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A B S T R A C T

High-rate denitrification is a popular and efficient process for treatment of nitrate-rich wastewater. Knowing the
effect of heavy metals on denitrification is essential for industrial development. In the present study, the long-
term impacts of Zn(II) on denitrifying granular sludge were investigated. The suppression threshold of Zn(II) on
denitrifying bacteria was 10mg L−1 for long-term exposure. The nitrogen removal rate was decreased by long-
term addition of 10mg L−1 Zn(II). Castellaniella and Klebsiella were the two dominant genera under Zn(II) stress.
The relative abundance of Klebsiella sharply decreased to 4.64% after the addition of 10mg L−1 Zn(II), whereas
Castellaniella was susceptible to 2mg L−1 Zn(II), revealing that Castellaniella mainly was devoted to deni-
trification under no or low Zn(II) stress conditions, whereas Klebsiella was effective under high Zn(II) stress.

1. Introduction

Nitrate is a nitrogen-containing compound that is a general pollu-
tant and is mostly found in industrial and municipal wastewaters.
Therefore, nitrate-containing wastewaters must be treated using effi-
cient technology. Biological denitrification has been deemed the most

promising process for high-nitrate wastewater treatment (Li et al.,
2015) because of its high removal efficiency and low expenses (Isaka
et al., 2012). Granular sludge has a higher settling capability and can
maintain better biomass retention and thereby attain high removal
rates for nitrate-rich wastewater. Moreover, the compact structure of
the granules can resist high levels of pollutants, such as heavy metals
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(Zhang et al., 2015) and nanoparticles (Xu et al., 2019; Zhang et al.,
2017a).

Zinc has been found in many high-nitrate wastewaters, such as
alloy, metal finishing and mine waters, because of the extensive ap-
plication of Zn(II) (Papirio et al., 2014). The concentration of zinc in
industrial effluent could be 30–300mg L−1 (Stanković et al., 2009).
High heavy metal concentrations can damage cell membranes, affect
organisms, alter enzyme specificity and lead to cell rupture (Principi
et al., 2006). The effects of zinc on microorganisms have been reported
by several researchers. However, limited information is available on the
effect of Zn(II) in a high- rate denitrifying granular sludge system.

The main objective of this study was to understand the mechanisms
underlying the effect of Zn(II) on the denitrifying granular sludge
system. First, the long-term performance of denitrification reactors with
Zn(II) addition were evaluated. Then, the denitrifying community was
monitored by high-throughput sequencing. Finally, the effect mechan-
isms were explained with the aid of Pearson's correlation analysis.

2. Materials and methods

2.1. Experimental setup

The continuous-flow experiments were conducted in a USB reactor
with an effective volume of 1.0 L. The reactor was placed in a ther-
mostatic room (35 ± 1 °C). The synthetic wastewater contained sub-
strates (nitrate and glucose concentrations were set at 600mgN L−1

and 3600mg COD L−1, respectively), minerals and trace elements (de-
tails are shown in the Supplementary materials). The hydraulic reten-
tion time (HRT) was fixed at 1.92 h during the experimental phases.

2.2. Microbial community analysis and other analytical procedures

The collected sludge samples were named Zn0 (control), Zn1
(1mg L−1), Zn2 (2mg L−1), Zn3 (5mg L−1+ 10mM phosphate), Zn4
(5mg L−1), and Zn5 (10mg L−1) at the end of each phase. DNA was
extracted for high-throughput sequencing. The details are provided in
the Supplementary materials. The NO2

−-N, NO3
−-N, pH, SS and VSS

levels were measured using standard methods (APHA et al., 2005). All
physiological characterizations were performed in triplicate and ex-
pressed as the mean ± standard deviation. The significance of the re-
sults was tested by analysis of variance (ANOVA). The level of statistical
significance was p < 0.05.

3. Result and discussion

3.1. Performance of the denitrification reactor

The time frame was divided into six phases with different Zn(II)
concentrations in the influent. In P1, there was absence of Zn(II) for one
month and the NRR and nitrogen removal efficiency (NRE) were
7.8 ± 0.3 kg Nm−3 d−1 and 98.3%, respectively (Fig. 1). In P2 and P3,
the Zn(II) concentrations were 1 and 2mg L−1, respectively. Compared
to that of P1, a slight fluctuation occurred in P2 and P3. For instance, the
TN increased to 15.0 mg L−1 (P2) and 27.8 mg L−1 (P3) (Fig. 1).

Nitrogen and phosphorus are widely distributed in all types of water
and sewage. Considering the coexistence of these two substances,
10 mM NaH2PO4 was added to the reactor with 5mg L−1 Zn(II) to ex-
plore the effect of phosphate on denitrification under Zn(II) stress in P4.
The maximum TN concentration was 3.3mg L−1, which was sig-
nificantly reduced compared to those of P1–P3. The NRE and ORE
correspondingly increased to 99.7 ± 0.2% and 84.2 ± 3.5%, respec-
tively. In P5, only the phosphate was removed. The NRR and NRE had
slight fluctuations. During the last phase (P6), the addition of 10mg L−1

Zn(II) to the influent resulted in significant inhibition. The TN of the
effluent significantly increased to 346mg L−1 after 15 d.
Correspondingly, the NRR significantly decreased from 7.9 to

4.4 kg Nm−3 d−1. The NRE and ORE were also reduced to 54.3% and
78.8%, respectively.

3.2. Microbial community analysis

The heatmap shows the major species with a relative abundance
greater than 1% (Fig. 2a). These species were divided into two groups
in the system, including fermentative bacteria (Bacteroides and Clos-
tridium_sensu_stricto_1) and denitrifying bacteria (Klebsiella and Cas-
tellaniella). The dominant genus Castellaniella showed significant dif-
ferences after exposure to Zn(II). Its relative abundance decreased to
28.1% with the addition of 1mg L−1 Zn(II) and decreased sharply to
7.2% after exposure to 2mg L−1 Zn(II), suggesting that Castellaniella
could not adapt to Zn(II) stress. However, the relative abundances of
Castellaniella and Klebsiella obviously increased in the presence of
phosphate. Moreover, after exposure to 10mg L−1 Zn(II), the Klebsiella
and Clostridium_sensu_stricto_1 showed a significant shift.

RDA, which was a multivariate analysis method, was conducted to
interpret the dynamics of the microbial population and correlations of
functional species with the changes in Zn(II). As shown in Fig. 2b, the
effects of Zn(II) on the denitrification community, as shown by the
lengths of environmental factors, followed the order of Zn5 >
Zn4 > Zn2 > Zn3 > Zn1 > Zn0, indicating that Zn5 and Zn4
showed significant positive correlations with the Zn(II) concentration.
The Zn5 and Zn4 samples were separated from the other four samples

Fig. 1. Performance of the reactor under different Zn(II) loads, including the
influent/effluent concentrations, nitrogen loading rate (NLR), nitrogen removal
rate (NRR), nitrogen removal efficiency (NRE), organic carbon removal effi-
ciency (ORE) and total nitrogen (TN).
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by RDA1. The greatly increased abundance of genus Clos-
tridium_sensu_stricto_1 in Zn4 and Zn5 and the obviously decreased
abundance of genus Klebsiella in Zn5 contributed to this separation.
Great variation in the RDA2 loading direction was shown for the Zn2,
Zn3 and Zn4 samples, which explained 63.4% of the variance in the
sequencing data. The deviation of Clostridium_sensu_stricto_1 and Cas-
tellaniella indicated their adjustability to the presence of elevated Zn(II).
The position of Klebsiella showed that its abundance slightly fluctuated
in response to Zn(II) from 1 to 5mg L−1, whereas it was significantly
reduced in response to 10mg L−1 of Zn(II).

3.3. Correlation analysis between microbial characteristics and reactor
performance

The effect of Zn(II) on the denitrifying granular sludge system was
revealed by Pearson’s correlation analysis (Fig. 3). The influent Zn(II)
level was positively correlated with the abundance of Firmicutes
(R=0.590) and the effluent NO3

−-N level (R=0.794) but negatively
correlated with the abundance of Castellaniella (R=−0.760), Klebsiella
(R=−0.832), and the NRR (R=−0.751). These results indicated that
the elevated Zn(II) stress decreased the denitrifying bacteria but

Fig. 2. Heatmap showing the relative abundance of the functional species at the genus level (a). Redundancy analysis diagram illustrating the relationship between
Zn(II) and the species in the Zn0, Zn1, Zn2, Zn3, Zn4, and Zn5 samples (b).
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increased the fermentative bacteria, thereby leading to a decline in the
NRR and accumulation of NO3

−-N in the reactor. Firmicutes
(p=−0.02) and Proteobacteria (p=0.003) were obviously correlated
with the NRR of the reactor. Meanwhile, Clostridium_sensu_1
(R=−0.720) and Klebsiella (R= 0.801) were related to the NRR of the
reactor, indicating that Klebsiella of the denitrifying bacteria played a
vital role in the oxidation of NO3

−-N to N2. However, Klebsiella was
replaced by Clostridium_sensu_1 under unfavorable conditions for the
addition of Zn(II).

Furthermore, the influent Zn(II) level was negatively correlated
with the abundance of NarI (R=−0.627), NarH (R=−0.686), NarG
(R=−0.690), NorC (R=−0.650), NosZ (R=−0.673) and zntA
(R=−0.707), suggesting that the addition of Zn(II) could lead to a
shift in the gene abundance. The NO3

−-N in the effluent was positively
correlated with the abundance of ABC.ZM.APS but negatively corre-
lated with the abundance of zraP (R=−0.759) and NapA
(R=−0.632), indicating that Zn(II) caused a metabolic disturbance
and decreased the resistance of the denitrifying bacteria.

3.4. Toxicity mechanism of Zn(II) in the denitrifying granular sludge system

In this study, the performance of the reactor was seriously impeded
when exposed to 10mg L−1 Zn(II). Firstly, the denitrification granular

sludge could secrete a large amount of EPSs to protect itself (in the
Supplementary materials). However, the high metal levels could not be
completely adsorbed by the EPSs. High Zn(II) level could damage the
cell membrane, DNA structure and cause metabolic disorders of in-
tracellular enzymes (Wei et al., 2017; Zhang et al., 2018a, 2016). The
changes in the SDA and TTC confirmed the results obtained after the
addition of 10mg L−1 Zn(II) (in the Supplementary materials). Ad-
ditionally, Zn-related genes, such as zntA, zraP and ABC.ZM.APS, ob-
viously changed with the increase in Zn(II) (in the Supplementary
materials). Meanwhile, the abundance of key denitrification genes, such
as NirK, NosZ, NapA, NapB, NorB and NorC, was restrained with the
increase in Zn(II) (in the Supplementary materials). Previous studies
found that external stress could induce a microbial community shift
(Guo et al., 2013). Zn(II) feeding caused an evident increase in the
community richness and diversity (see the Supplementary materials),
which agreed with the findings of (Zhang et al., 2018b). The dominant
bacteria were Castellaniella and Klebsiella, which could lead to effective
denitrification (Pang and Liu, 2007). However, their tolerance was
obviously different under Zn(II) stress. The Castellaniella mainly was
devoted to denitrification under no or low Zn(II) stress conditions,
whereas Klebsiella was effective under high Zn(II) stress. However, the
abundance of Klebsiella obviously deceased when exposed to 10mg L−1

Zn(II), causing the community succession in response to Zn(II).

Fig. 3. Pearson’s correlation analysis showing the relationship between the Zn(II) level and the characteristics of the denitrifying sludge in the Zn0, Zn1, Zn2, Zn3,
Zn4, and Zn5 samples. Red represents a positive correlation, and blue represents a negative correlation. A deeper color indicates a stronger correlation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

The long-term addition of 10mg L−1 Zn(II) decreased the NRR and
EPS content. Interestingly, a bacterial community shift was caused by
the addition of Zn(II). The dominant genus Castellaniella mainly was
devoted to denitrification under no or low Zn(II) stress, whereas
Klebsiella took effect under high Zn(II) stress. However, the relative
abundance of fermentative bacteria significantly increased with the
addition of 10mg L−1 Zn(II). Consequently, the potential impacts of Zn
(II) on denitrification processes should be a source of great concern.
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