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A B S T R A C T

Cadmium (Cd) can cause the deterioration of biological systems through inhibiting the enzymes activity and
disturbing the microbial metabolism. Although the influence of Cd on conventional wastewater treatment
process has been studied, the response of anammox to Cd exposure still remains unclear. This study firstly
investigated the adaption and restoration of anammox biomass to Cd(II) stress. Results showed that long-term
exposure of anammox bacteria to 2mg L−1 Cd(II) was beneficial for the reactor performance, while 5mg L−1 Cd
(II) would cause the decline of SAA, extracellular polymeric substance content and relative abundance of
Candidatus kuenenia by 40%, 25% and 31%, respectively. Furthermore, these indexes could approximately re-
cover to the initial status after withdrawing Cd(II) from the influent. Overall, the anammox biomass exhibited a
certain adaption and restoration ability to the suppression of Cd(II). This study may provide key valuable in-
formation for the biological treatment of wastewater containing Cd(II).

1. Introduction

Anaerobic ammonium oxidation (anammox) is a novel biological
process which adopted nitrite as an electron acceptor to oxidize am-
monium into dinitrogen gas. Compared with traditional biological ni-
trogen removal process, anammox exhibits many advantages, such as

lower operational costs, less sludge production, and higher nitrogen
removal efficiency (Lotti et al., 2012; Strous et al., 1999). Hence, it is
considered as an environmentally friendly path to remove nitrogenous
pollutants from wastewaters (Dapena-Mora et al., 2010; Li et al., 2016).
Until now, there are more than 100 full-scale anammox-based facilities
across the world, showing promising prospects for biotechnological
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development (Ali and Okabe, 2015; Cao et al., 2017; Lackner et al.,
2014). Anammox plays an indispensable role in addressing the issue of
wastewater treatment and has gained increasing interest.

However, several characteristics of anammox bacteria, including
sensitivity to external environmental factors (Zekker et al., 2016) and
poor endurance to high concentration substances (Lotti et al., 2012;
Zhang et al., 2017a), impede the further application of this technology.
Among the various inhibitors, heavy metals have been identified as a
potential threat to the ecosystem of biological treatment systems due to
their features of hard biodegradation and easy accumulation. For ex-
ample, if Cd(II) is transported into cells, it will lead to cellular DNA
damage and protein peroxidation (Rusanov et al., 2015; Simmons et al.,
2011). Previous studies have shown that As(III), Cu(II), Hg(II), Pb(II),
Cr(VI), Cd(II) and Zn(II) have a certain negative effect on the waste-
water treatment process (Hernandez-Martinez et al., 2018; Tang et al.,
2018; Yu et al., 2016; Zhang et al., 2018a; Zhang et al., 2019b). Among
these, Cd(II) is listed as one of the most toxic heavy metals to the
ecological environment and human health (Wang et al., 2015). It is
widely found in the discharge of industrial activity processes, such as
fossil fuel combustion, battery production and use, and metal coatings
(Boparai et al., 2013; Chen et al., 2014). For example, the concentration
of Cd(II) in landfill leachate was detected to be under 5mg L−1 for
young leachate and could reach as high as 130mg L−1 for mature
leachate (Aucott, 2006). In addition, environmental conditions have
been proven to have an effect on biological processes, such as metal
toxicity toward microorganisms (Carpio et al., 2014). Therefore, it is
indispensable to investigate the effects of Cd(II) on the anammox pro-
cess.

Several works have explored the effects of Cd(II) on anammox. For
instance, Bi et al. (2014) and Yu et al. (2016) demonstrated that the
IC50 (half inhibition concentration) of Cd(II) on anammox was 11 and
7mg L−1 on batch tests, respectively. Moreover, the research of Zhang
et al. (2018a) indicated that anaerobic ammonia-oxidizing bacteria
were suppressed under long-term 1–20mg L−1 Cd(II) exposure in the
biofilter. However, few studies have examined the short- and long-term
effects of Cd(II) on anammox granules in an upflow anaerobic sludge
blanket (UASB) reactor, and whether the anammox granular sludge has
a certain tolerance to Cd(II) is unknown. Particularly, the variation in
specific anammox activity (SAA), amount of extracellular polymeric
substance (EPS) and shift in the microbial community under long-term
exposure are unclear.

With all of the aforementioned concerns, the major purposes of this
study were (i) to study the short- and long-term effects of Cd(II) on
anammox granules; (ii) to explore the SAA, EPS and the microbial
community variations under long-term Cd(II) exposure; and (iii) to
reveal the adaption and restoration of anammox biomass to Cd(II)
stress.

2. Materials and methods

2.1. Reactor, seeding sludge and synthetic wastewater

A UASB reactor fabricated by plexiglass was used in this experi-
ment, and the working volume was 0.5 L. A thermostatic room was
applied to control the temperature at 35 ± 2 °C. The seeding sludge
was harvested from a lab-scale UASB reactor with a suspended solid
(SS) of 2.35 g L−1 and a volatile suspended solid (VSS) of 1.71 g L−1.
The main anammox bacteria was Candidatus Kuenenia (Section 3.3.2).

The compositions of synthetic wastewater in this study were as
previously described, including ammonium nitrogen, nitrite nitrogen,
inorganic solutions and trace elements (Zhang et al., 2018b). Specifi-
cally, ammonium nitrogen and nitrite nitrogen with equal N con-
centrations were provided by (NH4)2SO4 and NaNO2, respectively. Cd
(II) was introduced in the form of CdCl2.

2.2. Acute toxicity test

A microbial acute toxicity test was applied in this study to evaluate
the short-term impacts of Cd(II) on anammox and to assess the SAA of
anammox sludge. The experiments were performed in glass serum
flasks with a total volume of 160mL and a liquid-phase volume of
120mL. The measurement method of the SAA was the same as that in a
previous study (Yang and Ren, 2013). The initial total nitrogen (TN)
concentration was 200mg L−1, in which the ammonium to nitrite
molar ratio was 1:1. Furthermore, 0, 1, 2, 5, 8, 10 and 15mg L−1 Cd(II)
were added into the serum flasks in order. Tests were carried out in
triplicate.

2.3. Long-term experiment operational strategy

A continuous operation course lasted for 122 days and was divided
into five main phases according to the concentration of Cd(II) in the
influent, as shown in Table 1. Phases I to III were subjected to different
Cd(II) concentration exposures, and phase IV aimed to recover the
bioreactor performance by stopping addition of Cd(II). In the last phase,
a certain concentration of Cd(II) was added into the bioreactor again to
explore the resistance of anammox biomass to Cd(II). The hydraulic
retention time was set to 0.68 h, and the dissolved oxygen concentra-
tion was controlled under 0.1 mg L−1 throughout the experiment.
Moreover, the influent pH was fixed at 8.05 ± 0.03, and the effluent
pH value was 8.75 ± 0.15 during the whole assay.

2.4. Analysis methods and sample collection

The NH4
+-N, NO2

−-N, and NO3
−-N concentrations of the reactor

effluent were routinely measured according to standard methods
(APHA, 2005). The pH value was detected by a pH meter (PHS-9 V). A
‘heating’ extraction method was applied for extracting EPS (Zhang
et al., 2017c). A fluorescence spectrophotometer (F-4600, Hitachi Co.,
Japan) was employed to collect the excitation-emission matrix (EEM)
fluorescence spectra of the reactor effluent and extracted bound EPS.
MATLAB 2014b software was used for EEM data analysis. CANOCO 4.5
software (Microcomputer Power Co., USA) was adopted for redundancy
analysis (RDA). SPSS 19.0 software (Statistical Package for the Social
Sciences, USA) was employed for statistical analysis. Analysis of var-
iance was applied to process the significance of experimental results,
and p < 0.05 indicated statistically significant results.

2.5. DNA extraction and high-throughput sequencing

A total of five anammox sludge samples were collected during the
continuous experiment. The first sludge sample was the seeding sludge
and named S0. The other four samples were withdrawn from the reactor
on days 29, 47, 81 and 114 and named S1, S2, S3, and S4, respectively.
A PowerSoil DNA kit (MoBio Laboratories, USA) was employed for DNA
extraction according to the manufacturer’s instructions. The universal

Table 1
The operational conditions of batch and continuous experiments during dif-
ferent phases.

Experiment form Phase Time (d) NH4
+-N (mg

L−1)
NO2

−-N (mg
L−1)

Cd(II) (mg
L−1)

Batch – – 100 100 0, 1, 2, 5,
8, 10, 15

Continuous-flow I 1–30 280 280 1
II 31–48 280 280 2
III 49–81 280 280 5
IV 82–114 140, 210,

280
140, 210,
280

0

V 115–122 280 280 5
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primer pair of 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) was applied for amplifying and
sequencing the targeted V4 region of the 16S rRNA gene.

2.6. Mathematical model

A modified noncompetitive inhibition model was used to evaluate
the IC50 of Cd(II) on the anammox system in this study. As shown in the
following equation:
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where NAA (%) is the inhibition response, c [Cd(II)] is the Cd(II) con-
centration (mg L−1), a represents the IC50 (mg L−1), and b is a fitting
parameter.

The Aiba and Loung models (Eqs. (2) and (3)) were the typical in-
hibition models to investigate the relation of the specific substrate
uptake rate and inhibitor concentration (Ji et al., 2016):
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in which μ and μmax (mg N g−1 VSS d−1) represent the specific
substrate uptake rate and the maximum specific substrate uptake rate,
respectively; S (mg L−1) is the substrate concentration; I (mg L−1) is the
inhibitor concentration; KIA and KIL represent the Aiba inhibition con-
stant and Loung inhibition constant, respectively; and n represents the
Loung empirical value.

The anammox inhibition constant for Cd(II) was calculated by em-
ploying diverse SAA values observed under steady conditions. Eqs. (2)
and (3) can be simplified to Eqs. (4) and (5) under a certain state (Gupta
and Sharma, 1996; Isaacs et al., 1995), which was exactly appropriated
for this study.
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3. Results and discussion

3.1. Short-term effect of Cd(II) on anammox activity

Acute toxicity test was used to evaluate the response of anammox
biomass activity to Cd(II) suppression under a fixed substrate level. The
initial TN concentration was set at 200mg L−1 (NH4

+-N:NO2
−-N=1),

and the Cd(II) concentration gradients were 0, 1, 2, 5, 8, 10 and 15mg
L−1. As illustrated in Fig. 1, the SAA increased from 315 to
370mgN g−1 VSS d−1 when the Cd(II) concentration increased from
zero to 1mg L−1, implying that 1mg L−1 Cd(II) benefited the anammox
system and could enhance anammox activity. Previous studies have
also demonstrated that some heavy metals at low concentrations could
enhance the nitrogen removal capacity. For example, it was reported
that low levels of Ni(II) (1 mg L−1), Zn(II) (2 mg L−1), and Cr(III) (2 mg
L−1) could enhance anammox activity. The possible reason might be
that under the low heavy metal stress, the produced EPS could protect
the anammox bacteria from an unfavorable circumstance (Kimura and
Isaka, 2014; Zhang et al., 2015; Yu et al., 2019).

Furthermore, three mathematical models (Eqs. (6)–(8)) were em-
ployed to describe the effect of Cd(II) on anammox, including the
modified noncompetitive inhibition model, Aiba model and Loung
model. Although three inhibition models had almost no distinction, the
fit of the experiment data to Eq. (6) was slightly better than that to the

other two equations. The modified noncompetitive inhibition model
was always used to evaluate the relationship between specific activity
and inhibitor concentration, and the IC50 of Cd(II) suppression on
anammox was 6.44mg L−1, according to Eq. (6). The difference of IC50

compared to previous studies (Bi et al., 2014; Yu et al., 2016; Zhang
et al., 2018) might be due to the different seeding sludge, operational
condition and the predominant bacteria.
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3.2. Long-term effect of Cd(II) on anammox performance

3.2.1. Effects of Cd(II) on nitrogen removal performance
The continuous-flow operation conditions and the effect of Cd(II) on

the anammox performance are shown in Table 1 and Fig. 2, respec-
tively. Five stages were delineated based on the experimental aims, and
the entire experiment lasted for 122 days. Before the addition of Cd(II),
the anammox reactor was steadily operated for one month under the
influent NH4

+-N and NO2
−-N concentrations of 280mg L−1. The

average nitrogen removal efficiency (NRE) and nitrogen removal rate
(NRR) were 85.97% and 15.53 kg Nm−3 d−1, respectively (data not
shown). According to Fig. 2A, the concentrations of NH4

+-N, NO2
−-N

and NO3
−-N in the effluent were 68.13, 25.79, and 44.84mg L−1, re-

spectively, when 1mg L−1 Cd(II) was added into the influent. And the
NRE, NRR and SAA had no significant fluctuations (p > 0.05) com-
pared with the initial condition (Fig. 2B and C), implying 1mg L−1 Cd
(II) concentration had little effect on the anammox system. The above
result was consistent with previous studies (Chen et al., 2014; Zhang
et al., 2019a), where 1mg L−1 Cd(II) displayed a negligible impact on
the biological nitrogen removal system. However, Zhang et al. (2018a)
reported a disparate result in which the NRR declined by 62% due to
1mg L−1 Cd(II) addition to the anammox system. The potential reasons
for the diverse findings might be different seed sludge, culture and
operational conditions.

In phase II (day 31–48), the influent Cd(II) concentration was in-
creased to 2mg L−1. Although the NO3

−-N content (42.26mg L−1) in
effluent had no significant change (p > 0.05), the average NH4

+-N and
NO2

−-N concentrations in the effluent displayed a significant decline

Fig. 1. Short-term effects of Cd(II) on anammox granules: the relationship be-
tween the Cd(II) concentration and specific anammox activity (SAA).
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(p < 0.05), to respective of 49.65 and 11.04mg L−1, corresponding to
an increased NRE (89.09%) and NRR (17.40 kg Nm−3 d−1). The SAA
also showed a significant increase compared to that in phase I
(p < 0.05). These phenomena implied that 2mg L−1 Cd(II) was ben-
eficial to anammox performance. However, this optimal concentration
was different from the value for short-term addition, where 1mg L−1

Cd(II) was demonstrated to enhance the SAA. The main reasons for the
differences might be related to the exposure time, operational condition
and anammox biomass. Overall, the above findings showed that low
concentration of metal in wastewater could promote operational per-
formance, which might provide a potential guide for metal-containing
wastewater treatment.

However, obvious NH4
+-N and NO2

−-N accumulation was ob-
served when reactor was exposed with 5mg L−1 Cd(II). On day 81, the
NH4

+-N, NO2
−-N, and NO3

−-N levels were respective of 185.63,
130.96 and 38.02mg L−1, and the NRE and NRR sharply declined to
43.5% and 8.63 kg Nm−3 d−1, implying that 5mg L−1 Cd(II) perturbed
anammox performance. In addition, the SAA also showed an evident
decrease (p < 0.01), which was responsible for the poor nitrogen re-
moval capacity. This result meant that the anammox reactor lost the
most nitrogen removal ability after long-term exposure to 5mg L−1 Cd
(II) for 34 days. To avoid further deterioration of reactor performance,
Cd(II) was removed from the influent on day 83. The NRE was still
below 70%, with effluent NH4

+-N and NO2
−-N concentrations of

109.7 mg L−1 and 56.9 mg L−1, respectively. Hence, to accelerate the
restoration of reactor performance, a strategy of decreasing the influent
substrate was applied in this study, according to Table 1. On day 114,
the SAA was close to the initial level after 33 days of recovery, and the
effluent NH4

+-N, NO2
−-N and NO3

−-N concentrations recovered to
53.6, 13.9 and 49.2mg L−1, respectively. These results demonstrated
that the effect of Cd(II) on nitrogen removal performance was re-
versible. Starting from day 116, 5mg L−1 Cd(II) was added into the
influent. Although NH4

+-N and NO2
−-N quickly accumulated in the

effluent, they remained lower than the value measured after the first
5 mg L−1 Cd(II) exposure. These results implied that anammox bacteria
were resistant to Cd(II) after long-term exposure.

3.2.2. EPS and 3D-EEM variation under different operation conditions
PN and PS are the major components in EPS and play an essential

role in protecting the microbe against adverse environmental condi-
tions (Liu et al., 2009). Some microbial bacteria also utilize the EPS to
maintain the self-growth (Sepehri and Sarrafzadeh, 2018). The varia-
tions of PN and PS amounts in anammox sludge at different Cd(II) levels
are shown in Fig. 2D. Notably, the variation trends of PN and PS were
consistent with EPS changes, while PN production was higher than that
of PS throughout the entire assay. Compared with the initial value, 1 mg
L−1 Cd(II) had little effect on EPS production.

However, when the influent Cd(II) concentration was increased to
2mg L−1, the PN and PS content increased from 138.3 and 23.2 mg g−1

VSS to 263.2 and 37.6 mg g−1 VSS, respectively. The anammox bacteria
was surrounded and compressed by EPS, and the negatively charged
functional groups within PN and PS could effectively bind heavy metal
cations and be considered a permeability protector to impede metal
penetration into the intracellular environment (Hou et al., 2013). In
addition, some exoenzymes contained by the EPS could bind to and
restrain the migration of heavy metal ions. Increasing Cd(II) levels
might induce bacterial cells to produce more exoenzymes, leading to
the elevation of EPS content (Wang et al., 2016a). Furthermore, the EPS
macromolecule could enhance the stability of gene expression and then
strengthen the aggregation ability of bacteria and increase the bacterial
tolerance to heavy metals. This behavior is beneficial for conquering
the anammox bacterial sensibility to metal toxicity (Liu et al., 2019).
Therefore, the increase in EPS content could be considered a self-de-
fense response of microbial cells to Cd(II) toxicity. This effect could also
explain why the nitrogen removal performance was better in phase II.
However, the EPS content was decreased by 25% at the Cd(II)

Fig. 2. Long-term effects of Cd(II) on anammox granules: [A] the influent and effluent nitrogen concentration; [B] nitrogen removal efficiency (NRE), nitrogen
loading rate (NLR), and nitrogen removal rate (NRR); [C] specific anammox activity (SAA); [D] extracellular polymeric substance (EPS) variation.
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concentration of 5mg L−1. The microorganism activity was suppressed
by the heavy metal toxicity, resulting in reduced secretion of EPS. The
low SAA might be a response to the sharp EPS content decline.

Three main peaks (A, B, C) were identified in the 3D-EEM fluores-
cence spectra of bound EPS samples on days 29 and 47 (Fig. 3). Peak A
was located at the excitation/emission wavelengths (Ex/Em) of 275/
345 nm, which represented tryptophan or protein-like substances and
was commonly detected in the EPS of anammox sludge (Xu et al.,
2019). Peaks B and C were identified at Ex/Em of 225/300–305 nm and
225/340–345 nm, respectively, which were related to aromatic group-
containing proteins (Wen et al., 2015). These components were rich in
hydrophobic groups, which could promote the aggregation of microbial
bacteria (Jia et al., 2017) and thereby improve the robustness of ana-
mmox and play a significant role in the defense against heavy metal
ions process (Zhang et al., 2016). As shown in Table 2, the fluorescence
intensities of peaks A, B, and C were 559.6, 336.4 and 323.8 a.u. on day
29 but increased to 659.5, 405.9 and 404.6 a.u. on day 47, respectively.
The three peak fluorescence intensities were significantly increased due
to the increase in EPS content, indicating that the presence of 2mg L−1

Cd(II) affected anammox metabolism or changed cometabolism by the
microflora in anammox granules.

3.3. Response of the microbial community to Cd(II) exposure

3.3.1. Diversity and richness of the microbial community
High-throughput sequencing was employed to evaluate the micro-

bial community structure in response to different levels of Cd(II) ex-
posure. According to α-diversity analysis (Table 3), similarity-based
OTUs and microbial diversity and richness were evaluated based on the
OTU, Chao, Ace, Shannon and Simpson indexes. Firstly, the Coverage
values of the five samples were all higher than 99.9%, demonstrating
that the diversities of the microbial community could be well re-
presented by the sequences. In addition, the species abundance and

richness had no obvious changes between samples S0 and S1 but de-
creased gradually from samples S1 to S4, according to the OTU number
and Ace index, indicating that 1mg L−1 Cd(II) had a minor effect on
microbial community richness, while the richness decreased when the
inhibitor continued to be present. At last, the Shannon and Simpson
index values demonstrated that sample S2 had the lowest community
diversity among the all samples, which was responsible for the optimal
nitrogen removal performance and SAA in phase II. It was notable that
sample S4 achieved the highest species diversity and richness, implying
that the addition and withdrawal of Cd(II) in the anammox system
could increase the community diversity and richness.

3.3.2. Composition of the microbial community
A heatmap of the microbial community at the phylum and genus

levels illustrates the similarities and differences of the community
structures (Fig. 4). Seven primary phyla (abundance≥ 0.01%) ,
namely, Planctomycetes, Chloroflexi, Proteobacteria, WS6, Bacter-
oidetes, Acidobacteria, and Ignavibacteriae, were detected in five
samples (Fig. 4a). Planctomycetes includes a large proportion of ni-
trogen removal-related bacteria (Gonzalez-Martinez et al., 2015), pro-
viding optimal performance for the anammox process. It displayed
absolute dominance in the five samples, especially in sample S2 (ac-
counting for 60.0%), which was responsible for the high nitrogen re-
moval performance and high SAA under 2mg L−1 Cd(II) exposure
condition. Afterwards, the relative abundance of Planctomycetes was
reduced to 42.5% in sample S3, while Chloroflexi and Proteobacteria
abundances were increased to 26.4% and 20.1%, respectively. Proteo-
bacteria and Chloroflexi were generally detected as the most abundant
phyla in Cd(II)-rich sludge (Huang et al., 2017; Wang et al., 2016b) and
contained the most Cd-resistant genera. The relative abundance of the
two phyla had negligible variations in sample S4, indicating that Cd(II)
resistant-related bacteria still existed in the anammox system even if Cd
(II) was removed in phase IV. This result could also explain why the
nitrogen removal ability was better in the last phase than in phase III
when 5mg L−1 Cd(II) was added to the influent for the first time.

Candidatus Kuenenia was the representative of Planctomycetes;

Fig. 3. Excitation-emission matrix (EEM) fluorescence spectra contours of bound extracellular polymeric substances (B-EPS) on day 29 and 47.

Table 2
Fluorescence spectral parameters of the bound EPS samples during on days 29
and 47.

Samples Peak A Peak B Peak C

Ex/Em
(nm)

Intensity
(a.u.)

Ex/Em
(nm)

Intensity
(a.u.)

Ex/Em
(nm)

Intensity
(a.u.)

S29 275/
345

559.6 225/
305

336.4 225/
340

323.8

S47 275/
345

659.5 225/
300

405.9 225/
345

404.6

Table 3
Species diversity and richness index evaluation of microbial communities.

Samples Ace Chao Coverage Shannon Simpson Sobs

S0 315.65 315.50 0.9992 2.38 0.26 281
S1 301.18 297.17 0.9993 2.65 0.22 283
S2 284.55 279.50 0.9992 2.15 0.35 261
S3 278.38 272.66 0.9993 2.65 0.19 258
S4 320.89 332.25 0.9990 2.83 0.18 291
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hence, the abundance variation was consistent with that of
Planctomycetes (Fig. 4b). As the key functional bacteria in the ana-
mmox system, the abundance of Candidatus Kuenenia was found to be
the largest in the reactor in all samples. Approximately a 48.6% relative
abundance was determined in the original sludge, but the value de-
creased to 43.9% after 1mg L−1 Cd(II) addition. Afterwards, it was
increased to the maximum value of 58.3% in sample S2, when the in-
fluent Cd(II) level was increased to 2mg L−1. The increasing NRE and
SAA might be attributed to the increase in Candidatus Kuenenia abun-
dance. In sample S3, the relative abundance was reduced to 40.3%,
implying that the growth of anammox bacteria was restrained under
5mg L−1 Cd(II) stress. Afterwards, the value showed an increasing
trend after the withdrawal of Cd(II), resulting in the recovery of ni-
trogen removal capacity in phase IV. These results implied that the
anammox bacteria had a self-adaption ability to Cd(II) and could be
restored through removing the inhibitor from the influent. A previous
study reported a similar phenomenon: the variation in the relative
abundance of Candidatus Kuenenia increased first but then decreased
with the gradual addition of Cd(II) from 0 to 10mg L−1 (Zhang et al.,
2018a). Norank f Anaerolineaceae, the second most abundant genus

after Candidatus Kuenenia in this reactor belongs to Chloroflexi, which
was generally detected in laboratory-scale anammox reactors and could
eliminate the organics released from dead anammox cells (Kindaichi
et al., 2012). The relative abundance reached a minimum value in
sample S2, suggesting that the anammox bacteria might have decreased
death in phase II.

3.3.3. Relationship of environmental factors and the bacterial community
RDA was employed to analyze the complex relationships between

Cd(II), nitrogen removal performance and species at the genus level in
the samples from S0 to S4. As illustrated in Fig. 5, the presence of 1mg
L−1 Cd(II) subtly changed the microbial community structure (S1),
while long-term exposure to 2 and 5mg L−1 Cd(II) (S2 and S3) ob-
viously expanded differences compared with the values for sample S0.
The microbial community structure could not shift to the initial status
even though the reactor performance could be recovered to a better
condition, but there was a restoration trend from S3 to S4. This result
suggested that the recovery of the microbial community structure and
the reactor performance were not synchronous. Specifically, the re-
storation of bioactivity and nitrogen removal ability were faster than

Fig. 4. Analysis of the microbial community structure: (a) at the phylum level; (b) at the genus level. “Other” represents all classified taxa that were<1% in all
samples.
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the restoration of the microbial community structure, and a similar
phenomenon was also observed in a previous study (Zhang et al.,
2017b). Notably, the levels of NRR, NLR and effluent NO3

−-N content
were related to Candidatus Kuenenia, implying that the dominant ana-
mmox bacteria were responsible for the excellent nitrogen removal
property in the anammox system. Moreover, the Cd(II) level demon-
strated a positive correlation with Woodsholea, which was generally
detected in long-term heavy metal stress systems (Reis et al., 2016). In
addition, the levels of effluent NH4

+-N and NO2
−-N also showed a

certain relation to Cd(II), which further verified that Cd(II) was the
fundamental factor for the change in reactor performance.

4. Conclusion

The long-term addition of 2mg L−1 Cd(II) improved the NRE, SAA,
EPS, and relative abundance of Candidatus Kuenenia, while 5mg L−1

showed evident inhibition. However, the reactor performance could be
recovered to approximately the initial status after removing Cd(II) from
the influent. The gradual acclimation might produce Cd(II) resistant-
related bacteria, which could alleviate the toxicity of Cd(II) when sec-
ondarily added. Overall, the anammox biomass demonstrated a certain
adaption and restoration to the suppression of Cd(II). Therefore, this
study provides key parameters of Cd(II) exposure on the anammox
system and provides a potential implication for metal-containing was-
tewater treatment.
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