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ABSTRACT 

Anaerobic ammonium oxidizing (Anammox) bacteria are known to utilize ammonium 

and nitrite as electron donor and acceptor, respectively, to produce nitrogen gas as their main 

final product with by-product formation of nitrate. Anammox bacteria provide the advantages 

of significant saving in aeration, no requirement for external electron donor, reduction of 

greenhouse gas emission, lowered sludge production, and higher specific nitrogen-removing 

activity compared to the conventional nitrification-denitrification process used in nutritent-N 

removal. Therefore, the anammox process has recently been widely studied and applied as a 

state-of-the-art biotechnology to remove nutrient nitrogen from ammonium-rich wastewater.  

However, the inhibitory impact of nitrite (one of the two main substrates) on the 

anammox process has been reported in both lab- and full-scale anammox systems, which 

limits the application of anammox process. Based on the current knowledge, a wide range of 

nitrite concentrations causing anammmox inhibition was reported to be correlated to the pH 

and energy status of anammox bacteria, and the understanding of the mechanisms of nitrite 

inhibition to anammox bacteria is still not clear. Therefore, the purpose of this work is to 

investigate the mechanism of nitrite inhibition and develop a strategy for recovering nitrite 

inhibited anammox processes.  

The effects of pre-exposing anammox bacteria to nitrite alone on their subsequent 

activity and metabolism after ammonium has been added was evaluated in batch bioassays. 

The results showed that pre-exposure of anammox bacteria to nitrite without ammonium 

caused dramatic inhibition with observed 50% inhibition concentration (IC50) of 52 mg NO2
--

N L-1, compared to an IC50 of 384 mg NO2
--N L-1 obtained in the control group with 

ammonium and nitrite added simultaneously. The accumulated nitric oxide (NO) found in the 

group with anammox bacteria pre-inhibited by nitrite indicated that pre-exposure to nitrite 

most likely caused disruption of the anammox biochemistry by interrupting the hydrazine 

synthesis step. Meanwhile, active metabolic status of anammox bacteria fueled by a strong 

proton gradient maintained by controlling pH in the optimal range of 7.2-7.8 enhanced the 

ability of anammox bacteria to tolerate nitrite inhibition. This was evaluated by depleting the 

proton gradient by utilizing two uncouplers of respiration, 2,4 dinitrophenol (24DNP) and 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP). The results showed that presence of 

0.28 mg CCCP L-1 caused enhancement of nitrite inhibition to anammox bacteria, with a 
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calculated IC50 of 18.7 mg NO2
--N L-1 compared to an IC50 greater than 150 mg NO2

--N L-1 

in the control group lacking CCCP. Meanwhile, the sensitivity to NO2
- was 3 times in 

anammox bacteria pre-exposed to 100 mg NO2
- L-1 for 24 h than in treatments lacking 37.8 

mg 24DNP L-1.  

A potential strategy of detoxifying the nitrite inhibition to anammox bacteria was 

proposed by using nitrate due to the finding of the presence of NarK, with potential function 

of NO3
-/NO2

- antiporter, encoded in the anammox genome. Both batch- and continuous-

experiments were carried out to test this hypothesis. The relative contribution of nitrate to 

nitrite detoxification was found to be pH dependent but the attenuation of nitrite inhibition is 

independent of the proton motive force which is supported by the result that nitrate caused 

almost complete attenuation of nitrite toxicity in cells exposed to the proton gradient 

disruptor, CCCP, at pH 7.5. Increase in nitrate concentration also improved the attenuation of 

nitrite inhibition to anammox process, with the maximum recovery being achieved at 0.85 

mM in batch experiment and 2.0 mM for 3 days in continuous-fed bioreactor. Moreover, the 

timing of nitrate addition is significant because long-term nitrite inhibition of anammox 

biomass results in irreversible damage of the cells, under which condition addition of nitrate 

showed no positive impact on recovery of nitrite inhibition. 

This study also investigated the inhibitory effects of six metals (Cu2+, Cd2+, Ni2+, 

Zn2+, Pb2+, and molybdate) commonly found in landfill leachate on anammox activity. 

Results from batch bioassays indicated that precipitation reactions decreased considerably the 

soluble concentration of the cationic metals. Cu, Zn, Cd, and Ni were the most toxic metals 

with 50% inhibiting soluble concentrations of 4.2, 7.6, 11.2, and 48.6 mg L-1, respectively. 

Molybdate and Pb2+ were not or only moderately inhibitory at the highest soluble 

concentrations tested (22.7 mg Mo L-1 and 6.0 mg Pb L-1, respectively). Microbial inhibition 

was strongly correlated with both the added- and the dissolved metal concentration. These 

relationships could be described by a noncompetitive inhibition model for all inhibitory 

metals except for Pb.  

The results of this dissertation indicate that the resistance of anammox bacteria to 

nitrite inhibition could be enhanced by maintaining either an active metabolism in 

simultaneous presence of ammonium and nitrite, or sufficient proton gradient to enable 

relieving nitrite accumulation in sensitive regions of the anammox cells through an active 

nitrite transport system. An alternative nitrite detoxification mechanism was also 
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demonstrated which relied on a secondary transport system facilitated by exogenous nitrate to 

avoid the accumulation of toxic intraorganelle nitrite concentration. Moreover, the results 

obtained in the study investigating the impact of heavy metals on anammox process provides 

new insights on the sensitivity of anammox bacteria to common metals and can be used to 

devise strategies to minimize inhibition of the anammox process when treating wastewater 

containing heavy metals.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

 

 

 

1.1 Nitrogen pollution 

Ammonium (NH4
+), nitrite (NO2

-), and nitrate (NO3
-) are three most common forms 

of nutrient nitrogen (N) which are important environmental contaminants contributing to 

eutrophication, depletion of dissolved oxygen (DO) in surface water, toxicity to a wide range 

of organisms, and reduction of chlorine disinfection efficiency (Ahn, 2006).  

Ammonia, as a key component of the nitrogen cycle on Earth, can be produced by 

many human and microbial activities, and associated resources, such as breaking down 

organic nitrogen products by microorganism, agriculture, urbanization, industry and 

aquaculture (EPA, 2010). Generally, ammonia nitrogen includes two forms, ammonium 

(NH4
+) and ammonia (NH3), which are in chemical equilibrium in solution, affected by 

mainly pH. In practice, increase in ammonia concentration within an aquatic system will 

result in decreasing DO, and hence be associated with reduced species diversity, and even 

fish kills (Arillo et al., 1981; Howarth, 1991). Additionally, at a high enough concentration, 

ammonia could lead to odor problems and eutrophication (EPA, 2010), or nutrient over-

enrichment, of surface water, with the possible consequence of algae blooms altering 

population and community structure and ecosystem function (Britto and Kronzucker, 2002; 
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Soltani et al., 2013). Nitrate and nitrite are implicated in “shortness of breath” and “blue baby 

syndrome” and thus constitute a public health threat if present in drinking water above the 

maximum contaminant level (MCL) of 10 and 1 mg N L-1, respectively (Majumdar, 2003).  

Managing the nitrogen (N) cycle is one of 14 grand engineering challenges for the 

USA identified by the National Academy of Engineering (Engineering, 2008). Consequently, 

efficient removal of nitrogen from wastewaters is critical to avoid potential surface water and 

groundwater contamination as well as important to ensure that wastewater can be safely 

reclaimed and reused (EPA, 1993). Wastewater reuse is a promising strategy to overcome 

scarcity of water resources, a global problem that is particularly severe in arid region 

(Uhlman and Artiola, 2011). In response to the expected increase in water demand, great 

efforts are being made to develop sustainable and cost effective technologies to remove 

nutrient N in municipal and industrial effluents and facilitate wastewater reuse.  

Although many different technologies including physical (e.g. ion-exchange and air-

stripping) and chemical processes (e.g. chemical precipitation and break-point chlorination) 

have been proposed for treating wastewater containing nutrient N (Li et al., 1999; Soltani et 

al., 2013), biological processes are more attractive due to their high effectiveness and low 

cost, and hence have been widely applied in the wastewater treatment plants (WWTP).  

1.2 Nitrification-denitrification-based processes 

The development of biotechnologies to remove nutrient N in WWTP is based on the 

understanding of N biotransformation reactions in the microbial nitrogen cycle (Figure 1-1) 

(Colasanti, 2011). Specifically, the aim of these biotechnologies is mainly to transform 

nutrient N (NH4
+-N, NO2

--N, and NO3
--N) to dinitrogen gas (N2) which is environmental-

friendly compound with no threat to the health of human beings. As a well-known 

biotechnology, conventional nitrification-denitrification processes are regarded as separate, 

requiring individual reactors for separate wastewater treatment (Kuenen and Robertson, 

1994). Although novel technologies have been developed in the last years, and are 

advantageous over conventional nitrification-denitrification processes, most of them are still 

based on the combination of nitrification and denitrification. Both of conventional and novel 

technologies will be introduced in this section.  
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Figure 1-1. Microbial nitrogen cycle. Summarized based on the report from Colasanti et. al. 

(Colasanti, 2011). 

1.2.1 Conventional nitrification-denitrification processes 

The conventional nitrification-denitrification processes are widely used for treating 

wastewaters with relatively low nitrogen concentration (total nitrogen (TN) concentration less 

than 100 mg N L-1) (Van Hulle et al., 2010). In this process, two steps are included: a) 

ammonium is converted to nitrate (nitrification) and b) nitrate is converted to nitrogen gas 

(denitrification).  

Nitrification implies the chemolithoautotrophic oxidation of ammonia to nitrate under 

strict aerobic conditions and is conducted in two sequential oxidative stages: ammonia 

oxidation (Eq. 1.1) and nitrite oxidation (Eq. 1.2). The overall synthesis and oxidation 

reaction is represented in Eq. 1.3 (EPA, 1993; Ahn, 2006). Each stage is carried out by 

different genus of bacteria, using ammonium or nitrite, oxygen, and carbon dioxide as energy 

source, electron acceptor, and carbon source, respectively (Ahn, 2006). Bacteria performing 

ammonia oxidation, including Nitrosomonas, Nitrosococus, Nitrosopira, Nitrosovibrio and 

Nitrosobolus, are called ammonia oxidizing bacteria (AOB), while Nitrospira, Nitrospina, 

Nitrosococcus and Nitrocystis are called nitrite oxidizing bacteria (NOB), a diverse group of 
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alpha Proteobacteria, with the metabolic ability to oxidize nitrite to nitrate (Wong et al., 

2003; Ahn, 2006).  

55𝑁𝐻4
+ + 76𝑂2 + 109𝐻𝐶𝑂3

−

→ 𝐶5𝐻7𝑂2𝑁 + 54𝑁𝑂2
− + 104𝐻2𝐶𝑂3 + 57𝐻2𝑂                               (1.1) 

400𝑁𝑂2
− + 𝑁𝐻4

+ + 4𝐻2𝐶𝑂3 + 195𝑂2 + 𝐻𝐶𝑂3
−

→ 𝐶5𝐻7𝑂2𝑁 + 400𝑁𝑂3
− + 3𝐻2𝑂                                                         (1.2) 

𝑁𝐻4
+ + 1.83𝑂2 + 1.98𝐻𝐶𝑂3

−

→ 0.021𝐶5𝐻7𝑂2𝑁 + 0.98𝑁𝑂3
− + 1.88𝐻2𝐶𝑂3 + 1.041𝐻2𝑂          (1.3) 

Denitrification is commonly a heterotrophic biological process reducing nitrate and/or 

nitrite to dinitrogen gas under anoxic-anaerobic conditions. The bacteria carrying out 

denitrification are called denitrifiers, including some gram-negative alpha and beta classes of 

the Proteobacteria, such as Pseudomonas, Alcaligenes, Paracoccus, and Thiobacillus (Ahn, 

2006). Current knowledge shows that both nitric oxide (NO) and nitrous oxide (N2O) are 

produced as the intermediates in this process (Shown in Figure 1-1) (Ahn, 2006; Colasanti, 

2011). As showed in Eq. 1.4 with methanol as electron donor and nitrate as electron acceptor, 

a cell yield of 0.45 g cells g-1 NO3
--N is obtained with the generation of alkalinity.  

𝑁𝑂3
− + 1.08𝐶𝐻3𝑂𝐻 + 0.24𝐻2𝐶𝑂3

→ 0.056𝐶5𝐻7𝑂2𝑁 + 0.47𝑁2 + 𝐻𝐶𝑂3
− + 1.68𝐻2𝑂                         (1.4) 

Separate units for nitrification and denitrification are combined as a series system to 

remove nutrient N in conventional nitrification-denitrification processes. To maintain both 

processes under optimal conditions, alkalinity, pH, DO, and sludge retention time (SRT) are 

commonly concerned. Nitrification is pH-sensitive and hence, for locations with low-

alkalinity waters, alkalinity should be added to maintain acceptable pH values (7.5-8.0) 

(Metcalf et al., 2003). As comparison, recommended pH range in denitrification unit is 6.0-

8.0 (Vymazal, 2007). Meanwhile, sufficient DO (higher than 2.0 mg L-1) is required in 

nitrification unit to make sure little impact on nitrifier growth rate when low DO (less than 

0.2 mg L-1) is preferred by denitrifiers to maintain a good performance (Metcalf et al., 2003; 

Vymazal, 2007). Typical design SRT values for nitrification and denitrification units are 10 

to 20 days and 3 to 6 days at 10°C, respectively (Metcalf et al., 2003; Ahn, 2006).  
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1.2.2 Novel biotechnologies based on nitrification-denitrification 

Some wastewater streams such as anaerobic digester effluents, landfill leachate and 

industrial wastewaters contain high concentrations of nutrient-N (Wiesmann, 1994), and 

conventional nitrification-denitrification processes are not able to treat them properly by 

considering the cost efficiency. Consequently, different biotechnologies based on the 

nitrification and denitrification have been developed to improve the ability of WWTP to treat 

the wastewaters with high nutrient N concentration.  

Bio-augmentation is used as an upgrading option of nitrification-denitrification 

processes to enhance nitrification in highly loaded plants. Three different proposals are able 

to be applied to integrate such process: a) The InNITRI (Inexpensive Nitrification) process 

uses the nitrifiers produced in the digester effluent to achieve the bio-augmentation, with the 

risks of no adequate production of nitrifying microbial population, and the application of 

undesired long SRT (van Loosdrecht, 2008). b) The BAR (Bio Augmentation Regeneration) 

process is derived from a process where the return sludge is aerated in order to obtain sludge 

mineralization, by adding the digester effluent to this reactor nitrifiers will be produced in 

this reactor compartment (Novak et al., 2003; van Loosdrecht, 2008). c) The BABE (Bio 

Augmentation Batch Enhanced) process has been developed and designed completely based 

on model simulations and has many design variables which can be optimized (Salem et al., 

2003).  

Another progress of nitrification-denitrification based technology for removing N is 

the development of simultaneous nitrification and denitrification (SND) which enables both 

nitrification and denitrification microbial reactions in a single reactor (Pochana and Keller, 

1999; de Kreuk et al., 2005). SND requires an aerobic zone in the biofilm or floc for 

nitrification and an anoxic substrate-rich interior for denirification, with the advantages of 

saving of extra carbon addition and anoxic volume (Zhu et al., 2007). 

Partial nitrification and denitrification is developed as a promising technology 

preventing the oxidation of nitrite to nitrate (NOB suppress) in order to achieve the benefit in 

terms of use of resources (Schmidt et al., 2003). To achieve the aim of suppressing NOB, 

high concentration of free ammonia (NH3), short SRT, high temperature , limited alkalinity, 

and low oxygen concentrations (less than 0.4 mg L-1) are key parameters that needs to be 

controlled (Hellinga et al., 1998; Schmidt et al., 2003). Compared to the conventional 
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nitrification-denitrification via nitrate, partial nitrification shows 1.5 to 2 times higher nitrite 

denitrification rate than with nitrate. Moreover, saving of 60% energy caused by 25% lower 

oxygen requirement in the aerobic stage, and up to 40% electron donor consumption, 

reduction of emission of greenhouse gas (up to 20%), and less sludge production make this 

process more attractive (Peng and Zhu, 2006). One of the samples of this process is single 

reactor system for high ammonia removal over nitrite (SHARON).  

In 1977, Broda predicted that a group of chemosynthetic bacteria that oxidize 

ammonia to nitrogen with oxygen or nitrate as oxidant might exist (Broda, 1977). If the 

presence of these bacteria is true, a new and more sustainable biological process will be able 

to be used to remove nutrient N from wastewater, and allow the development of energy-

positive WWTP.  

1.3 Anaerobic ammonium oxidation  

Anaerobic ammonium oxidation (anammox) was discovered for the first time in 1995 

from a denitrifying fluidized bed reactor treating effluent from a methanogenic reactor (van 

de Graaf et al., 1995). Anammox is a chemolithoautotrophic biological process in which 

ammonium is oxidized to N2 gas using nitrite as the electron acceptor with nitrate produced 

as byproduct (Eq. 1.5) (Jetten, 2001). This microbial process is the missing link of the 

nitrogen cycle.  

𝑁𝐻4
+ + 1.32𝑁𝑂2

− + 0.066𝐶𝑂2 + 0.13𝐻+

→ 0.066𝐶𝐻2𝑂0.5𝑁0.15 + 0.26𝑁𝑂3
− + 1.02𝑁2 + 2.03𝐻2𝑂          (1.5) 

To date, five genera, i.e., “Kuenenia”, “Brocadia”, “Anammoxoglobus”, “Jettenia”, 

and “Scalindua”, have been reported as anammox candidates, and all of them are within the 

phylum Planctomycetes (van Niftrik and Jetten, 2012). Compared to the nitrification-

denitrification processes widely applied for the removal of nitrogen from wastewaters 

treatment, anammox offers critical economic and environmental advantages. Most 

significantly, application of the anammox process provides a marked reduction in aeration 

needs (86% energy savings), and greenhouse gas production (68% reduction), and totally 

eliminates the requirement for addition of an exogenous electron donor (cost and C-footprint 

savings) (Jetten, 2001; Morales et al., 2012). 
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1.3.1 Anammox physiology and biochemistry 

Anammox cells are divided into three compartments, paryphoplasm, riboplasm, and 

anammoxosome from outmost to innermost part of the cell (shown in Figure 1-2A) 

(Neumann et al., 2011; van Niftrik and Jetten, 2012; Neumann et al., 2014). The 

anammoxosome, bound by a specialized mass-transfer-limiting membrane enriched in 

ladderanes lipids, is where energy is conserved by the generation of an intracellular pH 

gradient, driving ATP production and active transport processes (van Niftrik and Jetten, 

2012). Evidence of a proton gradient was first reported by van der Star et al. (van der Star et 

al., 2010) who observed two stable pH values of 7.3 and 6.3 over an intracytoplasmic 

membrane, irrespective of the external pH conditions in metabolically active Kuenenia 

stuttgartiensis. Also, a membrane-bound ATP synthase in the anammoxosome membrane 

was identified, supporting the idea that energy metabolism of anammox cells relies on a 

proton gradient (Karlsson et al., 2009, 2014). 

 

Figure 1-2. Morphology (A) and metabolism (B) of anammox cells. (Kartal et al., 2011; 

Neumann et al., 2014). 

Genomic studies showed the presence of nitrite (FocA/NirC proteins), ammonium 

(AmtB/Rh family), and nitrate (NarK MFS) transporters proteins which account for the 

translocation of substrates product across the specialized anammoxosome organelle 

membranes (Gori et al., 2011; Kartal et al., 2013). Based on the present biochemical and 

genomic studies (Strous et al., 2006; Gori et al., 2011; Kartal et al., 2011), nitric oxide (NO) 

and hydrazine (N2H4) are two significant intermediates involved in anammox metabolic 

process. As Figure 1-2B shown, nitrite is firstly reduced to nitric oxide by a nitric oxide-

nitrite oxidoreductase (NirS) with a by-product of nitrate. Then, nitric oxide is reduced by 
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combining with ammonium to form hydrazine with hydrazine hydrolase (HH). Subsequently, 

nitrogen gas is formed as the result of four electron oxidation of hydrazine, catalyzed by a 

hydroxylamine oxidoreductase (HAO)-like protein also referred to as hydrazine 

dehydrogenase (HDH). In this step, four produced electrons would then be recycled to drive 

nitrite reduction to nitric oxide and hydrazine synthesis to support the metabolism of 

anammox microorganisms.  

1.3.2 Application of the anammox process 

Since a very high specific activity (0.75 kg N g volatile suspended solids (VSS)-1 day-

1) could be achieved in anammox biomass, and the load could increase to more than 4 kg N 

m-3 day-1 (Jetten et al., 2005; Carvajal-Arroyo et al., 2014b), anammox process is currently 

considered mainly to treat ammonium-rich wastewaters, such as aged landfill leachate, 

anaerobically pretreated animal wastes, dewatering of digested sludge, wastewater from 

semiconductor industry, and pretreated brewery wastewater (Janus and van der Roest, 1997; 

Kjeldsen et al., 2002; Waki et al., 2007; Karakashev et al., 2008; Okamoto et al., 2009; 

Tokutomi et al., 2011).  

The anammox process requires that the influent contains NH4
+ and NO2

- at a proper 

molar ratio (1:1.32) according to the stoichiometry (Eq. 1.5). Therefore, a nitritation process 

is commonly needed in anammox system. SHARON process is able to satisfy this 

requirement of anammox system by optimizing the operational mode to convert only 55-60% 

of ammonium to nitrite without heterotrophic denitrification (Ahn, 2006). Different from the 

two stage partial nitritation-anammox process mentioned above, a single and aerated reactor 

is adopted, and both partial nitrification and anammox are engineered under oxygen-limiting 

conditions (Jetten et al., 2005; Ahn, 2006; Hu et al., 2013). This process is called completely 

autotrophic nitrogen removal over nitrite (CANON). Although the potential risks of 

anammox bacteria being outcompeted by heterotrophic denitrifiers in the single stage 

configuration, and high DO level provided for nitrification process poses an inhibitory threat 

to the activity of anammox biomass, the intensive study of anammox process improves the 

reliability of single-stage system by accurately controlling the DO level and suppressing 

NOB (Carvajal-Arroyo et al., 2013; Hu et al., 2013). Therefore, 88% of all plants adopting 
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anammox system in operation are being operated as single-stage system (Lackner et al., 

2014).  

By 2014, more than 100 full-scale installations of anammox are operated in both 

main- and side-stream treatments of municipal wastewater worldwide for removing high-

strength ammonium from wastewaters with low C:N ratios and elevated temperatures 

(Lackner et al., 2014).  

1.3.3 Limiting factors of the anammox process 

In spite of the advantages listed above (Section 1.3.1), anammox bacteria have a slow 

growth rate with reported doubling times of 10 to 30 days (van de Graaf et al., 1995; Graaf et 

al., 1996; Strous et al., 1998) while a few works stated shorter time of 2 to 5 days (Isaka et 

al., 2006; van der Star et al., 2008; Liu and Ni, 2015), which gives rise to another problem, 

the long startup period of an anammox reactor, and hence limits the application.  

Moreover, although the efforts of intensive studies on anammox process provide 

increasing information about what and how different factors (e. g. pH, DO, organic matter, 

heavy metals, and substrates including NO2
- and NH4

+) can impact anammox process, the 

details of their mechanisms are still not very clear (Kartal et al., 2011; Scaglione et al., 2012; 

Carvajal-Arroyo et al., 2013; Carvajal-Arroyo et al., 2014b; Li et al., 2014).  

A sharp pH optima of 7.5 and 7.3 for suspended enrichment culture (SEC) and 

granular anammox enrichment (GEC), respectively, was reported by Carvajal-Arroyo 

(Carvajal-Arroyo et al., 2013), when compared to a wider optimal pH range of 7.5 to 8.0 

reported in another research (Egli et al., 2001). Meanwhile, the low pH and the associated 

low free ammonia concentrations were reported to be critical to stable anammox activity in 

the moving bed biofilm reactors (MBBRs), and nitrite enhanced the nitrogen removal rate in 

the conditions of low pH (Jaroszynski et al., 2011). Temperature also plays a role in 

impacting the activity of anammox biomass. The biological activity decreased both at below 

20°C and over 33°C in the marine anammox bacteria culture while the bacterial community 

according with temperature (5-37°C) had no significant change (Kawagoshi et al., 2012). 

Additionally, anammox is considered to be strongly inhibited by oxygen (O2). A reversible 

inhibition of the anammox process occurred at low oxygen concentrations (less than 1% O2 
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volume in the gas phase), but irreversible inhibition happened at higher oxygen 

concentrations (18%) (Egli et al., 2001). The reported 50% inhibitory concentrations (IC50) of 

DO for SEC and GEC are 3.8 and 2.3 mg L-1, respectively (Carvajal-Arroyo et al., 2013). 

Salinity is another environmental factor impacting anammox biomass, and different genera of 

anammox bacteria showed different tolerance to the high salinity wastewater (Carvajal-

Arroyo et al., 2013). The reported IC50 of Na2SO4, NaCl and KCl were 11.36 g L-1, 13.46 g L-

1 and 14.9 g L-1 , respectively (Dapena-Mora et al., 2007). Low organic matters concentration 

showed no significant impact on ammonia and nitrite removal but improved the total nitrogen 

(TN) removal via denitrifiers while high organic matters suppressed anammox activity, 

resulting in a lower ammonia removal (Sri Shalini and Joseph, 2012). The ability of 

anammox bacteria to use some organic acids, such as propionate, acetate, and formate, as 

electron donors to dissimilatively reduce nitrate to ammonium has been reported and expands 

the perspective of future applications of anammox process (Guven et al., 2005; Strous et al., 

2006; Kartal et al., 2007; Kartal et al., 2008).  

Moreover, the presence of heavy metals in ammonium-rich wastewater (e.g. landfill 

leachate, anaerobically digested piggery- and dairy-slurries, semiconductor manufacturing 

wastewater streams) shows the potential to impact anammox process. High concentrations of 

heavy metals are able to cause microbial inhibition when trace level of heavy metals are 

essential for cell metabolism by playing a role as enzymes or co-enzymes (Nies, 1999; 

Marcato et al., 2009; Jin and Chang, 2011). However, only few works have been done to 

study the relationship between anammox and heavy metals, there is rare information 

regarding heavy metals inhibition of anammox activity in literature, and the reported IC50 of 

Zn2+ and Cu2+ are 3.9 and 1.9-14.5 mg L-1, respectively (Lotti et al., 2012a; Yang and Jin, 

2012; Yang et al., 2013; Chen et al., 2016; Zhang et al., 2016).  

As one of two substrates used in anammox process (the other one is nitrite), 

ammonium only caused low level inhibition to the activity of anammox biomass and that 

inhibition was believed to be associated with unionized free ammonia (NH3) concentration 

rather than total ammonia concentration (Strous et al., 1999b; Aktan et al., 2012; Fernández 

et al., 2012; Carvajal-Arroyo et al., 2013). 

Nitrite has the potential of inhibiting anammox bacteria, as observed in both lab- and 

full-scale treatment systems (van der Star et al., 2007). However, there is no consensus on the 

sensitivity of anammox bacteria to NO2
- inhibition. The IC50 values reported in the literature 
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diverge from 7 to 29 mM (Strous et al., 1999b; Dapena-Mora et al., 2007). Although the 

nitrite species responsible for anammox toxicity, free nitrous acid (HNO2) or the ionized 

NO2
-, is still under discussion (Fernández et al., 2012; Lotti et al., 2012b; Puyol et al., 2014), 

recent research indicates that energy status of cells highly impacts the sensitivity of anammox 

cells to nitrite toxicity (Lotti et al., 2012b; Carvajal-Arroyo et al., 2014d). In addition, a pH 

gradient was reported to be generated over the anammoxosome membrane that fuels the 

production of ATP, which lead to that the proton gradient might play a role in the inhibitory 

impact of anammox biomass caused by nitrite due to that nitrite transport is mediated by a 

secondary active transporter, NirC/focA, which also involve proton transport (Strous et al., 

2006; van der Star et al., 2010; van de Vossenberg et al., 2013). Another transporter (NarK) 

found to be present in anammmox cells (van de Vossenberg et al., 2013) is considered to play 

a role in transporting nitrite. On the basis of the functions of NarK investigated in other 

bacteria, NarK has the potential to act as either NO3
-/NO2

- antiporter (NarK type II) or NO3
-

/H+ symporter is (NarK type I) (Wood et al., 2002; Strous et al., 2006; Goddard et al., 2008; 

Gori et al., 2011; Kartal et al., 2013; van de Vossenberg et al., 2013; Zheng et al., 2013). 

However, limiting information about the role of NarK in mass transporting system of 

anmmox bacteria is available at present. 

In this dissertation, the impacts of energy status and proton gradient on the inhibition 

of anammox biomass by nitrite are investigated. A hypothesis of utilizing nitrate to attenuate 

the nitrite inhibition to anammox biomass has been proposed and tested with the aim to 

improve the reliability of anammox process. Furthermore, a further study has been conducted 

to investigate the effects of the heavy metals commonly found in landfill leachate on activity 

of anammox bacteria.  

 

 

 

 

1.4 Acronym list 
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AOB Ammonium Oxidizing Bacteria 

ANAMMOX Anaerobic Ammonium Oxidation  

BAR Bio Augmentation Regeneration 

BABE Bio Augmentation Batch Enhanced 

BOD Biological Oxygen Demand 

BOD Biological Oxygen Demand 

CANON Completely Autotrophic Nitrogen Removal Over Nitrite 

DO Dissolved Oxygen 

EPA Environmental Protection Agency 

EGSB Expended Granular Sludge Bed 

GEC Granular Anammox Enrichment 

InNITRI Inexpensive Nitrification 

IC50 50% Inhibition Concentration 

MBBR Moving Bed Biofilm Reactor 

MCL Maximum Contaminant Level 

NOB Nitrite Oxidizing Bacteria 

SBR Sequencing Batch Reactor 

SHARON Single system for High Ammonium Removal Over Nitrte 

SND Simultaneous Nitrification-Denitrification 

SRT Solid Retention Time 

SEC Suspended Enrichment Culture 

TSS Total Suspended Solids 
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TN Total Nitrogen 

UASB Upflow Anaerobic Sludge Blanket 

VSS Volatile Suspended Solids 

WWTP Wastewater Treatment Plants 
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CHAPTER 2 

 

OBJECTIVES 

 

 

 

 

 

 

2.1 Aim 

The objectives of this research are to investigate the inhibitory impact of nitrite on 

anammox activity and determine the feasibility of attenuating nitrite inhibition to anammox 

by utilizing nitrate. Furthermore, the inhibitory effects of the anammox bacteria by common 

heavy metals in landfill leachate were evaluated in this work. 

2.1.1 Specific objectives 

1. The impact of pre-exposing anammox bacteria in granular biofilms to nitrite alone was 

compared with exposure to nitrite during active metabolism (simultaneous addition of 

NO2
- and NH4

+).  

 

2. The results of previous work led to the hypothesis about direct/indirect relationship 

between energy and nitrite inhibition. To further investigate this hypothesis, batch 

bioassays were carried out by disrupting proton gradient of anammox bacteria.  
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3. The feasibility of using nitrate to attenuate the nitrite inhibition by facilitating NO3
-/NO2

- 

antiporter (NarK) was investigated in batch bioassays and continuous flow bioreactors.  

 

4. To investigate the inhibitory effect of heavy metals commonly present in wastewaters on 

anammox activity in order to guarantee the optimal performance of anammox process in 

the application.  
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CHAPTER 3 

 

PRE-EXPOSURE TO NITRITE IN THE ABSENCE OF AMMONIUM STRONGLY 

INHIBITS ANAMMOX  

 

 

 

 

 

3.1 Abstract 

Anaerobic ammonium oxidizing bacteria (Anammox) are known to be inhibited by 

their substrate, nitrite. However, the mechanism of inhibition and the physiological 

conditions under which nitrite impacts the performance of anammox bioreactors is still 

unknown. This study investigates the role of pre-exposing anammox bacteria to nitrite alone 

on their subsequent activity and metabolism after ammonium has been added. Batch 

experiments were carried out with anammox granular biofilm pre-exposed to nitrite over a 

range of concentrations and durations in the absence of ammonium. The effect of pre-

exposure to nitrite alone compared to nitrite simultaneously fed with ammonium was 

evaluated by measuring the anammox activity and the accumulation of the intermediate, 

nitric oxide. The results show that the inhibitory effect was more dramatic when bacteria 

were pre-exposed to nitrite in absence of ammonium, as revealed by the lower activity and 

the higher accumulation of nitric oxide. The nitrite concentration causing 50% inhibition was 

53 and 384 mg N L-1 in the absence or the presence of ammonium, respectively. The nitrite 

inhibition was thus 7.2-fold more severe in the absence of ammonium. Biomass exposure to 

nitrite (25 mg N L-1), in absence of ammonium, leads to the accumulation of nitric oxide. On 
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the other hand when the biomass was exposed to nitrite in presence of ammonium, 

accumulation of nitric oxide was only observed at much higher nitrite concentrations (500 mg 

N L-1). The inhibitory effect of nitrite in the absence of ammonium was very rapid. The rate 

of decay of the anammox activity was equivalent to the diffusion rate of nitrite up to 46% of 

activity loss. The results taken as a whole suggest that nitrite inhibition is more acute when 

anammox cells are not actively metabolizing. Accumulation of nitric oxide in the headspace 

most likely indicates disruption of the anammox biochemistry by nitrite inhibition, caused by 

an interruption of the hydrazine synthesis step. 

3.2 Introduction 

The anaerobic oxidation of ammonium (NH4
+) (anammox) is a novel technology for 

the removal of nitrogen pollution from wastewaters. The anammox process is catalyzed by 

chemolithoautotrophic bacteria of the phylum Planctomycetes that use nitrite (NO2
-) as 

terminal electron acceptor and NH4
+ as an electron donor, allowing for NH4

+ removal in the 

absence of oxygen (Strous et al., 1999a). Anammox is advantageous over the traditional 

nitrification-denitrification process for nutrient-N containing effluents since oxygen needs are 

decreased by up to 57%, and no additional electron donor is needed as would otherwise be 

the case for denitrification. Unlike other prokaryotes, anammox bacteria have a complex 

internal compartmentalization. The central organelle, called anammoxosome is the locus of 

the anammox metabolism (Kartal et al., 2011). The catabolism of anammox bacteria involves 

the reduction of NO2
- to nitric oxide (NO) by a nitrite oxidoreductase (NirS). Subsequently, 

hydrazine synthase enzyme (HZS) forms hydrazine (N2H4) by combining NH4
+ with NO. 

Lastly, N2H4 is oxidized to dinitrogen gas (N2) by hydrazine dehydrogenase (HDH) (Kartal et 

al., 2011). The oxidation of N2H4 produces four high energy electrons, that are used to 

generate an intracellular proton gradient which energizes the production of ATP (van der Star 

et al., 2010). 

Inhibition of anammox microorganisms by substrates and intermediates has been 

extensively studied. NH4
+ has been found to cause low inhibition corresponding to a 50% 

inhibiting concentration (IC50) of 770 mg NH4
+-N L-1 (Dapena-Mora et al., 2007). Similarly, 

the intermediates NO and N2H4 cause little or no inhibition to anammox (Schalk et al., 1998; 

Carvajal-Arroyo et al., 2013). On the other hand, different levels of anammox inhibition by 
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NO2
- have been reported in batch and continuous reactors. Strous et al. (Strous et al., 1999b) 

found complete inhibition of the anammox activity at NO2
- concentration of 100 mg N L-1, 

while other authors have reported higher tolerance to NO2
- with IC50 values of 350 mg N L-1 

(Dapena-Mora et al., 2007) and 400 mg N L-1 (Lotti et al., 2012b). Decreases in nitrogen 

removal efficiency, due to NO2
- overload in a full scale anammox reactor, have also been 

reported (van der Star et al., 2007). The undissociated species, free nitrous acid (FNA), has 

been suggested to be responsible for the inhibitory effect of NO2
- to anammox bacteria 

(Jaroszynski et al., 2011; Fernández et al., 2012). On the other hand other researchers claim 

that the inhibition is only dependent on the total NO2
- concentration (Lotti et al., 2012b). 

NO2
- is known to cause toxicity in a wide variety of microorganisms (Philips et al., 

2002). FNA, acting as a protonophore, inhibits the production of adenosine triphosphate 

(ATP) by disrupting bacterial transmembrane proton gradients (Sijbesma et al., 1996). 

Inhibition of different enzymes by NO2
- has been reported (Titov and Petrenko, 2003; He et 

al., 2006). In some cases NO2
- radicals or reactive derivatives are responsible for the toxicity 

(Hurst and Lymar, 1997). The reactive nitrogen species can bind to biomolecules such as the 

well-known formation of nitrotyrosine from reaction with tyrosine moieties (Monzani et al., 

2004).  

The mechanisms controlling the inhibitory impact of NO2
- on anammox bacteria and 

the conditions under which NO2
- impacts the performance of the anammox process are still 

unclear. Therefore, control of NO2
- inhibition remains a difficulty in the application of 

anammox reactors. In this work, the impact of pre-exposing anammox bacteria in granular 

biofilms to NO2
- alone was compared with exposure to NO2

- during active metabolism (when 

NO2
- is added simultaneously with NH4

+). The inhibitory effect of NO2
- was evaluated in 

batch assays by comparison of the anammox activity and NO accumulation in anammox 

cultures previously pre-exposed to NO2
- in the presence or absence of NH4

+. 

3.3 Material and methods 

3.3.1 Origin of the biomass 
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All the experiments were inoculated with anammox granular sludge cultivated and 

maintained in a laboratory-scale expanded granular sludge bed (3 L) fed with a synthetic 

medium at a loading rate of 3.7 g N L-1 d-1. The reactor was originally inoculated with 

anammox granular sludge provided by Paques BV (Balk, The Netherlands) from a full-scale 

anammox wastewater treatment plant in The Netherlands. This inoculum was used to start up 

the reactor which was operated for one year before carrying out the experiments. The volatile 

suspended solids (VSS) content of the biomass from the laboratory reactor was 5.69 ±0.04% 

of the wet weight. The average size of the anammox granules was 2.4±0.6 mm (calculated by 

image analysis of a photograph of the granular sludge sample using the software ImageJ). 

Bacteria from the genus Brocadia were the dominant anammox microorganisms in the sludge 

granules (Carvajal-Arroyo et al., 2013). 

3.3.2 Batch bioassays 

Batch assays were performed in duplicate and incubated on an orbital shaker (160 

rpm) in the dark at 30±2˚C. Serum flasks (160 mL) were supplied with basal mineral medium 

(100 mL) and anammox biomass (0.71 g VSS L-1). The mineral medium was prepared using 

ultrapure water (Milli-Q system; Millipore) and contained the following compounds (mg L-1): 

NaH2PO4·H2O (57.5), CaCl2·2H2O (100), MgSO4·7H2O (200), and 1.0 mL L-1 of two trace 

element solutions. Trace element solution 1 contained (in mg L-1): FeSO4 (5,000), and 

ethylenediamine-tetraacetic acid (EDTA) (5,000). Trace element solution 2 contained (in mg 

L-1): EDTA (1,500), ZnSO4·7H2O (430), CoCl2·6H2O (240), MnCl2 (629), CuSO4·5H2O 

(250), Na2MoO4·2H2O (220), NiCl2·6H20 (190), Na2SeO4·10H2O (210), H3BO3 (14), and 

NaWO4·2H2O (50). Either NaHCO3 (47.6 mM), phosphate (30 mM) or 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) (25 mM) were utilized as buffer systems, as 

described below. The serum flasks were sealed with rubber stoppers and aluminum crimp 

seals. When NaHCO3 buffer was used, the liquid and the headspace were purged with a 

gaseous mixture of He/CO2 (80/20, v/v), resulting in a final pH of 7.1-7.2. In the case of 

using HEPES buffer, the medium was supplemented with NaHCO3 (50 mg L-1) as carbon 

source, and the pH was adjusted to 7.2 with NaOH. Liquid and the headspace was purged 

with ultra-high purity He. When phosphate buffer was used, NaH2PO4 and Na2HPO4 were 
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added at a molar ratio of 0.46 and the medium was also supplemented with NaHCO3 (50 mg 

L-1). The pH in these experiments was 7.3. 

Table 3-1. Summary of conditions applied to each experiment. 

Experiment Protocol 

Pre-exposure Period  Monitoring Period 

NO2
- (mg N L-1) Time (h)  NO2

- (mg N L-1) NH4
+(mg N L-1) 

NO2
-inhibition in 

presence of NH4
+ 

Protocol 1 - - 
 

50-500 38 

NO2
-inhibition in 

absence of NH4
+ 

Protocol 2 0-100 24 
 

50-100 38 

Effect of the length 

of the pre-

exposure period 

Protocol 2 100 0-12 

 

100 76 

Washing Effect Protocol 3 100 24 
 

100 76 

Toxicity of pre-

incubated medium 
Protocol 4 100 24 

 
100 76 

Table 3-1 summarizes the test conditions utilized in the various experiments. The 

addition of NO2
- and NH4

+ to the bioassays was performed following the protocols described 

below and depicted in Figure 3-1. 

Protocol 1: NH4
+ and NO2

- were added simultaneously (“simultaneous exposure”). 

The experiments were carried out in a mineral medium with NaHCO3/CO2 as buffer system. 

Protocol 2: Bioassays were supplemented with NO2
- and pre-incubated for different 

time periods ranging up to 24 h (“NO2
--pre-exposure”). After the pre-exposure period, 

bioassays were spiked with NH4
+. In treatments where the residual concentration of NO2

- was 

lower than 50 mg N L-1, NO2
- was supplemented to attain 50 mg N L-1. The experiments were 

carried out in a mineral medium with NaHCO3/CO2 as a buffering system. 

Protocol 3: The biomass was pre-exposed to NO2
- for 24 h. After that period, the 

biomass was allowed to settle and the liquid was decanted and replaced by 100 mL of mineral 

medium containing no N-compounds. This process was repeated twice to ensure that no NO2
- 
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remaining in the granules (“washed granules”). Subsequently, the bottles were closed and 

flushed with He, and NH4
+ and NO2

- were added simultaneously. In order to avoid pH 

variations during the manipulation of the flasks, these experiments were carried out in 

HEPES buffer and in phosphate buffer. 

 

Figure 3-1. Experimental protocols for addition of substrates in batch bioassays. 

In assays performed according to protocols 2 and 3, controls were included where the 

biomass was pre-exposed to NH4
+ (76 mg N L-1) (in absence of NO2

-) during the “pre-

exposure period.” The controls were supplemented with NO2
- (100 mg N L-1) after 24 h of 

incubation. Likewise controls were included in which no N-containing substrates were added 

during the pre-exposure period. These controls were supplemented with NO2
- and NH4

+ after 

24 h of incubation. 

Protocol 4: In these experiments, fresh anammox biomass was incubated with 

anaerobically decanted liquid medium obtained from a nitrite pre-exposure assay. Afterwards 

the medium was supplemented with NH4
+, the bottles were sealed and purged with He. The 

experiments were carried out in HEPES- or in phosphate-buffered medium. 

In all the cases, samples of the headspace were analyzed for N2 and NO at the 

beginning and at the end of the pre-exposure period, and periodically, after addition of NH4
+. 
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Liquid was sampled after addition of the substrates and at the end of the experiments, for 

analysis of NH4
+, NO2

- and NO3
-. 

3.3.3 Analytical methods 

Nitrate (NO3
-) and NO2

- were analyzed by suppressed conductivity ion 

chromatography using a Dionex IC-3000 system (Sunnyvale, CA, USA) fitted with a Dionex 

IonPac AS18 analytical column (4 × 250 mm) and an AG18 guard column (4 × 50 mm). 

During each run, the eluent (15 mM KOH) was used for 20 min. NH4
+ was determined using 

a Mettler Toledo SevenMulti ion selective meter with a Mettler Toledo selective NH4
+ 

electrode (Mettler Toledo, Columbus, OH, USA). N2 was analyzed using a Hewlett Packard 

5890 Series II gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) fitted with a 

Carboxen 1010 Plot column (30 m x 0.32 mm) and a thermal conductivity detector. The 

temperatures of the column, the injector port and the detector were 220, 110 and 100°C, 

respectively. Helium was used as the carrier gas and the injection volume was 100 µL. NO 

was analyzed using a chemiluminescence detector model NOA 280i (General Electric, 

Fairfield, CT, USA). The VSS content was analyzed according to Standard Methods (APHA, 

2005). 

3.3.4 Assessment of specific anammox activity and inhibition 

The specific anammox activity (SAA) was measured based on the N2 production rate 

and expressed as g N g VSS-1 d-1. The SAA was calculated from the maximum slope of the 

time course of the N2 concentration in the headspace as follows: (SAA) = ΔN2 (g VSS Δt)-1. 

The activity of each experiment was normalized with respect to the activity of a control not 

subjected to inhibitory conditions, normalized anammox activity (nAA, %) = 

(SAAinhibited/SAAcontrol) x 100. The concentration of NO2
- causing 50% inhibition (IC50) was 

calculated by interpolation in the graphs plotting the nAA as a function of the NO2
- 

concentration. 
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3.3.5 NO2
- diffusion model 

The effect of the length of the pre-exposure period (Table 3-1) was compared with a 

model simulating the diffusion of NO2
- through the granules. The evolution of the volume 

percentage of “un-exposed” biomass uB(%)(t) in an average granule was evaluated with time, 

and compared with the evolution of nAA(%) of the biomass.  

The NO2
- transport into an average granule could be evaluated by assuming that 

granules are spherical. The NO2
- transport is analyzed with a general mass balance that 

considers the NO2
- transport only in radial coordinates because of symmetry, and the 

concentration of NO2
- was uniform for a fixed radius. In addition, a constant diffusion 

coefficient, and no chemical reaction are considered. The model that results was based on 

Fick’s law: 
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where r is the radius of the sphere, C is the concentration of NO2
- at time t, and D is 

the apparent diffusivity. At the initial time, the concentration of NO2
- is considered to be zero 

in the entire granule. The concentration of NO2
- in the surface of the granule for times larger 

than zero, is considered constant, and expressed as 𝐶(𝑅, 𝑡) = 𝐶0  where R is the average 

radius of the granules (1.2 mm). In the center of the sphere, the derivative of the 

concentration with respect to the radio is considered equal to zero by symmetry. Then, the 

solution of Eq. (3.1) results in equation 3.2 (derivation of the model and other data can be 

found in Supplementary data, SD):  
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The volume percentage of unexposed biomass (uB%(t)) was calculated as a function 

of time and it is the percentage of the granule volume exposed at NO2
- concentrations of 

lower than the bulk concentration 98 mg N L-1. 
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3.4 Results 
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3.4.1 Inhibition by NO2
- in the presence or absence of NH4

+ 

Since NO2
- is a substrate and inhibitor of anammox bacteria, its impact on the 

anammox process may be different depending on whether it is being actively metabolized or 

not. Thus the presence of NH4
+ may affect the tolerance of anammox bacteria to NO2

- 

inhibition. The effect of NO2
- on the nAA of anammox granular sludge was evaluated over a 

range of NO2
- concentrations in the presence of NH4

+ and compared to the residual nAA of 

biomass pre-exposed to NO2
- in absence of NH4

+ during 24 h. The inhibitory effect of NO2
- 

was greatly enhanced in the absence of NH4
+. Figure 3-2A compares the time course of N2 

formation with and without pre-exposure to NO2
- (100 mg N L-1). In experiments where 

NH4
+ and NO2

- were fed simultaneously from the beginning, rapid production of N2 occurred. 

However, in experiments where the biomass was first pre-exposed to NO2
- for 24 h prior to 

the NH4
+ addition, there was essentially no N2 production for 22 h after subsequent addition 

of NH4
+. Figure 3-2B shows the nAA as a function of NO2

- concentration with and without 

NO2
- pre-exposure for 24 h. The graph clearly illustrates there is large difference in the 

impact of NO2
- depending on whether it was pre-exposed or fed simultaneously with NH4

+. 

The IC50 values were 53 and 384 mg NO2
--N L-1 for incubations pre-exposed to NO2

- and 

simultaneous incubations, respectively. Complete inhibition was observed at 100 and 500 

NO2
--N L-1, respectively. Based on the IC50 values, the NO2

- was approximately 7.2-fold 

more inhibitory when pre-exposed compared to simultaneous feeding. Controls pre-exposed 

to NH4
+ (instead of NO2

-) caused no detrimental effect nor did starving the anammox biomass 

of both NO2
- and NH4

+ have any negative impact (Figure S1; SD). Thus it is the exposure to 

NO2
- alone rather than a short starvation period that was responsible for the impact. 
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Figure 3-2. Impact of NO2
- pre-exposure on NO2

- inhibition. A, Time course of N2 

production with NO2
- pre-exposure for 24 h () and with simultaneous NO2

- and NH4
+ 

feeding (). The NO2
- and NH4

+ concentrations used were 100 and 38 mg N L-1, 

respectively. B, The effect of NO2
- concentration on the nAA after pre-exposure for 24 h to 

NO2
- alone () or when simultaneously fed with NH4

+ and NO2
- (). The maximum SAA in 

simultaneously fed treatments and pre-exposed treatments, was 0.33±0.02 and 0.40±0.02 g N 

g VSS-1 d-1, respectively 

3.4.2 Effect of the duration of the pre-exposure period 

A separate experiment was designed in order to determine how rapidly the NO2
- pre-

exposure inflicts full impact. Anammox granular sludge was pre-exposed to NO2
- (100 mg N-

NO2
- L-1) for different periods of time prior to the addition of NH4

+ in order to test the role of 

pre-exposure time on inhibition of anammox metabolism (Table 3-1, Figure 3-3). The results 

obtained show that anammox inactivation by NO2
- occurred quickly. After only 30 min of 

pre-exposure to NO2
- the inhibition was 74%. When the pre-exposure was continued up to 12 

h, the observed inhibition approached 100%. Calculations of NO2
- diffusion rate indicate that 

over the first 15 min when approximately 46% of the nAA was lost, the rate of activity loss 

was similar to the diffusion rate (Figure 3-3). Thereafter, further increments in the inhibition 

required more time than the calculated diffusion of NO2
- to impart further losses in activity. 

 

Figure 3-3. Effect of the time of pre-exposure to 100 mg N-NO2
- L-1 on nAA of anammox 

sludge in absence of NH4
+. The SAA of the non-pre-exposed control was 0.98±0.02 g N g 
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VSS-1 d-1. Insert, comparison of the nAA(%)() with the simulation of diffusion to calculate 

the uB(%) (dotted line) as a function of time. 

3.4.3 Role of the liquid medium pre-incubated with NO2
- 

The strong inhibition observed following exposure of anammox bacteria to NO2
- pre-

exposure (Figure 3-2) could be due to the formation of toxic byproducts during pre-

incubation. To test this hypothesis, anammox bacteria were exposed to decanted culture 

media obtained from bioassays pre-exposed to NO2
- for 24 h. The procedure followed in 

these assays was according to protocol 4 (Figure 3-1). Likewise, the medium of anammox 

bacteria pre-exposed to NO2
- for 24 h was decanted; the biomass was washed and the assays 

were replaced with fresh medium to determine if the washing reversed the toxicity or if the 

anammox cells were damaged by the NO2
- pre-exposure. The experimental procedure 

followed in these assays was protocol 3 (Figure 3-1). 

Figure 3-4 compares the nAA of biomass simultaneously fed with NH4
+ and NO2

- 

(A), biomass pre-exposed to NO2
- (B), biomass washed after pre-exposure to NO2

- (C), and 

healthy biomass exposed to a medium decanted from a 24 h NO2
- pre-exposure treatment (D). 

These bioassays were conducted both in HEPES and phosphate buffer. Washing the biomass 

after the pre-exposure period caused a moderate relief in the inhibition. The observed nAA 

after recovery was higher in HEPES buffer (42%) than in phosphate buffer (20%). The use of 

a medium pre-incubated with NO2
- caused inhibition of healthy biomass (22% in HEPES 

buffer, and 39% in phosphate buffer). These results indicate that inhibition occurred partly 

due to the inactivation of the biomass by NO2
- and partly due to the formation of soluble 

toxic intermediates. 
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Figure 3-4. The nAA of simultaneously fed biomass (A), biomass pre-exposed to NO2
- (B), 

biomass washed after biomass pre-exposure (C), and healthy biomass exposed to a medium 

decanted from another NO2
- pre-exposed assay (D). Bars indicate the buffer system used in 

each experiment: HEPES buffer (), phosphate buffer ( ). The SAA of the simultaneous fed 

controls (A) were 0.80±0.03 and 0.92±0.04 g N g VSS-1 d-1 in HEPES and phosphate buffer, 

respectively. 

3.4.4 Nitric oxide accumulation  

Accumulation of NO gas, an anammox intermediate (Kartal et al., 2011), was 

observed in the headspace of bioassays inhibited by exposure to NO2
-. In experiments where 

the biomass was exposed simultaneously to NO2
- and NH4

+ , accumulation of NO was only 

observed in treatments with very high NO2
- levels (500 mg NO2

--N L-1) coinciding with 

conditions in which N2 production was completely inhibited (Figure 3-5). In contrast, NO gas 

was detected at much lower NO2
- concentrations if the biomass was pre-exposed to NO2

- 

(Figure 3-6). Such conditions occurred when the NO2
- concentration was equal or higher than 

25 mg NO2
--N L-1. As shown in Figure 3-6, the concentration of NO in the headspace of 

these assays increased with the increasing concentrations of NO2
- in the pre-exposure period. 
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At 500 mg NO2
--N L-1, the 24 h production of NO in simultaneously fed cultures (Figure 3-5) 

was the same as that of 100 NO2
--N L-1 in NO2

- pre-exposed cultures (Figure 3-5) suggesting 

that a 5-fold lower NO2
- concentration was needed to achieve the same impact on NO 

production in the pre-exposed cultures. 

 

Figure 3-5. Time course of N2 production (closed symbols) and NO accumulation (open 

symbols) at initial NO2
- concentrations of 57 (diamonds), and 500 (squares) mg NO2

--N L-1 

when a simultaneous feeding protocol of NO2
- and NH4

+ was utilized. 
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Figure 3-6. NO gas accumulation after 24 h of pre-exposing the anammox biomass to 

different concentrations of NO2
- in the absence of NH4

+. 

The impact of the duration of NO2
- pre-exposure (100 mg NO2

--N L-1) on anammox 

activity and NO accumulation was also evaluated (Figure 3-7). The increasing durations of 

the pre-exposure had increasing inhibitory impacts on the anammox activity and caused 

parallel increases in the NO accumulation. By comparison, NO levels in the control were 

below the detection limit. At the end of the pre-exposure period, the levels of NO in the 

headspace were considerably higher in treatments exposed to NO2
- for longer periods. After 

addition of NH4
+ (76 mg N L-1), the concentration of NO in the gas phase continued to 

increase with time in all the pre-exposed treatments suggesting that the anammox bacterial 

cells were damaged. However, NO levels decreased gradually after 2 to 6 h of incubation 

after NH4
+ addition, which occurred in synchrony with the moment there was partial recovery 

in the anammox activity. 
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Figure 3-7. Time course of N2 (A) and NO (B) produced after pre-exposing the anammox 

biomass to 100 mg NO2
--N L-1 for 0 min (●), 15 min (♦), 1h (▲) and 12 h (■). 

3.5 Discussion 

3.5.1 Influence of physiological state on NO2
- inhibition of anammox bacteria 

The results obtained indicate that the inhibitory effect of NO2
- to anammox is greatly 

enhanced in the absence of NH4
+ (Figure 3-2). The IC50 value determined for NO2

- was 7.2 
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times lower when the anammox culture was pre-exposed to NO2
- (non-metabolizing) versus 

simultaneous exposure to NH4
+ that enables active metabolism. Although a NO2

- 

concentration of 100 mg N L-1 has been reported to be a safe limit for operation of anammox 

bioreactors (Jin et al., 2012), the results in this work show that under non-metabolizing 

conditions, considerable inhibition can occur following pre-exposure to lower NO2
- 

concentrations. 

Non-metabolic pre-exposure to NO2
- was shown to cause detrimental impact very 

quickly, with 74% of the full impact occurring within 30 min of incubation (Figure 3-3). The 

decrease in the SAA(%) was compared to the decrease of the uB(%), obtained from the 

simulation of NO2
- diffusion through the granule (Figure 3-3). The uB(%) represents the 

percentage volume of an average granule, not impacted by a NO2
- concentration of 98 mg N 

L-1 or higher, and it decreases as the NO2
- diffuses through the granule. The results in Figure 

3-3 suggest that in the absence of NH4
+ the initial toxic effect is controlled by the diffusion of 

NO2
- through the granule. After 15 min of pre-exposure, further penetration of the NO2

- does 

not cause a proportional decrease in activity. The delay of the inhibition with respect the 

diffusion of NO2
- could be due to two reasons. The first may be an active mechanism of 

detoxification carried out by cells. The second may be due to additional time required to 

extensively damage biomolecules. Other authors have suggested that mass transfer limitation 

may impact the extent of the inhibition caused by NO2
-. Suspended biomass has been shown 

to be more sensitive to NO2
- than granular sludge (Cho et al., 2010), and the highest tolerance 

to NO2
- inhibition, reported in the literature, was observed in anammox biomass embedded in 

a gel carrier (Kimura et al., 2010). 

In order to determine if the toxicity caused by pre-exposure of anammox cells to NO2
- 

is irreversible, the cells were washed prior to addition of NH4
+ and NO2

-. The washing caused 

a modest recovery of the SAA, when compared to the non-washed biomass (Figure 3-4). This 

indicates that the NO2
- toxicity is only partially reversible by washing, confirming that a large 

portion of the toxicity observed was due to a lasting damage to cells. The low recovery of 

activity after biomass washing obtained in this work contrasts with the high recovery rates 

previously reported in the literature. For example, Scaglione et. al. (Scaglione et al., 2012) 

observed almost complete recovery of SAA after pre-exposure to 100 mg NO2
--N L-1 for 48 

h, and Lotti et. al. (Lotti et al., 2012b) observed that the SAA decrease after exposure to 500 

mg N L-1 was not higher than 35%. In these two cases the NO2
- concentration applied after 

the washing was lowered to 50 mg N L-1, while in our case the level of NO2
- was the same as 



50 
 

in the pre-exposure period (100 mg N L-1). Other factors such as pH differences may have 

also contributed to the divergence. The medium pH is known to have a marked influence on 

NO2
- inhibition to anammox activity (Jaroszynski et al., 2011). The medium pH used in the 

current study was 7.2-7.3; whereas the previous studies applying washing used pH values 

ranging from 7.5-7.7 (Lotti et al., 2012b; Scaglione et al., 2012). 

Additionally, activity tests performed with liquid medium recovered from the pre-

incubation with NO2
- (100 mg N L-1) showed that this medium inhibited healthy anammox 

cells (38.8 and 21.5% in phosphate and HEPES buffers, respectively) (Figure 3-4). These 

findings indicate that a toxic by-product may have been formed during the pre-incubation 

period. The difference in the results obtained in HEPES buffer and phosphate buffer may be 

related to the chemistry of the formation of the toxic by-product, favored in phosphate 

buffered medium.  

The formation of toxic NO2
- derivatives in biological medium has been previously 

reported (Philips et al., 2002). NO and intermediates produced by NO2
- reduction can 

potentially generate other toxic products like nitrogen dioxide or peroxynitrite anion with 

high reactivity against biomolecules, including DNA, lipids, or proteins (e.g., tyrosine 

residues) (Mehl et al., 1999). The reaction products of NO2
- and different aminoacids were 

shown to be more toxic to activated sludge, than nitrite itself (Philips et al., 2002). 

3.5.2 NO accumulation, evidence of disrupted anammox cells 

NO gas accumulated in experiments where NO2
- inhibition occurred. Five times more 

NO2
- were needed to cause NO gas accumulation in experiments with simultaneous exposure 

than in NO2
- pre-exposed treatments. The amount of NO accumulated in the headspace 

depended on the NO2
- concentration as well as on the length of the pre-exposure period 

(Figures 3-6 and 3-7B). 

In anaerobic environments, NO can be generated chemically or, from biological 

reduction of NO2
- by denitrification or anammox. NO can be generated chemically from the 

reaction of Fe2+ in the medium and NO2
- (Kampschreur et al., 2011). The observed 

dependence of the NO production on the NO2
- concentration could suggest a chemical 

reaction as the source of the NO in our assays. Nevertheless, chemical formation of NO was 
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discarded from evidence in abiotic controls containing 100 mg NO2
--N L-1, in which NO 

could not be detected. Another possible source of NO gas is endogenous denitrification. 

Experiments where the granular sludge was amended with NO2
- (100 mg N L-1), and 

hydrogen or methanol at stoichiometric concentrations, were monitored for longer than 24 h, 

and denitrifying activity could not be detected (Figure S2; SD). Therefore, anammox seems 

to be the source of the NO. The low amount of NO detected is consistent with the use of an 

endogenous source of electrons by anammox bacteria. As shown in Figure 3-7, the 

accumulation of NO did not cause a complete halt in the N2 production, and therefore the 

accumulation of NO seems to be an indicator of disruption of anammox metabolism by NO2
- 

inhibition, rather than the cause of the inhibition (Kartal et al., 2010). NO and NH4
+ are the 

substrates of the enzyme hydrazine synthase which produces N2H4, later oxidized to N2. The 

accumulation of NO under conditions of NO2
- inhibition suggests that this step of the 

anammox catabolism may be interrupted. 

3.5.3 Hypothesis for NO2
- inhibition 

The absence of NH4
+ enhances the toxic effect of NO2

-. The big difference in the 

extent of the inhibition observed under metabolizing conditions or under non-metabolizing 

conditions (in absence of NH4
+) suggests that the inhibition does not depend only on the NO2

- 

concentration but also in the physiological status of the cells. 

Three different phenomena could explain this behavior. Firstly, active anammox 

metabolism is only made feasible in the presence of NH4
+, which provides a sink for NO2

-, 

lowering its concentration to non-toxic levels. Clearly the accumulation of NO2
- in the 

anammoxosome is due in part to this first phenomena since without NH4
+ there will be no 

metabolism of NO2
-. Consequently it will accumulate and potentially inhibit HZS and as a 

consequence NO will accumulates as was witnessed in this study. The NO accumulation and 

anammox inhibition linger even after adding NH4
+. 

Secondly, mechanisms of NO2
- detoxification are probably dependent upon the 

availability of metabolic energy to pump NO2
- out of sensitive regions of the cell. If cells are 

non-metabolizing, NO2
--pumps will not be active. Consequently NO2

- may not be adequately 

pumped out of sensitive areas of the cell (e.g. riboplasm, anammoxosome) where lasting 



52 
 

damage to biomolecules can potentially be imparted. Anammox catabolism leads to the 

generation of an intracellular proton gradient between both sides of the anammoxosome 

membrane (van der Star et al., 2010). NO2
- active transport proteins (NirC) have been found 

in the anammox genome (van de Vossenberg et al., 2013), which are H+ and NO2
- symporters 

dependent on a transmembrane proton motive force. Therefore, the capability of anammox 

bacteria to actively metabolize NH4
+ and NO2

- , and maintain the proton gradient, will 

directly affect the active transport of NO2
- between the anammoxosome and the other 

compartments (e.g. riboplasm). Some authors have suggested that the intracellular proton 

gradient is positive inside the anammoxosome (van der Star et al., 2010; van Niftrik and 

Jetten, 2012), therefore NirC could be involved in NO2
- detoxification, translocating NO2

-. In 

order to validate this mechanism, the role of NO2
- transport proteins in anammox bacteria, as 

well as the effect of the pH on NO2
- inhibition need to be further investigated. 

Thirdly NH4
+ may act as a reductant for the proper turn-over of enzymes and their 

cofactors. Inactivated oxidized enzyme cofactor requires electron equivalents to properly turn 

over. There is ample evidence that NO2
- inhibited cells can be rapidly recovered using highly 

reduced substrates such N2H4 or hydroxyl amine (NH2OH) (Strous et al., 1999b; Bettazzi et 

al., 2010).  

The higher permeability of biological membranes to undissociated compounds has led 

to the belief that free nitrous acid and not the NO2
- anion causes inhibition of anammox 

bacteria (Jaroszynski et al., 2011; Fernández et al., 2012). Nevertheless, the uniqueness of the 

ladderane anammoxosome membrane (Fuerst et al., 2006) has been suggested to be a barrier 

for FNA passage (Lotti et al., 2012b), and therefore the mechanism of NO2
- accumulation in 

the anammoxosome would not depend only on the bulk concentration of free nitrous acid. 

3.5.4 Implications 

The anammox process can be inhibited by nitrite. NO2
- inhibition is not only 

dependent on the bulk NO2
- concentration, but also the physiological status of the cells. The 

susceptibility of anammox bacteria to inhibition by NO2
- is higher when NH4

+ is not 

available. On the other hand, when NH4
+ is actively being metabolized, anammox bacteria 

have a higher resistance to NO2
- inhibition. The inhibitory effect of NO2

- in absence of NH4
+ 
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occurs very quickly, impacting the activity of the cells in a matter of minutes. The 

detrimental effect of NO2
- can be partially reverted by washing of the cells. The anammox 

process is applied in combination with a previous step, of partial nitrification, were 

approximately half of the NH4
+ is oxidized to NO2

-. This can be done in different 

configurations (i.e., CANON, SHARON, sequenced batch reactor). This work shows that the 

operation of the nitritation step is critical for the safe application of the anammox process. An 

event resulting in complete oxidation of NH4
+ to NO2

- , during the nitritation step, could lead 

to failure of the anammox process. Or if NH4
+ and NO2

- are being pumped into an anammox 

reactor from two different sources, a failure of the NH4
+ delivery pump could have a serious 

inhibitory impact. Strategies must be followed to avoid such events and, in the case that they 

occur, measures need to be in place to minimize the duration of the disturbance. 
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CHAPTER 4 

 

THE INTRACELLULAR PROTON GRADIENT ENABLES ANAEROBIC AMMONIA 

OXIDIZING (ANAMMOX) BACTERIA TO TOLERATE NO2
- INHIBITION 

 

 

 

 

 

4.1 Abstract 

Anammox bacteria are inhibited by nitrite, which is one of their substrates. By 

utilizing 2,4 dinitrophenol and carbonyl cyanide m-chlorophenyl hydrazone, two uncouplers 

of respiration, we demonstrate that nitrite tolerance of anammox cells is strongly dependent 

on their ability to maintain a proton gradient, which may be the driving force for active nitrite 

transport system. 

4.2 Introduction 

The anammox process is the biological anaerobic oxidation of ammonium (NH4
+) 

using nitrite (NO2
-) as electron acceptor. Anammox based technologies for N-removal from 

wastewater enable substantial savings in terms of operation when compared with traditional 

nitrification-denitrification process. By comparison, N-removal systems using anammox 

require less elemental oxygen, have no requirement for an external electron donor, and have 
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lower cell yield, leading to lower sludge production (Vlaeminck et al., 2012). Although 

anammox bacteria utilize NO2
- as the preferred electron acceptor, high NO2

- concentrations 

have the potential of inhibiting the anammox reaction. Disparate levels of inhibition have 

been reported in literature. Strous et al. (Strous et al., 1999b) observed complete inhibition at 

100 mg NO2
--N L-1, and reported IC50 values range 184–400 mg NO2

--N L-1 (Lotti et al., 

2012b; Carvajal-Arroyo et al., 2013). NO2
− inhibitory effect is enhanced when NO2

- exposure 

takes place in the absence of NH4
+ (Carvajal-Arroyo et al., 2014a), and by the application of 

pH values below 7.5 (Carvajal-Arroyo et al., 2014b). Due to the observation of stronger 

inhibition at low pH values, several authors have claimed HNO2 (FNA) as the species 

responsible for the inhibition (Fernández et al., 2012), although no supporting evidence was 

provided. On the other hand, other studies (Lotti et al., 2012b; Puyol et al., 2014) indicate that 

the concentration of the ionized form NO2
- determines the level of the inhibition, and 

therefore the pH effect may be due to disturbance of cell metabolism independently of NO2
-

/FNA speciation. Indeed, the extracellular pH may affect the intracellular pH, as observed in 

Bacteroides succinogenes (Russell, 1987) and Helicobacter pylori (Meyer-Rosberg et al., 

1996). Anammox bacteria rely on an intracellular proton motive force (PMF) for energy 

generation (van der Star et al., 2010). The discovery of genes coding for a PMF dependent 

nitrite transporter (NirC) (Jia et al., 2009), and a pH dependent nitrite/formate transporter 

(focA) (Lü et al., 2012), in the genome of anammox bacteria (Gori et al., 2013; van de 

Vossenberg et al., 2013), indicates that NO2
- active transport in anammox potentially relies 

on such intracellular proton gradient. We hypothesize that anammox bacteria avoid NO2
- 

inhibition by actively pumping it away from sensitive regions of the cells. Therefore, the 

resistance of anammox bacteria to NO2
- inhibition may be dependent on the existence of an 

intracellular PMF. In this work, batch activity tests were carried out, in which an anammox 

granular enrichment culture was exposed to NO2
-, in the presence or absence of different 

concentrations of uncouplers, 2,4, dinitro-phenol (24DNP) and carbonyl cyanide m-

chlorophenyl hydrazone (CCCP). 

4.3 Material and methods 

Batch inhibition tests were carried out with an anammox enriched granular sludge 

dominated by the genus Brocadia (Carvajal-Arroyo et al., 2013) with a maximum activity of 
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0.62 ± 0.01 g N2-N g VSS-1 d-1 (detailed characterization of the sludge in the supplementary 

data). The anammox granular enrichment culture (710 mg VSS L-1) was suspended in 100 

mL of a HEPES buffered medium (pH = 7.5) and incubated anaerobicallyas in (Carvajal-

Arroyo et al., 2014b). Resting anammox cells pre-exposed to 100 mg NO2
--N L-1 in the 

absence of NH4
+ for 24 h,and metabolically active anammox cells (simultaneously fed with76 

mg NH4
+-N L-1 and 100 mg NO2

--N L-1) were treated with different concentrations of 24DNP 

or CCCP. The anammox activity was measured by periodically analyzing N2 accumulation in 

the headspace of the bottles, as previously described (Carvajal-Arroyo et al., 2013). The 

normalized anammox activity (nAA (%)) was calculated by normalizing the nitrogen 

production rate of each treatment with that of a control under non-inhibitory conditions. 

 

Figure 4-1. Effect of 24DNP on NO2
- inhibition of resting () and actively metabolizing () 

anammox cells. 

4.4 Results and discussion 

Application of 24DNP to resting NO2
− exposed anammox granules enhanced NO2

- 

inhibitory effect (Figure 4-1). NO2
- inhibition was3-fold stronger in resting cells exposed to 

37.8 mg L-1 24DNP, than in the treatments lacking 24DNP. In contrast, only mild inhibition 
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was observed when the same concentration of 24DNP was applied during active metabolism 

and 77% of the maximum activity was observed. The moderate inhibitory effect of 24DNP 

observed during active metabolism may not be caused by uncoupling. Cell membrane 

disruption may occur due to the high membrane solubility of 24DNP (log Kow= 1.66) and 

high concentrations used. When CCCP was applied instead of 24DNP, only 0.1 mg L-1of the 

uncoupler was needed to cause complete inhibition of resting cells exposed to 100 mg NO2
--

N L-1 (Figure 4-2A). Additionally, the calculated IC50 of NO2
- to resting cells amended with 

0.28 mg CCCP L-1was 18.7 ± 1.7 mg NO2
--N L-1 (R2= 0.98), whereas the IC50 during NO2

- 

exposure in the absence of CCCP is greater than 150 mg NO2
--N L-1 (greater than the 

maximum NO2
- concentration tested) (Figure 4-2B). The impact of CCCP on metabolically 

active anammox cells (exposed simultaneously to NH4
+ and NO2

-) was only mild, with 11% 

inhibition at the maximum CCCP concentration tested (7 mg CCCP L-1) (Figure 4-2A) . 

van de Graaf et al. (van de Graaf et al., 1995) observed complete inhibition of 

anammox activity when using 24DNP and CCCP at 368 and 41 mg L-1respectively. In that 

case, NH4
+ was always present during the experiments, and NO3

- was supplied as electron 

acceptor instead of NO2
-. The low inhibition observed when NH4

+ is present suggests that the 

occurrence of the anammox reaction allows for maintenance of the PMF driving export of 

excess NO2
-, despite the dissipating effect of the uncouplers. Additionally, the active 

consumption of intracellular NO2
- due to anammox reaction, contributes to avoiding its 

accumulation to toxic levels. The dramatic effect of the uncouplers, specially CCCP, when 

the cells are exposed to NO2
- in the absence of NH4

+, compared to the lack of 

inhibitionduring active metabolism, suggests that anammox detoxification of NO2
- relies on 

proton motive force dependent NO2
- export. Anammox NO2

- transporters (NirC/focA), whose 

function in Scalindua spp. has been previously related to NO2
- import during starvation (van 

de Vossenberg et al., 2013) should then have the complementary function of NO2
- extrusion 

during NO2
- stress. 
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Figure 4-2. A: Effect of CCCP on NO2
- inhibition of resting () and actively metabolizing 

() anammox cells.. Insert: close up of treatments with CCCP concentration ranging 0-0.5 

mg CCCP L-1. B: Residual nAA of NO2
- exposed anammox resting cells incubated in with 

0.28 mg CCCP L-1 () or no CCCP (). In CCCP amended treatments, DMSO (up to 110 

mg DMSO L-1) was used as a co-solvent. Controls with DMSO (in absence of the uncoupler) 

showed no effect of the co-solvent on the activity or NO2
- tolerance of resting or actively 

metabolizing anammox cells (results not shown). 
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4.5 Implications 

These results show that enhancement of NO2
- inhibitory effect on anammox at low pH 

values cannot be attributed exclusively to enhanced diffusive transport of FNA, but active 

NO2
- transport plays a key role in NO2

- detoxification. The energy status of the cells, 

understood as their capacity to generate a strong intracellular proton motive force, is vital for 

the cells to avoid inhibition under conditions of NO2
- stress. Control strategies in anammox-

based bioreactors must avoid exposure of the biomass to NO2
- when NH4

+ has depleted. 

Moreover, anammox bioreactors should not be operated at pH values below the pH optimum 

of the biomass, as it would greatly enhance NO2
- toxicity in the absence of the electron 

donating substrate NH4
+. 
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CHAPTER 5 

 

EXOGENOUS NITRATE ATTENUATES NITRITE TOXICITY TO ANAEROBIC 

AMMONIUM OXIDIZING (ANAMMOX) BACTERIA 

 

 

 

 

 

5.1 Abstract 

Anaerobic ammonium oxidizing bacteria (anammox) can be severely inhibited by one 

of its main substrates, nitrite (NO2
-). At present, there is limited information on the processes 

by which anammox bacteria are able to tolerate toxic NO2
-. Intracellular consumption or 

electrochemically driven (transmembrane proton motive force) NO2
- export are considered 

the main mechanisms of NO2
- detoxification. In this work, we evaluate the potential of 

exogenous nitrate (NO3
-) on relieving NO2

- toxicity, putatively facilitated by NarK, a NO3
-/ 

NO2
- transporter encoded in the anammox genome. The relative contribution of NO3

- to NO2
- 

detoxification was found to be pH dependent. Exposure of anammox cells to NO2
- in absence 

of their electron donating substrate, ammonium (NH4
+), causes NO2

- stress. At pH 6.7 and 

7.0, the activity of NO2
- stressed cells was respectively 0 and 27% of the non-stressed control 

activity (NO2
- and NH4

+ fed simultaneously). Exogenous NO3
- addition caused the recovery 

to 42% and 80% of the control activity at pH 6.7 and 7.0, respectively. The recovery of the 

activity of NO2
- stressed cells improved with increasing NO3

- concentration, the maximum 

recovery being achieved at 0.85mM. The NO3
- pre-incubation time is less significant at pH 

7.0 than at pH 6.7 due to a more severe NO2
- toxicity at lower pH. Additionally, NO3

- caused 
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almost complete attenuation of NO2
- toxicity in cells exposed to the proton gradient disruptor 

carbonyl cyanide m-chlorophenyl hydrazone at pH 7.5, providing evidence that the NO3
- 

attenuation is independent of the proton motive force. The absence of a measurable NO3
- 

consumption (or NO3
- dependent N2 production) during the batch tests leaves NO3

- dependent 

active transport of NO2
- as the only plausible explanation for the relief of NO2

- inhibition. We 

suggest that anammox cells can use a secondary transport system facilitated by exogenous 

NO3
- to alleviate NO2

- toxicity. 

5.2 Introduction 

Anaerobic ammonium oxidation (anammox) is a promising microbial process which 

can be used for the treatment of ammonium rich wastewaters with low C:N ratio (Lackner et 

al., 2014). Anammox bacteria oxidize ammonium (NH4
+) with nitrite (NO2

-) as an electron 

acceptor, generating N2 gas as the main product and nitrate (NO3
-) as a by-product.  

NO2
- has the potential of inhibiting anammox bacteria, as observed in full-scale 

treatment plants (van der Star et al., 2007). However, there is no consensus on the sensitivity 

of anammox bacteria to NO2
- inhibition. The 50% inhibitory concentration (IC50) values 

reported in the literature diverge from 7 to 29mM (Strous et al., 1999b; Dapena-Mora et al., 

2007; Carvajal-Arroyo et al., 2014a). Recent research indicates that both pH and energy 

status of cells highly impacts sensitivity of anammox cells to NO2
- toxicity. The observation 

of pH-dependent NO2
- toxicity lead to a debate about the species responsible for anammox 

toxicity, free nitrous acid (HNO2) (Fernández et al., 2012) or ionized NO2
- (Lotti et al., 

2012b; Puyol et al., 2014). On the other hand, an exacerbated toxic effect was reported when 

anammox cells were exposed to NO2
- in the absence of NH4

+ or previously starved (Carvajal-

Arroyo et al., 2014a; Carvajal-Arroyo et al., 2014d). These findings collectively lead to our 

hypothesis that energy (directly or indirectly) from an intracellular proton gradient is used to 

drive transport of NO2
- from sensitive regions of the anammox cells.  

Anammox cells are divided into three compartments, paryphoplasm, riboplasm, and 

anammoxosome from outmost to innermost part of the cell (van Niftrik and Jetten, 2012). 

The anammoxosome, bound by a specialized mass-transfer-limiting membrane enriched in 

ladderanes lipids, is where energy is conserved by the generation of an intracellular pH 
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gradient, driving ATP production and active transport processes (van Niftrik and Jetten, 

2012). Evidence of a proton gradient was first reported by van der Star et al. (van der Star et 

al., 2010) who observed two stable pH values of 7.3 and 6.3 across an intracytoplasmic 

membrane, irrespective of the external pH conditions in metabolically active Kuenenia 

stuttgartiensis. Also, identification of ATP synthase in the anammoxosome membrane 

supports the idea that energy metabolism of anammox cells relies on a proton gradient 

(Karlsson et al., 2009). Moreover, genomic data indicate that NO2
- transport in anammox 

cells is mediated by a secondary active transporter, NirC/focA, acting as NO2
-/H+ transporter 

(van de Vossenberg et al., 2013). NO2
- toxicity of NO2

- stressed cells was found to be highly 

enhanced by application of respiration uncouplers (Carvajal-Arroyo et al., 2014c). This 

finding, combined with the multiple lines of evidences described above, leads to the 

conclusion that NO2
- tolerance in anammox bacteria is fueled by the intracellular proton 

gradient (Carvajal-Arroyo et al., 2014c). 

Another transporter, NarK, is present in anammmox cells according to genomic 

analysis (van de Vossenberg et al., 2013), which potentially provides an alternative system of 

transporting NO2
-. NarK is suspected to have the function of NO3

-/NO2
- antiporter (Strous et 

al., 2006; Gori et al., 2011; van de Vossenberg et al., 2013). Similar transporters in other 

bacteria exhibit a role of NO3
-/H+ symporter (NarK type I) or NO3

-/NO2
- antiporter (NarK 

type II) (Wood et al., 2002; Goddard et al., 2008; Zheng et al., 2013). Consequently, we have 

developed a hypothesis that if NarK indeed has NO3
-/NO2

- antiporter activity, NO3
- addition 

should facilitate NO2
- transport regardless of the existence of a proton gradient, and this in 

turn should have a large impact on the toxicity caused by NO2
-.  

In this work, batch experiments were carried out to investigate the effects of adding NO3
-, 

at different concentrations and incubation times, on NO2
- toxicity to NO2

- stressed cells, at 

different pH values. Moreover, we evaluated whether NO3
- can reverse the NO2

- toxicity 

caused by dissipating the proton gradient with low concentrations of carbonyl cyanide m-

chlorophenyl hydrazone (CCCP). We further evaluated the different effects of exogenous and 

endogenous NO3
- on the attenuation of NO2

- inhibition to anammox cells. 

5.3 Material and methods 

5.3.1 Batch bioassays 
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Anammox granular sludge used in all the experiments was obtained from a lab-scale 

expended granular sludge bed (EGSB) dominated by Broccadia spp., with the details 

described in Supplementary Information (SI).  

All batch bioassays were performed in duplicate in hermetically closed 160 mL serum 

bottles containing 100 mL basal mineral medium, and inoculated with 0.68 g VSS L-1 of 

anammox granular sludge and the corresponding MLVSS/MLSS ratio is 81%. The medium 

contained (in mg L-1) NaH2PO4·H2O (57.5), CaCl2·2H2O (100), MgSO4·7H2O (200), 

NaHCO3 (50), and 1.0 mL L-1 of two trace element solutions (Carvajal-Arroyo et al., 2014a). 

25mM 4-(2-hydroxyethyl)-1-piperazine-ethane sulfonic acid (HEPES) was used as buffer and 

the pH was adjusted to the desired value using a concentrated NaOH solution. The 

experiments were run at pH 6.7, 7.0 and/or 7.4-7.5 indicated in each protocol description 

(Table 5-1). The serum bottles were sealed with rubber stoppers and aluminum crimp seals. 

Liquid and headspace in the bottles were flushed with Helium gas to create anaerobic 

conditions. Finally, bioassays were incubated on a shaker (115 rpm) in a dark and climate 

controlled room (30 ±2 °C). 

Different protocols were utilized in the various experiments. During most of the 

assays, 5.4mM NH4
+ was added after a pre-exposure to NO2

- to initiate the bioassay. The 

time of NH4
+ addition was defined as time 0, all chemical additions prior to time 0 including 

those of NO2
- (7.1mM) and NO3

- (variable treatment concentrations) are indicated in negative 

units of time; whereas all additions after NH4
+ addition are indicated in positive units. The 

treatments conditions in the different experiments are summarized in Table 5-1 and described 

in detail in SI. 

In every test, the inoculum was harvested from nursing reactor immediately before the 

beginning of the experiment. Liquid samples were collected at the beginning and end of each 

experiment for NO3
-, NO2

-, and NH4
+ analysis. Gas samples of the headspace were taken 

periodically with a gas tight syringe for quantification of N2 gas production. 

5.3.2 Analytical 

In this work, N2 was monitored by using an Agilent 7890 gas chromatograph (Agilent 

Technologies, Santa Clara, CA), and NH4
+, NO2

- and NO3
- in liquid samples were analyzed 
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by suppressed conductivity ion chromatography using a dual line Dionex IC-3000 system 

(Dionex, Sunnyvale, CA) (more details were given in SI). The pH, TSS and VSS were 

determined according to standard methods (APHA, 2005). 

5.3.3 Data processing 

The specific anammox activity (SAA) was calculated from the time course of N2 

production and expressed as g N2-N g VSS-1 d-1. The maximum specific anammox activity 

(SAAmax) was defined when the anammox sludge was not subjected to inhibitory conditions 

(Positive control, C(+). Then, the normalized anammox activity (NAA) was calculated using 

Eq. 5.1.  

𝑁𝐴𝐴(%) = [𝑆𝐴𝐴
𝑆𝐴𝐴𝑚𝑎𝑥

⁄ ] × 100                                                (5.1) 
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Table 5-1. Summary of conditions applied to treatment protocols. (The added concentration of NO2
- and NH4

+ in all experiments 

was 7.1 and 5.4 mM, respectively) 

Treatment 

Protocols 

Salt addition 
Addition time 

(h) 
CCCP addition 

pH 

Source 
Time  

(h) 

Conc. 

 (mM) 
NO2

- NH4
+ 

Time  

(h) 

Conc. 

 (mg L-

1) 

C(+) NA NA NA 0* 0* NA NA 7.0 

C(-) NA NA NA -4 0* NA NA 7.0 

1a KCl/KNO3/NaNO3 -4 7.1 -4 0* NA NA 7.0 

1b KCl/KNO3/NaNO3 -4 7.1 0* 0* NA NA 7.0 

2 KNO3 -4 1.7 -4 0* NA NA 6.7/7.0/7.4 

3a KNO3 -17 1.7 -4 0* -24 0.56 7.5 

3b KNO3 -17 1.7 -4 0* -4 0.56 7.5 

4 KNO3 -17 0 to 7.1 -4 0* NA NA 6.7/7.0 

5a KNO3 -17 to 0 1.7 -4 0* NA NA 6.7/7.0 

5b KNO3 +2.2 1.7 -4 0* NA NA 6.7/7.0 

6 (I+II)** KNO3 -3.1 days(I) + -4(II) 3.5(I) + 1.7(II) -4 0* NA NA 7.0 

NA, Not applicable 

*, the time of ammonium addition is defined as time = 0 h as showed in Fig. S3 (addition prior to that are indicated with negative time, while 

positive time indicated an addition after time 0 h) 

**, treatments contain two stages (Stage I and II) and basal medium was replaced with fresh medium at the end of Stage I (washing of cells) 
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5.4 Results 

5.4.1 Anammox as the dominant process 

In order to confirm anammox dominant process in our bioassays, we estimated the 

contribution of other potential biological process (e.g. denitrification) to the production of N2 

and consumption of NH4
+ and NO2

-. Several batch bioassays were conducted and the results 

(shown in SI) showed the interference of N2 gas production by non-anammox reaction in this 

study was negligible. 

5.4.2 Attenuation of NO2
- toxic effect by NO3

- anion 

The potential of NO3
- to relieve NO2

- stress was investigated according to Protocol 1 

(Table 5-1) with the details described in SI. The severe inhibition of anammox activity due to 

NO2
- stress, as previously reported (Carvajal-Arroyo et al., 2014a), was reproduced in the 

negative control, C(-), at pH 7.0 when incubating anammox cells in 7.1mM NO2
- for 4 h pre-

exposure prior to addition of 5.4 mM NH4
+. NO2

- stressed cells and non-inhibited cells were 

amended with 7.1mM of KNO3 or NaNO3, and incubated for 4h prior to the addition of NH4
+ 

(or NH4
+ and NO2

-). KNO3 and NaNO3 largely reversed the toxicity of NO2
- stressed cells 

(shown in Fig. S4). Treatments incubated in the presence of KNO3 or NaNO3 (7.1mM) 

showed 65 to 75% NAA, whereas the stressed cells of C(-) only had 20% NAA. On the other 

hand, the presence of the same concentration of K+, Na+, and Cl- exhibited no effect on 

relieving NO2
- inhibition. Thus, NO3

- anion itself relieves NO2
- stress irrespective of the 

counter-ions (Na+ or K+). Moreover, when 7.1mM NO3
- (KNO3 or NaNO3) was added 

directly to non-inhibited cells, a partial 25% inhibition of NAA was observed rather than a 

stimulatory effect. This inhibition caused by excess NO3
- was confirmed by an additional 

experiment shown in Fig. S5 and is most likely due to osmotic effect of the salts. 

5.4.3 The role of the pH on NO2
- inhibition attenuation by NO3

- 



67 
 

The attenuation by NO3
- might be pH dependent, since NO2

- inhibition on anammox 

bacteria is closely associated with the pH (Carvajal-Arroyo et al., 2014b). A separate 

experiment was designed to investigate the effect of different pH (6.7, 7.0, and 7.4) on NO2
- 

inhibition attenuation achieved with NO3
- (Protocol 2 in Table 5-1). 1.7mM NO3

- was chosen 

instead of 7.1mM to minimize osmotic stress inhibition. The inhibition by NO2
- stressed cells 

was increased by decreasing pH as evidenced by full activity at pH 7.4, partial activity at pH 

7.0 and no activity at pH 6.7 (Figure 5-1a). Since the inhibition is more severe at low pH, the 

relative importance of NO3
- attenuation of the NO2

- stressed cells increases with decreasing 

pH. At pH=6.7 and 7.0, 1.7mM NO3
- increased the NAA to 40 and 80% corresponding to 0 

and 27% in NO2
- stressed cells, respectively. At pH=7.4, the behavior was completely 

different since NO2
- pre-exposure caused virtually no inhibition and thus, there was no 

toxicity to attenuate which is why addition of NO3
- exerted little impact on the NAA. These 

results indicate that the pH mostly impacts the inhibitory level of NO2
- stressed cells, and 

therefore, the relative impact of NO3
- in attenuating NO2

- toxicity is greatest when the system 

is most stressed by NO2
-. 

 

Figure 5-1. Effects of NO3
- pre-incubation at different pH (6.7, 7.0, and 7.4) (Panel a) and in 

treatments with proton gradient disrupted by CCCP at pH 7.5 (Panel b) on the NAA. C(+): 

positive control (filled bar). C(-): negative control (empty bar). NO3
- concentration = 1.7 mM. 

In Panel a: NO3
- pre-incubation provided at -4h coinciding with the start of the pre-exposure 

to NO2
- (cross-hatched bar) and anammox activity measured in C(+) at pH = 7.0 is defined as 

NAA = 100%. In Panel b: NO3- pre-exposure = -17h and CCCP concentration = 0.56 mg L-



68 
 

1. The asterisk (*) in graph indicates that no activity was detected (NAA  0). The error bars 

represent standard deviations of duplicate assays. 

5.4.4 NO3
- attenuation of NO2

- toxicity feasible after disrupting the proton gradient 

The mechanism of the attenuation of NO2
- inhibition by NO3

- was studied by using 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Lewis et al., 1994) (Protocol 3 a and 

3b in Table 5-1). As reported previously, if the proton gradient is disrupted by using CCCP as 

a respiratory uncoupler, NO2
- stressed cells are completely inhibited at pH 7.5, a condition 

which was otherwise non-toxic (Carvajal-Arroyo et al., 2014c). As shown in Figure 5-1b, 

NO3
- is able to attenuate NO2

- toxicity caused by CCCP. The treatment at pH=7.5 with 4h 

NO2
- pre-exposure only caused 30% inhibition, compared to 95% inhibition in the treatments 

with 0.56 mg CCCP L-1 for 4 and 24h pre-exposure. This CCCP-induced NO2
- inhibition 

could be mostly reversed by incubating the anammox cells together with 1.7mM NO3
- for 

17h. The NO3
- addition significantly decreased the NO2

- inhibition to less than 30% in CCCP 

exposed cells. 

5.4.5 Effect of NO3
- concentration and addition times 

Both concentration and exposure time of NO3
- might play a role in attenuating NO2

- 

inhibition attenuation which is suspected to rely on a putative NO3
-/NO2

- antiporter transport 

system. In order to test this hypothesis, anammox biomass was incubated with a series of 

NO3
- concentrations (0-7.1mM supplied at -17h) with NO2

- added at -4h (Protocol 4 in Table 

5-1), while another experiment was designed to study the impact of NO3
- pre-incubation time 

(1.7mM NO3
- supplied at -17-0h) on attenuating NO2

- inhibition (Protocol 5a in Table 5-1).  

The impact of NO3
- concentration on NAA recovery of NO2

- stressed cells is shown in 

Figures 5-2a and 5-2b for pH=7.0 and 6.7, respectively. Up to a NO3
- concentration of 

0.85mM, the measured NAA increased with the concentration of NO3
-. The estimated NO3

- 

concentration causing 50% attenuation of the inhibition was 0.22 to 0.23mM, depending on 

the pH. Above 0.85mM NO3
-, there was no further improvement in NAA, consistent with a 
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saturation pattern. Thus the maximum recovery of the NAA was achieved at 0.85mM NO3
- in 

this study.  

 

Figure 5-2. Effects of different NO3
- concentrations (Panels a & b) and different NO3

- pre-

incubation times (Panels c & d) on anammox activity at pH = 7.0 (● in panel a & c) and pH = 

6.7 (○ in panels b & d) when subjected to -4h NO2
- pre-exposure. Each control showed in 

each panel indicates an independent control test involved in the corresponding batch 

experiment. C(+): positive control; C(-): negative control. The NO3
- pre-incubation time in 

panels a & b was -17h. NO3
- concentration in panels c & d was 1.7 mM. Anammox activity 

measured in C(+) at pH = 7.0 (panels a & c) and pH = 6.7 (panels b & d) are defined as 

corresponding NAA = 100% in each panel. The asterisk (*) in graph indicates that no activity 

was detected (NAA  0). Error bars (shown if lager than the symbols) represent standard 

deviations of duplicate assays. 
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Figures 5-2c and 5-2d show the effect of NO3
- addition time on attenuating NO2

- 

inhibition at pH 7.0 and 6.7, respectively. At the lowest pH, longer NO3
- pre-incubation time 

was required to obtain comparable attenuation effect to that achieved at pH 7.0. At pH 6.7, 

the NAA increased from 0 to 10%, with NO3
- addition at -9h versus 0h, and subsequently 

increased to 41% with a NO3
- addition at -17h. At neutral pH, the NAA increased from 28% 

for C(-) to 77% with NO3
- addition times of -7 to 0h. Extended exposure with addition times 

of -17h increased the NAA a little more to 87%. The effect of NO3
- addition even 2.2h after 

the NH4
+ addition (time=0h) in the middle bioassay was also evaluated, which partially 

improved N2 production rate (Figure 5-3a). The response was also observed to occur 

immediately after the NO3
- addition. 

5.4.6 The role of exogenous and endogenous NO3
- on attenuation of NO2

- toxicity 

The effects of exogenous and endogenous NO3
- in attenuating NO2

- toxicity was 

studied according to Protocol 6. When anammox cells were pre-soaked in 3.5mM NO3
- for 

3.1 days, some NO3
- would be expected to enter into the cells by slow passive diffusion 

and/or facilitated transport. Figure 5-3b illustrates the response of cells to NO2
- stress with 

and without prior NO3
- soaking. All treatments, in which cells were subjected to a 4h pre-

exposure to NO2
-, had a lag phase when the anammox reaction was started by NH4

+ addition 

at 0h. However, the pre-exposure to NO3
- in the 3.1-day soaking period (stage I) had a large 

impact on the outcome. If NO3
- was present, the anammox cells were completely inhibited by 

the subsequent 4h NO2
- pre-exposure. Thus cells with accumulated intracellular NO3

- are 

extremely sensitized to NO2
- toxicity. Washing the cells and re-adding NO3

- in stage II (at the 

start of NO2
- pre-exposure, 4h prior to NH4

+ addition) only improved the activity slightly. 

Nonetheless it was sufficient to allow for some recovery of anammox activity in extended 

incubations. 

The behavior was nearly opposite if no NO3
- was present during 3.1-day pre-soaking 

period. NO3
- added at the start of the 4h NO2

- pre-exposure (and after washing) greatly 

improved the anammox activity (Figure 5-3b) compared to a treatment without NO3
- addition 

in either stage I or II. The result indicated that NO3
- attenuated NO2

- toxicity in NO2
- stressed 

cells if there was no prior accumulation of NO3
- as has been observed in the previous 

experiments of this study with exogenous NO3
- additions. 
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Also consistent with the previous findings is the fact that cells simultaneously fed 

NO2
- with NH4

+ at time 0 were not inhibited, even if they were subjected to a prior starvation 

as was the case with the C(+) control in this experiment. Also under these conditions, a 3.1-

day soaking with NO3
- was absolutely not toxic (Figure S6). 

 

Figure 5-3. Investigation of the effect of NO3
- post-addition to NO2

- pre-exposure (Panel a) 

and the role of a dissipated NO3
- gradient (Panel b) on NO2

- inhibition at pH = 7.0. C(+): 

positive control (■); C(-): negative control (○). NO3
- addition time was +2.2h NO3

- addition 

(●). Phase I & II in panel a indicate bioassay stage before and after adding 1.7 mM NO3
- at 

+2.2h. In panel b, the normal NO3
- gradient was achieved with biomass soaked in medium 

without NO3
- for 3.1 days, followed by 4 h NO2

- pre-exposure without (◇) or with (◆) 1.7 

mM NO3
- addition. This dissipated NO3

- gradient was achieved with biomass soaked in 

medium with 3.5 mM NO3
- for 3.1 days, followed by 4 h NO2

- pre-exposure without (△) or 

with (▲) 1.7 mM NO3
- addition. In all groups of panel b after Stage I of 3.1 days, Stage II 

was initiated when the basal medium was replaced with a fresh medium containing no NO3
- 

and 7.1 mM NO2
- which was added at -4 h. Error bars (shown if larger than the symbols) 

represent standard deviations of duplicate assays. 

5.5 Discussion 

5.5.1 Hypothesis for NO2
- inhibition attenuation by NO3

- 
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As described in Introduction section, recent research about effects of NO2
- pre-

exposure and starvation on anammox bacteria put forward a hypothesis for the exacerbated 

NO2
- toxicity: anammox cells need energy to properly pump NO2

- from sensitive areas of the 

cells, and when deprived of the energy yielding substrate (NH4
+), the pumping does not occur 

(Carvajal-Arroyo et al., 2014a; Carvajal-Arroyo et al., 2014d). An active transport system is 

suggested to be involved in transporting NO2
- on the basis of discovered genetic evidence of 

the presence of a proton gradient dependent NO2
- transporter (NirC) and a pH dependent 

NO2
-(or Formate) transporter (FocA) in the genome of anammox bacteria (Gori et al., 2011; 

van de Vossenberg et al., 2013; Carvajal-Arroyo et al., 2014c), which is supported by the 

experimental result that selective respiratory uncoupler suppressing proton gradient caused a 

sudden inhibition of NO2
- at pH 7.4-7.5 which is normally a pH condition in which anammox 

cells are resilient to NO2
- toxicity (Carvajal-Arroyo et al., 2014c). 

Compared with the active NO2
- transport discussed above, the discovery of NarK 

genes, associated with either NO3
-/H+ symporter (Type I) or NO3

-/NO2
- antiporter (Type II) 

(Wood et al., 2002; Goddard et al., 2008; Gori et al., 2011; van de Vossenberg et al., 2013), 

provides a possible detoxification pathway for pumping toxic NO2
- from sensitive regions of 

the cells, such as the riboplasm or anammoxosome, without directly requiring the energy of 

the proton gradient. This would only be possible if the protein with type II antiporter activity 

is properly expressed in anammox cells and the chemical NO3
- gradient is in the proper 

direction to drive efflux of NO2
-  by secondary transport (Zheng et al., 2013; Karsh et al., 

2014).  

Although there is no direct evidence of NO3
-/NO2

- antiporter proteins in the present 

study, we have observed that NO3
- attenuates toxicity caused by NO2

- pre-exposure. At 

pH=7.0, complete attenuation is already achieved at 0.85mM NO3
- and half of the attenuation 

capacity is already obtained at a very low concentration of 0.23mM NO3
- (Figure 5-2a), 

consistent with the order of magnitude expected for the half saturation (Km) of a transporter 

protein. For example, half saturation constants of 0.01-0.20 and 0.05-0.20mM are reported 

for NO2
- and NO3

- transporters in other bacteria and plants cells, respectively (Moir and 

Wood, 2001; Goddard et al., 2008; Kotur et al., 2013; Maeda et al., 2014).  

The NO2
- pre-exposure toxicity is so severe at pH 6.7 that all anammox activity is lost 

(100% inhibition) (Figure 5-1a). Even under such extreme conditions, NO3
- is still able to 

restore approximately 40% of the original anammox activity. At pH 7.4-7.5, there is no 
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toxicity due to NO2
- pre-exposure most likely because the higher medium pH may create a 

temporary proton gradient that could facilitate transport of NO2
- (Figure 5-1a). To verify that 

this is the case, the proton gradient was disrupted at pH 7.5 by exposure to CCCP for 4 and 

24 h which caused a severe inhibition due to NO2
- stress (Figure 5-1b). That inhibition could 

also be mostly reversed by addition of NO3
- which is suspected to facilitate an alternative 

mechanism of transporting NO2
-. 

5.5.2 Mechanisms 

The main mechanistic hypothesis is that a NO3
- dependent secondary transporter 

protein provides an alternative mechanism to detoxify excess NO2
-. This mechanism requires 

two things, 1) a NO3
- gradient, and 2) a NO3

-/NO2
- co-transporter. 

NO3
- gradients: Once NO3

- is added, the diffusion of NO3
- from outside to inside the 

cells is expected to occur and thus, a NO3
- gradient, building up across the cell (or organelle) 

membranes, can drive NO3
- dependent secondary transport (Figure 5-4a). The gradient is 

expected to be stronger across the anammoxosome membrane with ladderane lipids enable a 

stronger resistance to free passage of charged molecules (van Niftrik and Jetten, 2012). In 

order to confirm the importance of the gradients, we attempted to dissipate the NO3
- gradient 

across cell membranes by soaking anammox cells in NO3
- solutions for 3.1 days to allow for 

intracellular accumulation of NO3
-. After washing the NO3

- pre-soaked cells, addition of NO3
- 

no longer had any beneficial effect on alleviating NO2
- toxicity of NO2

- stressed cells (Figure 

5-3b). The results clearly indicate that NO3
- is only effective if there is a gradient and the 

gradient is in the correct direction (to expulse NO2
- from a sensitive region). The anammox 

biomass used in the study was not responsible for catalyzing NO3
- consumption in the time 

frame of the batch experiments performed here (Figure S2), and therefore, other microbial 

processes, like denitrification, are not involved in the observed relief of NO2
- inhibition. 
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Figure 5-4. Hypothesized mechanisms of attenuation (Panel a) and enhancement (Panel b) of 

NO2
- toxicity dependent of the direction of NO3

- gradient. 

NO3
-/NO2

- co-transporter: As mentioned above, NarK gene was reported to be present 

in anammox bacteria, including Brocadia, with two potential functions. Nonetheless, the 

large impact of NO3
- in this study indicates that the NarK indeed has type II activity in our 

anammox culture. NarK I activity does not transport NO2
- thus it cannot be implicated in any 

direct fashion with attenuation of NO2
- toxicity. Additionally, NO3

- is effective in cells with a 

disrupted proton gradient (CCCP treated cells) and NarK I activity would require a proton 

gradient to drive secondary transport. These considerations clearly suggest that NarK I is not 

involved directly or indirectly in attenuating the NO2
- toxicity. The same reasoning can be 

used to exclude NirC/FocA from any implication in toxicity attenuation resulting from NO3
- 

addition in CCCP treated cells. 

5.5.3 Physiology: A hypothesis for the role of NO3
- by-product formation in attenuating 

NO2
- toxicity 

In anammox cells, NO3
- is a product of NO2

- oxidation aimed to generating reducing 

equivalents for CO2 fixation, and additionally, it may serve as potential terminal electron 
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acceptor for organic electron donors (Kartal et al., 2013). NO3
- by-product formation may not 

have any beneficial effect on attenuation of NO2
- toxicity if it is associated with intracellular 

accumulation of NO3
- (Figure 5-3b). If our hypothesis is true, the NarK facilitated transport 

direction of NO2
- and NO3

- will strongly depend on the NO3
- gradient built up over the 

membrane of anammox cells (Figure 5-4a and 5-4b). Thus one implication is that NO3
- by-

product formation can actually exacerbate the NO2
- toxicity rather than attenuate it because a 

reverse transport of NO2
- might cause an influx of NO2

- in sensitive regions of anammox cells 

(Zheng et al., 2013; Karsh et al., 2014). Our experimental results show that a putative reverse 

gradient caused extreme inhibition of anammox activity (Figure 5-3b). The enhancement of 

NO2
- toxicity due to intracellular NO3

- suggests that NO3
- by-product export may favor NO2

- 

import (Figure 5-4b). This may be of physiological relevance in natural environments where 

NO2
- concentrations are orders of magnitude lower than in WWTPs. 

5.6 Implications 

The detoxification mechanism described in this paper is hypothesized to rely on a 

secondary transport independent of a proton gradient and to be regulated by NarK genes 

while a NO3
- gradient must be built up in the right direction to drive the transport. When 

anammox bacteria are inhibited by 7.1 mM NO2
- without NH4

+ addition, a very low 

concentration of exogenous NO3
- (0.85mM) was able to completely recover the NO2

- stressed 

anammox cells at pH of 6.7 and 7.0. This implies that anammox bacteria could be reactivated 

by exogenous NO3
- when anammox sludge is severely stressed by NO2

- exposure (e.g. start-

up of anammox units, NO2
- overloading, or NH4

+ feed interruption). However, the opposite is 

also true if there is an accumulation intracellular NO3
- which could enhance NO2

- toxicity. 

Therefore NO3
- accumulation must be avoided during the startup of anammox based 

bioreactors, especially if NO3
- has been applied during anammox sludge storage in order to 

avoid that NO3
- drives NO2

- import, potentially leading to toxicity enhancement. A prolonged 

exposure of anammox biomass to exogenous NO3
- is not recommended since that would 

gradually decrease the NO2
- toxicity attenuating effect of NO3

- due to the passivation of the 

NO3
- gradient. Furthermore, it would also cause an unintended enrichment of denitrifying 

bacteria. 
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CHAPTER 6 

 

NITRATE REVERSES SEVERE NITRITE INHIBITION OF ANAEROBIC AMMONIUM 

OXIDATION (ANAMMOX) ACTIVITY IN CONTINUOUSLY-FED BIOREACTORS  

 

 

 

 

 

6.1 Abstract 

Nitrite (NO2
-) can cause failure of N-removal processes relying on anaerobic ammonium 

oxidizing (anammox) bacteria. Detoxification of NO2
- can potentially be achieved by using 

exogenous nitrate (NO3
-) due to the putative occurrence of a NO3

-/NO2
- antiporter (NarK) in 

anammox bacteria, translocating NO2
- away from sensitive regions in the cell. In this work, 

continuous experiments in bioreactors with anammox bacteria closely related to “Candidatus 

Brocadia caroliniensis” were conducted to evaluate the effectiveness of short additions of NO3
- 

to reverse NO2
- toxicity. The results show that a timely NO3

- addition immediately after a NO2
- 

stress event completely reversed the NO2
- inhibition. This reversal occurs without NO3

- being 

metabolized as evidence by lack of any 30N2 formation from 15N-NO3
-. The maximum recovery 

rate was observed with 5 mM NO3
- added for 3 days; however, slower but significant recovery 

was also observed with 5 mM NO3
- for 1 day or 2 mM NO3

- for 3 days. Without NO3
- addition, 

long-term NO2
- inhibition of anammox biomass resulted in irreversible damage of the cells. 
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These results suggest that a short duration dose of NO3
- to an anammox bioreactor can rapidly 

restore the activity of NO2
--stressed anammox cells and prevent irreversible damage of the 

anammox biomass. 

6.2 Introduction 

Since anaerobic ammonium oxidation (anammox) was first discovered in the early 1990s, 

it has been applied as a promising technology to treat ammonium rich wastewaters with low C:N 

ratio. Anammox bacteria utilize nitrite (NO2
-) as an electron acceptor to oxidize ammonium 

(NH4
+) with N2 gas as the main product and nitrate (NO3

-) as a byproduct. Anammox are 

chemolithoautotropic bacteria that can provide advantages over the conventional nitrification-

denitrification N-removal process due to no need for an external carbon source and lowered 

aeration requirements (60% saving) (Lackner et al., 2014). Therefore, the application of the 

anammox process has become widely developed for N-removal in both side- and main-streams 

of wastewater treatment plants (Morales et al., 2012; Lackner et al., 2014; Lotti et al., 2015).

However, NO2
- substrate inhibition of anammox microorganisms has commonly been 

observed in both lab- and full-scale anammox systems (van der Star et al., 2007; Lotti et al., 

2012b; Carvajal-Arroyo et al., 2013). A good understanding of NO2
- inhibition to anammox 

bacteria is still missing and could provide better insight on the measures that can be taken to 

recover anammox biomass after NO2
- inhibition events. Current knowledge indicates that the 

sensitivity of anammox bacteria to NO2
- varies by orders of magnitude (7 – 29 mM) from 

experiment to experiment (Li et al., 2016) and the N species, free nitrous acid or nitrite, 

responsible for the toxicity is still in debate (Fernández et al., 2012; Lotti et al., 2012b; Puyol et 

al., 2014). Recent studies indicate that both the cell energy status and pH are linked to the 

severity of NO2
- inhibition. Anammox cells were reported to show increased sensitivity to NO2

- 

inhibition when pretreated by either starving the cells or pre-incubating the cells in the medium 

with NO2
- alone without the electron donating energy substrate, NH4

+ (Lotti et al., 2012b; 

Carvajal-Arroyo et al., 2014d; Puyol et al., 2014). Additionally, the pH has a large impact on the 

sensitivity of anammox cells in response to NO2
- toxicity, with the sensitivity increasing 
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substantially as the pH is lowered from 7.4 to 6.7 (Carvajal-Arroyo et al., 2014b). Moreover, 

respiration uncouplers that dissipate the proton gradient and are expected to disrupt energy 

metabolism of anammox bacteria were found to sharply enhance the toxicity of NO2
- to 

anammox cells even at pH values (7.4-7.5) that otherwise are very favorable for anammox 

(Karlsson et al., 2009; Carvajal-Arroyo et al., 2014c; Li et al., 2016). These results collectively 

indicate energy is required for anammox bacteria to tolerate NO2
- and that energy may be 

available from a proton gradient to drive transport of NO2
- from sensitive regions of anammox 

cells.  

Besides cell energy, we hypothesize that detoxification of NO2
- can also be achieved by 

an alternative mechanism involving the presence of NO3
- which facilitates the transport of NO2

- 

from sensitive regions of anammox cells. Firstly, current evidences indicate the presence of 

NarK with two potential functions a) NO3
-/ NO2

- antiporter and b) NO3
-/H+ symporter in 

anammox bacteria (Wood et al., 2002; Jia and Cole, 2005; Strous et al., 2006; Goddard et al., 

2008; Gori et al., 2011; Kartal et al., 2013; van de Vossenberg et al., 2013; Zheng et al., 2013). 

Secondly, the results obtained from our previous work indicate exogenous NO3
-, irrespective of 

the status of the proton gradient, was able to attenuate NO2
- toxicity to anammox cells in batch 

bioassays. This behavior is consistent with the putative antiporter function of NarK as a NO3
-

/NO2
- antiporter in anammox cells (Li et al., 2016).  

To further understand the role of NO3
- in attenuating NO2

- toxicity to anammox bacteria, 

continuous experiments in upflow anaerobic sludge blanket (UASB) reactors were conducted 

using granular anammox sludge. The main objective of this study is to determine if and how 

NO3
- addition could be used as a measure to restore the activity of nitrite-inhibited anammox 

biomass in continuous bioreactors, thereby preventing reactor failure. Isotopically labeled N was 

utilized to demonstrate that only the anammox reaction was responsible for N2 production and 

that other potential biological processes (e.g. denitrification) were not responsible for the 

recovery of N2 production.  

6.3 Material and methods 
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6.3.1 Biomass 

Anammox granular sludge used in this work was originally provided by Paques BV 

(Balk, The Netherlands) from a full-scale anammox wastewater treatment plant in The 

Netherlands. A 3-L lab-scale expended granular sludge bed (EGSB) was used to cultivate and 

maintain the sludge for 5 years before this study. As described in previous work (Li et al., 2016), 

EGSB was fed with a synthetic medium at a loading rate of 4.0 g N L-1 day-1, with a specific 

anammox activity (SAA) of 0.75±0.17 g N2-N g volatile suspended solids (VSS) -1 d-1. The 

average granule size was 2.2±0.6 mm in diameter calculated by image analysis using the 

software ImageJ. The sludge exhibited a red color which is typical of a highly enriched culture of 

anammox bacteria (Chen et al., 2011), and the experimental molar stoichiometric ratios of NH4
+ 

conversion, NO2
- removal, and N2 gas and NO3

- production are 1.0: 1.38(±0.07): 1.04(±0.09): 

0.25(±0.03) which are close to the reported ratios for anammox enrichment cultures (Strous et 

al., 1998; Puyol et al., 2013), with a good balance of nitrogen (around 105%) (Figures S1 and S2 

in Supporting Information). Evidence that anammox and not denitrification was predominant 

process was obtained with 15N labeled substrates described below. 

6.3.2 15N Labeling Bioassays 

Serum flasks (25 mL) were supplied with anammox sludge (0.71 VSS L-1) and 15 mL 

basal mineral medium containing (in mg L-1) NaH2PO4·H2O (57.5), CaCl2·2H2O (100), 

MgSO4·7H2O (200), and 1.0 mL L-1 of two trace element solutions (Puyol et al., 2014). 25 mM 

4-(2-hydroxyethyl)-1-piperazine-ethane sulfonic acid (HEPES) was used as buffer to maintain 

the pH of 7.0. The serum flasks were sealed with rubber stoppers and aluminum crimp seals, 

followed by flushing with helium gas to create anaerobic conditions. Non-labeled/labeled 

substrates were added in five combinations as follows: a) 14NO2
- + 14NH4

+, b) 14NO2
- + 15NH4

+, 

c) 14NO2
- + 14NH4

+ + 15NO3
-, d) 14NH4

+ + 15NO3
-, and e) 15NO3

-, while a group without adding 

substrate was used as the blank. Finally, bioassays were incubated on a shaker (115 rpm) in a 

dark and climate controlled room (30 ±2 °C). During 10 h experimental time, gas samples were 
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collected at the beginning and the end of the experiment and analyzed immediately by gas 

chromatography–mass spectrometry (GC-MS). 

6.3.3 Clone Library 

A clone library analysis identified the anammox bacteria in the sludge. Sludge DNA was 

extracted from 100 µL of suspended culture with a PowerSoil DNA Isolation Kit (Mo Bio 

Laboratories, Carlsbad CA). Two PCR methods were used to target near-complete 16S rRNA 

sequences of anammox bacterial 16S rRNA. One PCR method used primers Pla46F (5’-

GGATTAGGCATGCAAGTC-3’) (Kurniawan et al., 2006) and universal primer 1392R (5’-

GACGGGCGGTGTGTACAA-3’) (Vedrenne et al., 2012) as described by Rich et al.(Claret et 

al., 2011b), while the second used primers An7F (5’-GGCATGCAAGTCGAACGAGG-3’) and 

An1388R (5’-GCTTGACGGGCGGTGTG-3’) (Akinbile et al., 2012). Each PCR reaction (50 

µL) contained 10 ng of DNA extract, 1.0 mM MgCl2, 1×DNA GoTaq buffer (Promega, Madison 

WI), 1.6 mM dNTPs, 1.25 µg bovine serum albumin (BSA), 0.62 U of GoTaq DNA polymerase 

(Promega, Madison WI), and 0.5 µM of each primer. Thermocycling conditions were an initial 

denaturing at 94 °C for 3 min followed by 35 cycles of 30 s at 94 °C, 1 min at 55 °C, and 1 min 

at 72 °C with a final extension of 7 min at 72 °C. PCR product was analyzed for correct size by 

gel electrophoresis on a 1% agarose gel dyed with EnviroSafe Stain (Helixx Technologies, 

Scarborough ON, Canada), cleaned using the UltraClean PCR Clean-Up Kit (Mo Bio 

Laboratories, Carlsbad CA) and cloned using the pGEM-T Easy Vector System (Promega , 

Madison WI). Clones were sequenced with M13 primers in both directions at the DNA/Protein 

core facility at Oklahoma State University with an ABI Model 3730 Analyzer. 

6.3.4 Continuous Bioreactors 

Nine UASB reactors (500 mL) were utilized in three experiments. Each compared three 

conditions run in parallel. Anammox granular sludge (1.24 g VSS L-1) was inoculated in each 

bioreactor operated in a dark and temperature controlled room (30 ±2 °C). The same basal 
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mineral medium (described above) was fed into the bioreactor at a constant flow rate of 1.39 mL 

min-1 corresponding to a hydraulic retention time (HRT) of 0.25 d. But, the feeding medium in 

bioreactors contained 1 g L-1 NaHCO3 rather than HEPES, and N compounds, including NO2
-, 

NH4
+ and NO3

-, were fed into the reactors according to the designated experimental plan 

described later. A gas mixture, He:CO2 (80:20, v:v), was used to flush the medium before use to 

make it anaerobic and providing a pH of 7.0 ±0.2. 

The feeding of N compounds (NO2
-, NH4

+ and NO3
-) in each bioreactor varied in three 

experiments followed a designed plan described below. During all experiments, concentrations 

of NO2
- and NH4

+ were 9.3 and 7.7 mM, respectively, if supplemented into bioreactors at given 

time periods. 

Experiment 1 (35 days): NO2
- and NH4

+ were always supplied into R1 as the control 

reactor during the entire operation period. As comparison, a 4-day interruption of NH4
+ (thus a 4-

day exposure to NO2
- only) was applied in R2 and R3 from day 14 to promote severe NO2

- 

inhibition to anammox bacteria. Thereafter, NH4
+ was supplied again to R2 and R3. In R2, 5.0 

mM NO3
- was additionally added immediately after the NH4

+ feeding interruption for 3 days 

(day 18-20). The goal was to evaluate the feasibility of using NO3
- to reverse NO2

- inhibited 

anammox bacteria. In R3, 5.0 mM NO3
- was also added but instead of adding it immediately 

after the NH4
+ feeding interruption, it was instead added 10 days after that interruption for 4 days 

(day 28-32) to determine if the delayed addition of NO3
- was still effective in reversing the NO2

- 

inhibited anammox biomass.  

Experiment 2 (32 days): The same feeding plan was applied in R4 as the control reactor 

(R1) described above. The feeding of NH4
+ was interrupted for 4 days (day 17-20) in R5 and R6. 

After NH4
+ was resupplied on day 21, together with different concentrations of NO3

- (2.0 mM in 

R5 and 3.3 mM in R6) that were fed into reactors for 3 days (day 21-23) to determine the role of 

NO3
- concentration on reversing the NO2

- inhibition.  

Experiment 3 (30 days): R7 was also operated the same as the control reactor (R1). R8 

was operated with a 4-day interruption of NH4
+ that ran from day 17 to 20. Subsequently after 

the interruption, 5.0 mM NO3
- was provided but the NO2

- supply was cut off in order to confirm 

there was no significant N2 production due to denitrification. From day 27 onwards, NO2
- 
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replaced NO3
- to confirm that only the anammox reaction was responsible for the observed N2 

production. R9 also had a similar interruption of NH4
+ feeding as performed in R2, but after the 

interruption, 5.0 mM NO3
- was supplied for only 24 hours to determine if a short exposure of 

NO3
- is sufficient to reverse the NO2

- inhibition.  

The performance of UASB reactors was estimated by the evolution of the daily N2 

production. The measurement of N2 gas production relied on a liquid displacement system in 

which a 2% (w/v) NaOH solution was used to remove the interference caused by CO2. 

Meanwhile, batch activity tests were periodically conducted in 25 mL serum flasks with 15 mL 

liquid volume by retrieving granular sludge from each bioreactor. The medium, buffer system 

and operation used in activity test were as same as previously described in the 15N labeling 

bioassays except that regular (non-labeled) NO2
- and NH4

+ were supplemented. Gas samples 

(100μL) were also collected regularly to measure the specific anammox activity (SAA). 

6.3.5 Analytical Methods 

NO2
-, NH4

+ and NO3
- in liquid samples were measured by suppressed conductivity ion 

chromatography using a dual line Dionex IC-3000 system (Dionex, Sunnyvale, CA). N2 was 

analyzed by using an Agilent 7890 gas chromatograph (Agilent Technologies, Santa Clara, CA). 

The configuration and parameter settings of GC and IC were according to previous work (Li et 

al., 2016). The pH, TSS and VSS were determined according to standard methods (APHA, 

2005). 

N2 isotopologues (14N14N, 14N15N, and 15N15N) were analyzed by GC-MS (7890 gas 

chromatograph, Agilent Technologies, Santa Clara, CA, USA with a Quattro micro triple 

quadrupole mass spectrometer, Waters Corp., Milford, MA, USA) equipped with a DB-5MS 

capillary column (30 m length, 250 μm inner diameter, 0.25 μm thickness; Agilent 

Technologies). Ultra-high purity (99.999%) He was used as a carrier gas at a constant flow rate 

of 3.9 ml min-1. The oven temperature program began at 30 °C for 5 min before increasing at 

40 °C min-1 up to 110 °C where it was held for 5 min. A 5 μL injection with a split ratio of 1,000 

was made using a gas-tight syringe with a single-taper glass-wool inlet liner. 
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6.3.6 Data processing 

δ values previously described (Kuypers et al., 2003) were modified to express the ratio of 

N2 isotopomers detected in samples and blank group. For instance, δ 14N15N value = [(14N15N: 

14N14N)sample]:[(
14N15N: 14N14N)blank]. The specific anammox activity (SAA) was calculated from 

the time course of N2 production and expressed as g N2-N g-1 VSS d-1. Sequences from the clone 

library were analyzed with MEGA 6.06 software (Kalyuzhnyi et al., 2003). Plasmid and primer 

sequence data were trimmed from sequences. For each clone, the forward and reverse sequences 

were aligned to form a single consensus sequence. Sequences were then analyzed for phylogeny 

using NCBI's BLASTN, and the most closely related full 16S rRNA sequences were loaded into 

MEGA for alignment. Clones and related sequences from BLAST were aligned using ClustalW, 

and analyzed phylogenetically using the Neighbor-Joining method (C ȩçen and Gürsoy, 2000) 

with bootstrap testing (500 replicates) (Felsenstein, 1985) and with evolutionary distances 

computed with the Maximum Composite Likelihood method (Principi et al., 2006). The 

sequences obtained from the clone library have been deposited in the GenBank database 

(http://www.ncbi.nlm.nih.gov) under the accession numbers KU883238 - KU883255. 

6.4 Results and discussion 

6.4.1 Anammox as the Dominant Microbial Process 

The dominance of the anammox reaction in this work was confirmed with both 15N 

labeling test, stoichiometry of the reaction and the dependence of N2 production occurring only 

when both NO2
- and NH4

+ were fed together in the continuous experiments. Also, the presence 

of common anammox bacteria was confirmed with a clone library which found sequences to be 

99% identity along the 16S rRNA gene with “Candidatus Brocadia carolinienis” strain NRRL B-

50286 (Cabrero et al., 1998) (Fig. S3). 

Results from 15N labeling bioassays provided the conclusive evidence that anammox 

reaction was the predominant microbial process while denitrification of NO3
- was negligible. As 
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shown in Figure 6-1, the accumulation of 29N2 (
14N15N) was observed in the group fed with 

15NH4
+ and 14NO2

-, but no increase occurred in 30N2 (
15N15N) production in the headspace in the 

group fed with 15NO3
-, as the indicator of denitrification potential. Also, on the basis of the 

analysis of N compounds (N2, NO2
-, NH4

+ and NO3
-) in both influent and effluent in continuous 

bioreactors calculation of N recovery showed a consistent reaction stoichiometry comparable to 

the reported values for anammox enrichment culture (Strous et al., 1998; Puyol et al., 2013). As 

an example, results of R2 indicated that the molar stoichiometry of the reaction in UASB 

expressed as molar stoichiometric ratios of NO2
- removal, N2 gas and NO3

- production to NH4
+ 

consumption were 1.38(±0.07): 1.04(±0.09): 0.25(±0.03), respectively, with a balance of 

nitrogen of around 105% (Figure S1).  

 

Figure 6-1. Evidence of anammox as the dominant biological reaction in the anammox granular 

sludge used in this study. δ value indicates the ratio of labeled dinitrogen gas detected in the 

sample and background. Anammox activity is expressed as anaerobic 15NH4
+ oxidation by 

14NO2
- to 14N15N (diagonal slashed bar), while denitrification potential was estimated by 

monitoring the production of 15N15N (filled bar) from 15NO3
- either alone or in combination with 
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14NH4
+ and/or 14NO2

-. Error bars (shown if larger than the symbols) represent standard deviations 

of duplicate assays. 

6.4.2 NO3
- Attenuation of NO2

- Toxicity to Anammox Bacteria in UASB 

Exposure of anammox bacteria to NO2
- alone by interrupting the NH4

+ feeding caused 

failure of the anammox UASB at pH 7.0, which is consistent with previous research in batch 

tests (Carvajal-Arroyo et al., 2014a; Carvajal-Arroyo et al., 2014d; Li et al., 2016). As shown in 

Figure 6-2 periods 3 to 4 of R3, when the NH4
+ feeding was resumed (after a 4-day interruption 

of NH4
+), no N2 gas production was observed and NO2

- and NH4
+ accumulated in the bioreactor 

effluent (Figure S4). A parallel run control reactor (R1), without the NH4
+ feeding interruption, 

continued to effectively convert NO2
- and NH4

+ to N2 gas during the same period (Figure 6-2). 

Current knowledge of NO2
- stress indicates that accumulation of NO2

- in sensitive regions within 

anammox cells causes toxicity and evolution of NO gas which indicates a disturbance in the 

metabolic steps of NO2
- reduction (Kartal et al., 2011; Carvajal-Arroyo et al., 2014b). 

Results obtained from R2 (Figure 6-2) indicated that a timely short-term (3 days) addition 

of NO3
- (period 3), immediately following the interruption of NH4

+ feeding causing NO2
- stress 

(period 2), enabled rapid recovery of the inhibited N2 production capacity of the anammox 

UASB. This was paralleled with decreasing concentrations of NO2
- and NH4

+ in the effluent of 

R2 (Figure S4). The performance of R2 recovered to normal levels (compared to control 

bioreactor, R1) in period 4 and the stoichiometry calculated according to the data obtained in 

period 4 to 6 demonstrated that anammox was still in dominant (Figure S1). Our previous study 

also demonstrated a similar recovery of NO2
- stressed anammox biomass in response to NO3

- 

addition in batch experiments (Li et al., 2016). 
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Figure 6-2. Effect of the timing of NO3
- addition on the performance of UASB reactors 

subjected to NO2
- inhibition caused by NH4

+ feed interruption. R1 was operated as the control 

reactor by supplying substrate (9.3 mM NO2
- and 7.7 mM NH4

+) in the influent during the entire 

experimental time. R2 was designed to fail by exposing it to 9.3 mM NO2
- only in period 2 

(NH4
+ interruption), but exposure to 5.0 mM NO3

- in period 3 fully restored the anammox 

reactor by relieving NO2
- stress. R3 was also designed to fail in periods 3-4, by exposing it to 9.3 

mM NO2
- only in period 2 (NH4

+ interruption). Addition of 5.0 mM NO3
- in period 5 did not 

allow for any substantial recovery of anammox in period 6 due to the excessive exposure to NO2
- 
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stress. The performance of the UASB reactors was evaluated by monitoring the evolution of the 

daily N2 production during different operation periods (P1-P6) according to designated N-

compounds supplied as shown in Fig. S4. 

NO3
- addition is hypothesized to have facilitated the functioning of NO3

-/NO2
- antiporter 

activity, required as a detoxification mechanism of NO2
- stress. This hypothesis is supported by 

the fact that added NO3
- was not directly metabolized to N2 in the anammox granular sludge. 

This is verified by the result obtained from the batch experimental group fed with 15NO3
-, 14NO2

- 

and 14NH4
+ (Figure 6-1). Therefore, effect of NO3

- addition on recovery of NO2
- inhibited 

anammox process cannot be explained by metabolism of NO3
- to N2. Secondly, since the pH (7.0

±0.2) was well controlled in bioreactors during this experiment, the performance recovery of 

the continuous reactors was not caused by pH changes they may have impacted the proton 

gradient. Also, previous work examined the potential relationship between proton gradient and 

attenuation of NO2
- inhibition by NO3

- by utilizing the respiratory uncoupler, carbonyl cyanide 

m-chlorophenyl hydrazine (CCCP), and the results indicated that NO3
- attenuation works 

regardless of the proton gradient status (Li et al., 2016). The results discussed above collectively 

show that NO3
- attenuation of NO2

- inhibition to anammox process relies on a process in which 

NO3
- presence enables translocation of NO2

- accumulated in sensitive regions of the cells to less 

sensitive regions in or outside the cells without any reliance on a proton gradient. Compared with 

other transporters (NirC and FocA) involving NO2
- transport discovered in anammox cells 

(Strous et al., 2006; Kartal et al., 2013; van de Vossenberg et al., 2013), NarK type II with the 

function of NO3
-/NO2

- antiporter is the only transporter function meeting the conditions 

witnessed in this study. 

The timing of the NO3
- addition was critical to successfully reversing the nitrite-inhibited 

anammox biomass. In R2, NO3
- was added immediately after the interruption in the NH4

+ 

feeding. As indicated above, this resulted in rapid reversal of NO2
- inhibition. In stark contrast, a 

10 days delay in the addition of NO3
- in R3 (period 5, Figure 6-2) after the interruption in the 

NH4
+ feeding was completely ineffective in reversing the NO2

- inhibition. Although the biomass 

was only exposed for 4 days to NO2
- alone during the NH4

+ feeding interruption in period 2 and 

subsequently fed with the energy substrate, NH4
+, for the next 10 days (periods 3-4), it seems 

that nonetheless the cells did not overcome the NO2
- stress and permanent damage had occurred 
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such that a late addition of NO3
- to translocate NO2

- was no longer effective. The results of R3 

indicate the importance of a timely NO3
- addition immediately after a NO2

- stress event. It 

constitutes the difference between a rapid reversal of NO2
- inhibition or permanent inactivation 

of the anammox biomass. 

6.4.3 Effect of Added NO3
- Concentration 

Our previous work carried out in batch bioassays showed that the attenuation of NO2
- 

inhibition is impacted by the NO3
- concentration (Li et al., 2016). Consistent with the work in 

batch experiments, here too in the continuous experiments, a stronger NO3
- gradient created by 

supplying higher NO3
- concentrations shortened the time required to reverse NO2

- inhibition of 

anammox bacteria in continuous reactors back to normal N2 productivity. Three different NO3
- 

concentrations (2.0, 3.3 and 5.0 mM) were tested in three reactors in two experiments (shown in 

Figure 6-2 R2 and Fig. 3 R5 and R6, respectively). The 2.0 and 3.3 mM NO3
- concentrations 

tested in experiment 2 were compared with 5.0 mM tested in experiment 1 because the protocol 

(except NO3
- concentration) used in two experiments were the same and the behavior showed in 

both experiments were consistent. After anammox granular sludge was inhibited by a 4-day 

interruption of NH4
+ feeding, R5 was subsequently exposed for 3 days to 2.0 mM NO3

- (Figure 

6-3 period 3). It took 6 days after the start of the NO3
- exposure before the N2 gas production 

resumed (Figure 6-3 period 4). From that point onwards the anammox N2 productivity recovery 

occurred at a rate of approximately 15 additional mL of N2 production per day with the 

decreasing NO2
- and NH4

+ concentrations in effluent (Figure S5). By the end of the experiment 

the R5 had not yet achieved the normal daily N2 production performance compared to the control 

reactors (R1 and R4), but R5 may very well have been on track to do so as there was still a 

steady linear increase in N2 productivity at the end of the experiment. R6 and R2 were operated 

the same as R5 except 3.3 mM (Figure 6-3) or 5.0 mM NO3
- (Figure 6-2), respectively, was used 

instead of 2.0 mM. In the case of R6, N2 production resumed after 3 days since the start of the 

NO3
- exposure. From that point onwards the N2 productivity recovery occurred at a rate of 

approximately 37 additional mL of N2 production per day. By the end of the experiment the daily 

N2 production was very close to the values in the control reactors (R1 and R4). In comparison, a 
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productivity recovery rate of 82 additional mL of N2 production per day was detected in R2 after 

1 day since the start of the NO3
- exposure (Figure 6-4). The incremental rate of N2 productivity 

increase per day during the recovery promoted by NO3
- was highly positively correlated to the 

NO3
- concentration; while on the other hand, the lag phase in days until the recovery started after 

exposing anammox biomass to NO3
-, was highly negatively correlated with the NO3

- 

concentration (Figure 6-4)  

The NO3
- gradient created by supplying NO3

- is suspected to be required in the 

mechanism of NO2
- detoxification in anammox process. The presence of ladderane lipids found 

in anammox anammoxsome membrane enable anammox cells to acquire a strong resistance to 

free passage of charged molecule (van Niftrik and Jetten, 2012) and thereby, make it possible to 

create and maintain a strong NO3
- gradient. Previous work studied the importance of the NO3

- 

gradient by dissipating NO3
- gradient across the cellular membranes by soaking anammox cells 

in an NO3
- solution for 3.1 days. The inability of NO3

- addition to reverse the NO2
- stress when 

the NO3
- gradient is dissipated clearly indicates the importance that the NO3

- gradient is 

maintained in the correct direction (Li et al., 2016). Accordingly, the NO3
- gradient built up by 

supplying exogenous NO3
- is considered as one of two most important requirements to achieve 

attenuation of NO2
- inhibition by NO3

-. The other requirement is the presence of the NO3
-/NO2

- 

antiporter activity.  
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Figure 6-3. Effect of different NO3
- concentrations (2.0 and 3.3 mM) on the performance of 

UASB reactors subjected to NO2
- inhibition caused by interruption of NH4

+ supply to the 

influent. R4 was operated as the control reactor by supplying substrate (9.3 mM NO2
- and 7.7 

mM NH4
+) in influent during the entire experimental time. R5 was designed to fail by exposing it 

to 9.3 mM NO2
- only in period 2 (NH4

+ interruption), but exposure to 2.0 mM NO3
- in period 3 

caused slow partial recovery of the anammox reactor by relieving NO2
- stress. R6 was also 

designed to fail by exposing it to 9.3 mM NO2
- only in period 2 (NH4

+ interruption), but 

exposure to 3.3 mM NO3
- in period 3 caused faster recovery of the anammox reactor by relieving 
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NO2
- stress, with the complete recovery observed at the end of experiment. The performance of 

UASB reactors was evaluated by monitoring the evolution of the daily N2 production during 

different operation periods (P1-P4) according to designated N-compounds supplied as shown on 

Fig. S5. 

 

Figure 6-4. Correlation between NO3
- concentration added and the rate of N2 productivity 

increase during the recovery period until start of recovery since the time of NO3
- addition (■) or 

the duration of the lag phase (○). The recovery period spans from the end of the lag phase to the 

time when the N production is back to non-inhibited levels. 
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Figure 6-5. Demonstration of lack of denitrification potential (R8) and effect of short NO3
- 

incubation time (1 day at 5 mM) (R9) in recovering NO2
- inhibited anammox activity in UASB 

reactors subjected to NO2
- inhibition caused by NH4

+ interruption. R7 was operated as the 

control reactor by supplying substrate (9.3 mM NO2
- and 7.7 mM NH4

+) in the influent during 

the entire experimental time. R8 was designed to fail by exposing it to 9.3 mM NO2
- only in 

period 2 (NH4
+ interruption), and exposure to 5.0 mM NO3

- and 7.7 mM NH4
+ in period 3 caused 

undetectable N2 gas production due to the negligible denitrification in the granular anammox 

sludge used in this work and lack of ammonium since NO2
- was excluded in period 3. Replacing 
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NO3
- for NO2

- and maintaining NH4
+ in period 4 allowed for recovery of anammox due to NO2

- 

stress previously relieved by NO3
- in period 3. R9 was also designed to fail by exposing it to 9.3 

mM NO2
- only in period 2 (NH4

+ interruption), but exposure to 5.0 mM NO3
- for only 1 day in 

period 3 restored the anammox reactor by relieving NO2
- stress, with the complete recovery 

observed in period 4. The performance of UASB reactors was evaluated by monitoring the 

evolution of the daily N2 production during different operation periods (P1-P4) according to 

designated N-compounds supply shown in Fig. S6. 

A key question is whether a short term supply of NO3
- is sufficient to reverse NO2

- 

inhibition. The shorter the duration of the supply, the lower the risk would be of accidently 

dissipating the NO3
- gradient. Moreover, long-term of NO3

- supply means an increase in 

operation cost and the potential for unwanted enrichment of denitrifying bacteria. As shown in 

Figure 6-5, exposure of an NO2
- stressed bioreactor (R9) to 5.0 mM NO3

- addition was carried 

out for just 1 day (at start of period 3). The recovery of NO2
- stress started after a 1-day lag, with 

a maximum rate of approximately 56 additional mL of N2 production per day. Complete 

recovery with daily N2 production comparable to the control reactors (R1, R4 and R7) were 

observed within 6 days of starting the NO3
- exposure. The N2 production recovery was consistent 

with the decreasing NO2
- and NH4

+ concentrations found in effluent (Figure S6). Previous batch 

experiment also showed that at pH 7.0, exposure to 2.2 hours NO3
- was enough to recover NO2

- 

inhibited cells and extending the incubation time did not show any apparent improvement of 

recovery (Li et al., 2016).  

An unintended enrichment of denitrifying bacteria caused by long-term NO3
- addition 

might result in competition between denitrifiers and anammox bacteria and finally alter the 

population in anammox system. In R8 (Figure 6-5), NO3
- and NH4

+ were supplemented for 7 

days (period 3) after a 4-day interruption of NH4
+ (period 2) to investigate whether denitrifying 

bacteria enrichment could be responsible for the N2 gas production. The lack of any N2 

production during period 3 confirms that no significant denitrification enrichment was occurring 

in the time scale of the NO3
- exposure used in this study. Likewise the immediate restoration of 

N2 production upon resupplying NO2
- instead of NO3

- with NH4
+ confirmed the dominance of 

anammox as the main microbial process. This was further supported by checking the N-balance 

and stoichiometry in period 4 of R8 (Figure S2). 
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6.4.4 Activity Test Consistent with the Performance of Bioreactors Analyzed on the Basis of 

Gas Production 

To further confirm the N2 production capacity of continuous bioreactors, anammox 

granular sludge were periodically retrieved from nine bioreactors in three experiments and the 

specific anammox activity (SAA) in each period of each bioreactor was evaluated in batch 

bioassays. As shown in Figure 6-6, the biomass in the control bioreactors (R1, R4, and R7) had 

high SAA during the experimental periods. When the biomass was exposed to a 4-day 

interruption of NH4
+ (thus exposed to NO2

- alone), the anammox biomass in all bioreactors 

(except control bioreactors, R1, R4 and R7) completely lost their activity and remained inhibited. 

A recovery in SAA after the NH4
+ feed interruption only occurred if NO3

- was supplied in a 

timely fashion (R2, R5, R6, R9, Figures 6-2, 6-3, and 6-5). The anammox granular biomass 

retrieved from the bioreactors with the NO3
- supplied immediately after the 4 days interruption of 

NH4
+ had significantly increased SAA obtained from biomass in R2 treated for 3 days with 5.0 

mM NO3
- and R6 treated for 3 days with 3.3 mM NO3

- had SAAs of 0.66 and 0.55 g N2-N g-1 

VSS d-1, respectively. Moreover, biomass from R9 treated for 1 day with 5.0 mM NO3
- 

immediately after the NH4
+ feed interruption also had fully recovered SAA of 0.86 g N2-N g-1 

VSS d-1 (Figure 6-6) after the NO2
- inhibition. For the sake of comparison, the SAA following 

the feed interruption of NH4
+ was only 0.01 g N2-N g-1 VSS d-1 when NO3

- was not added in a 

timely fashion (R3 in Figure 6-2). The anammox granular sludge from R5 which was exposed to 

2.0 mM NO3
- only had a poor restoration of the SAA to 0.06 g N2-N g-1 VSS d-1 by day 28. This 

is consistent with low N2 productivity at the onset of the slow recovery in R2. 
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Figure 6-6. Evolution of the SAA of the biomass of the R1, R4 or R7 (■), R2, R5 or R8 (●), 

and R3, R6 or R9 (▲) during different operation periods in three experiments: Experiment 1 (R1-

R3), experiment 2 (R4-R6) and experiment 3 (R7-R9). Error bars (shown if larger than the 

symbols) represent standard deviations of duplicate assays. Details of the experiments are 

provided in the captions of Figures 2, 3 and 5. 
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6.4.5 Implications 

Together with the previous work conducted in batch bioassays (Li et al., 2016), consistent 

results were obtained that exogenous NO3
- is able to rapidly recover anammox cells from severe 

NO2
- inhibition. An alternative NO2

- detoxification system relying on an NO3
-/NO2

- antiporter 

encoded by NarK genes is hypothesized to be responsible as long as the NO3
- gradient is in the 

correct direction. Therefore, by utilizing short term NO3
- addition, it is possible to reactive 

anammox bacteria experiencing severe NO2
- stress. However, a timely NO3

- addition to relieve 

NO2
- stress is necessary because long-term NO2

- inhibition of anammox biomass result in 

irreversible damage of the cells (failure of the anammox bioreactors) which cannot be reactivated 

by NO3
- addition. NO3

- could be used to reactive sludge after an accidental interruption of NH4
+ 

feeding or after a starvation period due to shipment. Also, NO3
- could be introduced into 

anammox system treating seasonal wastewater (e.g. agro-industrial wastewater) after a long 

period without feeding. However, the period in which NO3
- could be used must be limited to 

avoid dissipating the NO3
- gradient (potentially occurring after long term NO3

- exposure). 

Furthermore, the duration of NO3
- exposure should be restricted to prevent unintended 

enrichment of denitrifying bacteria by endogenous electron-donating substrates (originating from 

biomass decay). 
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CHAPTER 7 

 

INHIBITION OF ANAEROBIC AMMONIUM OXIDATION BY HEAVY METALS 

 

 

 

 

 

 

7.1 Abstract 

BACKROUND: Anaerobic ammonium oxidation (Anammox) is a promising approach for 

removing nitrogen from landfill leachates and other nitrogen-laden wastewater. In these 

wastewaters, heave metals, which are known for their microbial toxicity, are present widely. 

However, the information on their inhibitory impact toward anammox bacteria is still limited. 

The main aim of this study is to investigate the inhibitory effects of six common metals (Cu2+, 

Cd2+, Ni2+, Zn2+, Pb2+, and molybdate) on anammox activity. 

RESULTS: The soluble concentrations of cationic metals decreased due to precipitation reaction. 

Cu, Zn, Cd, and Ni were the most toxic metals with 50% inhibiting soluble concentrations of 4.2, 

7.6, 11.2, and 48.6 mg L-1, respectively. Molybdate and Pb2+ were not or only moderately 

inhibitory at the highest soluble concentrations tested (22.7 mg Mo L-1 and 6.0 mg Pb L-1, 

respectively). A noncompetitive inhibition model could successfully describe the correlationship 

between microbial inhibition and metal concentrations for all tested metals except for Pb.  
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CONCLUSION: The evaluation of soluble metals concentration is significant before applying 

anammox process. The investigation of inhibitory effects provides new insights on the sensitivity 

of anammox bacteria to common metals and can be used to devise strategies to minimize 

inhibition of the anammox process. 

7.2 Introduction 

Anaerobic ammonium oxidation (Anammox) is a chemolithoautotrophic biological 

process in which ammonium (NH4
+) is oxidized to N2 gas using nitrite (NO2

-) as the electron 

acceptor (Eq. 7.1) (Strous et al., 1998; Jetten, 2001). 

 1.7066.003.226.002.113.0066.032.1 15.05.02232224 NOCHOHNONHCONONH  

 

To date, five genera, i.e., “Kuenenia”, “Brocadia”, “Anammoxoglobus”, “Jettenia”, and 

“Scalindua”, have been reported as anammox candidates, and all of them are within the phylum 

Planctomycetes (van Niftrik and Jetten, 2012). The anammox process has a remarkable potential 

for treating ammonia-rich wastewater with low organic matter composition due to several 

advantages, such as no requirements for oxygen and exogenous electron donor, low sludge 

production, and the feasibility of treating high nitrogen loading rates (Jetten, 2001; Ahn, 2006). 

When applied together with other pretreatment processes to degrade organic matter and/or satisfy 

the process requirement for nitrite by nitritation, the anammox process could be used to treat a 

variety of nitrogen-rich streams such as landfill leachate, sludge centrate, semiconductor 

effluents, wastewater from the production of nitrogenous fertilizers, and piggery wastewater, 

among others. 

Elevated concentrations of heavy metals (HMs), including divalent copper (Cu), zinc 

(Zn), nickel (Ni), cadmium (Cd) and lead (Pb), are generally found in municipal landfill 

leachates. Figure 7-1 summarizes the results of an extensive literature review performed in this 

study to determine the typical concentration ranges at which HMs are detected in landfill 

leachates (Ҫeçen and Gürsoy, 2000; Christensen et al., 2001; Kalyuzhnyi et al., 2003; Baun, 
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2004; Kurniawan et al., 2006; Claret et al., 2011a; Akinbile et al., 2012; Sri Shalini and Joseph, 

2012; Vedrenne et al., 2012). This survey considered literature data on the composition of 

leachates in 13 different municipal landfills located in 11 different countries. The figure shows 

that high concentrations of toxic metals such as Pb2+, Zn2+ and Ni2+ are often detected in 

municipal waste landfill leachates. High concentrations of HMs are also commonly present in 

other nitrogen-rich effluents such as centrates from anaerobically digested sludge (El-Aassar et 

al., 1998), anaerobically digested piggery- and dairy slurries (e.g., Cu, Zn) (Marcato et al., 2009; 

Jin and Chang, 2011), effluents from the production of nitrogenous fertilizers (e.g. Zn, Pb, Ni, 

Cr) (Bantcheva, 2002) as well as semiconductor manufacturing wastewater streams (e.g. Cu) 

(Sierra-Alvarez et al., 2007; Lei et al., 2008). Investigation of the potential inhibitory impact of 

these metals on the performance of the anammox process is required to facilitate the application 

of this innovative process in the treatment of complex wastewaters. 

 

Figure 7-1. Reported concentrations of various heavy metals in leachates from 13 landfills in 11 

countries. Legends: Average (■), maximum (△), and minimum (▽) concentrations. Literature 

sources: (Ҫeçen and Gürsoy, 2000; Christensen et al., 2001; Kalyuzhnyi et al., 2003; Baun, 2004; 

Kurniawan et al., 2006; Claret et al., 2011a; Akinbile et al., 2012; Sri Shalini and Joseph, 2012; 

Vedrenne et al., 2012). 
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Some metals are components of many enzymes or co-enzymes and play a significant role 

in stimulating the metabolism of microorganisms (Nies, 1999). As an example, copper and 

molybdenum are important constituents of enzymes involved in the catabolism of anammox 

bacteria, such as nitrite reductase (Hira et al., 2012) and nitrite oxidoreductase (Kartal et al., 

2011), respectively. Other known enzymes of anammox bacteria which are dependent on HMs 

include nickel-dependent hydrogenase (Hira et al., 2012), ATP-dependent zinc metalloprotease 

FtsH 1 (Strous et al., 2006), and zinc-containing dehydrogenase (Strous et al., 2006). 

Although some metals are essential for cell metabolism, excessive concentrations can 

cause microbial inhibition. The inhibitory effect of HMs to microorganisms involved in 

biological wastewater treatment processes, including fermentative bacteria, methanogens (Karri 

et al., 2006; Altas, 2009), and sulfate-reducing bacteria (Utgikar et al., 2001; Karri et al., 2006) 

in anaerobic systems, aerobic heterotrophs in activated sludge process (Ochoa-Herrera et al., 

2011) as well as nitrifying (Hu et al., 2002; You et al., 2009; Ochoa-Herrera et al., 2011) and 

denitrifying (Sakadevan et al., 1999; Ochoa-Herrera et al., 2011) microorganisms in nitrogen 

removal process, has been studied extensively. In contrast, information on the toxicity of HMs 

toward anammox populations is very limited. We are only aware of three publications concerned 

with the inhibitory impact of Cu2+ (Lotti et al., 2012a; Yang and Jin, 2012; Yang et al., 2013) 

and Zn2+ (Lotti et al., 2012a) on anammox activity. These initial studies indicate that anammox 

bacteria are highly sensitive to heavy metal toxicity as indicated by the relatively low 50% 

inhibitory concentrations (IC50) determined for Zn2+ (3.9 mg L-1) (Lotti et al., 2012a) and Cu2+ 

(1.9, 13.0, or 14.5 mg L-1, depending on the study) (Lotti et al., 2012a; Yang and Jin, 2012; Yang 

et al., 2013). 

The main aim of this work is to determine the inhibitory effect of heavy metals on 

anammox activity. Five cationic (Zn2+, Cu2+, Cd2+, Ni2+, and Pb2+) and one anionic (molybdate, 

MoO4
2-) metal species were evaluated in shaken batch bioassays inoculated with granular 

anammox sludge. The change in the soluble concentration of each metal species was evaluated 

as a function of time to determine the impact of aqueous chemistry of the concentration of 

bioavailable HMs. 
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7.3 Material and methods 

7.3.1 Toxicity bioassays 

Granular anammox biomass used in batch experiments was obtained from a lab-scale 

expanded granular sludge bed reactor (EGSB). The biomass was dominated by the anammox 

species, Broccadia spp., as previously reported (Sun et al., 2011). The sludge contained 0.81 

gram volatile suspended solids (VSS) per gram of sludge total suspended solids (TSS), and had a 

specific anammox activity of 11.7 mg N2-N g-1 VSS h-1. Its average diameter was 2.4 ± 0.6 mm. 

Batch assays were performed in hermetically closed serum bottles (160 mL) with 100 mL 

of effective volume and inoculated with 0.68 g VSS L-1. The basal medium contained trace 

elements (in -1): Ni (46.9), Mo (87.3), Cu (63.7), Zn (96.7), ethylenediamine-tetraacetate 

(EDTA) (19,300), NaH2PO4·H2O (57,500), and other nutrients (Sun et al., 2011). NaHCO3 (2 g 

L-1) was added as carbon source and the pH was maintained at 7.00 ± 0.05. The metal 

concentrations evaluated were (in mg L-1): Ni (0.25-100.0), Cu (1.0-10.0), Zn (0.5-12.5), Cd 

(0.10-75.0), Pb (0.25-75.0), or Mo (1.0-23.8). Divalent Ni, Cu, and Zn were supplemented as 

hydrated chlorides, whereas Cd2+, Pb2+, and Mo were added as CdSO4•H2O, Pb(NO3)2•2H2O, 

and Na2MoO4•2H2O, respectively. Anaerobic conditions were achieved by flushing the media 

and headspace with He:CO2 (80:20, v/v). The biomass was subsequently exposed to the HMs for 

2 h to attain equilibrium. Then, NO2
--N (50 mg L-1) and NH4

+-N (38 mg L-1) were added 

simultaneously as the substrate. Control experiments lacking HM supplementation were run in 

parallel under the aforementioned conditions. 

All experiments were conducted in duplicate. The standard deviation values are presented 

in the figures as error bars. Bioassays were incubated on a shaker (115 rpm) in a dark 

environment at 30 ± 2 ºC. Samples from the headspace were measured periodically for N2 

content to determine the maximum specific anammox activity.  In addition to the evolution of 

N2 gas, the initial and final concentrations of ammonia, nitrite and nitrate were determined at the 

beginning and at the end of the batch experiments to monitor the consumption of NO2
- and NH4

+, 

and the production of NO3
-. The N balance in all the experiments was good and the total N 

supplied to the bioassays (as ammonium-N and nitrite-N) was recovered at the end of the assays 
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(as N2 gas, traces of nitrate-N, and residual ammonium-N and nitrite-N). Figure S1 

(Supplementary Information) illustrates the N balances determined at the end of the toxicity 

bioassay with copper (II). To determine the soluble concentration of HMs, liquid samples were 

obtained at 2 h and at the end of the experiments. 

The specific anammox activity (SAA, expressed as mmol N2 g
-1 VSS h-1) in each assay 

was calculated from the time course of N2 production. SAA values were determined in the time 

period when the corresponding uninhibited control displayed the maximum specific activity 

(SAAmax). The normalized anammox activity (NAA) values for each metal concentration were 

calculated as follows: 

NAA (%) = [SAA/SAAmax] × 100   (7.2) 

The results obtained in the inhibition bioassays were fitted to a non-competitive 

inhibition model (Aiba et al., 1973; Lewandowski, 1987): 

NAA (%) = 100 × [1 + (C/IC50)
n]-1  (7.3) 

Where, C and n represent the soluble inhibitor concentration (mg L-1) and the inhibition 

order (dimensionless), respectively. This model allows estimation of the HM concentration 

causing 50% inhibition (IC50) as a function of the normalized anammox activity (NAA, expressed 

as % of the activity of the uninhibited control). Non-linear fittings of the data to the Eq. 7.3 were 

performed by least-square minimization of the error using the software Origin 8.6 (OriginLab, 

Northampton, MA, USA). 

7.3.2 Analytical methods 

Nitrate and nitrite were analyzed by suppressed conductivity ion chromatography (Sun et 

al., 2011). Ammonium was determined using a Mettler Toledo selective NH4
+ electrode (Mettler 

Toledo, Columbus, OH, USA). Nitrogen gas (N2) was analyzed by gas chromatography as 

previously described (Sun et al., 2011). 
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Liquid samples for metal analyses were taken 2 h after substrates were added and at the 

end of experiments. Samples were centrifuged (13,000 rpm, 10 min) and then supplied with 

HNO3 (2%, v/v). The acidified samples were analyzed by inductively coupled plasma-optimal 

emission spectroscopy (ICP-OES Optima 2100 DV, Perkin-Elmer, Shelton, CT, USA) using a 

wavelength (nm) of 327.393 (Cu), 206.200 (Zn), 231.604 (Ni), 228.802 (Cd), 220.353 (Pb), and 

202.031 (Mo). The detection limit was 1 μg L-1 for all metals measured. The pH, TSS and VSS 

were determined according to standard methods (APHA, 2005). 

7.4 Results and discussion 

7.4.1 Solubility of heavy metals in the anammox media  

Figure 7-2 compares the total metal concentration supplied in each assay and the soluble 

concentrations of the various metals determined in the bioassay medium 2 h after the start of the 

incubation and at the end of the experiment. Equilibrium was achieved in most cases within 2 h. 

The dissolved concentration of the cationic species (Cu, Zn, Cd, Ni, and Pb) was often much 

lower than the total added concentration, and this decrease was exacerbated with increasing 

metal concentration. The highest decline was observed for Cd2+ and Pb2+ (Figure 7-2). For 

example, at the highest concentration tested (75.0 mg L-1) only 24 and 8% of the added Cd and 

Pb, respectively, remained in solution at the end of the test. Significant losses of Cu, Zn and Ni 

were also observed, and only 50% of the added metal concentration remained in solution after 2 

h of incubation in the treatments initially amended with Cu2+ (10.0 mg L-1), Zn2+ (12.0 mg L-1), 

and Ni2+ (100.0 mg L-1) (Figure 7-2). In contrast, molybdate was stable in solution even at the 

highest added concentration (23.8 mg Mo L-1). 
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Figure 7-2. Comparison between total- and measured metal soluble concentrations determined 

after 2 h of incubation (■) and at the end of the inhibition experiments (○) with Cu2+, Zn2+, Cd2+, 

Ni2+, Pb2+, and molybdate. Dash-dot lines are maximum theoretical soluble concentrations in 

pure water (pH = 7.0 ± 0.2; temperature = 30 ± 2 ºC). The concentration of molybdate is 

expressed as mg Mo L-1. 
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Figure 7-3. Time course of N2 production by anammox bacteria exposed to increasing added 

concentrations of various heavy metals (mg L-1), i.e., Cu2+ (0, 4.0, 7.0, and 10.0), Zn2+ (0, 1.0, 

and 5.0), Cd2+ (0, 6.0, 12.0, and 75.0), Ni2+ (0, 15.0, 20.0, and 100.0), Pb2+ (0, 0.3, 5.0, and 75.0), 

and molybdate (0, 2.4, 11.9, and 23.8, expressed as mg Mo L-1). Legends: Control (■) and 

increasing added concentrations (●, ▲, and ◆). 
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These results indicate that a considerable loss of soluble cationic metals occurred in the 

inhibition bioassays, most likely due to precipitation reactions. Bicarbonate (23.8 mM), 

phosphate (0.42 mM), and hydroxyl groups are present in the anammox medium; therefore, 

chemical precipitation of the cationic metal species could occur due to the low solubility 

products (Log Ksp) of some of these metal salts (Table S1, Supplementary Information). The low 

solubility of Cd2+ and Pb2+ in the bioassay medium is consistent with the very low solubility 

products of the respective metal carbonates. Indeed, equilibrium speciation calculations 

performed with the software program Visual MINTEQ (Gustafsson, 2012) confirmed that 

formation of insoluble carbonate salts is expected to be responsible for the decreased solubility 

of all the cationic metals considered in the anammox bioassay medium (results not shown). 

Although sulfur species were excluded from the medium to minimize heavy metal precipitation, 

low concentrations of biogenic sulfide could have been released due to endogenous decay of S-

containing organics in the biomass. Since sulfide ions are strong metal ligands (see Ksp values in 

Table S1), it cannot be excluded that a small fraction of the metals may have also been removed 

due to the formation of highly insoluble metal sulfides. On the other hand, it should be noted that 

the concentration of the chelating agent, EDTA, in the anammox medium is high (19.3 mg L-1), 

which could account for a higher concentration of soluble species for some HMs. 

7.4.2 Anammox inhibition by heavy metals  

Figure 7-3 shows the time course of N2 formation from ammonia by the anammox 

biomass in presence of varying concentrations of the various HMs evaluated. A gradual decrease 

in the rate of N2 production was observed when the biomass was exposed to increasing 

concentrations of all the metals, except for molybdate, indicating their inhibitory impact on 

anammox activity. Exposure to molybdate did not have a significant effect on anammox activity 

at any of the concentrations tested. In bioassays where the biomass was exposed to Cu2+, Zn2+ or 

Cd2+, the production of N2 decreased with time and this decrease was more pronounced in the 

treatments with higher metal concentrations. In bioassays with Cu2+ and Cd2+ a clear decrease in 

the N2 production rate occurred after 1.5 h, and in the case of Zn2+ after approximately 6.3 h. 

These observations could indicate that Cu and Cd were taken up more rapidly than Zn by 
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anammox bacteria. Interestingly, the rate at which metals are taken up by nitrifying bacteria 

through mechanisms such as metal sorption onto cell membranes and metal diffusion across the 

bacterial cell membrane has been reported to vary significantly (Hu et al., 2003). In the latter 

study, internalization of Cu by the nitrifying biomass was reported to be relatively fast compared 

to the rate of uptake of Zn, Ni, and Cu. 

The anammox activities in treatments containing HMs were normalized based on the 

activity of the uninhibited control lacking toxicant. Figure 7-4 shows the normalized activity of 

the anammox microorganisms as a function of the soluble and total concentration of the various 

HMs, respectively. The anammox activities were calculated during the period of maximum N2 

formation activity of the control, generally between 0-5 h after the start of the assays. The 

soluble concentrations of the various metals causing 20%, 50% and 80% inhibition of the 

anammox activity (IC20, IC50 and IC80, respectively) are listed on Table 7-1.  

Table 7-1. Concentrations of different metals causing 20%, 50% and 80% inhibition of the 

anammox activity (IC20, IC50, and IC80). The concentration of soluble metals was determined at 

the end of the bioassays. 

Metal IC20 IC50 IC80 IC20 IC50 IC80 

Based on total concn. (mg L-1) Based on soluble concn. (mg L-1) 

Cu2+ 2.8 5.8 10.7 2.8 4.2 5.7 

Zn2+ 3.5 16.6 >13.3 3.1 7.6 >7.4 

Ni2+ 3.6 73.6 >100 3.1 48.6 >52.1 

Cd2+ 7.7 26.8 >75 5.8 11.2 >17.9 

Pb2+ 4.3 NT# NT# 1.0 NT# NT# 

MoO4
2- NT* NT* NT* NT* NT* NT* 

# NT = Not toxic. Pb2+ caused a 32% decrease in the anammox activity at the highest concentration tested 

(75.0 mg L-1 based on total metal concentration). 

* Molybdate was not toxic at the highest concentration tested (23.8 mg Mo L-1 based on total Mo 

concentration).  
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Table 7-2. Inhibitory concentrations of different heavy metals toward the main microbial 

populations involved in biological nitrogen nutrient removal processes.  

Microbial 

Populations 

50% Inhibitory Concentration (mg L-1) 

Cu2+ Zn2+ Cd2+ Ni2+ Pb2+ 

Anammox 

   This study# 

   Literature 

 

4.2 

1.9-12.9  

 

7.6 

3.9  

 

11.2 

NA* 

 

48.6 

NA* 

 

NT## 

NA* 

Nitrification 26.5-173  58.9  8.3-67.4  1.0-99.8  NA* 

Denitrification 0.95 0.3  0.1-12.0  0.5  NA* 

# IC50 values of tested metals in this study were calculated based on soluble metals concentration. 

## NT = Not toxic. Pb2+ caused 32% decrease in the anammox activity at the highest concentration tested 

(75.0 mg L-1 based on total metal concentration). 

* NA = Data not available. 

References: (Lotti et al., 2012a; Yang et al., 2013; Gernaey et al., 1997; Ochoa-Herrera et al., 2011; Hu et al., 

2002, 2004; Kelly et al., 2004; Pambrun et al., 2008; Waara, 1992; Gumaelius et al., 1996; Seifert and Domka, 

2005; Aslan and Gurbuz, 2011. 

 

On the basis of the estimated IC50 values (Table 7-1), the metals evaluated in this study 

were classified into three different groups: (1) highly toxic (Cu2+, Zn2+, Cd2+); (2) moderately toxic 

(Ni2+), and (3) poorly toxic HMs (Pb2+, molybdate). Cu2+, Zn2+, and Cd2+ were the most inhibitory 

metals toward the activity of anammox bacteria (Figure 7-4) with IC50 values of approximately 

4.2, 7.6, and 11.2 mg L-1 (based on soluble concentration), respectively. On the other hand, Ni2+, 

with an IC50 of approximately 48.6 mg L-1, only displayed moderate toxicity to anammox bacteria. 

In contrast with these results, molybdate was not inhibitory at soluble concentrations of up to 22.7 

mg Mo L-1 and Pb2+ only caused 32% inhibition at the highest concentration tested (75 mg L-1 of 

total Pb, corresponding to 6.0 mg L-1 of soluble Pb2+). Molybdate is an important trace element in 

many life forms which generally does not cause microbial inhibition unless present at very high 

concentration (Nies, 1999). Sulfate reducing bacteria are an exception to this trend and they are 



109 

susceptible to inhibition by olybdate because this anion is and structural analog of sulfate (Patidar 

and Tare, 2005; Biswas et al., 2009).  

This is the first report on the potential inhibitory effect of Ni2+, Zn2+, Pb2+, and molybdate 

on anammox bacteria. The negative impact of Cu2+ and Zn2+ to anammox bacteria has been 

reported recently (Lotti et al., 2012a; Yang and Jin, 2012; Yang et al., 2013). The IC50 values 

determined in this study for Cu2+ and Zn2+ are of the same order of magnitude as those 

previously determined by other authors. Divalent copper was reported to cause 50% inhibition of 

the anammox activity at 1.9, 13.0, and 14.5 mg L-1 (based on added concentration) in three 

different studies where short-term bioassays were conducted (Lotti et al., 2012a; Yang and Jin, 

2012; Yang et al., 2013). The IC50 value reported for Zn2+ in one of these studies was 3.9 mg L-1 

(added concentration) (Lotti et al., 2012a). 

Table 7-2 compares the susceptibility of Anammox bacteria to metal inhibition to that of 

other microbial populations in biological nitrogen removal processes. Although very few studies 

have considered the inhibitory effect of HMs towards denitrifying microorganisms (Waara, 

1992; Gumaelius et al., 1996; Seifert and Domka, 2005; Ochoa-Herrera et al., 2011), comparison 

of the IC50 values in Table 7-2 suggests that denitrifiers are more sensitive to metal inhibition 

compared to nitrifiers and anammox bacteria. Furthermore, the IC50 values determined for 

anammox bacteria are generally within the range of inhibitory values determined for nitrification 

and, more specifically ammonia oxidation. Several reports have confirmed that ammonium 

oxidizing bacteria, which are involved in the first stage of nitrification, are generally much more 

sensitive to the presence of HMs compared to nitrite oxidizers (Hu et al., 2004; Gikas, 2008). It 

is noteworthy that the concentrations of HMs found to inhibit nitrification activity vary widely, 

even for the same metal species. As an example, 50% inhibitory levels of Ni2+ ranging from only 

1.0 mg L-1 to as much as 100 mg L−1 have been reported (Hu et al., 2002, 2004; Aslan and 

Gurbuz, 2011). While differences in the microbial structure of the inocula used in the assays 

could be partially responsible for the observed discrepancies, the wide variations in inhibitory 

values are most likely attributable to methodology differences (e.g., medium composition, pH 

value, temperature, etc.) that are known to impact metal solubility and bioavailability. 
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Figure 7-4. Inhibitory impact of increasing total (○) and soluble (■) concentrations of the metals 

investigated, i.e., Cu2+, Zn2+, Cd2+, Ni2+, Pb2+, and  molybdate, on the normalized activity of 

granular anammox biomass. The concentration of molybdate is expressed as mg Mo L-1.The 

continuous- and dotted lines show the fit of the experimental data to an empirical non-

competitive inhibition model (Eq. 3). The fitting coefficients and regression values for the 

various correlations are provided in Table 3. 
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Table 7-3. Values of inhibition parameters and goodness of fitting of data from Fig. 4 using a 

non-competitive inhibitory model (Eq. 7-3) on the basis of the soluble- and added heavy metal 

concentrations, respectively.  

Concn.  Cu2+ Zn2+ Cd2+ Ni2+ Pb2+ 

Soluble 

IC50 
# 4.2 ± 0.2 7.6 ± 1.0 11.2 ± 0.5 48.6 ± 13.2 762 ± 3200* 

n 4.4 ± 0.9 1.6 ±0.4 2.2 ± 0.4 0.59 ± 0.1 0.2 ± 0.2 

R2 0.94 0.82 0.94 0.87 0.36 

NAAmax (%) 94.8 ± 3.5 98.8 ± 3.2 98.4 ± 2.2 100.8 ± 3.5 100.3 ± 8.3 

Added 

IC50
 # 5.8 ±0.5 16.6 ± 3.4 26.8 ± 3.0 73.6 ± 21.7 6516 ± 25649* 

n 2.2 ± 0.4 0.9 ± 0.2 1.1 ± 0.2 0.4 ± 0.1 0.2 ± 0.1 

R2 0.95 0.83 0.92 0.87 0.34 

NAAmax (%) 97.3 ± 3.7 99.8 ± 3.4 100.1 ± 2.9 101.2 ± 3.5 99.9 ± 8.5 

# The units of IC50 are mg L-1.  

* Poor estimation of the IC50 due to the poor fitting of the model to the experimental data; the low 

solubility of Pb2+ in the assay medium resulted in relatively similar inhibitory levels for all added Pb2+ 

concentrations above 5 mg L-1. 

 

Comparison of the results in Figures 7-3 and 7-4 clearly indicate that the inhibitory 

impact of all the divalent metals on the anammox bacteria, with the possible exception of Cu2+, 

was limited by the solubility of these metals in the assay medium. This is particularly evident in 

the case of Pb which caused a maximum inhibition of approximately 30% at total Pb 

concentrations ranging from 5.0 to 75.0 mg L-1 (Figure 7-4). This finding is not surprising since 

the maximum solubility of Pb in the anammox medium (ca. 5-6 mg L-1) was reached at total Pb 

concentration above 5 mg L-1. As discussed in the previous section, the divalent metals 

considered in this study have a varying tendency to precipitate by formation of sparingly soluble 

metal salts with ligands present in the assay medium (e.g. carbonate, phosphate, hydroxide). 

Precipitation reactions can reduce the soluble levels of HMs decreasing their inhibitory potential 

or even leading to full detoxification. As an example, previous studies reported that Pb2+ was not 

inhibitory to nitrification at high added concentrations (40.0 mg L-1) and the lack of inhibition 

was attributed to precipitation of Pb2+ as PbCO3 in the presence of bicarbonate alkalinity (You et 

al., 2009). Decreased heavy metal toxicity in medium containing sulfides has also been 
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demonstrated in several studies due to precipitation of metal sulfides. For instance, methanogenic 

inhibition by Cu2+ could be prevented by spiking with sulfide (Jin et al., 1998) or by addition of 

sulfate which is a precursor of biogenic sulfide (Zayed and Winter, 2000). 

Figure 7-4 shows a significant discrepancy between the inhibitory values calculated 

based on the total- and the free metal concentration. In this regard it is important to note that 

several literature studies have demonstrated that the toxicity of metals is related to the free-ion 

concentration in solution rather than to the total aqueous metal concentration (Campbell, 1995; 

Hu et al., 2003).  To have any physiological or toxic effect, most heavy metal ions have to enter 

the cell (Nies, 1999) and, therefore, the extent of inhibition should be expected to be related to 

the concentration of the bioavailable free cationic species.  A recent study has confirmed that 

microbial inhibition by metals such as Zn2+, Ni2+, and Cd2+ is related to their intracellular 

concentration (Hu et al., 2003). Nonetheless, fitting of the experimental data obtained in this 

study using a non-competitive inhibition model indicated that the anammox activity was strongly 

correlated with the metal concentration added as well as with the dissolved metal concentration 

for all cationic metals with the exception of Pb2+ (Table 7-3). In the case of Cu, Cd and Zn, this 

observation seems to be related to their severe inhibitory impact at concentrations at which large 

fractions of these metals are still effectively solubilized. Tests supplied with higher added metal 

concentrations are likely to provide weaker correlations with the extent of anammox toxicity. 

As the solubility of HMs will depend strongly on the chemical composition and pH of the 

aqueous medium, the results of this study indicate the importance of evaluating the soluble metal 

concentration in toxicity investigations or feasibility studies assessing the suitability of biological 

treatment for a given wastewater. Unfortunately, toxicity studies often fail to report the soluble 

concentration of HMs remaining in the assay medium. As an example, analyses of soluble metal 

concentrations were not included in the few published studies concerned with the inhibitory 

impact of HMs (i.e., Cu2+ and Zn2+) toward anammox bacteria (Lotti et al., 2012a; Yang and Jin, 

2012; Yang et al., 2013). 

Whereas this study considered the inhibitory impact of individual heavy metals, complex 

wastewaters such as landfill leachates contain a mixture of toxic heavy metals. Although it 

cannot be exclude that interaction of various metals could affect their toxic effect on anammox 

bacteria, several previous studies considering the effect of mixtures of heavy metals (e.g. Cu, Ni, 
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Zn, Cd) on the activated sludge process (i.e., microbial growth and respiration) and biological 

nitrogen removal with nitrification/denitrification (i.e., specific ammonia uptake rate and nitrate 

uptake rate) have reported that the combined heavy metals studied acted neither synergistically 

nor antagonistically (Barth et al., 1965; Bagby and Sherrard, 1981; Cabrero et al., 1998; Feng et 

al., 2013). 

The results of this study suggest that heavy metal inhibition could negatively affect the 

performance of the anammox process when applied to some effluent streams such as landfill 

leachates, digested piggery slurries and semiconductor effluents, among others. For example, the 

inhibitory level of Zn2+ (IC50 value of 7.6 mg L-1) is within the typical concentration ranges at 

which this metal is found in mixed waste municipal landfill leachates (Figure 7-1). Digested 

piggery and dairy effluents contain elevated concentrations of Zn and Cu, metals used as feed 

supplements, which could impair anammox treatment. Very high levels of Cu and Zn in digested 

piggery effluent ranging from 1.1−93.2 and 0.2−73.4 mg L-1 (Obaja et al., 2003; Jin and Chang, 

2011), respectively, have been reported which are above the IC50 levels determined in this study 

for both metals (Table 7-1). Wastewater pretreatment may be required to reduce the metal 

concentration to sub-toxic levels and prevent inhibition of the anammox process when treating 

these metal-laden effluents. The ultimate inhibitory impact of heavy metals will depend on the 

aqueous chemistry, including the pH of the wastewater, and the presence of ligands that can 

contribute to metals complexation or precipitation reactions as previously discussed. 

7.5 Conclusions 

The inhibitory potential of the HMs investigated varied widely. Molybdate, the only 

anionic species tested, was not inhibitory at relatively high soluble concentrations (22.7 mg Mo 

L-1). In contrast all the cationic species, with the possible exception of Pb2+, were detrimental to 

the anammox activity. The soluble concentrations of these HMs causing 50% inhibition 

increased in the following order (mg L-1): Cu2+ (4.2) > Zn2+ (7.6) > Cd2+ (11.2) >> Ni2+ (48.6). 

The toxicity of Pb2+ was limited by the very low solubility of this species in the bioassay 

medium. Since the solubility of HMs depends strongly on the solution chemistry, the results of 
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this study indicate the importance of evaluating the soluble HM concentration in toxicity 

investigations. Furthermore, the relatively high inhibition caused by Cu2+, Zn2+, and Cd2+ at low 

concentrations indicates the need for feasibility studies prior to full-scale application of 

anammox systems. 
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CHAPTER 8 

 

CONCLUSIONS 

 

 

 

 

 

 

The anaerobic ammonium oxidation process is a promising biotechnology for treating 

ammonium-rich wastewater with a high cost-efficiency. Full-scale installations of anammox 

system have been successfully operated around the world. However, a potential risk of the failure 

of anammox system caused by one of substrates of the anammox reaction, nitrite, has been 

widely reported in both lab- and full-scale anammox systems. To answer the questions of what 

the inhibitory mechanism is and how to solve the nitrite inhibition issue in anammox system, 

special attention was paid to nitrite, and both batch- and continuous-mode experiments were 

carried out in this research. 

The inhibitory mechanism of nitrite to anammox bacteria was investigated by adopting 

different approaches. First, since ammonium is the electron donor of the anammox reaction 

enabling the active consumption of nitrite, the effect of pre-exposure to nitrite alone on 

anammox activity was compared to the anammox bacteria with nitrite and ammonium fed 

simultaneously. The results showed that the inhibitory effect of nitrite in absence of ammonium 

occurred very quickly. The IC50 values calculated on the basis of the nitrogen gas production of 

pre-exposure group and simultaneous-fed group indicated that the absence of ammonium 

increased the sensitivity of anammox bacteria to nitrite by 7.2-fold. These results lead to our first 

hypothesis: when ammonium is absent, accumulation of nitrite occurs in a special location (e.g. 
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anammoxosome, riboplasm, or paryphoplasm) which is sensitive to nitrite, and thereafter, the 

high level of nitrite can cause toxicity. Additionally, a higher concentration of nitric oxide (NO) 

found in the headspace of the test group with anammox bacteria inhibited by nitrite suggested 

that the accumulation of nitrite most likely inhibits the anammox biochemistry by interrupting 

the hydrazine synthesis step. 

The second approach to study the inhibitory mechanism of nitrite was to utilize the 

respiration uncouplers, 24DNP and CCCP, with the aim to disrupt the proton gradient through 

anammoxosome which is significantly associated with ATP production in anammox cells. 

Severe inhibition was observed in the test group with addition of respiration uncouplers at pH 7.5 

which is normally a pH condition in which anammox cells are resilient to nitrite toxicity. This 

finding leads to another hypothesis about the mechanism of nitrite inhibition: anammox bacteria 

possess an active transport system, relying on the intracellular proton motive force, to pump 

excessive nitrite away from the sensitive regions of the cells. Therefore, when pH control fails in 

anammox system and pH decreases below the optimum range (pH = 7.2-7.8), anammox bacteria 

becomes more sensitive to nitrite due to the lost or weakness of intracellular proton motive force. 

The presence of NarK gene with the potential function of NO3
-/NO2

- antiporter provides 

anammox bacteria another possible pathway of detoxifying nitrite. To investigate the feasibility 

of using nitrate to attenuate nitrite toxicity to anammox process, both batch- and continuous-

experiments were carried out. Consistent results were obtained: addition of nitrate is able to 

reverse the severe inhibition of anammox bacterial caused by nitrite. Moreover, in a batch 

bioassay with proton gradient depleted by CCCP at pH 7.5, addition of nitrate still enabled 

activity recovery of nitrite stressed anamamox cells, while no positive impact was found in the 

group with nitrate gradient depleted by a 3.1 days nitrate soaking process. These collectively 

suggest that this detoxification pathway is pH independent and relies on a secondary transport 

system facilitated by nitrate creating a concentration gradient in correct direction. Meanwhile, 

the results of continuous-fed bioreactors showed that the timing of nitrate addition plays a 

significant role in reversing the nitrite inhibition because long-term (10 days) exposure to nitrite 

alone can cause irreversible damage of anammox bacteria, and addition of nitrate is not able to 

recover the activity of these biomass. Three different nitrate concentrations (2.0, 3.3, and 5.0 

mM) were applied in the bioreactors pre-inhibited by nitrite, and the results indicated that 
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increase in nitrate concentration is able to shorten the time required by bioreactor to recover to 

the normal performance. This provides another evidence supporting the statement about the 

importance of nitrate gradient in detoxifying nitrite. 

The insights about the mechanisms of nitrite inhibition and detoxification to anammox 

bacteria are beneficial to the application of anammox process. Especially, an operation strategy 

can be developed on the basis of the results provided in this work to minimize the risk of failure 

of anammox bioreactor caused by nitrite inhibition, and even recover it to cut economic loss and 

assure the safety of WWTP at the greatest extent. Precise control is critical if nitritation is used to 

convert ammonium to nitrite for the following anammox system, or ammonium and nitrite are 

being provided from two separate sources, because a delivery failure of enough ammonium 

could have a severe inhibitory impact. The pH is required to be monitored and a real-time 

monitoring system is strongly recommended to avoid the failure of anammox system caused by 

acidic pH (below 6.8). Furthermore, if nitrite inhibition occurs in anammox system, or anammox 

bacteria lose their activity due to starvation caused by either seasonal wastewater (e.g. agro-

industrial wastewater), storage, or shipment, a timely addition of nitrate could be adopted to 

reactivate anammox bacteria. However, long term supplementation of nitrate should be applied 

carefully to avoid dissipating the nitrate gradient and unintended enrichment of denitrifiers. 

The inhibitory effects of six heavy metals (Cu2+, Cd2+, Ni2+, Zn2+, Pb2+, and molybdate) 

on anammox activity was also investigated in batch bioassays due to the consideration that 

application of anammox process in treating landfill leachate and semiconductor manufacturing 

wastewater might be challenged due to the presence of high concentrations of heavy metals. The 

results showed that acute toxicity could be caused by Cu2+, Zn2+, Cd2+, and Ni2+, with the 

corresponding IC50 values of 4.2, 7.6, 11.2, and 48.6 mg L-1, respectively. The evaluation of 

soluble metals concentration is important before identifying the heavy metal responsible for the 

inhibition. For instance, Pb2+ is commonly recognized as a very toxic heavy metal to most 

microorganisms activities, but the low solubility of Pb2+ in the anammox medium limits the 

toxicity and makes it a moderate inhibitory when compared to other tested heavy metals. 
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APPENDIX A. Supplementary data for CHAPTER 3 

1. Effect of pre-exposure to NH4
+ in absence of NO2

-  

NO2
- pre-exposure was studied and discussed in the manuscript. In order to discard side 

effects, exposure to NH4
+ was also studied. The biomass was incubated for 24h in presence of 

NH4
+ (76 mg N L-1). After the pre-exposure period, NO2

- was supplemented (up to 100 mg N L-1). 

As shown in Fig. SD1, neither exposing the anammox granular sludge to NH4
+ , nor starving 

biomass for 24 h had a negative effect on the SAA. Non-pre-incubated control had a SAA of 

0.92±0.02 g N g VSS d-1 and NH4
+ pre-exposed biomass showed an SAA of 0.90±0.00 g N g VSS 

d-1. The biomass starved for 24 h, showed a SAA of 0.92±0.04 g N g VSS d-1. 

Fig. S1 - Time course of N2 production of non-pre-incubated biomass (), biomass pre-

incubated in absence of N compounds (), and biomass pre-exposed to NH4
+ for 24 h (). 

2. Denitrifying activity of the anammox granular sludge 

 

The anammox granules were tested for denitrification. Batch experiments were carried out 

were the biomass was incubated in presence of NO2
- (100 mg N L-1) and stoichiometric amounts 

of H2 gas or methanol, as electron donors for denitrification. 
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Fig. S2 – Timec ourse of N2 production of non-pre-incubated biomass (), biomass incubated in 

presence of NO2
- only (), biomass incubated in presence of NO2

- and H2 (Δ) or methanol (). 

As shown in Fig. S2, the production of N2 by the anammox granular sludge was not 

stimulated in presence of electron donors that could be potentially used by denitrifiers. The N2  

production by biomass incubated in presence of NO2
- only, as well the one incubated in presence 

of H2 or methanol, was almost inexistent. The NO accumulation was also very similar in the three 

cases. 

 

3. NO2
- diffusion model 

 

The NO2
- transport into the bacteria clusters could be evaluated by assuming that clusters 

are spherical. The NO2
- transport is analyzed with a general mass balance that considers the NO2

- 

transport only in radial coordinates because of symmetry, and the concentration of NO2
- uniform 

for a fixed radius. In addition, a constant diffusion coefficient and no chemical reaction are 

considered. The model that results get defined by Fick’s law: 
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𝜕𝐶(𝑟, 𝑡)

𝜕𝑡
= 𝐷 (

𝜕2𝐶(𝑟, 𝑡)

𝜕𝑟2
+

2

𝑟

𝜕𝐶(𝑟, 𝑡)

𝜕𝑟
) (S1) 

 

where r is the radius of the sphere, C is the concentration of NO2
- at time t, and D is the 

apparent diffusion coefficient, calculated as:  
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aq

k

D
D
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(S2) 

 

being Φ the porosity of the granular sludge, assumed equal to 0.96 (Alphenaar et al., 1992), 

Daq the diffusion coefficient of NO2
- in water, 1,700 μm2 s-1 (Picioreanu et al., 1997), ρb the density 

of water at 30ºC (995.65 g L-1), kd the partition coefficient water-cells, (assumed kd= 1), and τ the 

tortuosity of the granule (assumed τ= 1.414). 

The system is analyzed with the initial and boundary conditions: 

𝐶(𝑟, 0) = 0      0 < 𝑟 < 𝑟1 (S3) 

𝜕𝐶(0, 𝑡)

𝜕𝑟
= 0          𝑡 >  0 (S4) 

𝐶(𝑅, 𝑡) = 𝐶0         𝑡 >  0 (S5) 

 

To solve this problem, we introduce a change of variable, 

 

𝐶(𝑟, 𝑡) = 𝐶0 +
𝑢(𝑟, 𝑡)

𝑟
 (S6) 

 

Then, applying Eq. (S6), the system of equations becomes, 
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𝜕𝑢(𝑟, 𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑢(𝑟, 𝑡)

𝜕𝑟2
 (S7) 

 

with the initial and boundary conditions: 

 

𝑢(𝑟, 0) = −𝐶0𝑟        0 < 𝑟 < 𝑟1 (S8) 

𝜕2𝑢(0, 𝑡)

𝑑𝑟2
= 0              𝑡 >  0 (S9) 

𝑢(𝑅, 𝑡) = 0                  𝑡 >  0 (S10) 

 

Now, the solution of Eq. (S7) could be obtained by a method of separation of variables of 

the form: 

 

𝑢(𝑟, 𝑡) = 𝑓(𝑡) ∙ 𝑔(𝑟) (S11) 

 

Eq. (S7) then becomes: 

 

𝑔𝑓′ = 𝐷𝑓𝑔′′ (S12) 

 

From this we have: 

𝑓′

𝐷𝑓
=

𝑔′′

𝑔
= −𝜆2 (S13) 

 

where 𝜆 > 0 is a constant to be determinated. Eq. (S13) contains two expressions: 

 

𝑓′ + 𝜆2𝐷𝑓 = 0 (S14) 

𝑔′′ + 𝜆2𝑔 = 0 (S15) 
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The solution of Eq. (S14) becomes: 

 

𝑓(𝑡) = 𝐴0𝑒−𝐷𝜆2𝑡 (S16) 

 

Eq. (S15) has a solution of the form: 

 

𝑔(𝑟) = 𝐴1𝑠𝑖𝑛(𝑟𝜆) + 𝐴2𝑐𝑜𝑠(𝑟𝜆) (S17) 

  

Applying B.C. (S9) in Eq. (S17) result that 𝐴2 = 0, therefore, 

 

𝑔(𝑟) = 𝐴1𝑠𝑖𝑛(𝑟𝜆) (S18) 

  

and now, from applying B.C. from Eq. (S10) into Eq. (S18) result: 

 

𝑠𝑖𝑛(𝑅𝜆) = 0 (S19) 

 

which is the Eigen value condition for 𝜆𝑛 = 𝑛𝜋 𝑅, 𝑛 = 1,2, …⁄  Therefore, the solution 

resultant for Eq. (S11), after substitution of Eqs. (S16) and (S18), is of the form: 

 

𝑢(𝑟, 𝑡) = ∑ 𝐴𝑛𝑒
−

𝐷𝑛2𝜋2𝑡
𝑅2 𝑠𝑖𝑛 (

𝑟𝑛𝜋

𝑅
)

∞

𝑛=1

 (S20) 

 

and applying the initial condition presented in Eq. (S8), the following equation is 

obtained: 
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−𝐶0𝑟 = ∑ 𝐴𝑛𝑠𝑖𝑛 (
𝑟𝑛𝜋

𝑅
)

∞

𝑛=1

 (S21) 

 

Now, applying the orthogonallity condition results in: 

 

∫ −𝐶0𝑟𝑠𝑖𝑛 (
𝑟𝑛𝜋

𝑅
) 𝑑𝑟

𝑅

0

= ∫ 𝐴𝑛𝑠𝑖𝑛2 (
𝑟𝑛𝜋

𝑅
) 𝑑𝑟

𝑅

0

 (S22) 

 

solving Eq. (S22) for 𝐴𝑛, the following equation is obtained: 

 

𝐴𝑛 =
−𝐶0 ∫ 𝑟sin (

𝑟𝑛𝜋
𝑅

) 𝑑𝑟
R

0

∫ sin2 (
𝑟𝑛𝜋

𝑅
) 𝑑𝑟

R

0

 

 

= −
2R𝐶0

𝑛𝜋

[𝑠𝑖𝑛(𝑛𝜋) − 𝑛𝜋𝑐𝑜𝑠(𝑛𝜋)]

[𝑛𝜋 − sin (𝑛𝜋)𝑐𝑜𝑠(𝑛𝜋)]
 

 

 

(S23) 

 

and using Eq. (S19) into Eq. (S23) results in: 

 

𝐴𝑛 =
2𝑅𝐶0

𝑛𝜋
𝑐𝑜𝑠(𝑛𝜋) (S24) 

 

Substituting Eqs. (S20) and (S24) into Eq. (S6) we get: 

 

𝐶(𝑟, 𝑡) = 𝐶0 +
2𝑅𝐶0

𝜋
∑ 𝑐𝑜𝑠(𝑛𝜋)  𝑒

−
𝐷𝑛2𝜋2𝑡

𝑅2   
𝑠𝑖𝑛 (

𝑟𝑛𝜋
𝑅 )

𝑟𝑛

∞

𝑛=1

 (S25) 

 

where the concentration is normalized, resulting in the final equation:  
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𝐶(𝑟, 𝑡)

𝐶0
= 1 +

2𝑅

𝜋
∑ 𝑐𝑜𝑠(𝑛𝜋)  𝑒

−
𝐷𝑛2𝜋2𝑡

𝑅2   
𝑠𝑖𝑛 (

𝑟𝑛𝜋
𝑅 )

𝑟𝑛

∞

𝑛=1

 (S26) 

 

Fig. S3 presents the graphic solution of Eq. (25) when the apparent diffusivity calculated 

for NO2
-, and a radius (R) of 1,200 µm were used. The concentration of NO2

- is function of the 

radius and the time. The plot shows that in the surface of the granule, the concentration of NO2
- 

remain constant for all the times, which is consistent with the boundary condition assumed. In 

addition, the concentration for a given radius increment with the time, taking around 20 min to 

reach concentrations larger than 98% of NO2
- in the center of the granule, which means that a lag 

phase should be considered between the addition of NO2
- to the system and the and the response 

of the bacteria. 

 

 

Fig. S3 - Transport of NO2
- into the bacteria granules by diffusion. Radius of the granules of 

1,200 µm, and an apparent diffusivity of 565.224 µm2/s. 
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APPENDIX B. Supplementary data for CHAPTER 4 

1. Characterization of the inoculum 

Anammox granular sludge was used in all the experiments. The sludge was cultivated 

and maintained in a 3-L laboratory-scale expanded granular sludge bed (EGSB) reactor fed with 

synthetic medium at a loading rate of 3.7 g N L-1 d-1. The reactor was originally inoculated with 

anammox granular sludge provided by Paques BV (Balk, The Netherlands) from a full-scale 

anammox wastewater treatment plant in The Netherlands. The sludge was dominated by 

anammox bacteria of the genus Brocadia (Carvajal-Arroyo et al., 2013). The average size of the 

granules was 2.4±0.6 mm. The kinetic characterization of the sludge showed a NO2
- :NH4

+ 

consumption molar ratio of 1.31±0.06 (Puyol et al., 2013). The biomass showed negligible 

denitrifying activity (Carvajal-Arroyo et al., 2014b).  
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APPENDIX C. Supplementary data for CHAPTER 5 

1.1 Materials and methods _ supporting information 

1.1.1 Original biomass 

The granular anammox biomass used in the experiments was obtained from a laboratory 

nursing reactor, an expended granular sludge bed (EGSB), which was operated by providing. a 

synthetic wastewater containing 408 mg NO2
--N/L and 350 mg NH4

+-N//L, corresponding to a 

loading rate of 4.0 g N L-1 day-1. The hydraulic retention time (HRT) and solid retention time 

(SRT) used in EGSB were around 0.2 and 125 d, respectively. The anammox biomass had a 

specific anammox activity (SAA) of 0.75±0.17 g N2-N g -1 volatile suspended solids (VSS) d-1. 

The original anammox biomass used to inoculate the EGSB was provided by Paques BV (Balk, 

The Netherlands). Our previous studies have shown that the granular sludge was dominated by 

the genus Broccadia spp. (Carvajal-Arroyo et al., 2013). The VSS content of the biomass was 

81% of total suspended solids (TSS). The average granule size was calculated by image analysis 

using the software ImageJ, with diameter of 2.2±0.6 mm (shown in Fig. S1). 

 

1.1.2 Evidences of anammox as the dominant reaction 

Anammox was the dominant microbial reaction in the bioassays conducted in this study. 

As shown in Fig. S1 A and B, the granular sludge used in our study has a red color which is 

typical of a highly enriched culture of anammox bacteria.  An example experimental result 

provides the molar stoichiometry of the reaction in the bioassays with a balance of nitrogen of 

around 90% and molar stoichiometric ratios of NO2
- removal, N2 gas and NO3

- production  to 

NH4
+ consumption were 1.38(±0.12), 0.93(±0.10), and 0.29(±0.03), respectively, which are close 

to the reported ratios for anammox enrichment cultures (Strous et al., 1998). Also, the lack of 

contribution of other potential biological processes (e.g. denitrification) to the production of N2 

and consumption of NH4
+ and NO2

- in our bioassays was investigated. During an experimental 

time of 30 h, none of the nitrogen compounds (NH4
+, NO2

-, or NO3
-) was consumed in 

treatments where each of them were provided as the sole substrate (shown in Fig. S2). Therefore, 

there is no interference of N2 gas production by non-anammox reactions in this study. These 
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findings collectively verify that the dominant biological process occurring in the bioassays was 

the anammox reaction.   

 

1.1.3 Bioassays protocols 

Experimental protocols for addition of nitrate and substrates in batch bioassays were 

described in Figure S3. 

Positive Control (C(+)): Substrates, NH4
+ and NO2

-, were added simultaneously at time = 

0. For each experiment, this treatment defines the maximum anammox activity and it is used as a 

reference to evaluate the effect of the different conditions under evaluation. 

Negative Control (C(-)): NO2
- was added at time = -4 h, which indicates a 4 h NO2

- pre-

exposure prior to NH4
+ addition at time = 0. This condition creates NO2

- stressed cells at pH 6.7 

and 7.0 (but no NO2
- stress is observed at pH 7.4 or 7.5). A series of treatment protocols 

(Protocol 1-6 in Table 1) were incubated in parallel with the C(+) and C(-) controls experiments. 

Protocol 1: The experiment was separated into two groups (Protocol 1a & 1b) for 

comparison. Biomass in both groups was pre-incubated in the medium (pH = 7.0) containing 

different salts (KCl, KNO3, and NaNO3) for 4 h at a concentration of 7.1 mM. In Protocol 1a, 

biomass was pre-exposed to NO2
- via an addition at -4 h while in the parallel run Protocol 1b, 

the NO2
- was added simultaneously with NH4

+ at time = 0 h.  

Protocol 2: The bioassay was conducted at three different pH values (6.7, 7.0, and 7.4). 

In selected treatments, 1.7mM NO3
- was added at time = -17 h. Subsequently, the biomass was 

pre-exposed to NO2
- via an addition at -4 h and then, NH4

+ was added at time = 0 to start the 

anammox reaction. 

Protocol 3: Bioassays operated at pH 7.5 were supplemented with NO3
- (1.7mM, -17 h), 

NO2
- (7.1mM, -4 h), and NH4

+ (5.4mM. 0 h), while 0.56 mg CCCP L-1 was added at time = -24 h 

(Protocol 3a) or -4 h (Protocol 3b), respectively, to disrupt the proton gradient in otherwise 

healthy anammox cells. 
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Protocol 4: The bioassays were conducted at pH 6.7 or 7.0. NO3
- was added at -17 h at 

concentrations ranging from 0 to 7.1mM. NO2
- was added at -4 h, and NH4

+ was added at time = 

0 to initiate the anammox reaction.  

Protocol 5: This protocol was split to two groups (Protocol 5a & 5b) each operated at pH 

6.7 or 7.0. Both groups were pre-exposed to NO2
- by its addition at -4 h followed by NH4

+ 

addition at time = 0. In Protocol 5a, NO3
- was added at different times ranging from -17 to 0 h. 

In Protocol 5b, NO3
- was added at +2.2 h after NH4

+ addition occurred at 0 h to test the 

attenuation potential of NO3
- after the NO2

- stress was already underway.  

Protocol 6: This experiment included two stages. In Stage I, the biomass was soaked in a 

basal medium containing 3.5mM NO3
- for 3.1 days without NO2

- or NH4
+. Then, the medium 

was replaced by a fresh medium without NO3
-. At the beginning of Stage II, biomass was pre-

exposed to NO2
- (addition time = -4 h) and then split into two groups (with/without addition of 

1.7mM NO3
- at -4 h). NH4

+ was added at time = 0 to start the anammox reaction. By comparison, 

an experiment in which biomass was soaked in the basal medium alone in Stage I was also 

carried out.  

 

1.1.4 Analytical 

In this work, N2 was monitored by using an Agilent 7890 gas chromatograph (Agilent 

Technologies, Santa Clara, CA) which is fitted with a Carboxen 1010 Plot column (30 m × 0.32 

mm) and a thermal conductivity detector. The temperature of GC system with He as carrier gas 

was set as 220 (column), 110 (injection port), and 100 °C (detector), and the injection volume is 

100 μL. NH4
+, NO2

- and NO3
- in liquid samples were analyzed by suppressed conductivity ion 

chromatography using a dual line Dionex IC-3000 system (Dionex, Sunnyvale, CA) containing a 

dual line Dionex IC-3000 system (Dionex, Sunnyvale, CA). The separation of anions was 

performed on a Dionex IonPac AS18 analytical column (4 × 250 mm) with an AG18 column (4 

× 50 mm) as guard column and 15 mM KOH as eluent. The separation of cations was performed 

on a Dionex IonPac CS16 analytical column (3 × 250 mm) with a CG16 column (3 × 50 mm) as 

guard column and 23 mM methane sulfonic acid as eluent.  
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Figure S1. The morphology of the granular sludge. (A) Investigation of the granule size; (B) 

Overview of the granular sludge in EGSB reactor. The scale bar in A & B = 1 mm. 

 

Figure S2. Investigation of other non-anammox reactions in this study. (A) Pre-exposure Stage 

(-17-0hr) (-17hr in Figure 1.), 7.1mM NO3
- pre-exposure without adding NO2

- and NH4
+; 

Reaction Stage (0-24hr), adding 5.4mM NH4
+ to tested groups. (B) 7.1mM NO2

- exposure 

without adding NO3
- and NH4

+ for 28 hr. N-compounds concentration, NO3
--N (■) and NH4

+-N 

(○) in A, and NO2
--N (●) in B. Error bars (shown if lager than the symbols) represent standard 

deviations of duplicate assays. 
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Figure S3. Experimental protocols for addition of nitrate and substrates in batch bioassays. Time 

line: negative time represents time of pre-incubation and time 0 represents the time of 

ammonium addition. C(+):positive control, indicating simultaneous addition of substrates (nitrite 

and ammonium) without nitrate addition at time 0. C(-): negative control, indicating a 4h pre-

exposure to nitrite before ammonium addition at time 0 without nitrate addition. Treatment 

protocols: batch experiments were conducted to examine effects of NO3
- presence, concentration 

and time of addition on NO2
- pre-exposure inhibition to anammox activity, with the specific 

conditions in each experiment described in Table 5-1. 
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Figure S4. Effects of salt sources on NAA. Simultaneous cluster - All treatments in the cluster 

received NO2
- (7.1 mM) and NH4

+ (5.4 mM) simultaneously at time 0 h. C(+): positive control. 

K+: K+ (as KCl) added at -4 h. K++NO3
-: K+ (as KNO3) and NO3

- (as KNO3) added at -4 h. NO3
-: 

Na++NO3
- (as NaNO3) added at -4 h. Pre-exposure to NO2

- cluster - All treatments in the cluster 

received NO2
- (7.1 mM) at -4 h and NH4

+ (5.4 mM) at time 0 h. C(-): negative control. K+: K+ 

(as KCl) added at -4 h. K++NO3
-: K+ (as KNO3) and NO3

- (as KNO3) added at -4 h. Na++NO3
-: 

NO3
- (as NaNO3) added at -4 h. Salts were added at a concentration of 7.1 mM. Error bars 

represent standard deviations of duplicate assays. 



133 

 

Figure S5. Effect of NO3
- concentration on normal (non-stressed) amammox activity at pH 7.0 

(in which NO2
- and NH4

+ are fed simultaneously). NO3
- pre-incubation time=17hr (- 17hr in 

Figure 5-1.). Error bars (shown if lager than the symbols) represent standard deviations of 

duplicate assays. 
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Figure S6. Lack of any effect due to a 3.1 d NO3
- soaking in cells not stressed by NO2

- (the 

positive control in which NO2
- and NH4

+ were simultaneously added). C(+): positive control (■); 

Treatment: anammox biomass was soaked in medium with 3.5 mM NO3
- for 3.1 days (Stage I, 

Protocol 6), followed by 4h pre-incubation of 1.7 mM NO3
- (□).Basal medium was replaced with 

a fresh medium containing no NO3
- after Stage I of 3.1 days in all groups. NO2

- (7.1mM) and 

NH4
+ (5.4mM) addition time =0h. Error bars (shown if lager than the symbols) represent 

standard deviations of duplicate assays. 
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APPENDIX D. Supplementary data for CHAPTER 6 

 

Figure S1. Reaction stoichiometry (Empty bar) and N-balance (Cross-hatched bar) calculated 

according to the data collected in period 4 to 6 in R2. Reported anammox stoichiometry (Filled 

bar) is showed as comparison (Strous et al., 1998). 
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Figure S2. Reaction stoichiometry (Empty bar) and N-balance (Cross-hatched bar) calculated 

according to the data collected in period 4 in R8. Reported anammox stoichiometry (Filled bar) 

is showed as comparison (Strous et al., 1998). 
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Figure S3. Phylogenetic analysis of anammox bacteria identified in the culture show that all 

analyzed sequences from the clone libraries were closely related to each other and to Candidatus 

Brocadia caroliniensis strain NRRL B-50286. A total of 18 clones were recovered and 

sequenced. 

  

 16S rRNA genes from clone library

 Candidatus Brocadia caroliniensis strain NRRL B-50286 [JF487828]

 Candidatus Brocadia caroliniensis clone 20b 19 [KF810110]

 Candidatus Brocadia sp. 40 [AM285341]

 Candidatus Brocadia fulgida [DQ459989]

 Candidatus Brocadia anammoxidans [AF375994]

 Candidatus Brocadia sinica JPN1 [AB565477]

 Candidatus Anammoxoglobus propionicus [EU478694]

 Candidatus Jettenia asiatica [DQ301513]

 Candidatus Jettenia caeni [AB057453]

 Candidatus Kuenenia stuttgartiensis [AF375995]

 Candidatus Scalindua marina clone 12C [ER602039]

 Candidatus Scalindua wagneri [EU478692]100
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Figure S4. Concentration of NO2
- (squares), NH4

+ (circles), and NO3
- (triangles) in the influent 

(close symbols) and effluent (open symbols) of the reactors R1, R2, and R3, during different 

operation periods (1-6). 
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Figure S5. Concentration of NO2
- (squares), NH4

+ (circles), and NO3
- (triangles) in the influent 

(close symbols) and effluent (open symbols) of the reactors R4, R5, and R6, during different 

operation periods (1-4). 
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Figure S6. Concentration of NO2
- (squares), NH4

+ (circles), and NO3
- (triangles) in the influent 

(close symbols) and effluent (open symbols) of the reactors R7, R8, and R9, during different 

operation periods (1-4). 
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APPENDIX E. Supplementary data for CHAPTER 7 

Table S1. Solubility product (Ksp) constants for the reaction of the various cationic metals investigated with hydroxyde, carbonate, 

sulfide, and phosphate at 25°C. 

Log Ksp Pb2+ Cu2+ Zn2+ Cd2+ Ni2+ 

OH- -4.92 (Benjamin, 2002) -19.36 (Generalic, 2013) -15.55 (Generalic, 2013) -14.27 (Generalic, 2013) -17.20 (Generalic, 2013) 

CO3
2- -13.13 (Generalic, 2013) -9.63 (Generalic, 2013) -10.85 (Benjamin, 2002) -13.74 (Generalic, 2013) -6.84 (Generalic, 2013) 

S2- -28.05 (Generalic, 2013) -35.96 (Generalic, 2013) -21.97 (Generalic, 2013) -28.85 (Generalic, 2013) -18.52 (Benjamin, 2002) 

PO4
3- -44.50 (Generalic, 2013) -36.85 (Generalic, 2013) -36.70 (Generalic, 2013) -32.60 (Generalic, 2013) -31.30 (Generalic, 2013) 

 

Nitrogen compounds, including nitrite, ammonia, nitrate, and nitrogen gas, were monitored at the beginning and at the end of the 

toxicity bioassays. Nitrogen recovery in all bioassays was calculated to investigate the nitrogen balance and reaction stoichiometry. 

Figure S1 illustrate the N balances determined at the end of the toxicity bioassay with copper(II). The results in the figure indicate a 

good nitrogen recovery. The small fraction of nitrate detected in the various bioassays is consistent with the stoichiometry of 

anammox process. Previous studies have reported that 0.26 moles of nitrate-N are formed per mole of ammonia-N consumed (Strous 

et al., 1998). Nitrate is probably produced from nitrite to generate reducing equivalents for CO2 fixation. 
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Figure S1. N-recovery (as % of N added) at the end of the Cu bioassay as NH4
+-N, NO2

--N, 

NO3
--N and N2-N (from bottom to top of the bar) for the different treatments. The basal medium 

used in the bioassays contained 0.1 mg Cu2+ L-1. 
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