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A B S T R A C T

The feasibility of using anaerobic ammonium oxidation (anammox) process to treat wastewaters containing
antibiotics and heavy metals was evaluated in this study. The nitrogen removal performance and characteristic
parameters were monitored during the whole experimental period of 258 d. The single and joint effects of zinc
and tetracycline on the microbial community were studied in upflow anaerobic sludge blanket (UASB) reactors.
The anammox performance remained at levels comparable with the initial state at the lower inhibitor con-
centrations (zinc, 0–2.26mg L−1; tetracycline, 0–0.5 mg L−1). When the concentrations of zinc and tetracycline
increased to 3.39mg L−1 in R1 and 1.0 mg L−1 in R2, an obvious deterioration in performance was observed.
Dual inhibitors with a total concentration of ≥3mg L−1 caused dramatic decreases in the nitrogen removal
efficiency of R3. The quantification results showed that the abundances of eight antibiotic resistance genes
(ARGs), czcA and intI1 in the experimental reactors generally increased under stress from metals or/and anti-
biotics, with final values higher than in the control, while the functional gene abundances were lower. Moreover,
most genes exhibited significant correlations. Microbial community analysis indicated that Planctomycetes
(represented by Candidatus Kuenenia) was inhibited by both zinc and tetracycline, but still held the dominant
position. Furthermore, Caldilinea (belonging to Chloroflexi) maintained a higher abundance during the in-
hibitory period, implying its potential resistance to both inhibitors. These findings suggested that anammox
could be inhibited by metals and antibiotics, but it has the potential to remove nitrogen from wastewaters
containing both of them within the concentration threshold.

1. Introduction

Swine wastewaters usually contain high concentrations of chemical
oxygen demand (COD), ammonium and heavy metals are becoming an
important source of water pollution. For swine wastewater treatment,
various methods have been adopted, such as constructed wetlands (X.
Huang et al., 2015), aerobic or/and anaerobic systems (Sui et al., 2016;
Sui et al., 2018), and sludge pretreatments (Guo et al., 2013). Devel-
oping forms of anaerobic digestion technology have been reported to
remove COD and produce renewable energy (Deng et al., 2006; Song
et al., 2011), leaving the efficient removal of ammonium to be ad-
dressed. As a novel biological nitrogen removal process, anaerobic
ammonium oxidation (anammox), in which autotrophic anammox
bacteria oxidize ammonium to dinitrogen gas with nitrite as an electron
acceptor under strictly anaerobic conditions, has received great

attention due to the significant advantages of energy savings, low
sludge production, and no need for the extra addition of organic carbon
(Kartal et al., 2011). One of the factors limiting the application of the
anammox process in swine wastewater treatment is that heavy metals
and antibiotics present in the wastewater might be toxic to anammox
bacteria. For example, Zn, Cu, Cd, Mo, Pb (Li et al., 2015), Ca (Liu et al.,
2013), Hg, As, Cr (Yu et al., 2016; Yu et al., 2019), Ag (Bi et al., 2014),
Ni, Fe (Chen et al., 2014), As (Tang et al., 2018), Mn (Xu et al., 2017),
and Ti (X. Zhang et al., 2018) have been reported to have varying de-
grees of impact on anammox. Similarly, antibiotics, including tetra-
cyclines (Shi et al., 2017), β-lactams (van de Graaf et al., 1995),
chloramphenicol (Fernandez et al., 2009), fluoroquinolones (Sguanci
et al., 2017) and sulfonamides (Z. Zhang et al., 2015), have also been
considered to be inhibitors for anammox.

Among heavy metals, zinc is a common micronutrient in pig feed
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that could improve growth and reproductive performance. Zinc is also
necessary for anammox bacteria to maintain the activity, which is
normally supplied as an essential microelement (van de Graaf et al.,
1995). However, zinc has inhibitory effects on anammox with the
concentration higher than the requirement. The national standard for
zinc discharge is 1.0mg L−1 (GB 3838-2002), but its concentration in
raw swine wastewater was detected to be 1.5–30mg L−1 (Z. Zhang
et al., 2016). Z.Z. Zhang et al. (2015) found that 2mg L−1 did not have
a remarkable impact on anammox performance, while 7.6–20mg L−1

Zn significantly affected the nitrogen removal performance of anammox
in batch experiments (Li et al., 2015; Q.Q. Zhang et al., 2015). On the
other hand, tetracycline is also widely used in swine farming for pre-
venting infections and treating diseases. Most tetracycline is excreted
via urine and manure, eventually entering wastewater at concentrations
of approximately 0.05–39.25 μg L−1 (Karthikeyan and Meyer, 2006; Xu
et al., 2015). Fernandez et al. (2009) reported that 50mg L−1 of tet-
racycline hydrochloride significantly inhibited the anammox activity.
More importantly, tetracycline has been proved to be a potent driver for
antibiotic resistance genes (ARGs) in biological wastewater treatment
systems (Gao et al., 2012). Previous relevant studies mainly focused on
the impact of oxytetracycline on anammox activity (Narinhongtong
et al., 2012) or performance (Yang et al., 2013), but that of tetracycline
on antibiotic resistance and microbial community in the anammox
process has rarely been reported. Moreover, heavy metals and anti-
biotics are commonly concomitantly present in swine wastewater. The
active interaction between tetracycline and divalent metal ions (Zhao
et al., 2013) and the reported synteny of metal resistance genes (MRGs)
and ARGs (Luo et al., 2017) indicate that the cooccurrence of heavy
metals and antibiotics might have different impacts on the performance
and microbial community of anammox compared with those of single
exposure. However, the long-term combined effects of metals and an-
tibiotics on anammox are poorly understood (Lotti et al., 2012; Z.Z.
Zhang et al., 2016).

In this study, four UASB reactors were constructed to investigate the
effects of zinc and tetracycline on anammox. The main objectives of this
study were (i) to investigate and compare the single and joint effects of
zinc and tetracycline on anammox performance and sludge properties;
(ii) to reveal the effects of zinc or/and tetracycline on the microbial
community in the anammox system; and (iii) to determine the varia-
tions and correlations among an MRG, ARGs and key functional genes.
The outcomes of this study provide theoretical foundations for the ap-
plication of anammox in swine wastewater treatment.

2. Materials and methods

2.1. Seeding sludge and synthetic wastewater

Anammox seed granules were obtained from a high-loaded stable
UASB reactor with a nitrogen loading rate (NLR) and nitrogen removal
rate (NRR) of 7.25 ± 0.22 and 7.20 ± 0.16 kg Nm−3 d−1,

respectively. The dominant anammox bacteria (AnAOB) in this system
were Candidatus Kuenenia stuttgartiensis. The synthetic wastewater
used in this study consisted of substrates, inorganic solution, and trace
elements (Table S1). Equimolar amounts of ammonium and nitrite were
supplied as needed in the forms of (NH4)2SO2 and NaNO2, respectively.

2.2. Experimental configuration and operational strategy

To investigate the single and joint effects of heavy metals and an-
tibiotics on the anammox process, four UASB reactors with an effective
volume of 1.5 L were fabricated from Plexiglas (Fig. S1), and incubated
in a dark and thermostatic room (35 ± 1 °C). R0 was the control, and
the rest (R1, R2 and R3) were added by zinc, tetracycline and
zinc+ tetracycline, respectively. The reported inhibitory concentra-
tions of zinc and tetracycline were generally high (Daverey et al., 2014;
Fernandez et al., 2009; Lotti et al., 2012), however, most of them were
determined through short-term experiments like batch test. Moreover,
the concentrations of both inhibitors in natural environments were
relatively lower. Therefore, zinc (0–4.52mg L−1) and tetracycline
(0–1.5 mg L−1) were continuously added to each system according to
the operational strategy shown in Table 1. Zinc was added in the form
of ZnSO4·7H2O. The main operating parameters were initially designed
as follows: pH of 7.8, hydraulic retention time (HRT) of 1.71 h, volatile
suspended solids (VSS) of 12.9 g L−1, and suspended solids (SS) of
23 g L−1.

2.3. Operational monitoring and sample collection

Ammonium (NH4
+-N), nitrite (NO2

−-N), nitrate (NO3
−-N), SS and

VSS were determined according to standard methods (Federation and
APHA, 2005). RS and RP were calculated as the ratio of NO2

−-N con-
version/NH4

+-N depletion and NO3
−-N production/NH4

+-N depletion,
respectively. The pH was measured using a HANNA pH-211 acid-
ometer. The specific anammox activity (SAA) was determined as de-
scribed by Chen et al. (2017). A heat extraction method was employed
to extract the total extracellular polymeric substances (EPS) (C. Yin
et al., 2015). Heme c was monitored using the method proposed by
Berry and Trumpower (1987).

2.4. DNA/RNA extraction and gene quantification

Sludge samples (10mL) were collected from all systems at the end
of each stage. The extraction of total genomic DNA was conducted in
duplicate using the Power Soil DNA kit (MoBio Laboratories, USA)
following the protocol provided by the manufacturer. The yield and
quality of DNA were verified by 1% agarose gel electrophoresis and
spectrophotometry (NanoDrop ND-1000, Thermo Scientific, USA). The
extracted DNA was stored at −20 °C.

Eighteen ARGs (tetA, tetB, tetC, tetD, tetE, tetG, tetH, tetJ, tetK, tetL,
tetM, tetO, tetQ, tetS, tetT, tetW, tetX and tetZ), one MRG (czcA), and intI1

Table 1
The overall operational strategy for each reactor in this study.

Phase R0 (control) R1 (zinc) R2 (tetracycline) R3 (zinc+ tetracycline)

Duration (d) Concentration (mg L−1) Duration (d) Concentration (mg L−1) Duration (d) Concentration (mg L−1)

Stabilizing 0 1–10 0 1–10 0 1–10 0
Phase 0 0 11–30 0.23 11–30 0.1 11–30 0.23+ 0.1
Phase 1 0 31–50 1.13 31–50 0.2 31–50 1.13+ 0.2
Phase 2 0 51–70 2.26 51–70 0.3 51–70 2.26+ 0.3
Phase 3 0 71–91 3.39 71–90 0.5 71–100 3.39+ 0.5
Phase 4 0 92–120 1.13 91–120 1.0 101–120 2.26+ 1.0
Phase 5 0 121–200 0 121–170 0.5 121–200 0.23+ 0.5
Phase 6 0 201–210 4.52 171–200 0 201–214 4.52+ 1.0
Phase 7 0 211–258 0 201–210 1.0 215–258 0
Phase 8 0 – – 211–258 1.5 – –
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were detected and quantified using SYBR Green I quantitative poly-
merase chain reaction (qPCR), and the quantification instrument was
an iCycler iQ5 thermocycler (Bio-Rad, USA). Primers for all genes and
annealing temperatures are listed in Table S2. The detailed quantifi-
cation process was performed according to a previous description (Shi
et al., 2017). Multiple 10-fold serial dilutions of the plasmid containing
the target gene were prepared for the quantification standard. Positive
(standard) and negative (blank) controls were necessary for each run,
and each sample was quantified in triplicate. The average amplification
efficiency of the specific qPCR primer set was 98%, with an r2 of 0.997
for the standard curve. Similarly, the quantification of three functional
genes (hdh, hzsA and nirS) was performed by real-time reverse tran-
scription PCR (RT-PCR) (Wang et al., 2016). In advance, RNA was ex-
tracted using a Power Soil RNA Kit (MoBio Laboratories, USA), fol-
lowed by reverse transcription using a PrimeScript™ RT reagent Kit
(Takara, Japan).

2.5. High-throughput sequencing

Microbial community analysis was performed by high-throughput
sequencing according to a previous study (Q.Q. Zhang et al., 2018). In
brief, at least 3 μg of DNA was amplified for 16S rRNA with universal
primers (338F/518R), and sequenced via an Illumina Miseq. Platform
(BGI, Shanghai) according to the manufacturer's instructions. The ori-
ginal reads were optimized by base calling software, and high-quality
reads were obtained based on Q20 and Q30. The operational taxonomic
units (OTUs) were defined at the 97% similarity level using Usearch
clustering. The Shannon, Simpson and Chao index were adopted to
evaluate the diversity. The sequence data have been deposited in the
NCBI Sequence Read Archive (SRA) database under BioProject
SRP188024 (sample accession numbers SRR8705186-SRR8705214).

2.6. Statistical analysis

Pearson correlation analyses were performed to determine the re-
lationships among the MRG, ARGs and functional genes. Statistical
Package for the Social Sciences (SPSS) 18.0 (SPSS Inc., USA) software
was employed to perform a statistical comparison between variables
using the t-test for a normally distributed dataset. The statistical sig-
nificance and highly statistical significance were labeled by *
(p < 0.05) and ** (p < 0.01), respectively. The correlations analysis
results were then visualized in a form of heat map.

3. Results and discussion

3.1. Effects of zinc and tetracycline on nitrogen removal performance

During the whole experimental period of 258 d, the control reactor
(R0) maintained a comparatively stable operation with lower con-
centrations of NH4

+-N (64.13 ± 25.26mg L−1) and NO2
−-N

(18.47 ± 16.91mg L−1) in the effluent. Simultaneously, the NLR and
nitrogen removal efficiency (NRE) of R0 were
6.48 ± 0.738 kg Nm−3 d−1 and 83.47 ± 7.47%, respectively.
Although some fluctuations occurred during the high-temperature
period (Days 165–200, 40 ± 2.6 °C), the control reactor exhibited
better performance than the other experimental groups generally.

The long-term effect of zinc on the process performance of UASB
reactors was studied with different zinc concentrations in the influent
(Fig. 1A). At low zinc concentrations (≤2.26mg L−1), the average ef-
fluent concentrations of NH4

+-N and NO2
−-N were 34.19 and

7.83mg L−1, respectively. The NRE of 92.5 ± 1.9% suggested that the
functional bacteria in this anammox system could tolerate the stress of
2.26mg L−1 zinc with the aid of progressive acclimatization. When the
zinc concentration was increased to 3.39mg L−1, the effluent con-
centration of NO2

−-N rapidly increased to 109.29mg L−1, implying the
inhibition of anammox process. The deterioration of nitrogen removal

performance occurred when the zinc concentration was equal or higher
than 3.39mg L−1; thus, this value could be considered as the threshold
concentration. Simultaneously, such high concentration of effluent ni-
trite, which was much higher than the inhibition threshold of
70mg L−1 (Strous et al., 1999), also had another inhibitory effect on
anammox. Concomitantly, fluctuations in the stoichiometric ratios oc-
curred, and SAA decreased to 51.59mgN g−1 VSS d−1 (30% of the in-
itial value) (Fig. 2). Although no zinc was added in phase 5, a sig-
nificant deterioration in nitrogen removal performance was still
observed. The high temperature (> 40 °C) in summer was considered as
a possible reason for the disturbance. After a recovery phase of 80 d,
4.52mg L−1 of zinc was added from Day 201, and NRE dramatically
decreased from 92.5% to 53.2% in two days. During the dosing period,
the total EPS content in R1 was generally higher than that of the con-
trol, confirming that EPS secretion was a bacterial survival strategy to
maintain activity under adverse conditions. However, the inhibition
from high concentrations of zinc might overcome the protection by EPS,
so the anammox performance still deteriorated. Previous studies have
mainly focused on the short-term effect of zinc, and its IC50 has been
reported to be 3.9–25mg L−1 (Daverey et al., 2014; Li et al., 2015; Q.Q.
Zhang et al., 2015). For the long-term effect in this study, 3.39mg L−1

of zinc could be considered the inhibitory threshold that caused a
malfunction of the anammox process. Q.Q. Zhang et al. (2015) found
that SAA could recover to the original level after 47-day recovery,
showing that the inhibition of 8mg L−1 Zn(II) on anammox activity was
restorable. Although a slight increase in SAA was also observed in R1 on
Day 120 (1.13mg L−1), the value was still much lower than the initial
state. Anammox activity depends on the biomass concentration and
growth state of functional microorganisms. Given that the growth rate
of AnAOB is extremely low (van der Star et al., 2008), complete re-
covery of anammox activity requires a relatively long period. Therefore,
the possible rebound of SAA likely occurred in Phase 5 and Phase 7 but
was unfortunately not captured. The discrepancy in the length of re-
covery time was probably related to the sludge properties of the in-
oculum and operating conditions.

Tetracycline was added to R2 from Day 11, and no obvious effect on
anammox performance was observed in the first three phases, with
concentrations of ≤0.3mg L−1 (Fig. 1B). SAA were also maintained at
a relatively high level of 254.34 ± 11.62mgN g−1 VSS d−1 during
these phases (Fig. 2), showing that the anammox process could tolerate
the impact from low-concentration tetracycline. The EPS content in R2

was also generally higher than that of R0, especially on Day 30.
Therefore, EPS might contribute to the stable operation of system
during the initial stages. A significant deterioration in nitrogen removal
performance occurred in Phase 4 with a tetracycline stress of 1mg L−1.
The effluent concentrations of NH4

+-N, NO2
−-N and NO3

−-N were
166.53, 166.67 and 42.66mg L−1, respectively. Simultaneously, NRR
and NRE declined to 3.2 kg Nm−3 d−1 and 40.66%, respectively. SAA
also exhibited a significant reduction, while EPS content increased
slightly (Fig. 2). Adjusting the concentration back to 0.5 mg L−1 effec-
tively relieved the inhibition, and NRE returned to the previous level
within 10 days, meaning that nitrogen removal performance could ra-
pidly recover from the shock of high-concentration tetracycline. The RS

and RP in R2 also decreased with increasing tetracycline concentration
and increased to normal values in the recovery period (Fig. 1). In the
last two phases, re-exposure to 1mg L−1 tetracycline did not trigger any
negative effects, and NRE was reduced less, even under the stress of
1.5 mg L−1 tetracycline. The difference in the anammox response to an
inhibition of 1mg L−1 tetracycline between Phase 4 and Phase 7 im-
plied that long-term acclimatization forced the development of anti-
biotic resistance. Previous studies on the effect of antibiotics have
mainly focused on oxytetracycline (OTC). The IC50 of OTC has been
reported to be 517.5 mg L−1 (Yang et al., 2013), and 2mg L−1 OTC
could significantly inhibit anammox in the long term (Shi et al., 2017).
In comparison, the inhibition effect of tetracycline on anammox was
stronger. Under the influence of OTC, the sludge granules became
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blackened due to the loss of heme c, and the settling velocity was lower
than that of the initial red sludge (Shi et al., 2017). A similar response
to tetracycline addition was also observed, which might be caused by
cell lysis. Thus, the high-concentration tetracycline most likely da-
maged the cell membranes.

The anammox performance of R3 under dual-inhibitors is shown in
Fig. 1C. Until Phase 2 (zinc= 2.26mg L−1; tetracycline= 0.3mg L−1),
the nitrogen removal performances in both R0 and R3 were stable. The
NLR, NRR and NRE were 8.11 kg Nm−3 d−1, 7.64 kg Nm−3 d−1 and
94.11%, respectively. The stoichiometric molar ratios RS (1.19) and RP

(0.2) were lower than the theoretical values of 1.32 and 0.26, but still
fluctuated within the normal range (t-test, p > 0.5). In Phase 3
(zinc= 3.39mg L−1, tetracycline= 0.5 mg L−1), the effluent con-
centrations of NH4

+-N and NO2
−-N started to increase after 24 d and

ultimately reached 117.91mg L−1 and 149.99mg L−1, respectively.
The most dramatic reduction in NRE (43.74%) occurred in the fol-
lowing phase with concentrations of 2.26mg L−1 (zinc) and 1.0mg L−1

(tetracycline). The RS (1.65) and RP (0.44) also significantly deviated
from the theoretical values. Based on the abovementioned results, the
concentrations of both inhibitors and substrates in Phase 5 were re-
duced to mitigate the influence of high temperature (40 ± 2.6 °C)
during the summer period. Despite occasional fluctuations, the under-
lying trend remained positive. Re-exposure to high concentrations of
zinc (4.56mg L−1) and tetracycline (1.0 mg L−1) caused a rapid decline
in NRE from 86.65% to 50.13% within 10 d. The system took over 30 d
to restore its performance, and finally regained a comparable NRE of
approximately 90%. However, the SAA was much lower than in the
initial state, and the same applied to heme c and EPS. This implied that
joint inhibition changed the microbial community, which probably
required more time to rebuild (Fig. 2).

The general performance of the three experimental reactors was
also compared. A deterioration in nitrogen removal performance ap-
peared from Day 80 (zinc= 3.39mg L−1) in R1 and Day 116
(tetracycline= 1.0mg L−1) in R2. Therefore, the first significant fluc-
tuation in effluent water quality in R3 was primarily caused by zinc, and
the second one was mainly caused by tetracycline (Fig. 1). In addition,
SAA in R3 was generally lower than those in R1 and R2, which suggested

that the joint inhibition of high-concentration zinc and tetracycline on
anammox activity was stronger than single inhibition. Based on the
above evidence, the effects of zinc or/and tetracycline on the nitrogen
removal performance were reversible, while SAA might take a longer
time to recover.

3.2. Microbial community under different inhibitions

3.2.1. Changes in AnAOB
As core functional bacteria, AnAOB directly influence anammox

performance, including parameters such as NRE, SAA, and effluent pH.
Therefore, maintenance of the AnAOB population is a prerequisite for
the stable operation of anammox systems. The qPCR analysis of the
AnAOB population was conducted by quantifying the hzsA gene num-
bers normalized to 16S rRNA gene numbers (Fig. S2_A). The 16S rRNA
gene number of total bacteria changed under different conditions but
remained within a narrow range (Fig. S2_B). Although the relative
abundance of AnAOB in R0 exhibited a slight fluctuation, which might
be mainly attributed to the temperature change mentioned above, it
was generally higher than those of other reactors during the whole
experimental period. The final relative abundances were 23.91%
(R0),15.1% (R1), 11.89% (R2) and 12.56% (R3). The turning point in
anammox performance was on approximately Day 90, and the corre-
sponding concentrations of inhibitors were 3.39mg L−1 (zinc),
1.0 mg L−1 (tetracycline) and 3.39+0.5mg L−1 (zinc+ tetracycline).
These values could be assumed to be the inhibiting critical concentra-
tions of zinc, tetracycline and dual inhibitors, which was in line with
the speculation based on the previous performance analysis. In general,
the nitrogen removal efficiency could be restored to the initial state in
the recovery phase, but the relative abundance of AnAOB in the ex-
perimental reactors did not return to the higher level within a limited
time.

3.2.2. Microbial community analysis
Generally, anammox granules are complex ecological niches con-

taining large numbers of AnAOB, heterotrophic denitrifiers and fer-
mentative bacteria. The dynamic balance among these components is

Fig. 1. General performances of experimental reactors during different phases. (A) Zinc-added reactor; (B) tetracycline-added reactor; (C) reactor added zinc and
tetracycline. NLR: total nitrogen load rate; NRR: nitrogen removal rate; NRE: nitrogen removal efficiency. RS=NO2

−-N conversion/NH4
+-N depletion; RP=NO3

−-
N production/NH4

+-N depletion.
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crucial for achieving better treatment; thus, the dynamic change in the
bacterial community under various stresses was analyzed using high-
throughput sequencing. Based on α-diversity analysis (Table S3), the
final values of the Chao, Ace, Shannon and Simpson indexes in R0 were
251.91, 248.23, 2.44 and 0.21, respectively, which approximated the
initial levels. These indexes of the experimental reactors significantly
declined in the end, especially the Chao and ACE indexes (t-test,
p < 0.01), indicating that the microbial diversity and richness de-
creased with inhibitors addition.

The microbial community analysis results are illustrated in Fig. 3
(Phylum) and Fig. S3 (Genus). The most abundant phyla in all reactors
were Planctomycetes, Proteobacteria and Chloroflexi, with a total re-
lative abundance of approximately 70% in the starting period. Planc-
tomycetes in R0 remained stable at a dominant abundance of 43%.
Proteobacteria decreased by 4.22%, while Chloroflexi tripled. With zinc
inhibition, the relative abundances of Planctomycetes and Proteo-
bacteria in R1 were reduced from 52.33% and 19.22% to 43.69% and
16.05%, respectively. The changes in both phyla were similar to that of
NRE, because many nitrogen-removal-related bacteria belong to
Planctomycetes or Proteobacteria (Xiu et al., 2018). In contrast,
Chloroflexi had a threefold increase, suggesting that Chloroflexi might
possess zinc-resistant ability. A similar phenomenon has been reported
in soil: abundant Chloroflexi were also detected in soil treated with

large zinc-rich composts (Tian et al., 2015). H. Yin et al. (2015) pro-
posed that Chloroflexi has high metal resistance. The dynamic changes
in the main phyla in R2 and R3 were generally similar. During the whole
experimental period, Planctomycetes in R3 had the largest decline from
55.15% to 45.24%, implying the synergistic effect of zinc and tetra-
cycline in anammox process. The synergistic interaction between heavy
metals and antibiotics had also been reported in the gut of insert (Ding
et al., 2019) and swine manure composting (Lu and Lu, 2019). The
exposure of combined sulfadimidine and copper was found to be toxic
to the nitrifying bacteria and corresponding genes, especially ammonia
oxidizing bacteria (AOB)-amoA gene (Wang et al., 2019). Therefore, the
loss of these functional bacteria might mainly contribute to the decrease
in Proteobacteria, and also explained the fluctuations in the nitrogen
removal performance.

Planctomycetes was represented by Candidatus Kuenenia at the
genus level (Fig. S3), which is the key functional bacterium in ana-
mmox systems. Consequently, variations in Candidatus Kuenenia were
consistent with those of Planctomycetes. To illuminate the difference in
the response of dominant bacteria to different inhibitors, the changes in
the total abundance of Planctomycetes and Proteobacteria, Candidatus
Kuenenia and SAA under different inhibitors are compared in Table S4.
The decreasing rates of SAA in R1 (74.69%) and R3 (74.23%) were
comparable, which is higher than that of R2 (68.19%). From the bac-
terial perspective, zinc cause the maximum declination in the total
abundance of the dominant phyla (16.75%), followed by the R3

(14.93%). Both values were larger than that of R2 (10%). Similarly, the
decrease in relative abundance of the key functional bacteria
(Candidatus Kuenenia) caused by tetracycline was also lower than those
of the other two. In contrast, R2 was comparatively less affected. These
results and the changes in water quality indexes indicated that zinc
probably contributed more to the fluctuations in R3 when the con-
centrations of both inhibitors reached the inhibitory thresholds. In
addition, the minimum values of both dominant phyla and functional
bacteria appeared earlier than those of SAA and NRE, meaning that
bacterial response to the pollutants was more sensitive than the water
quality parameter responses. Key microorganisms could be a precise
biological index for evaluating the process performance in advance.

Unlike Candidatus Kuenenia, raising the concentrations of inhibitors
caused a significant increase in the relative abundance of Caldilinea,
which was probably related to the antibiotic resistance of this micro-
organism. According to the PCA analysis (Fig. 4), Caldilinea showed a
positive correlation with the inhibitor concentrations, while Candidatus
Kuenenia and most Proteobacteria were negatively correlated, which
supported the previous hypothesis. Notably, unclassified bacteria
shared a positive correlation with inhibitors in all experimental re-
actors, especially with tetracycline during the earlier phases (r=0.808,
p < 0.05), meaning that an increased antibiotic concentration affected
the evolution of the bacterial community structure. Aydin et al. (2016)
also found that changes in the unclassified bacterial community were
significantly greater with increased antibiotic concentration and time.
The PCA results revealed the complex relationships among the main
functional microbial community and the influencing factors of heavy
metals and antibiotics, which further explained the changes in process
performance throughout the experimental period.

3.2.3. Quantification of the key functional genes
Changes in key functional genes (hzsA, hdh and nirS) were also

monitored using RT-PCR during different phases (Fig. 5). These three
genes respectively encode hydrazine synthase, hydrazine dehy-
drogenase and nitrite reductase, which play important roles in the
anammox process. These functional genes had the same trend of var-
iation. During the first three phases, the relative abundances of hzsA,
hdh and nirS slightly increased. With increasing inhibitor concentra-
tions, their abundances gradually fell below 0.1%. The final abundances
of functional genes, especially nirS, in the experimental reactors were
much lower than those of the control reactor. Additionally, the negative

Fig. 2. Variations in SAA, heme c and EPS for each reactor during the experi-
mental period.
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correlation between nirS abundance and NO2
−-N concentration in the

effluent (r=−0.78, p < 0.05) verified the importance of this gene in
the nitrogen removal performance of the anammox system. This evi-
dence confirmed that high concentrations of both zinc and tetracycline
could also inhibit the expression of key functional genes, and thus in-
fluence the process performance.

3.3. Changes in MRG, ARGs and intI1

To clarify whether the metal/antibiotic-resistant capacity was en-
hanced during the experimental period, the selected MRG and ARGs
were monitored by qPCR (Fig. 6). The copy number of czcA in R0

showed a downward trend with a final value of 1.63×107 copies mg−1

sludge. As a direct result of zinc acclimation, the copy numbers of czcA
in both R1 and R3 were higher (p < 0.05) than in R0 in the end.
Planctomycetes, Proteobacteria and Chloroflexi dominated in both re-
actors, but only the latter adapted to zinc pressure and showed a re-
sistant capacity. As the most abundant genus in Chloroflexi, Caldilinea
presented a trend similar to the changes in czcA, indicating that Cal-
dilinea might be the zinc-resistant bacteria and have czcA or other
MRGs. Tian et al. (2015) found Caldilinea in all tested soil samples
(1.43 ± 1.47%) treated with pig manure-based compost, which con-
tained large amounts of heavy metals. However, Singh et al. (2014)
suggested that Zn treatment had a negative impact on several taxa (e.g.
Caldilinea and Longilinea). The discrepancy is probably related to the
different heavy metals and environmental conditions. Note that the
gene numbers of czcA in R1 were more than those in R3, suggesting that
the microbial metal resistance might be weakened when other stress
(tetracycline) coexisted.

Although 18 ARGs were tested in this study, only 8 ARGs were
detected and quantified by qPCR, including efflux pump genes (tetA,
tetB, tetC, tetE, tetG), ribosomal protection genes (tetM, tetW), and en-
zymatic modification gene (tetX) (Fig. 6). Variations in the abundances
of ARGs with the same resistance mechanism were similar. The abun-
dances of all efflux pump genes in R2 initially increased, followed by a

decline, mainly due to the lower abundance of total microorganisms.
The abundance of 16S rRNA genes fell by 46.95% in Phase 2. Similar
changes also occurred on Day 100 and Day 210 with greater loss in
bacterial population. From Day 70, the abundance of efflux pump genes
in R2 were generally higher than those in R0, indicating that high-
concentration tetracycline more likely led to the increase of ARGs.
Compared with the initial state, the abundances of tetA, tetB, tetC, tetE
and tetG increased by 18.91%, 70.29%, 91.95%, 754.29% and 129.9%,
respectively. The variations in ribosomal protection and enzymatic
modification genes exhibited different patterns. Both tetM and tetW
presented a first decreasing and then increasing trend. The final relative
abundance of tetM in R2 was lower than the initial value, while that of
tetW was higher. Even so, their abundances ultimately exceeded that of
the control. The abundance of tetX in R2 was also lower than that in R0

before Day 70, and gradually increased to 2.14× 107 copies−1 sludge
under the stress of higher-concentration tetracycline. The final contents
of AGRs in R2 were in the order of tetG > tetX > tetM > tetC >
tetB > tetA > tetE > tetW, and their relative abundances were sig-
nificantly higher than those in the control reactor (t-test, p < 0.05).
This result indicated that tetracycline addition contributed to the in-
crease in ARGs. Although R0 also contained ARGs initially, the down-
trend in ARGs under non-antibiotic condition suggested that tetra-
cycline resistance genes would attenuate without the selection pressure
of antibiotics in the anammox system. The class I integron (intI1) was
also detected in R2 with a final abundance of up to 1.44×107 copies−1

sludge, which was higher than both the initial value and that in R0. IntI1
has widely been reported to be associated with multiantibiotic re-
sistance (MAR) in various environments (Brooks et al., 2014; Hall et al.,
2002). The changes in ARGs and intI1 in R3 were similar to R2, and the
final copy numbers of all these genes in R3 were higher than those in R0

(Fig. 6). In comparison, the abundances of most ARGs and intI1 in R3

were higher than those in R2, indicating that metal exposure could raise
the risk of the enrichment and transmission of ARGs.

Pearson correlations among the ARGs, MRG and functional genes in
both abundance and relative abundance were analyzed and presented

Fig. 3. System microbial community taxonomic compositions at the phylum level in each reactor.
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in Fig. 7 and Table S5. The number of pairs of statistically significant
correlations of ARGs were 6 (abundance) and 2 (relative abundance).
Three pairs, tetA/tetC, tetC/tetG and tetB/tetX, showed positive re-
lationships, and intI1 was significantly correlated with tetA (r2= 0.748,
p < 0.05), tetC (r2= 0.934, p < 0.01) and tetG (r2= 0.881,
p < 0.01). Positive correlations within tet genes or between intI1 and
tet genes have also been noted previously (Di Cesare et al., 2016; M.
Huang et al., 2015). Among ARG-MRG pairs, czcA was strongly posi-
tively correlated with tetB (r2= 0.818, p < 0.05), tetX (r2= 0.761,
p < 0.05) and intI1 (r2= 0.837, p < 0.05) in relative abundance,
suggesting co-selection potential between tet genes and bacteria re-
sistant to zinc. A positive correlation between intI1 and czcA has been
widely reported with various coefficients, such as r2= 0.967
(p < 0.01) (Yuan et al., 2018) and r2= 0.6 (p < 0.05) (Di Cesare
et al., 2016). Many heavy metals were considered to drive the co-se-
lection of antibiotic resistance in soil or water bodies, such as cadmium,
copper and zinc (Seiler and Berendonk, 2012). This indirect selection
process is related to a coupling mechanism of physiological cross-re-
sistance and genetic co-resistance. The latter one is due to the close
arrangement of the genes that are subjected to a combined transmission
during horizontal gene transfer. IntI1 is assumed to catalyze co-selec-
tion because of the gene cassettes (Seiler and Berendonk, 2012). The

Fig. 4. Principal component analysis (PCA) of the microbial community at the
genus level and influencing factors, including (A) zinc, (B) tetracycline and (C)
dual-inhibitors.

Fig. 5. Quantification of three functional genes by RT-PCR.
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positive correlations between intI1 and ARGs/MRG in this study re-
confirmed that the co-selection of heavy metals and antibiotics widely
existed in the water environment. Three functional genes (hzsA, hdh
and nirS) were significantly correlated with each other in both abun-
dance and relative abundance (r2 > 0.95, p < 0.01). In addition, czcA
(r2 > 0.90, p < 0.01) and tetM (r2 > 0.75, p < 0.05) were found to
be positively correlated with all functional genes, and tetB was

correlated with hdh (r2= 0.808, p < 0.05) and nirS (r2= 0.795,
p < 0.05) in relative abundance.

Although there might be other potential factors, it was hypothesized
that the correlation mainly stemmed from the same cause in this study.
The correlations within ARGs and ARG-MRG could be attributed to the
following reasons. First, the similarity in mechanism between ARGs and
the MRG might be an important factor that provides tolerance to more

Fig. 6. Quantification of the MRG, ARGs and intI1 by qPCR.
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than one antimicrobial agent. As an example, Martinez et al. (2009)
reported that multidrug efflux pumps were responsible for mediating
decreased susceptibility to heavy metals and antibiotics by extruding
these toxins out of cells. The mechanisms of the reduction in perme-
ability and drug-metal efflux were found in a Tet- and Zn-resistance
system (Baker-Austin et al., 2006). On the other hand, the resistance
genes for both tetracycline and heavy metals could be present in the
same mobile genetic element. For instance, Osman et al. (2010) isolated
a bacterium harboring a plasmid that contained resistance genes for
antibiotics and metals like Co and Cr. A conjugative plasmid with co-
resistance to tetracycline and copper was also determined within the
isolated Pseudomonas aeruginosa EW32 (Martins et al., 2014). Physical
proximity between czcA and intI1 has also been reported (Claudia and
Thomas, 2012). The close relationship between ARGs and MRGs in-
dicates that ARGs would still be proliferated in the presence of metals,
which could promote the evolution and dissemination of antibiotic
resistance. More pairs of correlations were identified here than in
previous studies (Di Cesare et al., 2016; Yuan et al., 2018).

4. Conclusions

High concentrations of zinc and tetracycline severely impacted the
anammox process, but both single and joint inhibitions were reversible.
The thresholds for zinc and tetracycline were proposed to be
3.39mg L−1 and 1.0 mg L−1, respectively. Based on microbial com-
munity analysis, the dominant functional bacteria, Candidatus
Kuenenia, presented a decreasing trend under the stress of zinc or/and
tetracycline. In contrast, Chloroflexi accumulated by a factor of almost
three times; thus, the representative Caldilinea was the potential re-
sistance bacteria. Moreover, an MRG, ARGs and intI1 generally in-
creased in experimental reactors, while functional genes (hzsA, hdh and
nirS) decreased with higher concentrations of inhibitors. Significant
correlations among the genes implied the co-selection of antibiotics and
metals, the mechanism of which needs to be further studied. In practice,
these two materials coexist simultaneously and add pressures on the

wastewater treatment. This work not only reveals the inhibition of zinc
and tetracycline on anammox performance and microbial community,
but also suggests that the anammox process has the potential to remove
nitrogen from wastewaters containing zinc and tetracycline within
certain concentrations.
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