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A B S T R A C T   

With increased industrial development, vast heavy metals are inevitably discharged into wastewater. Cu2+ is one 
of the most hazardous heavy metals in biotreatment. However, the potential effect of Cu2+ on denitrifying 
granular sludge is still unknown. This work assesses the response of denitrifying granular sludge to Cu2+ stress 
from multiple aspects. The denitrifying granular sludge could tolerate 5 mg L− 1 Cu2+, while the nitrogen removal 
efficiency decreased to 48.5% under 10 mg L− 1 Cu2+. Enzyme activity and carbohydrate metabolism were 
inhibited, and the denitrifying bacteria were washed out under Cu2+ stress. The resulting deteriorated state was 
reversed by phosphate. The nitrogen removal efficiency recovered to 99% after 10 days, and the enzyme activity 
also recovered to the original level. Membrane transport, transcription and cellular processes were promoted. 
Overall, the results of this work provide a feasible strategy to rapidly restore the metabolic activity of denitrifying 
granular sludge under Cu2+ stress.   

1. Introduction 

Copper is extensively used in the metallurgy, electroplating and 
mining industries, which results in copper ions (Cu2+) being frequently 
detected in wastewater (Jiang et al., 2020a). In industrial wastewater, 
the concentration of Cu2+ is approximately hundreds of g L− 1 (Li et al., 
2021a). According to Stankovic et al. (2009), the concentration of Cu2+

was as high as 1550 mg L− 1 in mining effluents. In semiconductor ef-
fluents, the concentration of Cu2+ ranged from 5 to 100 mg L− 1 (Sier-
ra-Alvarez et al., 2007). Besides the industrial wastewater, swine 
wastewater also contained abundant Cu2+, and the concentration of 
Cu2+ could reach 30 mg L− 1 (Xu et al., 2021). Heavy 
metal-contaminated wastewater poses a potential threat to the envi-
ronment and human health and has aroused great attention with 
increased industrial development (Ghaemi et al., 2015). Due to the 
nonbiodegradation of heavy metals, the concentration of heavy metals 
in the environment continuously increases. Heavy metals can be 
absorbed by humans and cause severe health effects through bio-
concentration and biomagnification (Ahmad et al., 2020). 

Excessive concentrations of Cu2+ in wastewater threaten the bio-
logical processes involved in wastewater treatment. In nitrification, the 
removal efficiency of ammonia nitrogen was decreased to 50% when 25 

mg L− 1 Cu2+ was added, and Cu2+ shifted the microbial community 
structure (Feng et al., 2020). In the aerobic granular sludge process, the 
nitrification process was severely inhibited, and ammonia nitrogen 
accumulated with increased Cu2+ concentration in the effluent (Jiang 
et al., 2020c). Wu et al. (2011) reported that methanogenesis was 
inhibited when 300 mg L− 1 Cu2+ was added in anaerobic digestion. 
Furthermore, the specific anaerobic ammonium oxidation (anammox) 
activity was decreased by 95% under 5 mg L− 1 Cu2+ stress in the 
anammox process (Yang et al., 2013). In wastewater treatment, nitrifi-
cation and denitrification are the main nitrogen removal methods, and 
denitrification is an economic method to remove NO3

--N from waste-
water (Li et al., 2020; Zhou et al., 2021). However, the potential effect of 
Cu2+ on denitrifying granular sludge is unclear. 

Due to the highly toxic effect of Cu2+ on biological treatment pro-
cesses and the increasing occurrence of Cu2+-laden practical waste-
water, exploring available methods for remediating Cu2+ contamination 
is essential and meaningful. Many researchers have focused on chemical 
precipitation via absorption by tailor composites and ion exchange to 
remove Cu2+ from wastewater (Ayalew et al., 2020; Jiang et al., 2020b; 
Zuo et al., 2021), but the reproducibility and economic feasibility of this 
method limit its extensive application in wastewater treatment. Hu et al. 
(2002) reported that ethylenediaminetetraacetic acid could be used to 
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relieve the stress of Ni(II) and Cd(II) in nitrification systems. Zhang et al. 
(2016) invented a method of restoring anammox granules under Cu2+

stress by ethylenediaminetetraacetic acid washing and Ca2+ regulation. 
However, there are no specific strategies to relieve Cu2+ stress in deni-
trification. In the denitrification process, phosphate is added as a buffer 
medium to prevent the inhibition of high pH (Li et al., 2014). In addi-
tion, phosphate could reduce the solubility of Cu2+ by 40–69% and 
further decrease its bioaccessibility (Cao et al., 2009). Thus, phosphate 
has the potential to relieve Cu2+ stress in the denitrification process. 

There is insufficient research on the interaction between Cu2+ and 
denitrifying granular sludge and recovery strategies for Cu2+ stress. 
Therefore, the aim of this experiment was to comprehensively assess the 
potential effect of Cu2+ on denitrifying granular sludge through reactor 
performance and characterization of denitrifying granular sludge and its 
associated microbial community. In addition, key functional genes 
(nosZ, napA, narG and nirK) were quantified to evaluate the effect of 
Cu2+ on the nitrogen removal pathway. Finally, phosphate was added to 
explore its role in relieving Cu2+ stress. The results of this experiment 
could provide guidance for treating Cu2+-laden wastewater through 
denitrification. Furthermore, the proposed recovery strategy for Cu2+

stress could solve the issues of heavy metal inhibition in biological 
treatment. 

2. Materials and methods 

2.1. Reactor operation and synthetic wastewater 

A 1.0 L upflow anaerobic sludge blanket reactor with an inner 
diameter of 6.0 cm was used to investigate the long-term effect of Cu2+

on denitrification. 0.7 L high-rate denitrifying granular sludge harvested 
from a laboratory-scale upflow sludge blanket reactor was added to the 
reactor, and the seeding sludge was stably operated for at least one year. 
The synthetic wastewater contained nitrate nitrogen (NO3

--N), carbon 
source (glucose), inorganic salt and trace elements, and the concentra-
tions of nitrate nitrogen and COD/N were maintained at 600 mg L− 1 and 
6.0, respectively. Based on literature investigation, the concentration of 
Cu2+ was chosen from 1 to 10 mg L− 1 to represent the Cu2+ pollution in 
wastewater, as previous reported (Zhao et al., 2021). Detailed infor-
mation about the phosphate addition, inorganic salts and trace elements 
is illustrated in Table S1. The reactor operation procedures are shown in  
Table 1. The reactor was settled in a dark and thermostatic (35±1 ◦C) 
room, and the hydraulic retention time (HRT) was maintained at 1.92 h. 

2.2. Extraction and characterization of extracellular polymeric 
substances 

A heating method was used to extract extracellular polymeric sub-
stances (EPS), and the procedures followed those of Cheng et al. 
(2019b). Three-dimensional excitation emission matrix fluorescence 
spectroscopy (3D-EEM) of each sample was collected by a 3D-EEM 
spectrophotometer (F-4600, Shimadzu Co., Japan). Lyophilized EPS 
was used to detect the variation of functional groups by Fourier trans-
form infrared (FTIR) spectra (Vertex 70 spectrometer, Bruker Co., Ger-
many) in different phases. The protein secondary structures of EPS were 
analyzed as reported by Wang et al. (2020b), and the detailed method 

was shown in Supplementary materials. 

2.3. DNA extraction and functional gene quantification 

Denitrifying biomass was withdrawn from reactor in the end of each 
phase, and named from P0 to P5, respectively. A Power Soil DNA Kit 
(MoBio Laboratories, USA) was chosen to extract DNA from biomass, the 
extracted procedures were strictly performed according to its protocol. 
Four functional genes (nirK, nosZ, narG, napA) were quantified by 
quantitative polymerase chain reaction (QuantStudio 3, Applied Bio-
systems, USA). The detailed information about the primers and 
annealing temperatures were listed in Table S2. 

2.4. Microbial community analysis 

The V3-V4 region of the 16S rRNA gene was amplified by universal 
primers (338F/518R), and the Illumina MiSeq platform was used to 
determine the sequence of amplicons. The Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States (PICRUSt) pro-
gram was performed using the KEGG database (http://picrust.github.io 
/picrust/). R software (www.r-project.org) and Gephi (version 0.9.1) 
were used to achieve correlation analysis and network visualization 
according to Zhang et al. (2021). Detailed information about the mi-
crobial analysis is summarized in the supplementary materials. Redun-
dancy analysis (RDA) was performed by Canoco 5 (Microcomputer 
Power Co., USA). The identification of modular topological roles was 
performed as Deng et al. (2012) reported. 

2.5. Other analytical procedures 

The characteristics of denitrifying granules were illustrated by spe-
cific denitrification activity (SDA) and dehydrogenase activity (DHA), 
and the procedures of SDA and DHA are shown in the Supplementary 
materials. The NO2

--N, NO3
--N, pH, suspended solids and volatile sus-

pended solids were measured by standard methods (APHA and AEF, 
2005). The modified Lowry and anthrone method were used to deter-
mine the protein (PN) and polysaccharide (PS) from EPS components. 

3. Results and discussion 

3.1. The long-term effect of Cu2+ on reactor performance 

The long-term effect of Cu2+ on denitrifying granular sludge was 
investigated over 116 days. The nitrogen removal performance is shown 
in Fig. 1. Before Cu2+ was added to the denitrification process, the 
reactor was maintained at a nitrogen removal efficiency (NRE) higher 
than 99% when the nitrogen loading rate stabilized at 7.9±0.3 kg N m− 3 

d− 1. The average concentration of NO3
--N was 3.5 mg L− 1, and the 

accumulation of NO2
--N was not observed in the effluent. In P1, the 

reactor performance was not disturbed by 1 mg L− 1 Cu2+, and the NRE 
remained at 99%. The NO3

--N increased to 41.5 mg L− 1, and the NO2
--N 

accumulated to 24.1 mg L− 1 in the effluent at 2 mg L− 1 Cu2+, while the 
NRE synchronously decreased to 93.4%. In P3, 5 mg L− 1 Cu2+ did not 
sequentially deteriorate the nitrogen removal performance of denitrifi-
cation, and the NRE recovered to 97%. In P4, the effluent NO3

--N 
instantly increased to 118 mg L− 1, and the NRE decreased to 81.7% on 
Day 77; moreover, the deteriorated performance persisted when 10 mg 
L− 1 Cu2+ was sequentially added. Finally, the effluent NO3

--N and NO2
-- 

N increased to 330.5 and 60.0 mg L− 1, respectively, and the NRE 
decreased to 48.5% on Day 91. Cu2+ and 310 mg L− 1 phosphate were 
simultaneously applied to investigate the role of phosphate in relieving 
Cu2+ stress on Day 93. Surprisingly, the reactor performance soon 
recovered on day 104, the NRE increased to 99% as NO3

--N decreased to 
3 mg L− 1, and the accumulation of NO2

--N disappeared in the effluent. 
In this experiment, a high concentration of Cu2+ (10 mg L− 1) caused 

severe inhibition of the denitrifying process. It was previously reported 

Table 1 
The strategy of reactor operation.  

Phase Time (d) Phosphate (mg L− 1) Cu2+ (mg L− 1)a HRT 

P0 1–30 0 0 1.92 
P1 31–45 0 1 
P2 46–61 0 2 
P3 62–76 0 5 
P4 77–92 0 10 
P5 93–116 310 10  

a CuCl2 was the carrier of Cu2+ in this experiment. 
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that Cu2+ disrupts the balance of pro/antioxidant homeostasis, which 
causes the accumulation of reactive oxygen species and further damages 
the integrity of the cytomembrane (Li et al., 2019; Wang et al., 2019a). 
In addition, excessive Cu2+ inhibits cellular metabolism by decreasing 
the synthesis of ATP and acetyl-CoA synthase enzymes (Tsai et al., 
2013). Furthermore, the accumulation of nitrite was not as severe as that 
of nitrate. The results indicated the pathway reducing nitrate to nitrite 
was inhibited, but the nitrite reduction was slightly influenced by Cu2+. 
However, the inhibition of Cu2+ disappeared after phosphate was added. 
Fan et al. (2018) verified that phosphate could promote the growth of 
denitrifying bacteria and stimulate their activity. Furthermore, the 
bioavailability of Cu2+ was decreased via precipitation of phosphate and 
Cu2+ (Haning et al., 1992). Therefore, the phosphate played positive 
role in two aspects: (1) removing Cu2+ from the wastewater, and (2) 
providing phosphorus to boost microbial growth. 

3.2. Characterization of denitrifying granular sludge under Cu2+ stress 

3.2.1. Specific denitrification activity and key enzyme activity 
As Fig. 2 shows, the high-rate denitrifying granular sludge was 

maintained at a high SDA with 539 mg TN g− 1 VSS d− 1 in P0. The SDA 
tended to decrease with increased concentrations of Cu2+, and the SDA 
decreased to 319 mg TN g− 1 VSS d− 1 when 10 mg L− 1 Cu2+ was added. 
DHA had a strong positive correlation with SDA (Fig. 5d), and DHA 
decreased by 85% in P4. The results indicated that Cu2+ inhibited the 
biological oxidation of organic substances and further decreased SDA. 
However, the declining tendency of SDA and DHA was reversed when 
phosphate was applied. The SDA recovered to the level of P0, and the 
DHA was enhanced 3.4 times compared with that of P0. DHA was 
considered an effective indicator of bioreactor performance (Pourakbar 
et al., 2020), and the enhanced activity of DHA indicated that microbial 

metabolism was promoted by phosphate. In the metabolic process of 
dehydrogenase enzymes, nicotinamide adenine dinucleotide and nico-
tinamide adenine dinucleotide phosphate were the main electron ac-
ceptors (Xie et al., 2008). Phosphate is an essential component for 
synthetizing these electron acceptors (Christensen et al., 2005). There-
fore, the mechanism of DHA activity promotion by phosphate might 
contribute to the increased electron acceptors. 

3.2.2. Granule size, protein secondary structures and binding sites 
The variation in the morphological characteristics of denitrifying 

granular sludge was recorded in Fig. S1 during the whole experiment. 
The unamended denitrifying granular sludge was deep yellow, and the 
granule size was maintained at approximately 1.46±1.42 mm. The 
granule size gradually enlarged to 4.20±2.11 mm, and the color became 
aquamarine blue with increasing concentrations of Cu2+. The results 
indicated that the Cu2+ accumulated in the EPS, which further increased 
the risk of Cu2+ directly entering cell. Cheng et al. (2019b) reported the 
denitrifying granular sludge could adsorb entire Cu2+ when the influent 
concentration of Cu2+ was lower than 1 mg L− 1. As the concentration of 
Cu2+ increased, the adsorption capacity decreased and the effluent Cu2+

concentration gradually increased to the level approaching that of the 
influent. Furthermore, the heavy metal adsorbed by EPS could detach 
and release partial Cu2+ back to the environment (Zhang et al., 2015). 
The protein secondary structures determined the strength, aggregation 
and size of the granular sludge (Wang et al., 2020a). According to a 
previous study (Hou et al., 2015), the amide I band was used to deter-
mine the variation in the protein secondary structures. The distribution 
of β-sheets, α-helices, β-turns and random coils was reported by Wang 
et al. (2020b), and the ratio of α-helices/(β-sheets+ random coils) was 
considered an indicator of protein structure; a lower value means a 
looser structure. As Table 2 and Fig. S2 shows, the ratio of 

Fig. 1. Response of nitrogen removal performance to different concentrations of Cu2+: (a) the influent NO3
--N maintained at 600 mg L− 1 and the variation of NO3

--N, 
NO2

--N, total nitrogen in effluent (b) nitrogen loading rate (NLR), nitrogen removal rate (NRR) and nitrogen removal efficiency (NRE). 
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α-helices/(β-sheets+ random coils), which increased from 0.28 to 0.56 
in P4, was promoted with elevated Cu2+ concentration. This result 
means that the structure of the protein became compact. FTIR spectra 
were collected and are shown in Fig. 3. Several peaks were observed, 
which were located at 3430, 1660 and 1076 cm− 1 and represented an 
O-H into amine (3430 cm− 1), C––O into PN and C-O-C into PS (Yin et al., 
2015). The signals of O-H, C––O and C-O-C became weak when Cu2+ was 
added, which might provide potential binding sites for Cu2+. 

The negatively charged PN involved in electrostatic bonds with Cu2+

and the bridging effect between O-H, C––O, C-O-C and Cu2+ collectively 
decreased the surface electronegative density and compacted the pro-
tein structure. Finally, cell aggregation was promoted. Therefore, the 
increased granule size was driven by Cu2+ instead of autogenous. The 
granule size was an important parameter, which closely associated with 
the settlement ability, mass transfer efficiency and reactor performance 
(Quoc et al., 2021). The oversize in granular sludge could result in 
sludge floatation and losses (Zhu et al., 2018a). In addition, the mass 

transfer efficiency of oversize in granular sludge could step down, which 
further decreased the nitrogen removal efficiency. Furthermore, the 
ratio of α-helices/(β-sheets+ random coils) and the intensity of O-H, 
C––O and C-O-C recovered to their original levels, which indicated that 
phosphate had a positive effect on the EPS structure. 

3.2.3. Characterization of EPS 
EPS is considered the first barrier in bacteria (Ma et al., 2021). It has 

been reported that bacteria tend to secrete more EPS as a defense when 
under environmental stress (Ma et al., 2021; Yu, 2020). As shown in 
Fig. 2b, the EPS decreased from 140 to 101 mg g− 1 VSS when 10 mg 
Cu2+ was added. Guo et al. (2020) also reported that the EPS sharply 
decreased under antibiotic stress during denitrification. The different 
response strategies and microflora were the main reasons. In P3 and P4, 
the PS increased from 39.20 to 45.88 and 44.02 mg g− 1 VSS, respec-
tively, and the results indicated that microbes might secrete more PS 
instead of PN to protect themselves. The fluorescent components of EPS 
were measured by 3D-EMM, and the variations are shown in Table 3 and 
Fig. S3. Two evident fluorescent components could be observed in the 
samples, which were close to the excitation/emission (Ex/Em) wave-
lengths of 225/330 and 275/330 nm. According to a previous report, 
peak A and peak B were classified as aromatic amino acids and soluble 
microbial products (SMP) (Chen et al., 2003). The tendency of aromatic 
amino acids was close to the variation in PN, and their intensity 
decreased from 234 to 108 under 10 mg L− 1 Cu2+ stress. The SMP was 
closely associated with the microbial defense and survival strategies 

Fig. 2. Variation in the characterization of denitrifying granule sludge under 
Cu2+ stress: (a) the denitrification activity (SDA) and dehydrogenase activity 
(DHA) and (b) protein (PN) and polysaccharide (PS) contents of 
EPS components. 

Table 2 
The relative content of secondary structure of the protein under the stress of 
Cu2+.  

Phase β-sheet α-helix β-turn Random 
coil 

α-helix/ 
(β-sheet+random coil) 

P0  43.85%  18.35%  16.57%  21.23%  0.28 
P1  41.08%  17.67%  21.72%  19.51%  0.29 
P2  39.80%  19.72%  18.76%  21.71%  0.32 
P3  36.96%  28.31%  18.35%  16.36%  0.53 
P4  37.52%  29.23%  18.25%  14.94%  0.56 
P5  43.60%  17.89%  17.77%  20.74%  0.28  

Fig. 3. FTIR absorbance spectra of the EPS samples in different phases.  

Table 3 
The variation of fluorescent components of EPS.  

Sample Peak A Intensity Peak B Intensity  
EX/EM (nm)  EX/EM (nm)  

P0 225/335  234.01 275/330  194.83 
P1 225/330  167.46 280/335  228.87 
P2 225/325  158.55 280/345  188.21 
P3 225/335  165.21 280/330  180.08 
P4 230/325  108.75 275/340  125.83 
P5 225/325  188.75 280/330  229.58  
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under stressful condition (Wang and Zhang, 2010). In activated sludge, 
Zheng et al. (2020) reported the Cu2+ obviously increased the SMP 
production. In this experiment, 1 mg L− 1 Cu2+ indeed increased the SMP 
production, which was considered as survival strategy. However, 
10 mg L− 1 Cu2+ greatly decreased the SMP production, which might 
attribute to the decreased denitrifying activity. Furthermore, the 
different microbial community structure was the main reason to cause 
the opposite tendency in the activated sludge and denitrifying granule 
(Zheng et al., 2020). In P5, the EPS content increased with phosphate 
addition. PN and PS recovered to the level of P1, and the intensity of 
peak B also increased to 229. The results indicated that phosphate 
promoted cell metabolism and stimulated EPS secretion. 

3.2.4. Response of functional genes to Cu2+ stress 
Four functional genes (napA, nirK, narG and nosZ) were quantified by 

q-PCR to further evaluate response of the key nitrogen cycle genes (Jiang 
et al., 2021). These functional genes encoded nitrate reductase, nitrite 
reductase, nitric oxide reductase and nitrous oxide reductase, which 
collectively accomplish the denitrification process (Wang et al., 2021). 
As Fig. 4 shows, the abundance of all functional genes showed the same 
tendency, increasing at low concentrations of Cu2+ but decreasing at 
high concentrations. In P3, the abundance of nirK and narG were 20.8 
and 19.2 times higher than those in P0, respectively, whereas they 
dramatically decreased when 10 mg L− 1 Cu2+ was added. Additionally, 
nosZ and napA increased in P2 and P1 but decreased in the following 
phase. Cheng et al. (2019b) also reported this phenomenon. The four 
functional genes showed a positive correlation with Castellaniella 
(Fig. 5d). The results indicated that partially denitrifying bacteria could 
live in a stressed environment with a low concentration of Cu2+. In 
denitrification process, the Cu2+ was the cofactor of enzyme catalyzing 

denitrification reaction, including nitrous oxide reductase and copper 
nitrite reductase (Solomon et al., 2014). In this experiment, the low 
concentration of Cu2+ promoted the denitrifying enzyme activity, and 
the abundance of related functional genes accordingly increased. Cheng 
et al. (2019b) also observed this interesting phenomenon. However, lots 
of denitrifying bacteria was washed out because of the toxicity of 
excessive Cu2+. When the phosphate was added, the bioavailability of 
Cu2+ was reduced and the positive role of Cu2+ in denitrifying enzyme 
production was weakened. Therefore, the absolute abundance of func-
tional genes gradually returned to the level approaching that of the P0. 

3.3. Succession of the microbial community under Cu2+ stress 

3.3.1. Microbial community diversity and composition 
The diversity and richness of the microbial community were 

analyzed by high-throughput sequencing. As Table 4 shows, the Shan-
non and Simpson indices increased with elevated Cu2+ concentration, 
while the indices decreased in P5. The lower Simpson and Shannon 
indices meant higher microbial diversity (Zhu et al., 2018b). The results 
indicated that the Cu2+ decreased the microbial diversity, while the 
phosphate had positive effect on promoting microbial diversity. The 
succession of the microbial communities at the phylum and genus levels 
is shown in Fig. 5a. Proteobacteria, Actinobacteria and Firmicutes were 
dominant. Denitrifying bacteria (Proteobacteria and Firmicutes) 
accounted for 85% in P0, demonstrating that denitrification was the 
main method of nitrogen removal (Lu et al., 2014). In P2, the abundance 
of Proteobacteria and Firmicutes decreased to 53% with 2 mg L− 1 Cu2+

addition. However, the abundance of Proteobacteria increased and 
regained dominance with 5 and 10 mg L− 1 Cu2+ application, which 
indicated that Proteobacteria exhibited great tolerance to Cu2+ stress 

Fig. 4. Quantification of functional genes (nirK, nosZ, narG, napA) in the denitrification reactor.  
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during long-term stress. When phosphate was synchronously added, 
Proteobacteria and Firmicutes regained predominant positions, ac-
counting for 99% of the abundance. Therefore, the results proved the 
effectiveness of phosphate in relieving Cu2+ stress. In addition, Cas-
tellaniella, Propionibacteriaceae, Klebsiella and Escherichia-Shigella were 
dominant at the genus level. Castellaniella, Klebsiella and Escherichia--
Shigella were considered denitrifying bacteria (Cheng et al., 2019a). In 
this study, the abundance of Castellaniella, Klebsiella and Escherichia--
Shigella gradually decreased from 20%, 15% and 17% for P0 to 11%, 5% 
and 6% when 10 mg L− 1 Cu2+ was added. As Fig. 5d shows, Castella-
niella, Klebsiella and Escherichia-Shigella showed strong positive corre-
lations with NRE. Therefore, Castellaniella, Klebsiella and 
Escherichia-Shigella were removed under high concentrations of Cu2+

stress and further decreased NRE. Furthermore, the decreased abun-
dance of heterotrophic denitrifying bacteria weakened the capacity of 
organic carbon removal, and the DHA correspondingly decreased by 
85% in P4. In P4, stappia became dominant, increasing from 0.7% to 
25%. Stappia was classified as a sulfur autotrophic denitrifier and 
exhibited great tolerance to selection force (He et al., 2021; Meyer et al., 
2007). The results indicated that the Stappia had the capacity of 

adapting to the environment stress caused by high concentrations of 
Cu2+ (Liu et al., 2021). 

3.3.2. Analysis of microbial networks, keystone functional populations and 
RDA 

The microbial interactions were described by network analysis and 
are shown in Fig. 5b. Castellaniella, as the main denitrifying bacteria, had 
weak relationships with other bacteria. Abundant microbial interactions 
could help bacteria adapt to changeable environments by precisely 
regulating their behavior (Deng et al., 2019; Tang et al., 2018). There-
fore, Castellaniella was easily washed out under Cu2+ stress and did not 
easily recover. In contrast, Stappia had a more abundant positive inter-
action with Rhodocyclaceae, Xanthomonadaceae, Rhizobium and Entero-
bacter. The abundance of Stappia increased with Cu2+ addition. 
Therefore, abundant interactions between bacteria could support bac-
terial growth under inhibitory conditions. Based on network topology, 
the key functional populations were identified. According to Ya et al. 
(2021), the among-module connectivity (Pi) and within-module con-
nectivity (Zi) were used as parameters to verify the role of species in 
module members. The nodes were classified into peripherals, module 
hubs, connectors and network hubs according to the distribution of Pi 
and Zi and the detailed standard of classification Deng et al. (2012) re-
ported. The connectors were considered key species that play an 
essential role in maintaining stable ecosystems even though their 
abundance was low (Olesen et al., 2007). In this experiment, Clos-
tridium_sensu_stricto_10, Synergistaceae, and Escherichia. Shigella, Klebsi-
ella and Comamonas were classified as connectors, and the detailed 
parameters are shown in Table S3. Clostridium_sensu_stricto_10, Syn-
ergistaceae, Escherichia. Shigella and Comamonas were low abundance 
species (lower than 2%). In denitrification process, low-abundance 
species could act as keystone microbe in maintaining system stability 

Fig. 5. The dynamics of the microbial community structure at the phylum and genus levels (a) and analysis of the co-occurrence network (b), RDA (c) and the 
corresponding relationship between species and nitrogen removal parameters (d). 

Table 4 
Diversity and richness of the microbial community.  

Samples Simpson Chao ACE Shannon 

P0  0.92  778.98  806.71  5.15 
P1  0.94  885.47  930.17  5.78 
P2  0.88  704.00  704.00  5.04 
P3  0.91  916.00  916.00  5.90 
P4  0.91  742.00  742.00  5.52 
P5  0.88  591.02  627.27  4.75  
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(Zhu et al., 2021). Klebsiella was a high-abundance denitrifying bacte-
rium that simultaneously played an important role in removing nitrogen 
and maintaining a stable community. 

RDA is a powerful tool to assess the interaction between environ-
mental factors and the microbial community (Li et al., 2021b). As Fig. 5c 
shows, the concentration of 2, 5 and 10 mg L− 1 Cu2+ dramatically 
changed the microbial structure. However, that of P5 was much closer to 
that of P0, which indicated that the addition of phosphate could help 
inhibit denitrifying biomass recovery to its original status. The influent 
Cu2+ had a negative correlation with effluent NO3

--N, NO2
--N and the 

main denitrifying bacteria (Castellaniella, Klebsiella and Escherichia--
Shigella). The results confirmed that Cu2+ deteriorated the reactor per-
formance and decreased the abundance of functional bacteria. 

3.3.3. Microbial metabolism and functional genes predicted based on 
PICRUSt 

PICRUSt is a bioinformatics tool that is used to predict the variation 
of metabolic dynamics and functional profiles in the microbial com-
munity (Langille et al., 2013). As Fig. 6a shows, the response of mi-
crobial metabolism to Cu2+ stress is presented. Cell motility was 
significantly upregulated from 2.9% to 4.1% in P4. Chen et al. (2014) 
reported that cell motility was elevated to form microbial clusters and 
further resist resource-limited environments, and the bacteria tended to 
cluster rather than disperse. In this experiment, the elevated granule size 
also confirmed this viewpoint under Cu2+ stress. Corresponding with the 
tendency of DHA, carbohydrate metabolism also decreased from 10.0% 
to 9.3% when 10 mg L− 1 Cu2+ was induced. Moreover, the pathway of 
membrane transport was inhibited, and the abundance decreased from 
15.6% to 14.5% in P4. The results indicated that the process of energy 
production was inhibited and that the transport of substances across 
membranes was decreased. Lipid metabolism was promoted under Cu2+

stress. The promotion of lipid metabolism is considered a survival 
strategy that is achieved by increasing cell membrane stability (Wang 
et al., 2019b). Furthermore, the major metabolic pathways recovered to 
their original levels when phosphate was added, and membrane trans-
port, transcription and cellular processes and signaling increased from 
14.4%, 2.1% and 3.8–16.9%, 2.8% and 5.0%, respectively. This indi-
cated that phosphate could relieve Cu2+ by promoting the activity of 
transcription and transmembrane transporters. 

The Cu-related genes were investigated based on PICRUSt and are 
shown in Fig. 6b. The Cu2+ efflux system outer membrane protein 
(K07787: CusA; K07798: CusB; K07796: CusC), copper chaperone pro-
tein (K07213) and Cu2+-exporting ATPase (K01533) showed obvious 
tendencies with increased Cu2+ concentrations. Cus determinants are 
considered major members of the heavy metal efflux family and consist 
of CusA, CusB and CusC (Zulfiqar and Shakoori, 2012). It was obvious 

that the Cus determinants increased with elevated concentrations of 
Cu2+. The results indicated that Cu2+ accumulated intracellularly, and 
the upregulation of Cus determinants were used to relieve Cu2+ stress. 
However, the abundance of Cus determinants decreased when phos-
phate was added. Phosphate has a strong Cu2+ complexation ability and 
decreases the concentration of Cu2+ in the liquid phase. 

3.4. Implications of this work 

Cu2+ is considered one of the most hazardous heavy metals in the 
biological nitrogen removal process. Yang et al. (2013) reported that the 
anammox process could not tolerate the stress of 5 mg L− 1 Cu2+, and 
50 mg L− 1 Cu2+ inhibited nearly 80% of the bioactivity in the nitrifi-
cation process (Wang et al., 2015). Unfortunately, the potential effects 
of Cu2+ on denitrifying granular sludge have rarely been reported. 
Therefore, this work seeks to compensate for the research gap in this 
area. Based on the long-term experiment over 116 days, 5 mg L− 1 Cu2+

was determined as the inhibitory threshold value in denitrifying gran-
ular sludge. The denitrifying granular sludge maintained stable and 
great nitrogen removal performance when the concentration of Cu2+

was lower than 5 mg L− 1, whereas the nitrogen removal performance 
was greatly decreased when the concentration of Cu2+ was higher than 
5 mg L− 1. Furthermore, the fate of Cu2+ was discussed. Many evidences 
indicated that the Cu2+ was firstly adsorbed by EPS. As Fig. S1 shows, 
the color of denitrifying granular sludge became aquamarine blue with 
increasing Cu2+ concentration. And the O-H, C––O and C-O-C of EPS 
provided potential binding sites for Cu2+. Then the results of the Cu2+

efflux system outer membrane protein indicated a Cu2+ accumulation in 
cell, and the upregulation of Cus determinants were used to relieve Cu2+

stress. The underlying inhibitory mechanism may include the oversize 
granular sludge, inhibited enzyme, metabolic activity, decreased func-
tional genes abundance and removal of denitrifying bacteria. DHA and 
carbohydrate metabolism decreased with Cu2+ addition. Therefore, the 
energy supply was inadequate to complete the denitrifying process. 
Furthermore, the major denitrifying bacteria washed out from the sys-
tem. It was reported that excessive Cu2+ caused influx transporters to 
lose selectivity and further achieved transport of Cu2+ only (Zhang et al., 
2017). Due to excessive intracellular Cu2+, the efflux system outer 
membrane protein was upregulated to release Cu2+ (Ma et al., 2013). 
The promotion of cell motility and lipid metabolism were also effective 
methods to relieve Cu2+ stress. Furthermore, the granule size was 
enlarged with elevated Cu2+ concentrations which decreased the mass 
transfer efficiency. EPS provided various functional groups as binding 
sites of Cu2+ (including O-H, C––O, C-O-C), and the bridging effect 
compacted the protein structure and promoted cell aggregation. 

In situ phosphate recovery was confirmed as an available strategy to 

Fig. 6. Abundance of microbial metabolism (a) and resistance genes (b) based on PICRUSt.  
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relieve Cu2+ stress in denitrifying granular sludge. The nitrogen removal 
performance recovered to its original level, while the enzyme and 
metabolic activity was promoted when phosphate was added. Phosphate 
decreased the concentration of Cu2+ by complexation in the liquid phase 
and provided a relatively comfortable environment as a buffer medium 
in biosystems (Cheng et al., 2019c). In addition, phosphate stimulated 
the activity of denitrifying bacteria (Fan et al., 2018). Therefore, the 
addition of a high concentration of phosphate wastewater (such as 
brewery slurry and molasses wastewater) was an effective method to 
relieve Cu2+ stress. 

4. Conclusion 

Denitrifying granular sludge could tolerate the stress of a low con-
centration of Cu2+ (<5 mg L− 1), while a high concentration of Cu2+

(≥5 mg L− 1) could decrease nitrogen removal performance when the 
NRE decreased to 48.5%. The elevated concentration of Cu2+ enlarged 
the granule size by electrostatic binding and bridging effects, and the 
protein secondary structures became compact. The decreased DHA and 
carbohydrate metabolism contributed to the deterioration of nitrogen 
removal performance. Castellaniella, Klebsiella and Escherichia-Shigella 
were washed out under high-concentration Cu2+ stress. The addition of 
phosphate reversed the deterioration of the denitrification process. The 
NRE, DHA and SDA recovered to their original levels after phosphate 
addition. In addition, membrane transport, transcription and cellular 
processes and signaling were promoted by phosphate. Therefore, this 
work comprehensively evaluated the potential effect of Cu2+ on deni-
trifying granular sludge and proposed an effective method of in situ re-
covery by phosphate to restore the activity of denitrifying bacteria. 
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