,
2020; Trinh et al., 2021; Yang et al., 2021).

Anammox bacteria are known for their slow growth, and thus, pro-
cess manipulations have been incorporated to tackle challenges associ-
ated with the slow growth of anammox bacteria (Hu et al., 2010).
Furthermore, anammox activities are sensitive to external toxic sub-
stances like metals and sulfides in the feedstocks (Bi et al., 2014; Jin
et al., 2013a; Zhang et al., 2016). Nitrite toxicity through substrate in-
hibition has also been well demonstrated in anammox bacteria (Carva-
jal-Arroyo et al., 2014; Dapena-Mora et al., 2007; De Pra et al., 2016;
Fernandez et al., 2012; Jin et al., 2012; Kimura et al., 2010; Li et al.,
2016; Lotti et al., 2012; Puyol et al., 2014). With the rise of innovations
in anaerobic digester technologies, such as using thermal hydrolysis
(THP) as a pretreatment, anaerobic effluents are more complex (con-
taining recalcitrant carbon) than those coming out of the conventional
digestion process (Barber, 2016). However, the response of anammox
bacteria to these more complex effluents is not fully understood.

Sulfide is commonly found in anaerobic effluent with concentrations
of 0.03-25 mg/L (Rodriguez-Gémez et al., 2005) and raw sewage
ranging from O to 4.3 mg/L (Liang et al., 2019). Sulfide inhibition has
also been reported on anammox processes, though with conflicting
findings (Jin et al., 2013a). Van De Graaf et al. (1996) found that sulfide,
when supplied as pulsation at 64 mg/L, enhanced anammox activity by
promoting ammonium uptake. Later studies have proven otherwise,
though without an agreement on the threshold dose of sulfide inhibition.
Dapena-Mora et al. (2007) reported that sulfide negatively affected
anammox with 80% inhibition at 32 mg/L. Similar findings were also
reported by Carvajal-Arroyo et al. (2013) in a granular enrichment
culture of anammox. However, Jin et al. (2013a) reported a relatively
high concentration of sulfide inhibition with a 50% reduction of
anammox activity at 264 mg/L. Jin et al. (2013b) concluded that sulfide
was inhibitory rather than toxic to anammox, meaning the inhibition
was reversible, contrasting a conclusion made by Carvajal-Arroyo et al.
(2013). Additionally, these studies did not look at sulfide toxicity to
anammox bacteria at the genetic level, and the information on the

inhibition coefficient for sulfide toxicity to anammox is seldom reported.

Nitrite is both a substrate and electron acceptor in anammox
biochemistry. However, in excess, nitrite has been shown to be toxic to
anammox bacteria (Jin et al., 2012). A wide range of nitrite inhibition
thresholds of anammox has been documented. Depending on studies,
elevated nitrite concentrations ranging from 100 to 400 mg N/L have
been shown to cause a 50% reduction of anammox activity, while the
reversibility of its toxicity has remained unsettled (Carvajal-Arroyo
etal., 2013; Kimura et al., 2010; Lotti et al., 2012; Strous et al., 1999). In
a survey by Lackner et al. (2014), nitrite build-up in full-scale partial
nitritation/anammox plants was common, with 50% of them encoun-
tering the problem. Much like in the case of sulfide toxicity, findings
about nitrite toxicity have been conflicting and evidence at the gene
expression level is not common.

THP is employed as a pretreatment to accelerate biomass hydrolysis
towards efficient digestion of sludge to generate more methane gas
(Schieder et al., 2000). However, THP could cause more recalcitrant
carbon to solubilize and eventually escape through the AD process. This
recalcitrant carbon could potentially inhibit anammox bacteria and pose
challenges for sidestream treatment of such anaerobic effluents. Recal-
citrant carbon concentration up to 5000 mg/L as chemical oxygen de-
mand (COD) was reported in THP-AD filtrates (Zhang et al., 2016). It has
been reported that high concentrations of organic carbon in THP-AD
filtrate severely impacted anammox activity (Zhang et al., 2018).

While many studies have investigated the inhibition of anammox by
nitrite, sulfide, and recalcitrant carbon, most of them focused mainly on
anammox’s engineering side rather than the underlying genetic mech-
anisms. The information on the inhibition coefficients for these chem-
icals on anammox is also unclear. Most of the previous efforts were
independent and employed different anammox enrichment or pure
cultures to study these inhibitory responses. Wang et al. (2016) studied
the expression of anammox functional genes in response to nitrite shock
while using a highly enriched culture of Candidatus Kuenenia stuttgar-
tiensis. However, different anammox species may use different routes
with different intermediates or possess other enzymes in the anammox
reaction (Kartal and Keltjens, 2016; Oshiki et al., 2016a). This diversity
suggests that different anammox species may respond differently to
different stress. Therefore, there is a need to simultaneously study the
effect of common inhibitors frequently found in anammox processes
using the same enrichment culture.

The main objectives of this study were to examine the effects of ni-
trite, sulfide, and recalcitrant carbon; (1) on maximum specific anam-
mox activity (MSAA), (2) to determine inhibition coefficients, (3) to
study whether the inhibitory effects are reversible or irreversible, and
(4) to study genetic responses of anammox bacteria as gene expression
levels. In this study, a mixed culture of enriched anammox consortium
fed with real AD filtrate collected from a local municipal wastewater
treatment plant was used to study the inhibitory effects of nitrite, sul-
fide, and recalcitrant carbon on anammox engineering performance and
gene expressions. Batch experiments were conducted and anammox
biomass was taken from a stable two-stage anammox reactor operational
in Dr. Ramesh Goel’s Lab (Dept. of Civil & Environmental Engineering,
University of Utah) and reported elsewhere (Kotay et al., 2013; Lawson
etal., 2017). Findings from this study will improve our understanding of
the inhibition of anammox by NO3, S?~ and recalcitrant carbon at the
genetic level and allow a systematic comparison of the effects of these
inhibitors on the same anammox bacteria consortia. These un-
derstandings will help for troubleshooting as well as improving the ef-
ficiency of the anammox reactor. Moreover, the value of the inhibition
coefficients will assist the anammox process’s design and robustness for
pilot and full-scale applications.
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2. Materials and methods
2.1. Enriched anammox biomass

Biomass in granular forms, with a diameter ranging from 1 to 5 mm,
was collected from a bench-top two-stage anammox reactor operational
in Dr. Goel’s laboratory in the Department of Civil and Environmental
Engineering at the University of Utah. The reactor has been fed with
effluent from a bench-top partial nitritation reactor, which receives real
anaerobic digester filtrate from a local municipal wastewater treatment
plant, Central Valley Water Reclamation Facility (CVWRF, Salt Lake
City, UT). The details of this reactor can be found elsewhere in our
earlier publications (Kotay et al., 2013; Lawson et al., 2017). The
granular biomass was collected from the reactor in a sieve (opening size
of 0.425 mm) and washed first with distilled water, then with the feed
medium solution. The wet biomass was weighted to a serum bottle at
700 mg/25 mL of medium solution (section 2.2) to obtain consistent
volatile suspended solids (VSS) concentrations at ~ 1 g/L. Anammox
activities have been shown to be independent of the biomass concen-
trations ranging from 0.2 to 4 g VSS/L (Lotti et al., 2012). From batch to
batch, biomass was taken from the reactor at the exact same point of the
cycle, where ammonium, nitrite, and nitrate concentrations in the
reactor were also measured. Microbial community characteristics of the
biomass were analyzed using QIIME2 software based on the V4 gene
region sequencing of the 16 S rRNA gene (Bolyen et al., 2019; Kozich
et al., 2013).

2.2. Medium and stock solutions preparation

The synthetic medium was used in all experiments except in exper-
iments with recalcitrant carbon. The medium solution used in the
experiment contained (in 1 L): (NH4)2SO4 = 944 mg; KHoPO4 = 27.2
mg; NaHCO3 = 840 mg; MgS04-7H,0 = 58.6 mg; CaCly-2H20 = 73.5
mg; and 1.25 mL of each Trace element solution 1 and 2 (Van De Graaf
et al., 1996). The pH of the medium solution was adjusted to 7.5 by
either 1 N HySO4 or 1 N NaOH. To evaluate the effect of recalcitrant
carbon on anammox activity, different proportions of filtrate from
THP-AD (DC Water, Washington DC) mixed with the synthetic medium
were used. Ammonium in THP-AD filtrate was stripped out by increasing
the pH to 9.5 using NaOH, which was then brought back to 7.5 by 10 N
H3S04. A stock solution of NO,-N was prepared from NaNO; ata 10 g
N/L concentration and stored in an amber bottle at 4 °C. Sulfide stock
solution at 3200 mg/L was prepared per the Standard Methods (APHA,
2005). In brief, NasS-9H0 crystals were collected on a plastic spoon.
The crystals were then rinsed with deionized (DI) water (pre-purged
with Nj) to remove surface contaminants (polysulfides, polythionates,
and sulfate) and blotted with a clean tissue repeatedly until clear crystals
were obtained. The clear crystals were then quickly weighed and dis-
solved in degassed DI water. The sulfide stock solution was stored in an
air-tight vial at room temperature.

2.3. Maximum specific anammox activity (MSAA) tests

In a 60-mL serum bottle, 25 mL of the medium solution/filtrate (for
recalcitrant carbon inhibition tests) and 700 mg of biomass were added.
The bottle was sealed with an air-tight PTFE-silicone septum. The bottle
was then purged with a gas mixture of N/CO2 (95%/5%) for 10 min to
remove dissolved oxygen before transferring to a water bath shaker
operated at 200 rpm and 30 °C for another 10 min. After reaching
equilibrium, the build-up pressure in the bottle resulting from the rising
temperature was released using a needle with a tubing whose other end
was soaked in water. Then, nitrite or nitrite/sulfide stock solution was
injected at the desired final concentration. Two mL of the sample was
withdrawn for chemical analysis. The pressure was immediately
measured using a manometer (3461CC, Traceable, Texas, USA). Pres-
sure values were recorded every 10-15 min for 2-3 h. At the end of the
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experiment, the solution was thoroughly mixed, and 10 mL of the so-
lution was filtered for VSS analysis and the filtrate was used for chemical
analysis. Several controls were also run, including abiotic control and
assays without ammonium or nitrite. A curve of Ny produced over time
was constructed from the built-up pressure using the ideal gas law, and
the maximum slope of the curve was the Ny production rate. MSAA was
calculated by dividing the Ny production rate by the mass of VSS
(Dapena-Mora et al., 2007). Another similar batch test was conducted to
verify the results of MSAA from N, gas measuring. In this test, nitrite and
ammonium were measured, and MSAA was determined by the nitrite
consumption rates instead. All experiments were conducted in triplicate.

2.4. Gene expression tests

These experiments were carried out in parallel to the MSAA tests. A
60-mL medium solution/filtrate in a 125-mL serum bottle was used, and
NO3-N and NH}-N concentrations were monitored for anammox activ-
ity. 10-mL of the well-mixed solution was filtered for VSS analysis at the
beginning of the experiment. Instead of recording pressure, samples
were taken every 0.5-1 h for the gene expression tests for 3 h. About 5
mL of sample, including biomass, was collected at each sampling in-
terval using a needle and a syringe. After leaving it idle in the syringe for
a minute, the settled biomass was transferred to a microfuge tube with
glass beads and then 600 pL of the RNA lysis buffer was added. The
remaining supernatant was filtered through a 0.22 pm pore-size mem-
brane for chemical analysis. The biomass was homogenized using a bead
beater (Omni International, GA). RNA extraction was performed
immediately or the next day by storing the lysate at 4 °C overnight. All
experiments were conducted in triplicate.

2.5. Resiliency and recovery tests

In these tests, 35 mL of medium/filtrate and 1 g of washed biomass
were placed in 60-mL serum bottles. VSS was analyzed at the beginning
of the experiments using 10 mL of the solution. The bottles were then
sealed and purged with N5/CO2 (95%/5%) for 10 min. Then, nitrite or
nitrite/sulfide stock solution was injected at the desired final concen-
tration. Two mL of the sample was withdrawn for chemical analysis. The
bottles were then placed in a water bath shaker operated at 200 rpm and
30 °C for 1 h 55 min. The bottles were left idle for 5 min after which the
supernatant was withdrawn entirely and filtered for chemical analysis
without removing the biomass. The settled biomass was washed with 5
mL of a fresh medium twice. A new cycle was started by adding 25 mL of
the medium/filtrate and proceeded as mentioned above. After 4 cycles,
the biomass was subjected to a fifth cycle for a prolonged time of 12 h,
where all other variables remained constant. In cases when toxicity was
recorded during the fifth cycle, the biomass was suspended in 40 mL of a
fresh medium with NO2-N at ~20 mg N/L for up to 48 h for recovery.
During recovery, nitrite concentration was checked periodically and
added when it became less than 5 mg N/L. MSAA was tested on the
recovered biomass with the procedure as described in section 2.3. All
tests were conducted in triplicate.

2.6. RNA and DNA extraction and quantitative RT-qPCR

Total RNA was extracted using Quick-RNA Kits (Zymo Research,
CA). Genomic DNA was removed by an on-column DNase set included in
the kits. The quantity and quality of RNA were checked using NanoDrop
(ThermoFisher, MA). Reverse transcription for cDNA synthesis was
conducted using the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher, MA) by adding 1000 pg RNA for each sample. Trace
DNA contamination in the RNA samples was evaluated by running
negative reverse transcription control (NRTC). The average difference in
Cr (threshold cycle) value between cDNA and NRTC was about 10 cy-
cles, suggesting that DNA contamination was negligible. DNA was iso-
lated using Qiagen PowerSoil Kits per the manufacturer’s protocols.
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Quantitative reverse transcription RT-PCR was done to quantify anam-
mox 16 S rRNA gene (DNA) and hzsB genes (cDNA) using different
primer sets, as listed in Supplementary Table S1. Each reaction mixture
(20 pL) contained 1 pL of template, 10 pL of SYBR Green master mix
(ThermoFisher Scientific, USA), 1 pL of each primer (forward and
reverse, 10 pM), and the remainder (7 pL) was nuclease-free water. The
qPCR conditions for each reaction were applied according to the refer-
ences listed in Table S1 (Tsushima et al., 2007; Wang et al., 2012).
Plasmid DNA with a known concentration was used to construct cali-
bration curves with five data points (R2 > 0.98). Gene expression was
calculated using the ratio of copies of hzsB mRNA (cDNA) to copies of
the 16 S rRNA gene and normalized to the results of time 0. qPCR
analysis was carried out in triplicate on QuantStudio3 (ThermoFisher
Scientific, USA).

2.7. Inhibition models and kinetic coefficients

2.7.1. Nitrite inhibition

Nitrite inhibits anammox activity through substrate inhibition. In
this study, commonly used mathematical models, including Haldane,
Eq. (1) (Haldane, 1965); Edwards Eq. (2) (Edwards, 1970); and Aiba Eq.
(3) (Aiba et al., 1968) were used to fit the experimental data of the ni-
trite inhibition from Section 2.3. The best model selection was based on
evaluating the goodness-of-fit statistics and the Akaike Information
Criterion (AIC) scores (Akaike, 1974). Firstly, the P value was assessed.
Generally, when P < 0.05, it can be concluded that the independent
variable can be used to predict the dependent variable. Secondly,
adjusted R? (Rgdj), Fvalue, and AIC scores were considered to choose the
best models. A larger Rﬁdj (close to 1) indicates that the model fits better
with the empirical data, whereas a large F value (>1) implies that the
independent variables contribute to the prediction of the dependent
variable. Lower AIC means a lower relative amount of information lost
by the model, resulting in a better model.

MSAA = %’”‘“iz (1)
Ks+S+ g
S S
MSAA = MSAA,,.. | exp| — —exp| —— (2)
Kino; Ks
MSAA,,...S S
MSAA = " exp| — 3
Ks+s P ( K,MZ)

where MSAA is the empirical MSAA (mg N-N/h-g VSS) values in
response to different NO5-N concentrations, MSAA oy is the maximum
theoretical MSAA (mg No-N/h-g VSS), S is the NO3 -N concentration (mg
N/L), K is the half-saturation coefficient (mg N/L), and Kino, is the

inhibition coefficient for nitrite (mg N/L).

2.7.2. Sulfide and recalcitrant carbon inhibition

A Monod-based model (Eq. (4)) was used to describe the inhibition of
anammox by sulfide and recalcitrant carbon. Preliminary analyses
showed that Edwards, Haldane and Aiba models were not a good fit for
sulfide and recalcitrant carbon inhibitions.

S K5
MSAA = MSAA [ —2— ) (215 4
(S + KS) (1 + KLSr) @

where MSAA is the empirical MSAA (mg N3-N/h-g VSS) values in
response to different sulfide/recalcitrant carbon concentrations,
MSAA ey is the maximum theoretical MSAA (mg No-N/h-g VSS), S is the
NO3-N concentration (mg N/L), K is the half-saturation coefficient (mg
N/L), K; s> is the inhibition coefficient (mg/L), and I is the concentra-
tion of sulfide/recalcitrant carbon (mg/L). Note that for sulfide and
recalcitrant carbon tests, NO5-N was fixed in all tests at 50 mg N/L.
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Therefore, S was constant (50 mg N/L), whereas MSAA 4, and K were
obtained from the nitrite inhibition fitting.

2.8. Other analytical methods

NO3-N and NO3-N were analyzed via an ion chromatographic
method (883 Basic IC Plus, Metrohm), while NH4~N and sulfide were
measured using HACH kits (HACH, USA). The concentrations of total
and volatile suspended solids were analyzed per the Standard Methods
(APHA, 2005). Dissolved organic carbon (DOC) was quantified with a
Shimatzu TOC analyzer (TOC-V CSN).

One-way ANOVA with Tukey’s test was used to compare the differ-
ence between the data points. A P value < 0.05 was considered signif-
icant. Statistical analyses and model fittings were performed using
OriginPro, Version 2021b (OriginLab Corporation, Northampton, MA,
USA).

Specific nitrite removal (SNR, mg N/g VSS) was calculated using Eq.
(5).

_ NO;-Ny — NO; -N,

R
SN VSS

(5)
where NO3-Nj is the concentration of NO3-N at time 0 (mg N/L), NO3 -
N; is the concentration of NO5-N at time t, and VSS is the biomass
concentration (g/L).

3. Results and discussion
3.1. Biomass microbial taxonomy

Microbial compositions of the biomass collected from the serum
bottle are shown in Fig. 1 at the phylum and genus levels. The phylum of
Planctomycetes, to which all known anammox lineages belong (Kartal
et al., 2013), was found as the most abundant phylum comprising 46.7%
of the total bacterial population. At the genus level, Candidatus Brocadia
was the most abundant (44.6%), along with substantial populations of
heterotrophic bacteria Ignavibacterium (13.5%) and heterotrophic de-
nitrifiers Denitratisoma (4.7%). C. Brocadia has been frequently reported
as the most abundant anammox genera enriched in full-scale anammox
reactors (Gonzalez-Martinez et al., 2015; Speth et al., 2016). Addition-
ally, due to the use of the actual filtrate (through partial nitritation
pretreatment), the microbial characteristics of the biomass were similar
to what are usually found in full-scale two-stage anammox reactors
(Gonzalez-Gil et al., 2015). This resemblance suggests that the biomass
used in this study was a good representation of the microbial community
found in full-scale anammox reactors.

3.2. MSAA and hzsB gene expression for nitrite inhibition

In this study, NH4-N was fixed at 200 mg/L in all tests unless
otherwise stated. Ammonium was supplied in excess, ensuring that it did
not become a limiting substrate. All tests were conducted with an initial
pH of 7.5. Around this pH level, studies have reported that a total
ammonium concentration of 200 mg N/L had a negligible inhibitory
effect on anammox activity (Carvajal-Arroyo et al., 2013; Dapena-Mora
et al., 2007; Jin et al., 2012; Strous et al., 1999).

MSAA based on specific No production rates was determined for
NO3-N concentrations ranging from 50 to 600 mg N/L (Fig. 2). At an
initial nitrite concentration of 50 mg N/L, MSAA was 19.62 mg No-N/
h-g VSS. In their study of nitrite inhibition in anammox, Lotti et al.
(2012) also reported a similar MSAA value of 19.08 mg N>-N/h-g VSS
with an initial nitrite concentration of 50 mg N/L. MSAA increased with
increasing nitrite concentrations from 50 to 200 mg N/L, at which the
highest MSAA of 25.39 mg No-N/h-g VSS was recorded, significantly
higher than the MSAA value at 50 mg N/L. At NO3-N above 200 mg N/L,
MSAA decreased as the nitrite concentration increased. At 400 mg N/L
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Fig. 1. Microbial community compositions of the enrichment anammox biomass at the (a) phylum and (b) genus level. Others are unassigned, unknown, and taxa
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Fig. 2. Maximum specific anammox activity (MSAA) at different initial NO;N
concentrations. All samples were tested in the synthetic medium with an initial
NHZ-N concentration of 200 mg N/L.

of NO3-N, MSAA dropped to 18.25 N»-N/h-g VSS below that of NO3-N
at 50 mg N/L. At the highest tested NO3-N concentration of 600 mg N/L,
MSAA dropped by 70% from its highest value at 200 mg N/L. In another
batch experiment with initial NO3 -N concentrations at 50, 100, and 200
mg N/L, similar values and trend (Supplementary Table S2) of MSAA
based on nitrite consumption rates were also obtained. These results
verified that the Np-based MSAA accurately calculated MSAA (results
not included). This inhibition pattern suggests that nitrite inhibition in
anammox processes followed the typical substrate inhibition of an
enzymatic reaction where the kinetics rose to a maximum before
descending as the substrate concentration increased. Wang et al. (2016),
while studying the expression of anammox functional genes in response
to nitrite shock, also noted that specific anammox activity was highest at
200 mg N/L of nitrite. A similar trend of nitrite inhibition was also
shown in a study by Dapena-Mora et al. (2007), with the highest MSAA
recorded at 140 mg N/L. Besides anammox bacteria, nitrite has been
reported to induce substrate inhibition in nitrite-oxidizing and deni-
trifying microorganisms (Carrera et al., 2004; Glass et al., 1997).
Table 1 summarizes the fitting results of the three models and their
statistical criteria. Firstly, all coefficients (Coeff) predicted by Aiba and
Edwards models had a P value < 0.05, while all coefficients from the
Haldane model had a P value > 0.05. In this case, the Haldane model
was not valid for describing nitrite inhibition of anammox. Secondly, the
Aiba model had a higher Rﬁdj and F value and a lower AIC score than

Table 1
Summarized results and statistical criteria of the inhibition models.
Model Coeff p RZ F AIC
Aiba MSAAmax 73.9 0.007 0.958 680 21.38
Ks 116.69 0.041
Kino, 324.03 0.0005
Edwards MSAAax 46.58 0.002 0.944 504 23.77
Ks 68.27 0.003
Kino, 386.91 0.002
Haldane MSAAmax 253.01 0.665 0.875 223 30.24
Ks 546.28 0.699
Kino, 30.09 0.688

Coefficients values in italics do not pass the P criterion (<0.05).

those of the Edwards model. Thus, the Aiba model was chosen to
describe the nitrite inhibition of anammox. It should be noted that the
Aiba model (Eq. (3)) is just the Monod equation in the event of no in-
hibition, where K; is infinite, making the exponential equal to 1.

The Aiba model predicted an MSAA.x of 73.9 mg No-N/h-g VSS.
The ratio between the observed maximum MSAA (25.39 mg No-N/h-g
VSS) and the theoretical MSAAmq, was 0.34. This relatively small ratio
value suggests that increasing nitrite concentration from 50 mg N/L
resulted in a gradual increase in nitrite inhibition. The threshold con-
centration of nitrite inhibition was 145 mg N/L (Aiba model’s maximum
point), at which higher NO3-N concentrations would cause a decrease
instead of an increase in MSAA.

The half-saturation coefficient Ks was found to be 116.69 mg N/L.
Literature values of K for nitrite have a wide range, from as low as 0.003
to as high as 56.4 mg N/L (De Pra et al., 2016; Oshiki et al., 2016b;
Zhang and Okabe, 2020). The enormous difference in the reported
values of Kg is mainly due to the use of different inhibition models as
well as different anammox genera and the forms and sizes of the
anammox biomass in those studies. In fact, the Kg value in this study
predicted by the Edwards model was 68.27 mg N/L, similar to the value
(56.4 mg N/L) reported by De Pra et al. (2016), who also used the
Edwards model. Generally, it has been found that anammox bacteria in
the genus of C. Brocadia tend to have a higher half-saturation coefficient
Kj for nitrite than other genera (Oshiki et al., 2016b; Zhang and Okabe,
2020). Aggregates of anammox biomass into granules also induce mass
transfer resistance, resulting in a higher Kg value. Lotti et al. (2014)
found that Kg increased exponentially with increasing aggregate sizes up
to 700 pm. Therefore, the high K value found in this study could be due
to the abundance of anammox in the genus of C. Brocadia and the
relatively large granules of the biomass (1-5 mm in diameter in this
case, as determined by scanning electron microscopy).

The Aiba model predicted the nitrite inhibition coefficient Kino, to
be 324.03 mg N/L. De Prd et al. (2016) have reported a Kyno, value of
525.34 mg N/L for nitrite in anammox granular sludge. Other studies
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have also reported different values of Ky no, ranging from 105 to 224 mg
N/L (Zhang et al., 2017). The differences in reported Kino, values could
be due to different niches of anammox species. Like Ks, Krno, has also
been found to be species-dependent (Oshiki et al., 2016b; Zhang et al.,
2017; Zhang and Okabe, 2020). The sizes of the granules may have
played an essential role in the varying Kino, values due to the differ-
ences in mass transfer. Therefore, another batch experiment was con-
ducted to measure the MSAA of broken anammox granules to test the
effect of the granule size on Kg and Kino, - Intact anammox granules in a
sealed bottle were homogenized by passing 5 times through an 18-gauge
needle (0.838 mm in inner diameter) attached to a syringe. The MSAA
values of the broken granules at varying nitrite concentrations (50, 100,
200 and 600 mg N/L) are shown in Supplementary Table S3. The broken
granules had the highest MSAA at the initial nitrite concentration of 50
mg N/L, despite at 200 mg N/L for the intact granules. This result sug-
gests that the smaller granules had a lower substrate saturation con-
centration and therefore a lower Kg than the bigger granules. However,
at 600 mg N/L, nitrite exerted more inhibition on the anammox activity
in the broken granules with an MSAA of 3.66 mg No-N/h-g VSS
compared to 7.77 mg No-N/h-g VSS for the intact granules. This means
that the smaller granules were more sensitive to high nitrite concen-
tration than their bigger granule counterparts, or in other words, had a
lower Kino, . As expected, lower Kg and Kino, values were predicted
from the Aiba model for the broken granules with Kg at 58.09 mg N/L
and Kino, of 239.51 mg N/L. It should be noted that these values are
only used to point out the drop in Ks and Kjno, in the smaller granules.
For a more accurate prediction of the coefficients, more data points are
needed. These findings have practical implications. Although bigger
granules have slower activities than smaller granules at nitrite concen-
trations usually maintained in full-scale anammox reactors, they provide
better protection for anammox bacteria from high nitrite concentrations
and potentially from other inhibitors such as O during reactor failures.
Depending on the operation conditions, a balance between small and big
granules should be maintained for high anammox activities and reactor
stability.

Hzs (hydrazine synthase enzyme), which catalyzes the production of
the intermediate hydrazine, is unique and found in all five known genera
of anammox, while its function is irreplaceable by other enzymes
(Harhangi et al., 2012; Kuypers et al., 2018; Zhou et al., 2017). A par-
allel batch experiment to the MSAA tests was conducted to investigate
the expression of the hzsB gene. Fig. 3a shows specific nitrite removals
(SNRs) of samples throughout the experiment. It should be noted that
anammox activities in this test were in line with the results of MSAA
(section 3.2) and repeated (section 3.5) tests. For example, samples with
initial nitrite at 100 and 200 mg N/L had the highest nitrite removal
efficiency in all these tests. These results suggest consistency of anam-
mox activities across all of the experiments in this study. Fig. 3b depicts
the expression of the hzsB gene in response to stress over time. At 50
mg/L of NO2-N, the hzsB gene expression increased with the decrease of
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nitrite (Fig. 3b) in the first 2 h. After that, when nitrite was exhausted,
hzsB expression also decreased in the next hour. The expression
increased almost 8 folds higher (P < 0.05) at its peak at 2 h than the
initial value at time 0. With nitrite at 400 mg N/L, the expression of hzsB
gradually increased from time 0-3 h with 5.86 folds (P < 0.05) even
though, as found in the earlier MSAA test, nitrite was inhibitory at this
concentration. Interestingly, there were only slight increases in hzsB
expression from time 0-3 h in samples with nitrite at 100 (1.47, P <
0.05) and 200 mg N/L (2.06, P < 0.05), despite having the highest SNR.
It is surprising that at the highest SNRs, the expression of hzsB was more
muted when compared to samples with lower SNRs. Wang et al. (2016)
also reported a similar trend for hzsA, nirS, and hdh gene expression in
anammox bacteria after exposing them to different nitrite concentra-
tions. These results suggest that the increase in the observed anammox
activity did not necessarily imply increasing hzsB expression. Reed et al.
(2010) suggested that substrate inhibition might have diverse and
essential biological functions. For example, they hypothesized that the
substrate inhibition of phosphofructokinase (one of the enzymes in ATP
production) by ATP is to ensure that resources are not devoted to pro-
ducing ATP when it is plentiful. This hypothesis may be relevant to the
phenomenon observed here at the mRNA level. At initial nitrite con-
centrations of 100 and 200 mg N/L, Hzs already operated at its highest
rate (from the MSAA experiment), while simultaneously, energy may
have been overproduced (from high and constant SNRs for the whole 3
h), and thus anammox cells were in no hurry to produce more Hzs,
resulting in lower expression of the gene. The cells may have diverted
the surplus energy for use in other necessary cellular processes. In fact,
by using a primer set specifically targeting the anammox 16 S rRNA gene
(Tsushima et al., 2007; Yang et al., 2020), an extremely high expression
of the gene at 3 h (~190 folds higher than at time 0, data is not shown)
was found, where only slight changes were observed in between for the
biomass exposed to an initial nitrite concentration of 200 mg N/L.
rRNAs are essential for protein synthesis and cell growth, and thus,
bacterial cells have to maintain a high abundance of rRNA corre-
sponding to their growth (Bremer and Dennis, 2008; Otto et al., 2019).
The highly increased expression of the 16 S rRNA gene may suggest that
the anammox cells were preparing for cell growth. These findings are
interesting and should be further investigated to see whether 16 S rRNA
expression is more relevant to nitrite inhibition as well as to advance our
understanding of the biology of anammox bacteria. Again, high
expression of 16 S rRNA after exposure to nitrite at 200 mg N/L suggest
that nitrite was not toxic to anammox bacteria at this concentration. At
400 mg N/L of nitrite, a higher expression of hzsB at 3 h compared to
those at nitrite concentrations of 100 and 200 mg N/L could be from the
anammox bacteria trying to compensate for the loss of the enzyme ac-
tivity from the inhibition.

3.3. MSAA and hzsB expression for sulfide inhibition

MSAA was also tested with sulfide at 0-15 mg S/L, whereas nitrite

a120 1—=—NO,N = 50 mg/L b —=—NO,-N = 50 mg/L
—e— NO,-N =100 mg/L 81— NO,-N =100 mg/L
100 4 NO,-N =200 mg/L / 7 NO,-N =200 mg/L
%) —+— NO,-N =400 mg/L —+—NO,-N =400 mg/L
€ go{—>—s*=25mgL g 981 s =25mgl
g —e— 8% =5mg/L G 5]—+—S*=5mg/L
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Fig. 3. (a) Specific nitrite removal (SNR) and (b) the
expression of hzsB in response to different nitrite and
sulfide concentrations and THP-AD filtrate. Fold
change in each sample was calculated by normalizing
hzsB mRNA with 16 S rRNA gene and time 0. For ni-
trite samples, the initial nitrite concentration is deno-
ted in their name. For sulfide samples (sulfide
concentration is denoted in their name) and Filtrate
100%, the initial nitrite concentration was 50 mg N/L.
Nitrite samples and sulfide samples were tested with
the synthetic medium. Filtrate 100% was tested with
100% THP-AD filtrate. All tests were carried out with
an initial NH;-N concentration of 200 mg/L.
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was fixed at 50 mg N/L for all tests. This relatively low concentration of
NO3-N was chosen to minimize any possibility of a co-inhibition of ni-
trite, which could potentially happen at higher concentrations. The
presence of sulfide had a pronounced inhibitory effect on anammox
activity. As shown in Fig. 4a, MSAA markedly dropped as sulfide con-
centration increased from 0 to 15 mg S/L. At 15 mg S/L of sulfide,
anammox activity was almost completely inhibited, as MSAA dropped
80% compared to the control (without sulfide). These findings were
similar to those previously reported by Dapena-Mora et al. (2007) and
Carvajal-Arroyo et al. (2013). Sulfide also has been found as a potent
inhibitor of nitrification and denitrification (Bejarano-Ortiz et al., 2015;
Caffrey et al., 2019; Joye and Hollibaugh, 1995; Liang et al., 2020;
Sgrensen et al., 1980). The information on sulfide inhibition mecha-
nisms on nitrifying and denitrifying microbial communities is limited
and incomplete. It has been hypothesized that the sulfide inhibition in
nitrifying and denitrifying bacteria works by sulfide binding to the heme
iron of the cytochrome enzyme disrupting the enzyme activity (Bejarano
Ortiz et al., 2013). The anammox activity relies almost exclusively on a
wide range of cytochrome-type enzymes, such as NirS (nitrite reduc-
tase), Hzs, and Hdh (hydrazine hydrogenase) (Kartal and Keltjens, 2016;
Kuypers et al., 2018), can be severely inhibited by sulfide binding to the
heme iron of said enzymes. This could also explain the immediate in-
hibition of sulfide on anammox activity, as observed in these tests.
Sulfide inhibition was fitted using a Monod-based model (Eq. (4)), with
the MSAA o« and Kg values being supplied from the Aiba model in the
nitrite inhibition. The model fitted well to the experimental data with an
Rﬁdj of 0.947. The inhibition coefficient K; s~ of sulfide was found to be
4.39 mg S/L. This value was relatively low compared to the Kino, of
nitrite (324.04 mg N/L, section 3.2), indicating that sulfide was a strong
inhibitor to anammox.

The expression of hzsB responding to sulfide inhibition (Fig. 3b) at
2.5 mg/L increased throughout the test with a rise of 4.46 folds (P <
0.05) at 3 h compared to the value at time 0. At 5 mg/L of sulfide, despite
gradually removing nitrite, the expression of hzsB in the sample was
subdued throughout the test. In fact, this was the only sample in which
the expression of hzsB dropped below the initial value at time O and
stayed so for the remainder of the test. This suppression of hzsB
expression suggests sulfide at 5 mg/L was toxic to anammox bacteria.

3.4. MSAA and hzsB expression for recalcitrant carbon inhibition

Organic contents in the form of recalcitrant carbon in filtrate from
THP-AD tend to be much higher than from conventional AD processes
(Barber, 2016). A high concentration of recalcitrant carbon and its
biological inertness could induce toxicity with a sustained effect in
anammox bacteria (Gu et al., 2018). The impact of recalcitrant carbon
on anammox activity was studied using THP-AD filtrate obtained from
DC Water (Washington DC, USA). In these tests, the initial NHj-N in the
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filtrate was lowered to 200 mg N/L through stripping, and nitrite was
fixed at 50 mg N/L. After ammonium stripping, the organic carbon in the
filtrate was 582 mg/L as DOC (for detailed filtrate characteristics, refer
to Supplementary Table S4). In the presence of organic carbon in the
filtrate, denitrification may occur, interfering with Ny gas quantification
from anammox activity. Chloramphenicol (Chl) was reported as an
effective denitrification inhibitor (Brooks et al., 1992). Chloramphenicol
was added to the samples denoted with a +Chl in Fig. 4b. The addition of
chloramphenicol caused a decrease in MSAA to 14.42 No/h-g VSS in the
synthetic medium (0% Filtrate + Chl) from 19.62 No-N/h-g VSS in the
control (synthetic medium without chloramphenicol), or about a 26.5%
reduction (Fig. 4b). The results suggest that chloramphenicol also
affected MSAA, similar to the results found by Phanwilai et al. (2020).
Within the samples with chloramphenicol, recalcitrant carbon in filtrate
at 25 and 50% had no effect on MSAA when compared to filtrate at 0%,
while filtrate at 100% saw a drop of MSAA of 14.6%. An experiment
with 100% filtrate without chloramphenicol was also tested. Compared
to the control, there was a 12% (P < 0.05) drop in MSAA for the filtrate
without chloramphenicol, similar to the 14.6% drop within the sample
that did contain chloramphenicol. DOC concentrations (data not shown)
were relatively stable throughout the test, suggesting that denitrification
was negligible. Besides recalcitrant carbon a slight reduction in MSSA
observed in the filtrate could also be attributed to high osmotic pressure
exerted by high dissolved solids content in the filtrate (Chen et al., 2014;
Dapena-Mora et al., 2010; Kartal et al., 2006; Lin et al., 2021). Due to its
minimal inhibition on anammox activity, an inhibition model was not
fitted for recalcitrant carbon. Our results contrast with a previous report,
which found that recalcitrant carbon in filtrate drastically impaired
anammox activity (Zhang et al., 2018).

The expression profile of hzsB with 100% Filtrate (Fig. 3b), albeit
lower in increased intensity, was similar to that of the sample with
NO2-N at 50 mg/L. This similarity confirms the minimal impact of
recalcitrant carbon in 100% Filtrate on the anammox activity found in
the MSAA tests. The low inhibition observed in this study could be from
the high abundance of anammox bacteria in the biomass and its large
granular forms. The large granules could have protected the anammox
bacteria from toxic compounds due to the constraint of mass transfer
within the granule, as found earlier in the case of nitrite (see section
3.2). However, further research should be done to confirm this
hypothesis.

3.5. Resiliency and recovery test

In the previous MSAA tests, the effects of shock exposure to nitrite,
sulfide, and recalcitrant carbon were examined. However, repeated
exposure to the stressors may have had a different effect on anammox
activity. The resiliency of anammox activity against nitrite, sulfide and
recalcitrant carbon was vigorously assessed. First, anammox bacteria
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Fig. 4. MSAA at different concentrations of (a) sulfide and (b) filtrate. Chi is chloramphenicol at 300 mg/L. Control is the synthetic medium. Synthetic medium was
used to dilute the THP filtrate. All samples were tested with an initial NH4-N and NO3 N concentration of 200 and 50 mg N/L, respectively.
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were subjected to repeated and prolonged exposure to the inhibitors.
Then the biomass was tested for its recoverability after the exposures.
Fig. 5a shows the effects of repeated (2 h for each cycle) exposure to
nitrite, sulfide, and recalcitrant carbon on anammox activity. At an
initial nitrite concentration of 50 mg N/L, slight improvements, though
statistically insignificant, in specific nitrite removal (SNR) were
observed in the successive cycles. At a nitrite concentration of 200 mg
N/L, SNR of the first cycle was about 121% compared to SNR of the first
cycle of nitrite at 50 mg N/L. These results are in line with the results of
MSAA found in the previous section, where nitrite at 200 mg N/L had a
higher MSAA than at 50 mg N/L. When repeatedly exposed to nitrite at
200 mg N/L, anammox activity decreased at the second (13%) and third
(8.7%) cycles and leveled out at the fourth cycle compared to its im-
mediate prior cycle. However, none of these drops in SNR were signif-
icant compared to the first cycle’s SNR and that of nitrite at 50 mg N/L.
At 400 mg N/L, SNR decreased 12% (P > 0.05) at the second cycle, 34%
(P < 0.05) at the third cycle and 38% (P < 0.05) at the fourth cycle
compared with the SNR of the first cycle. Due to the substantial amount
of nitrite remaining at the end of each cycle for samples with an initial
nitrite concentration of 400 mg N/L, nitrite inhibition could have been
carried over to the next cycle. This may be the reason for the reduction of
SNR in successive cycles.

Similar to the MSAA results, repeated exposure to sulfide severely
inhibited anammox activity. A relatively constant and significant drop of
SNR after each cycle was recorded, with an average of 38.7% and 66% or
a total decrease of SNR of 77% and 96% from the first to the fourth cycle
for sulfide at 2.5 and 5 mg S/L respectively. These findings indicate that
repeated exposure, even for a total of 8 h to sulfide at 5 mg S/L, was
lethal to anammox activity.

For filtrate at 100%, the first cycle’s SNR was about 14% less than
that of the sample with nitrite at 50 mg N/L. Again, this difference in the
first cycle’s SNR of the two samples agreed with earlier MSAA results.
There was an 11% (P > 0.05) reduction of SNR in the second cycle,
compared with the first cycle’s SNR, in the sample with 100% filtrate.
However, in the third and fourth cycles, SNR kept increasing slightly
compared to the SNR of the second cycle. This finding suggests that
anammox activity did not wear out by repeatedly being subjected to
recalcitrant carbon, even at a concentration of 582 mg/L as DOC.

After the fourth cycle, the same biomass was prepared for the next
cycle, a prolonged exposure test with 12 h contact time. Results (Fig. 5b)
show that there was complete removal of nitrite in samples with nitrite
at 50 and 200 mg N/L and Filtrate at 100%. In the sample with NO3-N =
400 mg/L, there was about a 28.3% (111.7 mg N/L) nitrite removal.
Samples with sulfide at 2.5 and 5 mg S/L saw nitrite removal of 64.3%
(34 mg N/L) and 30.4% (15.9 mg N/L). Finally, after the extended
exposure test, the biomass was washed with the medium and incubated
with 40 mL of medium with nitrite at about 20 mg N/L for a recovery
period of 6 h. For the biomass previously exposed to sulfide at 2.5 and 5
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mg/L where strong inhibition was observed in the repeated and pro-
longed exposure tests, a longer recovery time of 48 h was applied.
During this recovery time, nitrite in the samples was checked periodi-
cally and added if lower than 5 mg N/L. After the recovery period, the
biomass was prepared for a manometric test in the same manner as
mentioned in Section 2.3. The synthetic medium with a nitrite concen-
tration of 50 mg N/L was used for all samples in this test. Fig. 6 depicts
the recovered MSAA of each sample. The recovered MSAA of the sample
previously exposed to nitrite at 50 mg N/L (control) was 18.26 No-N/h-g
VSS, similar to the MSAA of the fresh biomass (19.62 No-N/h-g VSS,
section 3.2). The sample previously exposed to 200 mg N/L had a
comparable MSAA, while samples previously exposed to nitrite at 400
mg N/L and Filtrate at 100% saw lower recovery at 82% (P < 0.05) and
85% (P < 0.05), respectively, compared to the control. The anammox
activity could be recovered almost entirely after prolonged exposure to
nitrite up to 400 mg N/L, confirming previous reports by Kimura et al.
(2010) and Lotti et al. (2012). The high recoverability of activity sug-
gests that nitrite (up to 400 mg N/L) and THP-AD filtrate inhibitions
were reversible. Only partial anammox activity could be recovered after
48 h of recovery time in biomass exposed to $2~ at 2.5 mg/L, with a
recovered MSAA of 31.6% (P < 0.05) compared to the control. Sample
$2~ =5 had an even muted response where only 14.7% (P < 0.05) of the
activity was recovered, suggesting that sulfide inhibition was
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irreversible on the anammox activity at this concentration. This irre-
versible inhibition means sulfide at a concentration as low as 2.5 mg/L
was toxic to anammox bacteria, potentially causing cell death.

These findings suggest that anammox bacteria were tolerant to ni-
trite up to 50 mg N/L for repeated and prolonged exposures, while their
activities could be fully recovered after repeated and prolonged expo-
sures to nitrite up to 200 mg N/L. Recalcitrant carbon in filtrate at 100%
caused slight and reversible inhibition on anammox activity. However,
prolonged exposure to sulfide, even at a concentration as low as 2.5 mg/
L, was severely detrimental to anammox activities, causing irreversible
inhibition potentially due to cell death.

4. Conclusions

In this study, exhaustive experiments — MSAA, gene expression,
repeated and prolonged exposure tests, and recovery tests — were tested
to examine the inhibitory effects of common inhibitors — nitrite, sulfide,
and recalcitrant carbon — on anammox activity. Results were conclusive
that nitrite inhibition exhibited a typical substrate inhibition, and its
inhibition on anammox was reversible up to 400 mg N/L. Sulfide was an
acute inhibitor of anammox activities, and its inhibition was irreversible
(toxic) after prolonged exposure to as low as 5 mg S/L. Recalcitrant
carbon did not have any significant effect on anammox activity. Inhi-
bition coefficients for nitrite and sulfide were determined that would be
useful for reactor design in pilot-scale and full-scale applications. The
expression of hzsB over time during the exposure to nitrite, sulfide, and
recalcitrant carbon could help understand the underlying mechanisms
of these inhibitions on anammox. Furthermore, the usage of biomass
with the microbial community closely resembled that of full-scale
anammox reactors, making the findings in this study more applicable
to engineering applications of anammox processes.
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