
Fig. 1 FISH microphotograph of Ca. Scalindua sp. (A), Ca.
Brocadia sinica (B) cells in this study (green: whole biomass;
red: Anammox cells; yellow: superposition of view 1 and view
2, indicates ratio of Anammox cells in total biomass).
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Introduction and Objective

Oxygen strongly inhibits Anaerobic Ammonium Oxidation
(Anammox) bacteria, yet it is rather difficult to maintain a
strict anoxic environment in biotechnological treatment
facilities (Jetten et al., 1997). This is because nitrite was
supplied by aerobic ammonia-oxidizing bacteria (AOB)
and/or archaea (AOA). Thus, their affinities for ammonia and
oxygen and oxygen tolerance of Anammox bacteria play a
crucial role in their association with AOB and/or AOA
(Straka et al., 2019).

Oxygen tolerance of Anammox bacteria has been
examined (reviewed by Zhang & Okabe, 2020; Seuntjens et
al., 2018; Oshiki et al., 2016). However, the existing
experimental data are rather controversial, because the
species, type (i.e., planktonic free-living or aggregated) and
purity of biomass are essential to their response to dissolved
oxygen (DO). Therefore, inhibition of planktonic enrichment
Anammox cultures by DO, and its activity reversibility after
DO exposure have never been unequivocally demonstrated.

Furthermore, despite its biological importance, little is
known regarding the enzyme-based protection system against
oxygen derivatives and radicals in Anammox cells, which are
toxic to essential cell components if not scavenged (Fridovich,
1983). Such enzymes have been found in many strictly
anaerobic microorganisms, in which they can play a major
role in oxygen detoxification.

This study aims to assess oxygen toxicity and cellular
responses of Anammox bacteria to oxygen. With a focus on
the oxygen tolerance of planktonic enrichment cultures,
specific Anammox activity (SAA) during and after oxygen
exposure was examined. Intracellular response was examined
by evaluating enzyme activities related to the oxidative stress
response. Furthermore, inter-species differences in these
aspects were clarified by examining 4 Anammox species.

Material and Methods

General procedures for preparation of cell suspensions
and activity experiments: Suspended planktonic cells of Ca.
Brocadia sinica, Ca. Brocadia sapporoensis, Ca. Scalindua
sp., and Ca. Kuenenia stuttgartiensis were harvested from 4
continuous flow MBRs maintained in our lab (Narita et al.,
2017). To obtain a highly enriched anammox culture, percoll
density separation was performed as described in (Kartal et
al., 2011). The purified biomass was washed twice with
inorganic nutrient medium and accounted for more than
99.8% of the total biomass by FISH analysis (Fig. 1).

After being anoxically kept for approximately 8h,
biomass was then exposed to defined concentrations of
oxygen, and the DO concentration was determined by an
oxygen sensor (Unisense, Denmark). Anammox activity
during oxygen exposure was measured by 15N labelled N2
production. The activity reversibility was examined by
eliminating oxygen after exposure to defined concentrations
of DO for 12h.

Preparation of cell-free extracts and determination of
enzyme activities: The cell suspension was disrupted by
passing thrice through a French pressure cell press unit
(AVESTIN, ON, Canada) at homogenizing pressure of 1200
MPa. Cell debris was removed by centrifugation (4℃, 60 min,
4500 rpm).

SOD activity was assayed spectrophotometrically at 560
nm as described in (Winterbourn et al. 1975) with One unit
(U) of SOD activity inhibited the rate of riboflavin &
illumination dependent NBT reduction by 50% at 25℃, pH
7.8, light intensity of 4000 Lux. CAT activity was assayed
following (Katsuwon, & Anderson, 1989) with one U of CAT
activity catalase the decomposition of 1 µmol H2O2 in 1 min
at 25℃, pH 7.0. CCP activity was assayed following
(Munkres et al., 1984), with one U of CCP activity catalase
the oxidation of 1 µmol cytochrome c in 1 min at 25℃, pH
6.0. GPX activity was assayed following (Drotar et al., 1985),
with one U of GPX activity catalase the reduction of 1 µmol
NADPH in 1 min at 25℃, pH 7.0.

Results and Discussion

Tolerance of Anammox bacteria to DO exposure: The
effects of DO concentration on the maximum SAA have been
examined in order to better understand the oxygen toxicity,
species specific results are showed in Fig. 2.



The 4 enrichment cultures had obviously different inhibitory
responses, among which Ca. S. sp. had much higher oxygen
tolerance. In order to calculate IC50 (50% inhibition), both
linear regression and Monad-based inhibition models
(competitive, non-competitive and uncompetitive inhibition)
were tested for fitting with Max.SAA (%) response curve. As
a result, the modified non-competitive model (Eq. (1)) was
chosen to describe inhibition of SAA by DO concentration:
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where X is DO concentration (mg O2 L-1),a is a fitting
parameter. Values for IC50 and a were determined using
GraphPad Prism 8 software, according to the fitting curve.

The IC50 value determined for DO was 0.90, 0.06, 0.11
and 0.13 mg-O2 L-1 for Ca. S. sp. (Fig. 2A), Ca. B. sinica (Fig.
2B) and Ca. B. sapporoensis (Fig. 2C), Ca. K. stuttgartiensis
(Fig. 2D)

Activity reversibility after DO exposure: Anammox
cultures were exposed to ambient saturation of DO for 24h,
and the profile of recovery process of 4 species was depicted
in Fig. 3. Instant and partial recovery was observed in “Ca.
Scalindua sp.” culture after reestablishment of anoxic
environment (Panel A). While “Ca. B. sinica” recovered
gradually after a lag time of more than 20h (Panel B). Long
lag phase of floc-style “Brocadia” culture after same oxygen
exposure was described in literature (Seuntjens et al., 2018),
its activity could be detected only after a 5 h lag phase and it
increased gradually from 10% to 91% of the initial activity
after 26 h under anoxic conditions. In this case, “Ca.
Scalindua sp.” responded quite differently from the typical
recognition. This observation directed us to study the cellular
responses to oxygen with the goal of understanding the
survival strategies. However, oxygen inhibition on “Ca. K.
stuttgartiensis” remained irreversible, with zero SAA was
observed in cultures living in 2.5% salinity, after 32h
incubation in anoxic environment (Panel D). It was noted that

“Ca. B. Sapporoensis” showed instant and almost complete
activity recovery (Panel C), but in this experiment, small
granules of “Ca. B. Sapporoensis” biomass were observed, it
was no longer planktonic culture.

The reversibility of Anammox cultures exposed to lower
DO concentrations for 12 h were depicted in Fig. 4.

Fig. 4 Maximum SAA observed in cultures already exposed
to DO within monitoring period of 32h, compared to
anoxically kept controls.

Enzymic mechanisms:
Genomic analysis: Genes encoding such anti-oxidative
enzymes including superoxide dismutase (SOD), catalase
(CAT), cytochrome c peroxidase (CCP) and glutathione
peroxidase (GPX) were identified in Anammox genomes by
metagenomic analysis, which deemed important for oxygen
detoxification (Table 1).

Fig. 2 Effects of DO concentration on the relative maximum
SAA compared with anoxic control samples.

Fig. 3 Anammox recovery after exposure to 8 mg-O2 L-1 for 24
h in the absence of ammonium and nitrite. Ammonium (3 mM
(NH4)2SO4) and nitrite (3 mM Na15NO2) were dosed at 0 h and
24 h after oxygen exposure. Panel A-D depict an isotope
marked N2 profifile after exposure, compared to an anoxically
kept control, each data point is the average value of two
samples.



Table 1 Identification of genes encoding anti-oxidative enzymes in
Anammox genomes by annotation work (RAST), according to
previously sequenced Anammox genomes. Step 1: reduce oxygen
radicals into less toxic H2O2; Step 2: reduce H2O2 into H2O.

Determination of enzymes activities: To our knowledge this
is the first report quantitatively showing anti-oxidative
enzymes activities in Anammox cells. To begin with, assays
were carried out in cell-free extracts prepared from MBRs
maintained in strictly anaerobic environments. Enzymes
activities were depicted in Fig. 5.
Furthermore, the effect of oxygen on the induction of
protection systems against oxidative stress was assessed.
Assays were carried out in cell-free extracts prepared from
Ca. S. sp. and Ca. B. sinica cultures which already submitted
to two patterns of oxygen exposure: (I) different
concentrations of oxygen (0, 0.42, 0.82 and 1.63 mg-O2 L-1)
for 12 h; or (II) air-saturating concentrations of DO for
different periods of time (0, 0.5, 1 and 2 h). The results were
summarized in Fig. 6 and Fig. 7.

Fig. 5 Specific SOD, CAT, CCP and GPX activity in
cell-free extracts of Anammox cultures incubated in
anoxic environment. Results are presented as the
standard error of the mean of at least 6 samples in two
independent experiments.

Fig. 6 Anti-oxidative enzymes activity in Anammox cells
exposed to different concentrations of DO for 12 h. Results
are presented as the standard error of the mean of at least 6
samples in two independent experiments. (ND: not detected)

Fig. 7 Anti-oxidative enzymes activity in Anammox cells
exposed to atmosphere for different periods of time. Results
are presented as the standard error of the mean of at least 6
samples in two independent experiments. (ND: not detected)

High levels of SOD activity were found in all samples of
Ca. S. sp., and increasing DO concentration lead to obvious
change between 0 and 0.42 mg-O2 L-1, but no significant
effect on the activity level among samples incubated in higher
DO concentration (0.82 and 1.63 mg-O2 L-1 ). Moreover, the
duration of exposure to oxygen had no significant effect on
the activity level at all. This could be explained as the
induction of defense systems against oxidative stress is only
functional within moderate level of oxygen. In contrast, SOD
activity was not detected in all samples of Ca. B. sinica.
Basically, this results in lower oxygen tolerance capability of
this species.

CAT activity in Ca. S. sp. is relatively low and almost
kept on a same level for different DO concentration or
duration of exposure. Although Ca. B. sinica had higher CAT



activity, still it is a very low activity level compared with that
of aerobes or oxygen-tolerant anaerobes (more than 100
U/mg-BSA). Furthermore, the samples submitted to longer
exposure times or higher DO concentrations didn’t showed
higher values of CAT activity.

Low values of CCP activity was detected in both species,
and relatively higher activity was detected in Ca. S. sp. But
no significant differences were observed upon increasing the
oxygen concentration in the medium or the duration of the
oxic period. Low GPX activity was only detected in Ca. S. sp.
and there was no correlation with increasing oxidative stress.

Conclusions
 Anammox bacteria showed considerable activity during

DO exposure (IC50 value ranging from 0.06-0.90 mg-
O2 L-1), and this oxygen tolerance is intrinsic because
of planktonic enrichment culture. “Ca. Scalindua sp.”
has highest oxygen tolerance.

 Anammox activity is readily reversible after exposing to
both low and ambient saturation DO concentrations.
Depending on species, the reversibility and recovery
process follow different patterns, generally higher DO
concentration result in lower reversibility and longer lag
time. “Ca. Scalindua sp.” resumed 34% of pre-exposure
SAA instantly after shifting back to anoxic environment,
after exposing to atmosphere for 24h.

 Anti-oxidative enzymes were widely observed in
Anammox cells, genes encoding these enzymes were
constitutively expressed, not oxygen dependent. In
particular, “Ca. Scalindua sp.” had significantly higher
SOD activity compared to other Anammox species,
which related to its higher oxygen tolerance.

 “Ca. Scalindua sp.” may adapt to higher DO
concentrations in OMZs, because it utilized SOD and
peroxidase as its effective oxygen detoxification system,
which is similar to the cellular response of typical
aerotolerant anaerobes; while other species tested
mainly relied on CAT.
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