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• The inhibitory effect of heavy metals on
anammox was summarized.
• The toxic mechanisms of heavy metals
and adaptive strategies were analyzed.
• The mitigating strategies for heavy
metals inhibition were summarized.
• The future research prospects were
envisaged.
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Anaerobic ammonium oxidation (anammox) is a promising biological technology for treating ammonium-rich
wastewaters. However, due to the high sensitivity of anammox bacteria, many external factors have inhibi
tory effects on this process. As one of the commonly found toxic substances in wastewater, heavy metals (HMs)
are possible to cause inhibition on anammox sludge, which then results in a declined treatment performance.
Getting insights into the response mechanism of anammox sludge to HMs is meaningful for its application in
treating this kind of wastewater. This review summarized the effect of different HMs on treatment performance
of anammox bioreactor. In addition, the mechanism of toxication raised by HMs was discussed. Also, the po
tential mitigation strategies were summarized and the future prospects were outlooked. This review might
provide useful information for both scientific research on and engineering application of anammox process for
treating HMs containing wastewater.
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1. Introduction
Anaerobic ammonium oxidation (anammox) is a chemo
lithoautotrophic biological process in which anammox bacteria are able
to oxidize ammonium to nitrogen and reduce nitrite at the same time
(Strous et al., 1998). Up to now, six genera of anammox bacteria,
‘Kuenenia’,
‘Brocadia’,
‘Anammoxoglobus’,
‘Jettenia’,

‘Anammoximicrobium moscowii’ and ‘Scalindua’ (Jetten et al., 2001;
Khramenkov et al., 2013; Lodha et al., 2021), taking part in the anam
mox process have been identified. These bacteria are autotrophic and
use ammonium (NH4+) as an electron donor. In this biological reaction,
there are no requirements for oxygen or exogenous electron donors; in
addition, this process produces less sludge and has the potential to treat
wastewater with a high N/C ratio, e.g., landfill leachate, semiconductor
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effluents and swine wastewater. However, there are also some limita
tions constraining the application of the anammox process. Anammox
bacteria have a slow growth rate and a low cell yield and are highly
sensitive to the changing environmental conditions, such as temperature
and pH. Therefore, its treatment performance is possibly declined when
treating the toxic component contained wastewater.
As one of the common pollutants, heavy metals (HMs) are widely
found in wastewater. Anthropogenic activities are mainly responsible
for the release of various HMs at different concentrations through in
dustries related to mining, leather, tanning and landfill leachate. The
copper and zinc levels of real industrial wastewater are considerably
high, with Cu2+ ranging from 5 to 10 mg L-1 and Zn2+ fluctuating at
approximately 30–1000 mg L-1 (Ma et al., 2020; Zhang et al., 2015b).
Anthropogenic activities account for most metal pollution in the envi
ronment (Luoma and Rainbow, 2008). Under low-dosage conditions
below 5 mg L-1, anammox bacteria were capable of resisting the toxicity
raised by HMs with greater than 80% of copper removal efficiency
(Zhang et al., 2015b). Once its concentration exceeds the threshold, HMs
will inhibit the growth of the microorganism either sustainably or
reversibly. Understanding the anammox bioreactor operation perfor
mance under HMs stress and response mechanism of anammox sludge to
HMs is meaningful for its application in treating this kind of wastewater.
Huang et al. (2022) reviewed many inhibitory effects in the anammox
process, including substrates (NH4+ and NO3-), organic matter, salinity
and antibiotics. However, the impacts of heavy metals (HMs) are com
plex, and the constituents of HMs in wastewater discharged from in
dustries are usually complicated and need further investigation.
This review mainly aims to summarize the inhibitory effects of heavy
metals in the process of anammox, and the main objectives are: (1) to
understand how HMs deteriorates the anammox bioreactor operation
performance; (2) to reveal the potential response mechanism of anam
mox sludge to HM stress; and (3) to summarize some mitigation stra
tegies and provide potential research directions from a micro point of
view.

2. The effects of heavy metals in the process of anammox
2.1. Simulated wastewater at the bench-scale
The term HMs is actually a poorly defined term, as the heaviness of a
metal can be based on metal density, atomic number or chemical
behavior, and HMs typically include all metals and metalloids (e.g., As)
with the exception of alkali and alkaline earth metals (Duffus, 2002).
The HMs studied in the field of anammox process usually refers to Cu2+,
Zn2+, Cd2+, Hg2+, Ni2+, Pb2+, As3+ and MoO42-; in particular, the metal
ions Cd, Hg, Pb, As and Cr have been identified as the five toxic heavy
metals in China (Yu et al., 2016). Although HMs play an important role
as essential trace elements for enzymatic reactions in cultivating
anammox bacteria, elevated concentrations are toxic and inhibit culti
vation. The effects of anammox bacteria are commonly assessed by the
50% inhibiting concentration (IC50).
Table 1 lists the 50% inhibiting concentration (IC50) for each heavy
metal and summarizes their characteristics in different bioreactors. As
seen in this table, Hg2+, Cu2+, Zn2+ and Cd2+ are classified as highly
toxic HMs; Ni2+ is moderately toxic; and Pb2+, MoO4+ and As3+ are
poorly toxic (Li et al., 2015; Yu et al., 2016). Pb2+ displayed only poor
toxicity to anammox bacteria, with 32% inhibition at a concentration of
75 mg L-1. Similarly, Bi et al. (2014) reported that there is only 7.19%
inhibition to microorganisms at doses of 40 mg L-1 Pb2+, which might be
related to the solubility of these metals in the medium and have the
tendency to be precipitated out as sparingly soluble metal salts (Li et al.,
2015). Additionally, As3+ was originally considered as a toxic HM due to
its bioavailability and mutagenicity; however, it failed to strongly
inhibit anammox bacteria. The reason might be the transformation of
valence with the help of nitrifying bacteria under aerobic conditions.
As3+ was oxidized to hypotoxic As5+; hence, the biotoxicity was
significantly weakened. Apart from As3+, the valence of Cr4+ can also be
transformed and reduced to Cr3+ inside the granules with an IC50 lower
than 8.96 mg L-1 (Yu et al., 2016).
Many researchers have investigated the negative effects of HMs both
in batch bioassays and in long-term continuous feeding tests. Batch as
says were conducted in serum bottles inoculated with anammox, Broc
cadia spp., as well as medium containing substrates (ammonium and

Table 1
50% Inhibitory concentrations and characteristics of HMs investigated in anammox system.
Classification

Bacteria

SAA reduction

References

UASB

Candidatus Brocadia

(Yu et al., 2016)

Highly toxic
Highly toxic
–

EGSB
EGSB
UASB

74%
(5 mg L-1)
–
–
–

Metal

IC50
(mg L-1)

Hg2+

2.3 ± 0.1

Highly toxic

Cu
Zn2+
Zn2+

4.2
7.6
6.76

Zn2+

2+

Types of reactors

–

–

UASB

Brocadia spp.
Brocadia spp.
Candidatus
Kuenenia
Candidatus Kuenenia stuttgartiensis

2+

7.0 ± 0.6

–

UASB

Candidatus Brocadia

2+

Cd
Cd2+
Ag2+
Cr3+
Cr4+
Ni2+
Pb2+

11.2
11.16 ± 0.42
11.52 ± 0.49
8.96
9.84
48.6
NT

Highly toxic
–
–
–
–
Moderately toxic
Poorly toxic

EGSB
UASB
UASB
UASB
UASB
EGSB
UASB

Brocadia spp.
Anammox bacteria of KSU-1 strain
Anammox bacteria of KSU-1 strain
Candidatus Brocadia
Candidatus Brocadia
Brocadia spp.
Anammox bacteria KSU-1 strain

Pb2+

NT

Poorly toxic

EGSB

Brocadia spp.

Pb2+
MoO42As3+

–
NT
NT

–
Poorly toxic
Poorly toxic

UASB
EGSB
UASB

Anammox bacteria of KSU-1 strain
Brocadia spp.
Candidatus Brocadia

Cd

*NT: not toxic
*SAA: Specific Anammox Activity
2

30%
(3.39 mg L-1)
74%
(20 mg L-1)
–
–
–
–
12.5 – 31.16%
–
< 50%
(0–40 mg L-1)
32%
(75.0 mg L-1)
7.19% (40 mg L-1)
–
30%
(60 mg L-1)

(Li et al., 2015)
(Li et al., 2015)
(Kalkan Aktan et al., 2018)
(Fan et al., 2019)
(Yu et al., 2016)
(Li et al., 2015)
(Bi et al., 2014)
(Bi et al., 2014)
(Yu et al., 2016)
(Yu et al., 2016)
(Li et al., 2015)
(Bi et al., 2014; Yu et al., 2016)
(Li et al., 2015)
(Bi et al., 2014)
(Li et al., 2015)
(Yu et al., 2016)
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nitrite), trace element solutions, and mineral medium. The anammox
sludge was exposed to HMs for 2 h to attain equilibrium. The results
showed that Cu2+, Zn2+ and Cd2+ were the most toxic cationic metals,
with IC50 values of 4.2 mg L-1, 7.6 mg L-1, and 11.2 mg L-1, respectively.
In comparison, molybdate and Pb2+ have only slight or moderate
inhibitory effects (Li et al., 2015). In addition to toxicity, Bi et al. (2014)
also investigated the reversibility of anammox bacteria to HMs with
24-h exposure phase and a following 72-h recovery phase in batch tests.
They reported that Cd2+ and Hg2+ have sustained toxicity to anammox
biomass, whereas Pb2+ and Zn2+ could resume to a large extent after
removing them. Ma et al. (2020) analyzed the response of anammox
sludge under Zn2+ stress using metatranscriptomics. He demonstrated
that although the specific anammox activity (SAA) decreased, the viable
cells remained constant assessed by live/dead staining measurement,
which suggests that short-term exposure (2 h) to Zn2+ did not have
significant inactivation to sludge as concentrations increased in the
range of 50–150 mg L-1 (Fig. 1). In addition, a longer recovery time
allows for higher reversibility.
In continuous feeding tests, HMs have different effects on the per
formance of anammox bioreactor due to their properties and treatment
methods, and the activity was impaired to different extents due to
elevated concentrations of HMs applied either separately or together
(Kimura and Isaka, 2014; Zhang et al., 2016c). Ni, Cu, Co, Zn, and Mo
will cause more than a 10% reduction in anammox bacteria activity for
each metal when applying 5, 5, 5, 10, and 0.2 mg L-1 respectively. The
effects of Ni, Cu, Co and Zn were reversible, but those of Mo were
irreversible, which was evaluated by comparing nitrogen loading and
conversion rates (Kimura and Isaka, 2014). The results suggested that
the nitrogen loading and conversion rates maintained stable when
applying 0.5 mg L-1 of Ni, Cu, Co and Zn, then the addition of 2, 2, 2, and
5 mg L-1 for Ni, Cu, Co, and Zn could cause decrease, but when they reset
back to the basic wastewater concentrations, the nitrogen conversion
rate could recover up. When HMs were combined and applied in the
anammox process, the conditions of reactors varied depending on the
different types of combinations. Kimura and Isaka (2014) found that
combining Ni, Cu, Co, and Zn with concentrations of 0.5 mg L-1 for each
and overall within 2 mg L-1 did not decrease the activity of anammox
bacteria. Zhang et al. (2016c) drew a similar conclusion using the most
common and toxic HMs of Cu2+ and Zn2+. When combined Cu2+ and
Zn2+ in a continuous feeding reactor with the concentrations of 1 mg L-1
and a joint loading rate of 0.04 kg m-3 d-1, the activity of anammox
bacteria was not affected. However, elevating concentrations to 3 mg L-1
for both with 0.12 kg m-3 joint loading rate caused the reactor to
collapse rapidly (Zhang et al., 2016c).
When anammox-based process is applied for ammonium removal,
nitritation (NH4+ → NO2-) is required to supply nitrite by the functional

microbes of ammonia oxidizing bacteria (AOB). AOB are completely
chemolithoautotrophic, they use CO2 as sole carbon source transferring
ammonium to nitrite for metabolic activities. Therefore, in addition to
the anammox bacteria, nitritation process with AOB also faces a great
challenge due to the presence of HMs in high-strength nitrogen waste
waters (Tang et al., 2018). HMs impose the inhibition effects to AOB
with relatively low IC50 values of 2.3, 6.7, 7.0, 9.8, 10.4, and 86.6 for
Hg2+, Cu2+, Cd2+, Cr3+, and Pb2+, and As3+, respectively (Battistoni
et al., 1993; Tang et al., 2018; Yu et al., 2016). However, Li et al. (2018)
reported that appropriate amendment short-term exposure to Mn2+,
Zn2+, and Cu2+ with the concentrations of 2.0 mg L-1, 2.0 mg L-1, and
0.5 mg L-1 could enhance the performance of nitritation-anammox
process with higher nitrogen removal rate (NRR). Whereas, only the
long-term exposure to Mn2+ could see the increase in NRR, the exposure
to Zn2+ and Cu2+ has no significant effects, which might be related to the
changes of microbial community structure. Microbial community anal
ysis revealed that Mn2+ is beneficial of increasing the abundance of
anammox bacteria, whereas, Zn2+ and Cu2+ mainly enrich the abun
dance of AOB. Similarly, Fan et al. (2022) evaluated the joint effects of
Mn2+, Cu2+, and Zn2+ on completely autotrophic nitrogen-removal over
nitrite process, and also demonstrated the higher concentrations of HMs
promoted AOB in long-term exposure, only the low-level of HMs had
positive impacts on anammox bacteria.
2.2. Industrial effluents
Generally, the treatment of ammonium-containing wastewater is
always complex in practice due to its multicomponent and complicated
reactions. Swine water and landfill leachates are two common types of
ammonium-rich wastewater that contain HMs. Although many
ammonium-rich wastewaters have been simulated at the laboratory
scale and have made some achievements, wastewater derived from in
dustries is lacking. To improve the application of biological treatment
for practical ammonium-containing wastewater, many other constitu
ents, reactions, and interactions between HMs and other constituents
should be considered.
Swine wastewater is a common type of ammonium-rich wastewater
consisting of high concentrations of antibiotics and HMs. In order to
treat swine wastewater, Lotti et al. (2012) first evaluated the inhibition
effects of HMs and antibiotics to anammox process. They used batch
assays and demonstrated that swine wastewater has fairly no hazard to
anammox granular sludge which was derived from a full-scale anammox
reactor of wastewater treatment plant in Netherlands. The possible
reason might be related to the counterbalance effect between lower
activity and higher biomass concentration. In another study, Gamoń
et al. (2019) used real landfill leachate from the municipal landfill in

Fig. 1. (a) Variations in the SAA of anammox sludge in Zn2+ exposure and recovery batch tests; SK: zinc shock batch; RB-1: the first activity recovery batch; RB-2: the
second activity recovery batch; (b) the impact of Zn2+ shock on the fraction of viable cells in anammox enriched sludge (Ma et al., 2020).
3
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Southern Poland. They operated a 20 L sequencing batch reactor inoc
ulated with Candidatus Jettenia and 1.0–1.8 g⋅L-1 of volatile suspended
solids. The influent was landfill leachate diluted with tap water, as well
as NaNO2 addition to achieve the adequate ammonium: nitrites ratio (1:
1.32) (Tomaszewski et al., 2018). The effluent level of NH4+-N and
NO2--N was nearly removed from the influent. The Lemna minor test
supported the application of anammox treatment for landfill leachate. In
addition, anammox is an important tool to reduce phytotoxicity,
whereas the Allium cepa test showed the negative impacts on eliminating
genotoxicity, which was probably caused by substances other than HMs
in landfill leachate (Gamoń et al., 2019). Additionally, the single-stage
nitrogen removal using anammox and partial nitritation process also
has been demonstrated to be effective in nitrogen removal at a limited
level of dissolved oxygen, with 99.5% NH4+-N, 94.3% of total nitrogen
and 31.4% concurrent chemical oxygen demand removal. They
collected landfill leachate from a municipal solid waste landfill facility
in Jiangxi province, China. A lab-scale upflow sludge bed reactor (1.6 L)
was employed for the single-stage nitrogen removal using anammox and
partial nitritation process. Activated sludge and anammox sludge was
inoculated in the reactor operated with 5.12 g⋅L-1 volatile suspended
solids as well as dissolved oxygen concentration of 0.2–0.6 mg⋅L-1
(Antwi et al., 2020).
Overall, the treatment of swine wastewater was mainly limited by
very high concentrations of ammonium accompanying with HMs and
antibiotics. In order to treat this kind of wastewater, Lotti et al. (2012)
proposed the approach by increasing the anammox biomass, though the
requirements of huge amount of anammox was conflicting with the slow
growth rate. Hence, the application still needs further investigation to
optimize the investments. The treatment of landfill leachate could be
achieved from the aspects of dilution of landfill leachate, as well as the
mixture of biomass and the improvement of process.

leading to the inhibition of the function of physiological ions. Once the
metal enters the cell, it will interact with nucleic acids and enzyme
active sites, resulting in the collapse of membrane integrity and further
causing the leakage of mobile essential elements, such as K+, and cell
death (Cervantes and Gutierrez-Corona, 1994; Stohs and Bagchi, 1995).
3.1. Mechanisms of inhibiting effects
Although Cu, Zn and many other metal cations are vital cofactors in a
wide range of metalloproteins and key enzymes in anammox biochem
istry, the presence of these metals in excess inhibits microbial metabolic
processes and further affects enzyme activities. For instance, Zn2+ is the
enzyme active sites and contributes to protein structure (Strous et al.,
2006), while excessive Zn2+ (50 mg L-1) affects the electron transport
systems of proteins (Outten Caryn et al., 2001; Park and Ely, 2008).
Different HMs inhibit microorganisms in different ways. Hu et al. (2003)
investigated the impacts of HMs on nitrifying biomass which was
cultivated in the continuously stirred tank reactor using batch studies.
The reactor used in batch tests was supplemented with MOPS
(3-(N-morpholino)propanesulfonic acid) as buffer, the pH was
7.0 ± 0.05, the temperature was maintained at 25 ◦ C continuously
mixed, and aerated by magnetic stirring (100 rpm). They reported that
copper might be one of the most influential HMs because it is associated
with the most rapid loss of membrane integrity. The membrane
adsorption and internalization of Cu2+ are much faster than those of
other cationic HMs involving Zn2+, Ni2+, and Cd2+ (Hu et al., 2003).
They deduced that the inhibitory mechanism of Cu2+ is probably to
catalyze and produce hydroxyl radicals so that the redox cycling activity
is increased and the membrane function is impaired.
Li et al. (2020) further investigated the binding characteristics of
Cu2+ using spectral metrology analysis methods. They collected anam
mox sludge from an up-flow anaerobic sludge reactor for batch tests
with copper concentrations within the range of 0–50 mg L-1. EPSs are
the first barrier for bacteria to prevent the toxicity of HMs and play a
vital role against toxic metal cations. Functional groups involved in EPSs
are mainly negatively charged and likely to combine with HM cations.
At a low concentration of Cu2+ (5 mg L-1), the ions tend to combine with
negatively charged functional groups and reduce the electrostatic
repulsion and construct bridging effects, which will then facilitate the
compaction and agglomeration of the EPS collision, and the anammox
sludge will then be in a compact state. As copper ions increase
(10–50 mg L-1), they tend to preferentially bind to carboxyl groups of
proteins compared to polysaccharides and hydrocarbons, which will
then cause some strand structures of the proteins in EPSs to be disrupted
to a loosened state (Fig. 2).

3. Response of anammox sludge to HMs stress
Trace concentrations of some HMs are beneficial of metabolic ac
tivities for microbes. Copper and zinc are essential micronutrients,
0.5 mg L-1 of Cu2+ and 1.0 mg L-1 of Zn2+ could stimulate maximum
specific growth rates as well as biomass yields, so that the biological
treatment could be improved (Scullion et al., 2007). Zinc mainly con
tributes to enzyme active sites and protein structure (Strous et al., 2006).
However, as the concentrations elevated in excess, unlike most organic
matters, HMs are nonbiodegradable and tend to accumulate in micro
organisms, even causing biological accumulation toxicity. Thus, it is
essential to get in-depth understanding of the inhibitory mechanism to
facilitate the development and application of treating ammonium-rich
wastewater using the anammox process.
From the perspective of the uptake process, the metal enters the
microorganisms via three processes: extracellular sorption, trans
membrane transport; and intracellular interaction (Bi et al., 2014).
Among these three processes, sorption plays a critical role in metal up
take due to the existence of extracellular polymeric substances (EPSs),
which consist of protein, polysaccharide and humic acid and provide a
variety of functional groups, including methyl, amino, phosphoric and
sulfhydryl groups (Yu, 2020; Zhang et al., 2021a), acting as binding sites
connected with metals. In terms of transmembrane transport, there are
two types of uptake systems for HMs in general. The first type is fast and
unspecific depending on the chemiosmotic gradient between the cyto
plasmic membrane of microorganisms and is constitutively expressed;
hence, most metal uptake processes belong to this system. The second
type is based on higher substrate specificity, needs more time and uses
ATP as an energy source to transport ions. When a cell exposed at a high
concentration of HMs, these HMs will still be transported across the
membrane and enter the cell because an nonspecific system is consti
tutively expressed (Nies, 1999). Additionally, due to structural similar
ities, nonessential metals may enter the cell through essential metal
pathways and displace essential metals from their metabolic sites,

3.2. Adaptive strategies under HMs stress
Based on previous analysis at the molecular level, microorganisms
have five regulatory network systems against Zn2+ stress, including
extracellular precipitation, intracellular chelation, methylation, reduc
tion, and increasing selectivity at the membrane (Choudhury and Sri
vastava, 2001; Labrenz et al., 2000; Nies, 2003; Zhang et al., 2016a). Ma
et al. (2020) investigated the resistance of Zn2+ to anammox bacteria
using metatranscriptome analysis and suggested that Candidatus ‘Kue
nenia. stuttgartiensis’ mainly depends on the functions of substrate
degradation, Zn2+ efflux, chelation, DNA repair, protein degradation,
protein synthesis and signal transduction processes in response to Zn2+
stress.
Substrate degradation refers to the consumption of substrate to
generate more energy under the exposure of Zn2+ under the guidance of
energy-harvesting-related mRNAs (nitrite reductase and hydrazine
oxidation) (Ma et al., 2020). Therefore, the corresponding enzymes of
nitrite reductase and hydrazine oxidation increased, as shown in Fig. 3.
Another mechanism is related to a set of Zn2+-exporting genes, including
the RND family, CDF family and P-type ATPase, to export excessive Zn2+
4
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Fig. 2. Schematic of anammox sludge EPS evolution after the addition of Cu2+ (Li et al., 2020).

Fig. 3. (a) The demonstration of catabolism in Candidatus ‘Kuenenia. stuttgartiensis’; (b) Variation in nirS, hzsA, and hdh expression levels in Candidatus ’Kuenenia.
stuttgartiensis’ during Zn2+ shock and during the first and second recovery batch tests (Ma et al., 2020).

and maintain the intracellular homeostasis of Zn2+. When the bacteria
were exposed to elevated Zn2+, the upregulated genes were involved in
these three families (Nies, 2003). In addition, metal-chelating proteins
were able to remediate inhibition effects. Cysteine, an amino acid, is
capable of providing an adequate sulfhydryl group, and the addition of
cysteine can collide with HMs ions to protect bacteria and mitigate toxic
effects. The genes for DNA repair systems increased to repair damaged
microbial DNA, and for protein degradation and synthesis, the related
genes were upregulated to promote the degradation of denatured pro
teins and the synthesis of new proteins. Finally, the genes involved in
signal transduction were regulated and responsible for the expression
levels of genes involved in the defense against Zn2+ exposure (Nies,
2003). Fig. 4 simulates the possible mechanisms of Zn2+ in the four
approaches.
Apart from the EPS secreted from the bacterial cells, aggregation of
anammox biomass, as biofilm or granular sludge, could also mitigate the
adverse effects of HMs. As one of the unique properties of anammox
biomass, high aggregation ability and strong tendency to form granules

promote the biomass to aggregate as either granular sludge or biofilms
(Jia et al., 2017; Tang et al., 2011). The aggregated biomass could then
protect microorganisms from extreme environments, including heavy
metal inhibition (Koerdt et al., 2010; Rinaudi and Giordano, 2010).
4. Mitigation strategies for inhibition effects of HMs
The speciation of HMs is a predominant factor influencing reactor
performance. Oleszkiewicz and Sharma (1990) reported that the total
metal concentration cannot predict the inhibitory response, and only
soluble forms are bioavailable. Many remediations have been proposed
to mitigate the inhibitory effects of HMs, and many studies mainly focus
on adjusting the external environment. This review concentrates on
illustrating the external environment from the aspects of (1) the pre
treatment, (2) the addition of exogenous chemical reagents, and (3)
enhancing the resistance of sludge to HMs. These three approaches were
achieved through the methods of (1) sorption, (2) chelation by organic
and inorganic ligands (Oleszkiewicz and Sharma, 1990), and (3) the
5
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Fig. 4. Possible detoxification mechanism of Zn2+ resistance genes in Candidatus ’Kuenenia. stuttgartiensis’ under Zn2+ shock (Ma et al., 2020).

application of bioactivity stimulation, respectively. Fig. 5 summarizes
the external adjustment strategies for mitigating the toxicity effects of
HMs.
The sorption magnitude is proportional to the surface area or amount
of sludge solids, and organisms adsorb HMs by weakly acidic organic
functional groups (Alibhai et al., 1985; Gould and Genetelli, 1984) to
form a metal-solid system. Because metal ions compete with H+ for
sorption sites, a lower pH indicates a lower reversibility of metals.
Therefore, pH plays an important role in sorption magnitude, and

adverse impacts may be mitigated by strictly monitoring the change in
pH. The binding capacity with sludge has been proposed by Patterson
and Hao (1979), who suggested the order of Pb > Cu > Cd > Fe > Ni.
Precipitation is one of the chelation processes between organisms
and inorganic chemical substances. Increasing precipitation reduces the
absorbed HMs due to the competing relationship with sorption. Sulfide
is considered the main precipitating agent and is used for precipitating
HMs (Islamoglu et al., 2006). FeSO4 is usually added in reactors to
detoxify HMs by releasing Fe2+. The other chelation process is the
combination with organic chelators, such as ethylenediaminetetraacetic
acid (EDTA), dipicolinic acid (PDA), citrate, amino acids, and aspartate.
Babich and Stotzky (1983) reported that the elimination of nickel
toxicity occurs in the sequence EDTA > PDA > NTA > aspartate > cit
rate. EDTA has been widely used in organic chelation processes and has
been explored for soil remediation with effective mobilization of metals
and minor negative impacts on the soil matrix. The mechanism of EDTA
washing is based on the higher stability of chelation, such as Cu-EDTA
with log K = 18.8. This process consists of two steps: rapid desorption
within the first hour and gradual release in the following hours (Zou
et al., 2009). Apart from organic ligands with EDTA, which is a poorly
degradable chelator for most nonbioavailable metals, intermittent
addition of betaine was demonstrated to have better performance for
removing bioavailable metals, such as Fe2+.
The stimulation of cells to improve the resistance of HMs is another
effective approach. Many researchers have demonstrated that the use of
low-intensity stimuli promotes anammox systems, including enzyme
activity and permeability. Zhang et al. (2015a) proposed a novel strat
egy combining low-intensity ultrasound with EDTA washing and
concluded that this strategy was efficient for the immediate restoration
of specific anammox activity. By investigating the anammox sludge
suppressed by long-term exposure of Cu2+ for 2 months with the SAA of
1.53 mg TN g-1 VSS h-1 as well as nitrogen removal rate of 0, they found
that 2.0 mM EDTA washing combined with ultrasound irradiation (ul
trasound intensity: 0.7 w cm-2, exposure time: 1.9 min) was the most
effective pretreatment. In addition, 84.9% internalized Cu2+ diffused

Fig. 5. External mitigation strategies for resisting HMs.
6
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outside and was washed off in 20 days. Ca2+ is well known to regulate
almost all known cellular functions as a universal signaling molecule
(McAinsh et al., 1997) and to control various protein functions by
affecting protein stability, enzymatic activity and signal transduction
(Michiels et al., 2002). In the anammox system, long-term suppression of
Cu2+ restoration can be achieved with EDTA combined with ultrasonic
enhancement, and internalized Cu2+ can diffuse and be washed out of
the system within 20 days. Thereafter, the addition of Ca2+ facilitates
the nitrogen removal following EDTA washing within 90 days (Zhang
et al., 2016b).

et al., 2009).
Novelty statement
As one of the common pollutants, heavy metals are widely found in
wastewater, and severely affects the biological treatment system,
particularly for anammox due to its high sensitivity. Therefore, it is
essential to get in-depth understanding of the inhibitory mechanisms to
facilitate the application of treating ammonium-rich wastewater.
Although many inhibitory effects of anammox have been reported, there
is a lack of comprehensive review related to heavy metals because of its
complexity and diversity. This review demonstrated the inhibitory ef
fects of heavy metals, comprehensively revealed the response of anam
mox sludge on a molecular level, and proposed mitigation strategies.
Last but not the least, this review also provided useful information for
both scientific research on and engineering application of anammox
process for treating heavy metals laden wastewater.

5. Conclusions and prospects
Anammox is promising for treating ammonium-rich and low-carboncontaining wastewater. However, HMs inhibit the growth of anammox
bacteria due to their high sensitivity. Hg2+, Cu2+, Zn2+, and Cd2+ are the
most toxic HMs for anammox bacteria, Hg2+ and Cd2+ have sustained
toxicity, and Cu2+ and Zn2+ can resume to a large extent after removal.
In terms of the mechanisms of organism exposure to HMs, microor
ganism uptake HMs through three processes and depend on two systems.
Metal cations combine with functional groups involved in EPSs and then
enter microbial cells via a specific system or nonspecific system (pre
dominant) and are absorbed in the cells. The absorbed metal ions will
then interact with intracellular enzymes and cause the collapse of
membrane integrity and the leakage of essential ions. The internaliza
tion and adsorption of metal ions damage cells, but bacteria have their
own adaptive strategies, including substrate degradation, Zn2+ efflux,
chelation, DNA repair, protein degradation, protein synthesis and signal
transduction processes. To mitigate the inhibitory effects of HMs, some
strategies have been proposed from the aspects of pretreatment, exog
enous chemical reagents and the enhancements of cells.
To date, the inhibitory effects of HMs have attracted much interest in
the application of anammox treatment, and an integrated system from
effects and mechanisms to mitigation strategies has already been set up.
However, there are still many knowledge gaps to be solved, and metal
cations are likely to chelate with organic matter and form complex
substances, which brings great challenges to full-scale application to
ammonium-rich wastewater treatment. Additionally, the joint effects of
many kinds of HMs as well as of HMs with antibiotics should be taken
into account. many kinds of HMs as well as of HMs with antibiotics
should be taken into account. The combined effects of different in
hibitors are required as well, such as inhibition from organic matter,
salinity (Zhang et al., 2021b), antibiotic resistance genes as well as
emerging pollutants involving microplastics and nanoparticles, since the
real wastewater is always complicated. Because wastewater from mu
nicipalities and factories is always complex and multicomponent in
practice, simulated wastewater at the laboratory scale usually lacks di
versity and complexity. Treating wastewater from municipalities or
factories would be more difficult than treating simulated wastewater.
Herein, further investigation toward the application of anammox for
practical HMs containing wastewater treatment and discusses the in
fluence of HMs speciation on anammox sludge is still required.
In addition to the macroperspective considering the full-scale
application, the interpretation of microbial behavior in response to
HMs should be revealed at the transcriptomic and metatranscriptomic
levels. Ma et al. (2020) demonstrated that HM-exporting genes act as
“sentinel genes” to detect the initial stage of HM inhibition in waste
water treatment plants, which might be useful to design a diagnostic
approach for bioreactor failures when HM shock occurs and be facili
tated to maintain stable operation of anammox processes. DNA-based
stable isotope probing (DNA-SIP) has become a leading technique in
microbial ecology research (Youngblut et al., 2018) and is a powerful
tool that links the identity with the function of microorganisms.
Applying these novel molecular biology techniques helps identify mi
crobial communities active in the utilization of a wide variety of com
pounds and provides the potential for functional gene analysis (Uhlík
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