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a b s t r a c t

Phylogenetically diverse anammox bacteria have been detected in most of anoxic natural and engineered
ecosystems and thus regarded as key players in the global nitrogen cycle. However, ecological niche
differentiation of anammox bacteria remains unresolved despite its ecological and practical importance.
In this study, the microbial competitions for a common substrate (nitrite) among three anammox species
(i.e. “Candidatus Brocadia sinica”, “Candidatus Jettenia caeni” and “Candidatus Kuenenia stuttgartiensis”)
were systematically investigated in nitrite-limited gel-immobilized column reactors (GICR) and mem-
brane bioreactors (MBRs) under different nitrogen loading rates (NLRs). 16 S rRNA gene-based population
dynamics revealed that “Ca. J. caeni” could proliferate only at low NLRs, whereas “Ca. B. sinica” out-
competed other two species at higher NLRs in both types of reactors. Furthermore, FISH analysis revealed
that “Ca. J. caeni”was mainly present as spherical microclusters at the inner part (low NO2

� environment),
whereas “Ca. B. sinica” was present throughout the gel beads and granules. This spatial distribution
supports the outcomes of the competition experiments. However, the successful competition of “Ca. J.
caeni” at low NLR could not be explained with the Monod model probably due to inaccuracy of kinetic
parameters such as half saturation constant (Ks) for nitrite and a difference in the maintenance rate (m).
In addition, the growth of “Ca. K. stuttgartiensis” could not be observed in any experimental conditions,
suggesting possible unknown factor(s) is missing. Taken together, NLR was one of factors determining
ecological niche differentiation of “Ca. B. sinica” and “Ca. J. caeni”.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic ammonium-oxidizing (anammox) bacteria are che-
molithoautotrophic bacteria that can oxidize ammonium to nitro-
gen gas with nitrite as the electron acceptor (Jetten et al., 2005;
Neumann et al., 2014). Since its discovery, anammox activities
and bacteria were detected from various natural and engineered
ecosystems (Hu et al., 2011; Sonthiphand et al., 2014) and thus
regarded as an essential contributor in the global nitrogen cycle
(Kuypers et al., 2003).

Five candidatus genera (Brocadia, Kuenenia, Jettenia, Scalindua
and Anammoxoglobus) and about 19 species have been reported to
date (Ali and Okabe, 2015; Kartal et al., 2007; Oshiki et al., 2016;
Quan et al., 2008; Schmid et al., 2003; Strous et al., 1999, 1998).
Observations of anammox bacterial diversity have demonstrated
that “Ca. Scalindua” dominated saline environments including
marine sediments (i.e., Awata et al., 2013; Schmid et al., 2007;
Sonthiphand et al., 2014; Villanueva et al., 2014), whereas the
other four genera were mainly detected from engineered and fresh
water ecosystems (i.e., Egli et al., 2001; Hu et al., 2011; Schmid et al.,
2000; Sonthiphand et al., 2014; Strous et al., 1999). Although pure
culture is still not available, some physiological studies have been
conducted using anammox bacteria cultures enriched (>90%) in
membrane bioreactors (MBRs) (Ali et al., 2015a; Awata et al., 2013;* Corresponding author.
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Lotti et al., 2014; Oshiki et al., 2013; van der Star et al., 2008).
Ecological and physiological characteristics of anammox bacteria
were recently summarized (Oshiki et al., 2016), and Monod growth
kinetic parameters of three anammox species (i.e. “Candidatus
Brocadia sinica”, “Candidatus Jettenia caeni” and “Candidatus Kue-
nenia stuttgartiensis”) were summarized in Table 1.

Extensive statistical analysis of the anammox 16 S rRNA gene
sequences deposited in the public databases revealed distinct
ecological niche differentiation of anammox bacteria in natural and
engineered ecosystems (Sonthiphand et al., 2014). For example,
“Ca. Brocadia” and “Ca. Kuenenia” was the second and third most
abundant genus, respectively, and commonly retrieved from
freshwater natural and engineered ecosystems. On the other hand,
“Ca. Jettenia” was the lowest abundant genus among all anammox
bacterial genera and the majority of them was retrieved from
engineered ecosystems (e.g., wastewater treatment plants and
bioreactors) (Sonthiphand et al., 2014). Based on this analysis, it is
most probably that salinity was an important factor governing
anammox bacterial distributions such as “Ca. Scalindua”. However,
very limited information is available to explain what and/or how
extrinsic factors (i.e., DO, NO2

� and NH4
þ concentrations) affect

ecological niche partitioning of anammox bacteria in freshwater-
related ecosystems including engineered ecosystems.

In lab-scale bioreactors, population shifts of anammox bacteria
have been frequently reported under various conditions: e.g., from
“Ca. B. fulgida”-dominated population to “Ca. Brocadia. sp.40”-
dominated population (Park et al., 2010); similarly from “Ca. B.
fulgida” to “Ca. K. stuttgartiensis” (Park et al., 2015); from “Ca.
Brocadia sp.” to “Ca. K. stuttgartiensis” (van der Star et al., 2008);
and from “Ca. B. anammoxidians” to “Ca. Anammoxoglobus pro-
pionicus” (Kartal et al., 2007). This clearly suggested that genus- or
species-specific niche differentiation and competition exist. How-
ever, there is no clear understanding about niche differentiation of
anammox bacteria at present.

It has been hypothesized that these population shifts were
caused by different kinetic and physiological properties of anam-
mox bacteria (e.g., maximum specific growth rate, affinity to a
limiting substrate (e.g., NH4

þ or NO2
�), susceptibility to various

compounds or utilization of fatty acids) (Ali et al., 2015a; Kartal
et al., 2007, 2008; Oshiki et al., 2016, 2011; Park et al., 2015; van
der Star et al., 2008). Interestingly, “Ca. B. fulgida” and “Ca. A.
propionicus” out-competed other anammox bacteria in the pres-
ence of acetate and propionate, respectively (Kartal et al., 2007,
2008), suggesting that these fatty acids could be the primary fac-
tors in determining the dominance of anammox bacteria. However,
driving force(s) for the above population shifts has never been
systematically investigated and experimentally verified yet so far.

In this work, we therefore investigated the competition for a
common substrate (nitrite) among three anammox genera; “Ca.
Brocadia”, “Ca. Jettenia”, and “Ca. Kuenenia”, which were
commonly found in lab-scale bioreactors. Two different reactor
systems, gel-immobilized column reactor (GICR) and membrane
bioreactor (MBR), were inoculated with anammox enrichment
cultures containing these three anammox species and continuously
operated for a long time with different nitrogen loading rates.
Population dynamics of each anammox species were monitored by
measuring 16 S rRNA gene copy numbers with quantitative PCR. In
addition, specific growth rates of three species at different limiting
substrate (nitrite) concentrations were calculated using the Monod
model to explain the competition results. The niche differentiation
among “Ca. Brocadia”, “Ca. Jettenia”, and “Ca. Kuenenia” was
further discussed.

2. Materials and methods

2.1. Monod growth curve

Specific growth rates (m) of “Ca. B. sinica”, “Ca. J. caeni” and “Ca.
K. stuttgartiensis” were calculated as a function of limiting sub-
strate concentration using the classical Monod equation, m ¼
mmax � S/(Ks þ S), where m is the specific growth rate (h�1); mmax is
the maximum specific growth rate (h�1), which was recently re-
evaluated for “Ca. B. sinica” and “Ca. J. caeni” (Zhang et al., 2017);
S is the concentration of the limiting substrate (nitrite in this study)
(mM); Ks is the half-saturation constant (mM) (Table 1).

Table 1
Physiological characteristics of “Ca. Jettenia caeni”, “Ca. Brocadia sinica” and “Ca. Kuenenia stuttgartiensis”.

Parametera “Ca. Jettenia caeni” “Ca. Brocadia sinica” “Ca. Kuenenia stuttgartiensis”

Optimal Temp. (�C) 37 37 37
Growth pH 6.5e8.5 7.0e8.8 6.5e9.0
Biomass yield (mmol-

C [mmol-NH4
þ]�1)

0.056 0.063 n.dd

mmax (h�1)b 0.0075 0.014 0.0096
Affinity constant (Ks)c

NH4
þ (mM) 17.1 ± 4.3 28 ± 4 n.d

NO2
� (mM) 35.6 ± 0.92 34 ± 21 0.2e3

Maintenance rate, m (h�1) n.d 0.0029e0.0081 n.d
Oxidiation rate (mmol g-protein�1 min�1)
Formate 6.7 ± 0.6 n.d 5.8 ± 0.6
Acetate 0.79 ± 0.07 n.d 0.31 ± 0.03
Propionate 0.64 ± 0.05 n.d 0.12 ± 0.01

Tolerance
NO2

� (mM) 11 <16 13, 25
NH4

þ (mM) >20 n.d n.d
Sulfide (mM) 540 n.d 10e300
Salinity (mM) 68 mM <513 mM 50e200 mM

Reference Ali et al., 2015b; Zhang
et al., 2017

Oshiki et al., 2011, 2013; Zhang
et al., 2017

Egli et al., 2001; Strous et al., 2006; Dapena-Mora et al., 2007; van der Star
et al., 2008; Kartal et al., 2007

a The form of biomass used for characterizing “Ca. B. sinica” and “Ca. K. stuttgartiensis”were suspended planktonic cells, for “Ca. J. caeni”, it was in flocculated biomass with
an average particle diameter at 150 mm.

b mmax of “Ca. J. caeni” and “Ca. B. sinica” were determined based on temporal increase in 16 S rRNA gene copy numbers as determined by qPCR, for "Ca. K. stuttgartiensis",
the mmax was determined based on sludge retention time (SRT) control.

c Ks for ammonium and nitrite were determined based on the Monod kinetics.
d n.d; not determined.
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