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Role of nitrite in the competition 
between denitrification and DNRA in a 
chemostat enrichment culture
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and Mark C. M. van Loosdrecht

Abstract 

Denitrification and dissimilatory nitrate reduction to ammonium (DNRA) are two microbial processes that compete 
for oxidized nitrogen compounds in the environment. The objective of this work was to determine the role of nitrite 
versus nitrate as terminal electron acceptor on the competition between DNRA and denitrification. Initially, a mixed 
culture chemostat was operated under nitrate limitation and performed DNRA. Stepwise, the influent nitrate was 
replaced with nitrite until nitrite was the sole electron acceptor and N-source present. Despite changing the electron 
acceptor from nitrate to nitrite, the dominant process remained DNRA and the same dominant organism closely 
related to Geobacter lovleyi was identified. Contrary to previous studies conducted with a complex substrate in marine 
microbial communities, the conclusion of this work is that nitrate versus nitrite as electron acceptor does not gener-
ally control the competition between DNRA and denitrification. Our results show that the effect of this ratio must be 
interpreted in combination with other environmental factors, such as the type and complexity of the electron donor, 
pH, or sulfide concentrations.
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Introduction
Nitrate reduction is an important process in the nitrogen 
cycle. Nitrate can be reduced to nitrogen gas by denitrifi-
cation, which removes the nitrogen from the ecosystem. 
This process balances natural and anthropogenic nitro-
gen inputs and counteracts eutrophication. Alternatively, 
dissimilatory nitrate reduction to ammonium (DNRA) 
retains the nitrogen in the environment. For instance, in 
agricultural soils, this retention can lead to a more opti-
mal use of nitrogen containing fertilizer and prevention 
of nitrate leaching (Silver et  al. 2001). Finally, the auto-
trophic anaerobic ammonium oxidation (anammox) bac-
teria can also reduce nitrate to nitrite and ammonium 
and subsequently to dinitrogen gas, but is not consid-
ered relevant in carbon source abundant enrichments. 
As the fate of nitrate can have important implications for 

the ecosystem (Burgin and Hamilton 2007; Kraft et  al. 
2011), as well as the successful operation of wastewater 
treatment systems, we want to understand the competi-
tion between DNRA and heterotrophic denitrification in 
order to allow manipulation of nitrate reduction towards 
the desired end product  (N2 or  NH4

+).
Denitrification was long assumed to be the dominant 

nitrate reduction process in the environment. DNRA 
had received relatively little attention, in particular with 
respect to its quantitative contribution to the nitrogen 
cycle. In the past decade, DNRA has become recog-
nized to contribute significantly to nitrate reduction in 
the environment (Brin et  al. 2015; Decleyre et  al. 2015; 
Giblin et  al. 2013; Rütting et  al. 2008). We have limited 
understanding of the environmental factors that control 
the nitrate reduction processes (Jetten 2008; Kraft et al. 
2011). A known important factor in the competition for 
nitrate between DNRA and denitrification is the ratio of 
available electron donor (i.e. easily degradable carbon) 
and electron acceptor (i.e. nitrate or nitrite) (Kraft et al. 
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2014; van den Berg et al. 2016; Yoon et al. 2015a). Con-
sistently, in organic carbon rich environments, where 
nitrate is limiting, DNRA dominates, and in environ-
ments with excess of nitrate and limiting carbon denitri-
fication dominates (Rütting et al. 2011; Tiedje et al. 1982).

Kraft et  al. (2014) postulated that the terminal elec-
tron acceptor has a determinative effect on the compe-
tition. In DNRA and denitrification, nitrate and nitrite 
can both be terminal electron acceptors. Kraft and her 
colleagues enriched nitrite reducers from marine sedi-
ments on a complex carbon source, including amino 
acids, sugars and organic acids, in a continuous fed 
chemostat enrichment system and observed only con-
version to nitrogen gas and no production of ammo-
nia. When nitrate was the electron acceptor instead of 
nitrite, the mixed enrichment cultures showed com-
bined fermentative and respiratory properties with a 
predominant conversion of nitrate to ammonia. These 
observations were attributed to a comparatively higher 
apparent affinity of denitrifiers for nitrite and a com-
paratively higher apparent affinity of DNRA bacteria for 
nitrate. Kraft et al. (2014) concluded therefore that sup-
ply of nitrate/nitrite was a key controlling factor in the 
nitrate partition. Interestingly and alternatively, Yoon 
et al. (2015b) reported an opposite trend in Shewanella 
loihica chemostat cultures with nitrate or nitrite as elec-
tron acceptor. Nevertheless, they also conclude that 
nitrite is a determining factor in the choice between 
DNRA or denitrification.

As the effect of nitrite as a controlling factor in the 
competition between the two nitrate reducing processes 
is ambiguous, we wanted to verify the determinative 
effect of nitrate versus nitrite using an enrichment culture 
grown on acetate mineral medium in continuous culture. 
With our simplified system we can obtain additional and 
more quantitative insight in the DNRA process. Since the 
acetate in our culture is directly oxidized to carbon diox-
ide, the system is better defined than the more complex, 
partly fermentative marine microbial community stud-
ied by Kraft et al. (2014), which even showed significant 
turnover of sulfate and sulfide. Since we used enrichment 
cultures, our study is an important complement to the 
pure culture studies by Yoon et al. (2015b) with S. loihica, 
which was not isolated based on DNRA capacity.

In this work we describe the results obtained with a 
chemostat culture inoculated with activated sludge and 
operated with freshwater-mineral medium containing 
acetate as electron donor and, initially, nitrate as electron 
acceptor as described by van den Berg et al. (2015), oper-
ated at a dilution rate adequate for growth of both the 
denitrifying and DNRA bacteria. Throughout the study, 
the culture was operated under electron acceptor limit-
ing conditions. The initial nitrate-only culture performed 

DNRA. Stepwise, the influent nitrate was replaced with 
nitrite until nitrite was the sole electron acceptor and 
N-source present. Steady state populations were analyzed 
with Fluorescent In Situ Hybridization (FISH) probes.

Materials and methods
Chemostat operation
The experiments were conducted using an open contin-
uous-flow stirred-tank reactor (CSTR, i.e. a flow con-
trolled chemostat). The basic reactor set up was the same 
as described by van den Berg et  al. (2015). The redox 
potential was monitored using a Redox probe (Mettler 
Toledo, Tiel, The Netherlands). Before the start of the 
experiments of this study the reactor had been running 
continuously for 2 years under the conditions described 
in this paper. Two separate media flows were supplied 
to the reactor in equal amounts. Both culture media 
were autoclaved before use and sparged with a small 
flow of nitrogen gas while connected to the chemostat 
to ensure anaerobic conditions. Medium A contained 
per liter: 22.0  mmol  KH2PO4, 1.2  mmol  MgSO4·7H2O, 
1.5  mmol NaOH, 1.5  mg yeast extract (as vitamin sup-
plement) and 5  ml trace element solution (Vishniac 
and Santer 1957), with only 2.2  g  ZnSO4·7H2O per 
liter, and varying amounts of  NaNO3 and/or  NaNO2 
(Table  1). Medium B contained varying concentrations 
of acetate,  NaCH3COO·3H2O (Table  1), to match the 
amount of electron acceptor provided. Note that acetate 
was always in excess, only the residual concentrations 
were decreased. Each time when the feed to the reactor 
was changed, 10 ml of activated sludge and 10 ml of an 
enriched denitrifier community on acetate were added to 
the reactor culture, to increase the potential for enrich-
ing the most competitive organism in the culture. Both 
media were pumped at 26 ml/h into the reactor so that 
the total influent was 52  ml/h. The effluent pump was 
controlled using a level sensor. The resulting dilution rate 
was 0.027 h−1. The culture was assumed to be in steady 
state if conversions were constant for five doubling times, 
which was approximately 8 days.

Table 1 Nitrate, nitrite and  acetate concentrations in  the 
influent as used in the different experimental periods

Days Concentration in the influent (mM) N % as nitrite

Nitrate Nitrite Acetate

0–32 11.8 0.00 22.1 0

33–60 8.83 2.62 22.1 23

61–82 5.88 5.23 20.2 47

83–123 2.94 7.85 16.5 73

124–165 0.00 11.8 14.7 100
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Analytical procedures
Oxygen, carbon dioxide, nitric oxide and nitrous oxide 
concentrations in the headspace of the reactor were mon-
itored in dried gas using a gas analyzer (NGA 2000, Rose-
mount, Chanhassen, MN, USA). The flow of nitrogen gas 
to the reactor was kept at 100 ml/min using a mass flow 
controller (Brooks Instrument, Ede, The Netherlands), to 
maintain sufficient flow through the gas analyzer (80 ml/
min).

Samples taken from the reactor were centrifuged and 
supernatants were used for analysis of acetate and nitro-
gen compounds. The acetate concentration in the liq-
uid phase was measured by High Performance Liquid 
Chromatography using an Aminex HPX-87H column 
(T =  60  °C) from Bio-Rad Laboratories (Hercules, CA, 
USA) coupled to a UV and RI detector using phosphoric 
acid (0.01 M) as eluent. An indication of the nitrite- and 
nitrate-concentration in the reactor was obtained with 
test strips (Merck Millipore, Carrigtwohill, Ireland). 
When this was not zero, the concentrations were meas-
ured more accurately. Nitrate-, nitrite- and ammonium-
concentrations were determined spectrophotometrically 
with commercial cuvette test kits (Hach Lange, Düssel-
dorf, Germany).

To determine the biomass concentration, the reactor 
effluent was centrifuged (10,000 rpm for 20 min) and the 
pellet was dried at 105 °C. Subsequently the ash content 
was subtracted to obtain VSS concentration. The ash 
content was determined by burning the organic parts of 
the dried pellet at 550 °C. Protein content of the biomass 
was measured using the Uptima BC Assay Protein Quan-
titation Kit (Interchim, Montluçon, France).

The biomass composition was calculated from the 
measured Total Organic Carbon (TOC) and Total 
Organic Nitrogen (TON) of washed biomass pel-
lets, using a TOC-L CPH/CPN analyzer (Shimadzu 
Benelux,’s-Hertogenbosch, The Netherlands). TOC was 
determined as Total Carbon (TC) subtracted by Inor-
ganic Carbon (IC) (TOC = TC − IC). Biomass composi-
tion was measured for several steady states and did not 
significantly differ for the different populations. In our 
calculations we used the average of 0.23 ± 0.01 mol N per 
C-mol biomass.

A balance of degree of reduction and a charge balance 
of incoming and exiting elements in the chemostat were 
set up to verify the consistency of our measurements. 
The concentration of volatile suspended solids (VSS) was 
used as biomass concentration. The growth in the sys-
tem is relatively fast compared to, e.g. soils. As a result 
biomass decay is not significant and immobilization/re-
mineralization negligible. Hence, ammonium produc-
tion was attributed to nitrate reduction by DNRA. As 
emissions of nitric and nitrous oxide were not detected, 
the nitrogen not accounted for in ammonium, nitrate, 
nitrite or biomass was assumed to be converted to  N2. 
Sulfide was not detectable (<2  µmol/l). The dissolved 
 CO2 species, mostly  HCO3

−, which leave the reactor 
in the effluent, were estimated and taken into account. 
It was assumed Henry’s law applies, using T =  298  K, 
p = 1 atm, Hcp

CO2
 = 3.4.10–4 mol/(m3 Pa) (2),  pKa = 6.35 

(

H2CO3⇆HCO−

3 +H+
)

, KHCO2  =  1.7  ×  10−3 (House-
croft and Sharpe 2005).

Microbial population analysis
The microbial composition of the culture was analyzed 
with FISH as described by Johnson et al. (2009), using a 
hybridization buffer containing 35% (v/v) formamide. The 
applied probes are listed in Table  2. The general probe 
mixture EUB338 labeled with Cy5 was used to identify 
all eubacteria species in the sample. In the shown result, 
we used the EUB338 (Cy5), the Beta42a probe, labeled 
with FLUOS (plus an unlabeled Gamma42a probe, to 
minimize erroneous hybridizations of Beta42a) and Geo-
Bac464, a probe labeled with Cy3 specifically designed 
for the detection of the 16S rRNA of the DNRA micro-
organism dominating the culture under nitrate limitation 
(Additional file 1: Table S1; van den Berg et al. 2015).

Probes were synthesized and 5′-labeled with either the 
FLUOS or with one of the sulfoindocyanine dyes Cy3 and 
Cy5 (Thermo Hybaid Interactiva, Ulm, Germany). Slides 
were observed with an epifluorescence microscope (Axi-
oplan 2, Zeiss, Sliedrecht, The Netherlands), and images 
were acquired with a Zeiss MRM camera and compiled 
with the Zeiss microscopy image acquisition software 
(AxioVision version 4.7, Zeiss) and exported as TIFF 
format.

Table 2 Probes used in FISH analysis of the culture

Probe Sequence (5′→3′) Dye Specificity Reference

EUB338mix GCWGCCWCCCGTAGGWGT Cy5 Most bacteria Amann et al. (1990) and Daims et al. (1999)

Beta42a GCCTTCCCACTTCGTTT Fluos Betaproteobacteria Manz et al. (1992)

Gamma42a GCCTTCCCACATCGTTT None Gammaproteobacteria Manz et al. (1992)

GeoBac464 AGCCTCTCTACACTTCGTC Cy3 Specific for DNRA bacterium van den Berg et al. (2015)
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In addition, denaturing gradient gel electrophoresis 
(DGGE) was performed. Biomass samples were col-
lected from the reactor and centrifuged and stored at 
−20  °C. The genomic DNA was extracted and analyzed 
as described by van den Berg et  al. (2015). The set of 
primers used is the 341F (containing a 40-bp GC clamp) 
and 907R (Schäfer and Muyzer 2001). The obtained 
sequences were corrected using the program Chromas 
Lite 2.1.1 (http://technelysium.com.au) and then com-
pared to sequences stored in GenBank using the Basic 
Local Alignment Search Tool (BLAST) algorithm (http://
www.ncbi.nlm.nih.gov/blast).

Results
A chemostat based enrichment system was operated 
under electron acceptor (nitrate/nitrite) limiting condi-
tions with acetate as electron donor and a dilution rate 
of 0.027 h−1. Acetate was always detected in the effluent 
of the reactor and the redox potential was constant dur-
ing the experimentation at minus 480 ± 50 mV. This con-
firmed electron acceptor limiting conditions. Initially, the 
electron acceptor was nitrate and the culture converted 
70 ± 3% of the influent nitrate-N to ammonium, 15 ± 2% 
was incorporated into biomass (Additional file  1: Table 
S2), and 15% was presumably converted to dinitrogen 
gas. Stepwise, the influent nitrate was replaced by nitrite. 
In the first step 23% of the nitrate was replaced, and 
subsequently 47 and 73%, until all influent nitrogen was 
nitrite. When nitrate in the feed was changed to nitrite, 
the fraction of the influent N converted to ammonia did 
not change (Fig. 1a). Thus, despite the change of electron 
acceptor from nitrate to nitrite, DNRA remained equally 
dominant in the reactor.

To confirm that DNRA bacteria can not only remain, 
but also outcompete the denitrifiers with nitrite as elec-
tron acceptor, a second reactor was started up in the 
same conditions as the nitrite-only system. Starting from 
an inoculum of activated sludge, a DNRA culture was 
enriched with nitrite as electron acceptor (Fig. 1b). Thus, 
we confirmed that DNRA bacteria successfully outcom-
pete denitrifiers when nitrite is the limiting electron 
acceptor in the chemostat enrichment culture.

Both in the nitrate-only and nitrite-only culture, 
the C/N ratio of the biomass was measured to be the 
same, 0.23  ±  0.01  molN/molC. The biomass yield was 
12.3 ± 1.4 gVSS/mol  NO2

− for growth on nitrite, which 
was lower than for nitrate, 19.0 ±  0.3  gVSS/mol  NO3

− 
(Additional file  1: Table S3). The protein content of the 
VSS was measured to be 0.60  ±  0.04  mg protein/mg 
VSS. When both yields are compared as per mole elec-
tron donor (acetate), the yields are similar for growth on 
nitrate and nitrite (13.4 ± 0.6 and 11.7 ± 1.5 gVSS/mol 
acetate respectively).

The microbial population analysis using FISH showed 
that also the population did not change when changing 
from nitrate to nitrite as electron acceptor in the system 
(Fig. 2). In Fig. 2 almost all fixed bacteria of both cultures 
are purple colored and thus almost all bacteria hybridized 
with a probe specific for one Geobacter ribotype (Additional 
file  1: Table S1), described by van den Berg et  al. (2015). 
Additional DGGE analysis showed the ribotypes were iden-
tical (Additional file 1: Figure S1). The green colored bacte-
ria (Betaproteobacteria) are not necessarily the same species 
in both cultures, but are present in the same low amount in 
both steady states and are therefore assumed not to be rel-
evant for the major conversion stoichiometry.
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Fig. 1 Ammonium production in the acetate fed chemostat systems, as a percentage of the  NOx conversion in time. This includes both dissimila-
tory and assimilatory production of ammonium. a Ammonium production (open circles) for the varying percentages of  NO2

− in the influent nitro-
gen (dashed line). The other influent nitrogen was nitrate. b Ammonium formation in the enrichment inoculated with activated sludge with nitrite 
as electron acceptor
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Discussion
In our chemostat enrichment system provided with ace-
tate as the simple non-fermentable carbon and energy 
source, the competition between DNRA and denitrifi-
cation was unaffected by the type of electron acceptor. 
Despite changing the supply of nitrate to nitrite, DNRA 
remained the dominant N-reduction pathway in the reac-
tor. This is in accordance with pure culture studies by 
Yoon et al. (2015b). Our observations are clearly different 
from the observations in a chemostat enrichment culture 
by Kraft et  al. (2014). They reported that in an electron 
acceptor limited marine enrichment culture, fed with 
glucose, acetate and amino acids, nitrate selected for a 
DNRA community whereas nitrite selected for a denitri-
fying community.

The enrichment of a DNRA culture under nitrite limi-
tation with a nitrate based DNRA culture as inoculum 
was confirmed by starting a similar enrichment culture 
inoculated with activated sludge. In this case initially 
a denitrifying culture was obtained, likely due to their 
faster growth rate. The denitrification culture was rapidly 
replaced by a stable DNRA culture. This development 
from activated sludge inoculum replicates the enrichment 
of a DNRA culture under nitrate limiting conditions (van 
den Berg et  al. 2015). This emphasizes the similarity of 
nitrate or nitrite in the enrichment of DNRA bacteria.

Under single substrate limiting conditions in a che-
mostat, Yoon et al. (2015b) observed no effect of nitrate 
versus nitrite on the end-product of the nitrate reduc-
tion process in their pure culture of S. loihica strain 
PV-4, using partial lactate oxidation to acetate. Like in 
our study, the end-product of the nitrogen conversion 

was predominantly ammonium under electron acceptor 
limiting conditions. Yoon et  al. (2015b) did observe an 
effect of nitrite when the C/N ratio of the influent sub-
strates was such that both electron donor and acceptor 
were limiting. When nitrite instead of nitrate was used 
under these conditions, a higher fraction of the influent 
nitrogen was converted to ammonium, i.e. increase of the 
lactate that was used for DNRA and decrease for denitri-
fication. In our system we would expect a similar obser-
vation, due to the lower electron acceptor capacity of 
 NO2

− compared to  NO3
−. In other words, more moles of 

electron donor are required per mole nitrate compared to 
nitrite. The effect of C/N ratio essentially is a result of the 
ratio of electrons that can be donated over electrons that 
can be accepted. To exemplify this, an extrapolation was 
done using the data and model of our previous study with 
the same chemostat enrichment culture system on the 
C/N effect (Van den Berg et al. 2016). For use of nitrite 
instead of nitrate, both the stoichiometry of DNRA and 
denitrification change. As a result the dual limitation 
range shifts and slightly broadens, as described in Fig. 3. 
For example, at a C/N ratio of 2 molC/molN with nitrate-
N, the system will result in a steady state in the dual limi-
tation phase with coexistence of both processes, whereas 
at this ratio of 2 molC/molN for nitrite-N, in the steady 
state only nitrite will be limiting and DNRA dominates. 
Thus, at the same C/N ratio, a change in electron accep-
tor from nitrate to nitrite will result in more reduction 
to ammonia and less denitrification to dinitrogen gas. 
Thus nitrite, replacing nitrate, affects the competition 
by changing the electron accepting capacity and thereby 
making the conditions more electron acceptor limited. 

Fig. 2 FISH microscopic photographs of steady state cultures. a The culture grown on nitrate only. b The culture grown on nitrite only. The cells 
were stained with Cy5-labeled probes for bacteria (EUB338mix, blue), FLUOS-labeled probes for Betaproteobacteria (Beta42a, green) and Cy3-labeled 
probes specific for the reactor species (GeoBac464, red). Cells that are green indicate cells to which the probes EUB338mix and Beta42a were 
hybridized. Cells that are purple indicate cells to which the probes EUB338mix and GeoBac464 were hybridized
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This effect would presumably also be observed in our sys-
tem, when tested under dual substrate limited conditions.

In the electron acceptor limited chemostat enrich-
ments of Kraft et  al. (2014), nitrite was predominantly 
reduced to dinitrogen gas, whereas the main product of 
nitrate reduction was ammonium. The authors observed 
that despite additional factors which might favor DNRA 
(e.g. increase of C/N ratio of the substrates, addition of 
sulfide, lower pH, or the use of non-fermentative elec-
tron donors), denitrification remained dominant when 
nitrite was supplied as electron acceptor. Therefore, Kraft 
et al. (2014) proposed nitrite versus nitrate as one of the 
key factors in the competition between denitrification 
and DNRA in their marine system and furthermore sug-
gest that denitrifiers have a higher  apparent affinity for 
nitrite and DNRA bacteria for nitrate. The results of this 
study and of Yoon et al. (2015b) illustrate that the effect 
of nitrite/nitrate supply per se is not a universal control-
ling factor in the competition between denitrification 
and DNRA. At the same time, the ambiguity shows that 
a combination of environmental factors can have more 
significant differentiating effects. As already stated by 
(Beijerinck 1901) we first need to establish the effect of 
separate environmental factors using simple systems to 
understand behavior in more complex lab systems.

Despite the supplementary inoculation of our established 
enrichment chemostat culture with fresh activated sludge 
from an existing wastewater treatment plant and denitrifier 
communities, the change of electron acceptor from nitrate 
to nitrite did not change the dominant ribotype in the elec-
tron acceptor limited chemostats described in this work. In 
all experiments the same Geobacter lovleyi related ribotype 
dominated the microbial community. Apparently, under 
the used conditions, this species has highest affinity (µmax/
Ks) for both electron acceptors.

Our results suggest that nitrite and nitrate fluctua-
tions in an environment will have limited influence on 
the dominant nitrate reducing process when acetate is 
the electron donor. This implies that other competition 
affecting factors, such as pH, sulfide concentrations, 
or the type and complexity of the electron donor, may 
have a decisive effect on the nitrate reducing pathway 
that dominates, rather than, as suggested by Kraft et  al. 
(2014), via direct control of either nitrite or nitrate as 
electron acceptor.

In summary, we show nitrite is not a controlling factor 
in the competition between DNRA and denitrification 
in a fresh water mixed culture chemostat with acetate 
as electron donor. In our experiments no changes were 
observed in the nitrogen reducing pathway when nitrate 
was replaced by nitrite as electron acceptor. The domi-
nant process remained DNRA and the same Geobacter 
species was the dominant enriched organism, independ-
ent of the supply of nitrite or nitrate as electron acceptor. 
When starting from a fresh inoculum with nitrite as elec-
tron acceptor, DNRA outcompeted denitrification.
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