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ABSTRACT 

Nitrite (NO2
-) substrate under certain conditions 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

-). 

In this work, continuous experiments in bioreactors with anammox bacteria closely 

related to “Candidatus Brocadia caroliniensis” were conducted to evaluate the 

effectiveness of short NO3
- additions 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. These results suggest that a short duration dose of NO3
- to an anammox 

bioreactor can rapidly restore the activity of NO2
--stressed anammox cells. On the 



basis of the results, a hypothesis about the detoxification mechanism related to narK 

genes in anammox bacteria is proposed and discussed. 

 

Keywords: Nitrogen removal, Nitrite inhibition, Nitrate, Continuous bioreactors, 

Detoxification  



I. 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 electron donor and lowered aeration 

requirements (60% saving) 1. Therefore, the application of the anammox process has 

become widely developed for N-removal in both side- and main-streams of 

wastewater treatment plants 1-3. 

However, NO2
- substrate inhibition of anammox microorganisms has 

commonly been observed in both lab- and full-scale anammox systems 4-6. 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 7 and the N species, free nitrous acid or nitrite, responsible 

for the toxicity is still in debate 5, 8, 9. 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
+ 5, 9, 10. Additionally, the pH has a large 

impact on the sensitivity of anammox cells in response to NO2
- toxicity, with the 

sensitivity increasing substantially as the pH is lowered from 7.4 to 6.7 11. 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 7, 12, 13. 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 protein in the genomes of anammox 

bacteria such as Candidatus Brocadia sinica (Accession No. KXK2565, NCBI 

Genbank) 14 with two potential functions a) NO3
-/NO2

- antiporter and b) NO3
-/H+ 

symporter 15-22. 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 7. 

 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.  

 

II. MATERIALS AND METHODS 

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 7, 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 23, 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 24, 25, 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. 

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 9. 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 hours experimental 

time, gas samples were collected at the beginning and the end of the experiment and 

analyzed immediately by gas chromatography–mass spectrometry (GC-MS). 

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’) 26 and universal primer 1392R 

(5’-GACGGGCGGTGTGTACAA-3’) 27 as described by Rich et al.28, while the 



second used primers An7F (5’-GGCATGCAAGTCGAACGAGG-3’) and An1388R 

(5’-GCTTGACGGGCGGTGTG-3’) 29. 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. 

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 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 shown in Table 1 and described below. 

During all experiments, concentrations of 9.3 mM NO2
- and 7.7 mM NH4

+ were 

selected on the basis of successful operation of continuous bioreactors reported in the 

previous work 7, 10, 37. A 4-day interruption of NH4
+ (thus a 4 days exposure to NO2

- 

only) was applied to inhibit the anammox bacteria in the designated column based on 

results from an earlier study 10 that showed a complete inhibition of anammox activity 

was achieved under the selected condition (4 days exposure to 9.3 mM NO2
- at pH 

7.0) mentioned above. 

Experiment 1 (E1, 35 days): As shown in Table 1, 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
+ 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 selected based on a previous work 7 and 

additionally added immediately after the NH4
+ feeding interruption for 3 days (days 

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 ended for 4 days (days 28-32) to determine if the delayed 

addition of NO3
- was still effective in reversing the NO2

- inhibited anammox biomass. 



Experiment 2 (E2, 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 

(days 17-20) in R5 and R6 (shown in Table 1 E2). 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 (days 21-23) with the objective to determine the 

role of NO3
- concentration on reversing the NO2

- inhibition. 

Experiment 3 (E3, 30 days): R7 was also operated the same as the control 

reactor (R1). As shown in Table 1 E3, R8 was operated with a 4-day interruption of 

NH4
+ that ran from days 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
- 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 aiming 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). In 

addition to N2 measurement, ionic species of N-coumpounds (NO2
-, NH4

+, and NO3
-) 

were also monitored on a routine basis. 

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 7. The pH, TSS and 

VSS were determined according to standard methods 30. 

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.  

Data processing. δ values previously described 31 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 32. 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 33 with 

bootstrap testing (500 replicates) 34 and with evolutionary distances computed with 

the Maximum Composite Likelihood method 35. 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. 

III. RESULTS AND DISCUSSION 

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% identical along the 16S rRNA gene with “Candidatus 

Brocadia carolinienis” strain NRRL B-50286 36 (Figure 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 shown in Figure 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 24, 25. 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).  

NO3
- Attenuation of NO2

- Toxicity to Anammox Bacteria in UASB. As shown 

in Figure 2 periods 2 of R2 and R3, no N2 gas production was observed after 

interrupting the NH4
+ feeding and the concentration of NO2

- detected in effluent 

increased from undetectable level to 9.0 mM within 1 day (Figure S4). When the 

NH4
+ feeding was resumed (after a 4-day interruption of NH4

+), N2 gas production 

was still negligible (Figure 2 periods 3 to 4 of R3) and NO2
- and NH4

+ accumulated in 

the bioreactor effluent with the detected concentration of 9.0 mM NO2
- and 7.5 mM 

NH4
+, respectively (Figure S4). Therefore, 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 that also showed the 

enhancement of inhibition with the time of pre-exposure of anammox bacteria to NO2
- 

7, 10, 37. 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 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 11, 38. 

 Results obtained from R2 (Figure 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 consistent with decreasing concentrations 

of NO2
- and NH4

+ in the effluent of R2. After NO3
- and NH4

+ were supplied into R2, 

concentrations of NO2
- found in the effluent decreased from 9.0 mM to undetectable 

level within 4 days, while concentrations of NH4
+ found in the effluent decreased 

from 7.0 mM to 1.0 mM in the same time period. The concentration of NO3
- found in 

the system was close to 4.5 mM in period 3 and then decreased to 1.5 mM in period 4 

as the by-product of anammox reaction (Figure S4). Our previous study also 

demonstrated a similar recovery of NO2
--stressed anammox biomass in response to 

NO3
- addition in batch experiments 7.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 the 

dominant reaction is still anammox (Figure S1).  



 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. As shown in Figure 1, labeling bioassays indicated 

that the N2 gas production did not come from the NO3
- metabolism because no 

accumulation of 15N2 was found in the group fed with 15NO3
-, 14NO2

- and 14NH4
+. 

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 7. The 

results discussed above collectively show that NO3
- attenuation of NO2

- inhibition to 

anammox process relies on a process in which NO3
- presence enables a hypothesized 

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 17, 20, 21, narK type II with the function of NO3
-/NO2

- antiporter is the 

only transporter function meeting the conditions witnessed in this study 14-22. 



 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-day delay in the addition of NO3

- in R3 (period 

5, Figure 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 such that a late addition of NO3
- to cause that the hypothesized translocation 

of 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. 

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 7. 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 2 R2 and Figure 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 3 

period 3). It took 6 days after the start of the NO3
- exposure before the N2 gas 

production resumed (Figure 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. Corresponding to that, the concentration of NO2
- and NH4

+ 

detected in effluent decreased from 9.0 and 7.3 mM to 6.2 and 5.7 mM, respectively, 

in period 4 (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 3) or 5.0 mM NO3
- (Figure 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 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 4). The incremental rate of N2 



productivity increase per day during the recovery promoted by NO3
- was highly 

positively correlated to the NO3
- concentration. However, the previous work in batch 

bioassays showed that, at pH 7.0, the toxicity caused by incubating anammox cells in 

7.1 mM NO2
- for 4 h pre-exposure was fully attenuated with 0.85 mM NO3

- and half 

of the attenuation capacity was obtained at a very low concentration of 0.23 mM NO3
- 

7. Meanwhile, addition of large excesses of NO3
- modestly inhibited anammox 

activity, which is most likely due to osmotic effect of the salts 7. Therefore, both the 

saturation of the attenuation response and potential inhibitory impact caused by high 

salinity limited the further improvement in activity with even higher NO3
- 

concentrations 7. 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 4). 

 An NO3
- gradient created by supplying NO3

- is a requirement in the hypothesized 

mechanism of NO2
- detoxification in anammox process. The presence of ladderane 

lipids found in anammox anammoxsome membrane enables anammox cells to acquire 

a strong resistance to free passage of charged molecule 39, which makes 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 7. 

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. 

 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. As shown in Figure 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 observation that the concentrations of 

NO2
- and NH4

+ found in effluent decreased and were undetectable after 7 days (Figure 

S6). Previous batch experiment also showed that at pH 7.0, exposure to NO3
- for 2.2 

hours was enough to recover NO2
- inhibited cells and extending the incubation time 

did not show any apparent improvement of the recovery 7. 

In R8 (Figure 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).  

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 was periodically retrieved from 

nine bioreactors, and the specific anammox activity (SAA) in each period was 

evaluated by conducting batch bioassays. As shown in Figure 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 2, 3, and 5). The anammox granular biomass 

retrieved from the bioreactors with the NO3
- supplied immediately after the 4-day 

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) 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 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.  

Implications. Together with the previous work conducted in batch bioassays 7, 

consistent results were obtained that exogenous NO3
- is able to rapidly recover 

anammox cells from severe NO2
- inhibition. The presence of narK genes in anammox 

bacteria 14 indicates two potential functions of NO3
-/NO2

- antiporter and NO3
-/H+ 

symporter. If the antiporter is indeed the activity of NarK proteins in our anammox 

culture, it could explain the alternative NO2
- detoxification system resulting from 

short term exogenous NO3
- additions that functions independently of the cell energy 

status. Therefore, NO3
- addition can reactivate 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 is expected to result in 

irreversible damage of the cells (and permanent failure of the anammox bioreactors) 

which cannot be reactivated by delayed NO3
- addition. NO3

- could be used to 

reactivate 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 with 

low/without feeding 40. 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).  
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Table 1. Summary of conditions applied to experiment protocols and the purposes. 

Experiment Purpose 

Period 

(N-compounds (mM): NO2
-/NH4

+/NO3
-) 

P1 P2 P3 P4 P5 P6 

E1*  0-13 d 14-17 d 18-20 d 21-27 d 28-32 d 33-35 d 
R1** Control: proper functioning reactor 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 

R2** NO2
- inhibition event followed by timely NO3

- addition  9.3/7.7/0 9.3/0/0 9.3/7.7/5.0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 

R3** NO2
- inhibition event followed by delayed NO3

- addition 9.3/7.7/0 9.3/0/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/5.0 9.3/7.7/0 

E2*  0-16 d 17-20 d 21-23 d 24-32 d NA NA 

R4** Control: proper functioning reactor 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 NA NA 

R5** 
NO2

- inhibition event followed by timely addition of 

different NO3
- conc. 

9.3/7.7/0 9.3/0/0 9.3/7.7/2.0 9.3/7.7/0 NA NA 

R6** 
NO2

- inhibition even followed by timely addition of 

different NO3
- conc. 

9.3/7.7/0 9.3/0/0 9.3/7.7/3.3 9.3/7.7/0 NA NA 

E3*  0-17 d 18-21 d 22-27 d 28-30 d NA NA 

R7** Control: proper functioning reactor 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 9.3/7.7/0 NA NA 

R8** 
NO2

- inhibition and potential N2 production from other 

microbial processes 
9.3/7.7/0 9.3/0/0 0/7.7/5.0 9.3/7.7/0 NA NA 

R9** NO2
- inhibition event followed by short exposure to NO3

-  9.3/7.7/0 9.3/0/0 9.3/7.7/5.0 (1 d) 9.3/7.7/0 NA NA 
* E1, E2, and E3 indicate Experiment 1, 2, and 3, respectively; 
** R1, R2, R3, R4, R5, R6, R7, R8, and R9 indicate Reactor 1, 2, 3, 4, 5, 6, 7, 8, and 9, respectively; 

NA, Not applicable. 

 
 



 

Figure 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 

14NH4
+ and/or 14NO2

-. Error bars (shown if lager than the symbols) represent standard deviations 

of duplicate assays. 

  



 

Figure 2. Effect of the timing of adding NO3
- 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 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
- stress. The 

performance of UASB reactors is estimated by the evolution of the daily N2 production during 

different operation periods (P1 - 6) according to designated N-compounds supply shown in Fig. 

S3.   



 

Figure 3. Effect of different NO3
- concentrations (2.0 and 3.3 mM) on the performance of UASB 

reactors subjected to NO2
- inhibition caused by NH4

+ interruption. 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 NO2
- stress, with the complete recovery 

observed at the end of experiment. The performance of UASB reactors is estimated by the 

evolution of the daily N2 production during different operation periods (P1 - 4) according to 

designated N-compounds supply showed in Fig. S4.   



 

Figure 4. Correlation between NO3
− concentrations and the rate of N2 productivity increase 

during the recovery (■) or the lag phase (○) since the time of NO3
− addition.  

   



 

Figure 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 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 

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 (shaded area) restored the anammox reactor by relieving NO2
- stress, with the complete 

recovery observed in period 4. The performance of UASB reactors is estimated by the evolution 

of the daily N2 production during different operation periods (P1 - 4) according to designated 

N-compounds supply showed in Fig. S5.   



 

Figure 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, Experiments 1 

(R1-R3), Experiment 2 (R4-R6) and Experiment 3 (R7-R9). Error bars (shown if lager than the 

symbols) represent standard deviations of duplicate assays. Details of the experiments are 

provided in Figures 2, 3 and 5 captions. 


