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a b s t r a c t

The potential application of anaerobic ammonium oxidation (anammox) to treat antibiotic-containing
wastewaters has attracted public attentions. The responses of anammox to a typical antibiotic (spi-
ramycin, SPM) with different exposure strategies (elevating-concentration strategy in R1 and repeated-
exposure strategy in R2) were evaluated on the aspects of general performance, microbial community
and genes. Results showed that anammox bacteria could adapt to low concentrations (�1 mg L�1) of
SPM, while high-concentration (�3 mg L�1) SPM showed inhibitory influences. The nitrogen removal
efficiency (NRE) quickly decreased from 90.21% to 76.29% when R1 was exposed to 5 mg L�1 SPM, and
then returned to a higher level within a short period. On the contrary, R2 could not recover with the
inhibition of 5 mg L�1 SPM, and the abundance of Planctomycetes declined from 18.96% to 15.41% on Day
105. Combined with the changes in key genes and functional bacteria, R1 had a relatively stable per-
formance and higher resistance to SPM, indicating the elevating-concentration strategy might be more
effective to gain the tolerance of anammox process to high-concentration antibiotics. The present study
provides a guide for the stable operation of anammox process treating antibiotic-containing
wastewaters.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Antibiotics are irreplaceable for human health and the survival
of animals and plants. However, most antibiotics are not completely
degraded or absorbed by organisms, and large amounts of antibi-
otics could be detected in natural environments (Sarmah et al.,
2006). Extensive antibiotics induce the presence and trans-
formation of antibiotic resistance bacteria (ARB) and antibiotic
resistance genes (ARGs), which have become emerging pollutants
(Rizzo et al., 2013). Where antibiotics and ARGs content are high is
wastewater treatment plant (WWTP). Li et al. (2013) detected
sulfonamides (22.7 mg kg�1 dw) and macrolides (85.1 mg kg�1 dw)
in sludge collected from sewage treatment plants. Mao et al. (2015)
detected 30 pairs of sulfonamide, tetracycline, macrolide or qui-
nolone ARG in two activated sludge WWTPs in China. Su et al.
(2017) collected 161 sewage samples from 32 WWTPs in China. In
czju@aliyun.com (R.-C. Jin).
total, 381 different ARGs were detected with the average concen-
tration of 1.79 � 1012 copies L�1. Under the stress of various anti-
biotics, the biological activity of functional bacteria is suppressed,
thus influencing the stable operation of wastewater treatment
systems. SPM is one of the common antibiotics, mainly used to treat
oropharynx, respiratory and genitourinary infections (Zhu et al.,
2014). It can also be used to increase the growth rate of livestock
and poultry (Mayor et al., 2017). The concentrations of SPM in soil
and wastewater were as high as 289.4 mg kg�1 and 41 mg L�1 (Liu
et al., 2014), respectively. Although SPM residues arise public con-
cerns, the effective and economic measures to eliminate SPM are
still scarce.

As an efficient and sustainable nitrogen removal pathway,
anaerobic ammonium oxidation (anammox) has been extensively
investigated. However, field application and operation are limited by
various factors, such as the low growth rate and cell yield of
anammox bacteria (AnAOB) and its susceptibility to the surrounding
environment. Previous studies have verified the inhibitory effects of
heavy metals, Mn, Cu, Pb, Zn, Cr, Cd (Zhang et al., 2015b; Xu et al.,
2017; Manish et al., 2019), organic/inorganic matters chemical ox-
ygen demand (COD), phosphate, nitrite (Molinuevo et al., 2009;
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Zhang et al., 2016; Qi et al., 2018), nanoparticles, nanoscale zero-
valent iron, Cr NPs, Cu NPs, NiO NPs (Zhang et al., 2017a; Xu et al.,
2019; Marcos et al., 2019), etc. As one of widespread contami-
nants, the influences of antibiotics on anammox were also investi-
gated. Zhang et al. (2019c) reported that AnAOB could tolerate
erythromycin (ERY) below 1mg L�1, but 10 mg L�1 ERY significantly
inhibited the bioactivity of AnAOB. Shi et al. (2017) found that
2.0 mg L�1 OTC significantly inhibited the AnAOB. Fan et al. (2019)
reported that the inhibitory thresholds of tetracycline on anam-
mox were 1 mg L�1. Norfloxacin in trace concentration (1 mg L�1)
significantly suppressed anammox system (Zhang et al., 2019d).
Inhibition of anammox bacteria was directly proportional to chlor-
amphenicol (CAP) concentrations (Phanwilai et al., 2020). The
combined effects of various antibiotics were also investigated. For
example, Zhang et al. (2019a) reported that anammox performance
was inhibited when oxytetracycline and sulfamethoxazole concen-
tration reached 1 mg L�1. Nevertheless, the effect of SPM on general
performance and microbial community on anammox granular
sludge have never been reported. Moreover, different exposure
scenarios could also cause the difference.

Based on the above, different concentrations (0e5 mg L�1) of
SPM were added with two dosing strategies (elevating concentra-
tion strategy and repeated exposure strategy) to evaluate its long-
term influence on anaerobic ammonium bioreactors in this study.
The focuses of this study are: (i) determining the effects of SPM in
the different dosing strategies on the performance of anammox
process and activity of AnAOB; (ii) revealing the effects of SPM
stress on the microbial community structures of anammox sys-
tems; and (iii) illuminating the changes in ARGs and key functional
genes, and the correlations among these genes and dominant
bacteria. The outcomes of this work not only comprehensively
interpret the effects of SPM on anammox, also provide a theoretical
guide for the practical application of anaerobic ammonium oxida-
tion bioreactors.

2. Materials and methods

2.1. Seed sludge

Collected from a high-loading anammox reactor, the inoculated
sludge had been stably cultivated for more than two years in the
laboratory. The nitrogen loading rate (NLR) and nitrogen removal
rate (NRR) were 5.68 ± 0.4 kg N m�3 d�1 and 5.38 ± 0.4 kg N m�3

d�1, respectively. Candidatus Kuenenia was the dominant AnAOB in
this system. Based on the previous studies (Jin et al., 2013), reactors
were fed with the synthetic wastewater, consisting of substrates,
inorganic solution, and trace elements (Table S1). Equimolar
amounts of ammonium and nitrite were supplied as substrates in
the forms of (NH4)2SO4 and NaNO2, respectively.

2.2. Operation strategy

Seed sludge of 700 mL was inoculated into three upflow
anaerobic sludge blanket (UASB) reactors (Fig. S1) with 1.5 L
effective volume (Fan et al., 2019), including a control reactor (R0)
and two experimental reactors (R1 and R2). In natural environ-
ments, antibiotics commonly accumulated in two different ways.
Antibiotics concentrations inwastewaters gradually increasewith a
continuous exposure to antibiotics, such as hospital wastewater.
Another situation is periodically receiving the wastewater con-
taining high-concentration antibiotics, such as pharmaceutical
factory producing various types of antibiotics. Therefore, accom-
panied with the synthetic wastewater, R1 was fed with gradient
concentrations of SPM (elevating concentration strategy), and R2
was repeatedly exposed to the same concentration of SPM
(repeated exposure strategy) (Table 1). Considering the antibiotic
degradation, SPM was daily added to maintain a relatively stable
concentration in systems. For the initial sludge, the mixed liquor
suspended solids (MLSS) concentration was 4.54 g L�1 and the
mixed liquor volatile suspended solids (MLVSS) concentration was
2.79 g L�1. The hydraulic retention time (HRT) is 2.25 h and the
influent pHwas controlled at 7.2e8.4 with phosphate buffer (Zhang
et al., 2019b). To avoid the influences of light and temperature
variation, these continuous up flow systems were operated in a
dark room maintained at 35 �C.

2.3. Chemical analysis and anammox activity measurements

The concentrations of NH4
þ, NO2

� and NO3
� were determined

using the method of APHA. A digital pH meter was used for
measuring the pH (INESA, Shanghai, China). Extraction of extra-
cellular polymeric substances (EPS) in samples were using pyrolysis
(Zhang et al., 2015a). The fluorenone-H2SO4 method and the Folie-
phenol reagent method was used to measure the polysaccharide
content and protein content of EPS, they are based on glucose and
bovine serum albumin (BSA), respectively (Zhang et al., 2017b).

According to Xu et al. (2017), the specific anammox activity
(SAA) was measured with serum bottles, three 120 mL of serum
bottles containing 100 mg L�1 NH4

þ-N and NO2
�-N were prepared in

advance. 5 mL sludge samples were taken from reactors and
washed three times to remove residual nitrogen with a phosphate
buffer solution at the end of each phase. The serum bottles were
aerated by argon gas for 10 min and then maintained anaerobic
conditions by sealing. All serum bottles were incubated on a shaker
at 35 �C, 180 rpm. Samples were collected every 30 min to monitor
the rate of substrates consumption.

2.4. Gene quantification and isolation of ARB

At the end of each stage, the mixed sludge samples were
collected and stored at �20 �C for short term. Extraction of total
DNA through Power Soil DNA Kit (MoBio Laboratories, Carlsbad,
CA). The Nano-drop 2000 spectrophotometer (Thermo Scientific,
USA) was used to measure DNA concentration and quality. The
subsequent detection and quantification of 5 ARGs (ermB, ermF,
ermQ, ereA and mphA) and 6 functional genes (hdh, hzsA, nirS, nosZ
and norB) were learn from the method of Fan et al., (2019). The
primers used in this study and corresponding amplification con-
ditions were shown in Table S2.

The ARB was isolated based on the previous study (Ullah et al.,
2019). Briefly, mixed with 30% glycerol, 2 mL of sludge samples was
and stored at �80 �C. The anammox granular sludge was gently
grinded by sterile forceps. After centrifuged at 5000 rpm for 1 min,
100 mL of supernatant was collected as bacterial suspension. The
bacterial solutionwasdilutedwith10-folddilution.OnaLBagarplate
containing 50mg L�1 SPM, bacterial suspension in each dilutionwas
spread, and then placed at 35 �C for 12 h. The 16S rRNA gene were
amplifiedwithuniversal primers according to standardPCRprotocol.
Purified PCR products were sequenced and comparedwith GenBank
Database through Basic Local Alignment Search Tool (BLAST).

2.5. Microbial community analysis

To amplify the V3eV4 region of 16S rRNA gene, the bacterial
primers 338F (50-ACTCCTACGGGAGGCAGCAG-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30) were used, and 2% agarose gel
electrophoresis were used to check the PCR products. The Illumina
Mi-Seq platform (Majorbio, Shanghai, China) was used for high-
throughput sequencing. Deposit the sequence data in the NCBI
Sequence Read Archive (SRA) database under BioProject



Table 1
Operation strategy of SPM used in this study.

Phase R0 (Control) R1 (Elevating-concentration strategy) R2 (Repeated-exposure strategy)

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

Stabilization 0 1e40 0 1e40 0
Phase 1 0 41e105 0.5 41e105 5
Phase 2 0 106e125 0 106e126 0
Phase 3 0 126e150 0.5 126e150 0
Phase 4 0 151e170 1 151e170 5
Phase 5 0 171e195 0 171e195 5
Phase 6 0 196e215 3 196e215 5
Phase 7 0 215e225 0 215e225 5
Phase 8 0 225e245 5 225e245 5
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PRJNA576972, and the registration number is SRR10259579-600.
2.6. Statistical analysis

To test the significance of the results, an analysis of variance
(ANOVA) was performed during the whole experiment. The SAA,
EPS, and qPCR tested were performed in triplicate. The relation-
ships between dominant bacteria, functional genes and ARGs were
assessed using SPSS 21.0 (SPSS Inc., USA). The statistical significance
was marked with * (p < 0.05) and the highly statistical significance
was marked with ** (p < 0.01). Correlation analysis results are
presented through heat maps.
3. Results and discussion

3.1. Nitrogen removal performance

General performance of three reactors were illustrated in Fig. 1.
Fig. 1. General performances of experimental reactors during different phases. (A) control re
nitrogen load rate; NRR: nitrogen removal rate; NRE: nitrogen removal efficiency. RS: NO2

�-
Before adding antibiotics, three UASB bioreactors were stabilized
for 40 days. NRE maintained at 92.3 ± 0.8% in all reactors, and NLR
and NRR were 6.1 ± 0.5 kg N m�3 d�1 and 5.7 ± 0.9 kg N m�3 d�1,
respectively. During the whole experimental period, NRE of R0 was
comparatively stable with the average value of 91.6 ± 4.8%. The
occasional slight fluctuations might be due to the temperature
variations caused by the malfunction of equipment (Fig. 1A). Lotti
et al. (2015) proposed that temperature was an key factor
affecting anammox activity. For example, a dramatical increase in
the effluent concentration of 131.9 mg L�1 of NH4

þ-N on Day 48 was
mainly attributed to the low temperature (28 ± 2 �C) in the pre-
vious days. The theoretical values of stoichiometric ratio of RS
(NO2

�-N conversion to NH4
þ-N depletion) is 1.32 and RP (NO3

�-N
conversion to NH4

þ-N depletion) is 0.26. RS and RP of R0 were also
relatively stable throughout the experimental period. The RS/RP was
(1.18 ± 0.21):(0.21 ± 0.05), close to the values of 1.18:0.24 (Yang and
Jin, 2013).

During phase 1, the NRE of R1 maintained at 93.7 ± 2.6%,
actor; (B) dosing with elevating strategy; (C) dosing with repeated strategy. NLR: total
N conversion/NH4

þ-N depletion; RP: NO3
�-N production/NH4

þ-N depletion.
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indicating that 0.5 mg L�1 of SPM does not significantly affect the
anammox performance (Fig. 1B). When the SPM raised to 1 mg L�1

from Day 151, NRE decreased to 58.6%, and the NH4
þ-N and NO2

�-N
concentrations in effluent increased to 105.5 mg L�1 and
104.5 mg L�1 after 6 days, respectively. The stoichiometric ratios of
R1 were 0.63 (RS) and 0.23 (RP), which also deviated from the
theoretical values. Afterwards, NRE maintained at the low level,
followed by a rebound to 93.5% after a recovery period of 15 days
without SPM. Under the stress of 3 mg L�1 SPM, NRE dropped again
to 59.6 ± 3.5%. Correspondingly, the concentrations of NH4

þ-N in
effluent was 129.0 mg L�1 and the concentrations of NO2

�-N in
effluent was 130.4 mg L�1. It took 10 days to recover, which was
shorter than that of the previous phase. In the last phase (5 mg L�1

SPM), the NRE temporarily decreased to 76.3% on Day 232, and then
quickly recovered to more than 90%. In general, the low concen-
trations (0.5 mg L�1) of SPM did not significantly affect nitrogen
removal performance of systems. However, high SPM concentra-
tions (5 mg L�1) exhibited inhibitory effects, which required
different periods of time to recover in both reactors. As the SPM
concentration increased, the bacterial resistance also increased;
thus, its inhibition intensity on nitrogen removal performance
reduced, and corresponding recovery period became shorter.

In R2, the first addition of SPM caused a decrease of NRE to
83.1 ± 2.9% after 25 days, and it reached to the lowest value of 14.8%
on Day 94 (Fig. 1C). RS and RP reached to 1.68 and 1.41 respectively.
Simultaneously, the effluent concentrations of NH4

þ-N was
276.3 mg L�1 and NO2

�-N was 244.3 mg L�1. Such deterioration of
nitrogen removal performance lasted for 72 days, implying that it
could not restore automatically this time. Considering the whole
experimental schedule, reducing influent substrate concentration
strategy was adopted to revive the performance. After 30 days,
effluent substrate concentrations dropped back to 29.5 mg L�1

(NH4
þ-N) and 13.5 mg L�1 (NO2

�-N), and NRE recovered to 92.7% on
Day 150, slightly higher than R1 (phase 7). The difference in the
responses of anammox on 5 mg L�1 SPM was mainly attributed to
the pervious long-standing adaptation (addition of 5 mg L�1 SPM
from Day 40 to Day 105). In phase 4, NRE showed a slight decrease
from 91.4% to 58.7% within four days, and then quickly recovered to
a higher level and remain stable (92.9 ± 3.4%) to the end. The
second exposure to high-concentration SPM did not trigger any
significant fluctuations in performance, reconfirming that the
sludge in R2 already had the resistance to 5 mg L�1 SPM.

Based on the nitrogen removal performance,�1mg L�1 could be
regarded as a long-term inhibitory concentration of SPM for
anammox. Zhang et al. (2019b) verified that AnAOB can completely
resist erythromycin below 1 mg L�1, indicating that anammox
process might tolerate the concentration of macrolide antibiotics
below 1 mg L�1. Although SPM in higher concentrations had sig-
nificant inhibitory effects on the nitrogen removal performance of
anammox, it could recover to the initial level through an adaptation
period. The restorability of SPM inhibition on anammox implied
that ARGs probably played an important role during the recovery
process (Rodríguez-Rojas et al., 2013). Similar phenomenon was
observed in anammox systems under oxytetracycline (Shi et al.,
2017) and erythromycin (Zhang et al., 2019c) inhibition, indi-
cating that anammox bacteria can keep stable activity at relatively
low concentrations (1 mg L�1) of oxytetracycline and erythromycin.
R2 in this experiment can endure 5 mg L�1 SPM, probably because
anammox process might be more tolerant to the SPM inhibition
than oxytetracycline and erythromycin.

3.2. Changes in anammox activity and EPS

In this study, SAA and EPS were important indicators for eval-
uating the effects of SPM on AnAOB. As the first barrier against
microbial stress, EPS has a certain protective effect on microor-
ganisms. The internal environment of anammox particles is rela-
tively stable because it has a compact spherical structure and a high
content of EPS. When external toxic compounds invade, such as
antibiotics, EPS provides a high resistance. (Zhang et al., 2015a).
Polysaccharides (PS) and proteins (PN) are the hydrophilic
composition and a hydrophobic composition within EPS, respec-
tively. A reduction in PN/PS led to the poor hydrophobicity, and
might reduce the flocculation capacity of the sludge. According to
Fig. 2A, the flocculation ability of both experimental reactors
decreased and were lower than the control reactor due to the stress
of SPM. Meng et al. (2019) also proposed that the low PN/PS ratio
could lead to poor sludge settling capacity. From Day 40 to Day 65,
the PS in R1 increased by 42.8%, and the PN in R2 increased by 13.5%.
The initial exposure of SPM stimulated the secretion of EPS in the
sludge (Jia et al., 2017). During Days 65e105, the total EPS of R1 and
R2 dropped by 16.3% and 14.2%, respectively, probably because the
continuous antibiotic pressures destroyed the bacterial cell struc-
ture and caused cell lysis (Meng et al., 2019). SPM was added again
after 25 days of recovery. For self-protection, the EPS in R1
increased by 11.7% and that of R2 increased by 34.3%. Simulta-
neously, the bioactivity and NRE were also stable at a high level
(Figs. 2A and 1).

The initial SAA of the seed sludge was 92.7 ± 7.7 mg N g�1 VSS
d�1. When 0.5 mg L�1 of SPMwas firstly added in R1, SAA remained
a comparable value to that in R0 on Day 65. Then, it decreased to
85.1 mg N g�1 VSS d�1 after 40 days, which was 63.9% of the control
reactor. Although the NRE was not affected during this period,
0.5 mg L�1 of SPM had a certain negative effect on anammox ac-
tivity. After a period of recovery, adding 1 mg L�1 SPM caused the
activity of R1 (138.8 ± 22.2 mg N g�1 VSS d�1) dropped to
380.6 ± 36.4 mg N g�1 VSS d�1 (36.5% of the control), which was in
line with the anammox performance. Similarly, the inhibition on
SAA could also recover to a considerable level to the control in
phase 5. Increasing SPM concentration to 3 mg L�1, SAA of R1
declined to 84.7 mg N g�1 VSS d�1, which was about 49.6% of the
control. Further adding 5 mg L�1 SPM, SAA of R1 was even slightly
higher than R0 on Day 245, indicating that SAA had recovered
quickly in this phase. After the first addition of 5 mg L�1 SPM to R2,
SAA of R2 decreased to 47.19 ± 14.1 mg N g�1 VSS d�1 on Day 105,
which was 24.7% of the control (Fig. 2B). After a long period of
recovery, SAA in R2 remained stable at a high level of
297.3 ± 28.2 mg N g�1 VSS d�1, which was 68.6% higher than the
control (176.3 ± 9.5 mg N g�1 VSS d�1). The changes in SAA was
generally consistent with that of nitrogen removal performance.
Comparatively, 5 mg L�1 of SPM exhibited a more significant in-
hibition on anammox in R2, indicating that using elevating con-
centration strategy was more tolerant to pressure of the high-
concentration SPM due to a previous long-term acclimation.

3.3. Changes in ARGs and functional genes

There were 5 ARGs detected and quantified by qPCR in this
study, including methylase genes (ermB, ermF, ermQ), esterase gene
(ereA) and phosphatase gene (mphA). Combined with the intI1 and
6 functional genes (hdh, hzsA, nirS, nosZ and norB), their quantifi-
cation results were illustrated in Fig. 3 and Fig. 4. Most ARGs in R0
generally maintained comparatively stable and relatively lower
levels.

After R1 was addedwith 0.5 mg L�1 SPM, the abundance of ARGs
(ermB, ermF and ermQ) increased significantly compared to those in
the control reactor. The abundance of ermF significantly increased
from 3.07� 103 copies ng�1 DNA (Day 40) to 2.44� 104 copies ng�1

DNA (Day 105), and finally reached to 5.37 � 104 copies ng�1 DNA.
As a representative of horizontal mobile elements, intI1 usually



Fig. 2. Changes in the EPS (A) and SAA (B) of anammox granules in reactors during the experimental period. (a): R0; (b): R1; (c): R2.
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located on plasmids and transposons to promote horizontal
transfer of resistance genes, and is associated with multidrug
resistance genes (Gillings et al., 2014). When R1 was added
0.5 mg L�1 SPM, the abundance of intI1 increased from 2.80 � 103

copies ng�1 DNA to 2.94 � 104 copies ng�1 DNA (Day 105), which is
consistent with the increasing trend of ereA, mphA and ermF. A
dramatical reduction in the abundances of all ARGs occurred from
Day 125, which mainly due to the interruption about two weeks of
Spring Festival Holiday. From Day 170, their abundances continued
to increase or maintained at higher levels, with increasing SPM
concentrations. For example, the abundance of ermF raised from
9.34� 102 copies ng�1 DNA (Day 170) to 6.5� 104 copies ng�1 DNA
(Day 215), and finally it was much higher than the control reactor.

Changes in the abundances of ermB, ermF, and ermQ in R2
exhibited similar trends. As a representative, the abundance of
ermF significantly increased from initial 7.24� 103 copies ng�1 DNA
to 9.90� 104 copies ng�1 DNA (Day 105). Afterwards, its abundance
dramatically decreased, which might be related to the reactors
stopped for a while due to holiday. This phenomenon occurred in
the fluctuations of all the detected ARGs. With the second addition
of SPM, the abundance of ermF rebounded from Day 195 and
maintained at a relatively high level to the end. It suggested that
bacteria in the reactor became tolerant to the continuous dosage of
5 mg L�1 SPM. Variations in the abundance of ereA were similar. In
addition, the abundance of intI1 also increased to 1.97 � 104 copies
ng�1 DNA on Day 195. The similarity between the trends of intI1
and ARGs implied that intI1 involved in the transfer of resistance
genes.

For the anammox-related functional genes, the abundances of
hzsA, hdh, and nirS had similar trends (Fig. 4). The abundances of all
functional genes in R0 generally increased, and remained higher
values than those in the experimental reactors. During the initial
addition of 0.5 mg L�1 SPM in R1 (Days 40e105), the abundances of
hzsA and hdh firstly decreased and then increased 4.20� 105 copies
ng�1 DNA and 6.49 � 108 copies ng�1 DNA, respectively. The
rebound of their abundances might be related to the increase in the
resistance of AnAOB, which was also verified by the high ARGs
abundances on Day 105. Meanwhile, the abundance of nirS in R1
rapidly decreased from 2.75 � 108 copies ng�1 DNA to 1.27 � 108

copies ng�1 DNA, implying that the second step of denitrification
(NO2

�/NO) was partially inhibited. With higher concentrations of
SPM, the abundances of hzsA and hdh generally decreased, while
that of nirS slightly increased, but still much lower than its initial
value. In R2, first addition of 5 mg L�1 SPM reduced the abundances
of hzsA to 4.86 � 104 copies ng�1 DNA and reduced the abundances
of hdh to 4.04 � 107 copies ng�1 DNA at Day 65. Similarly, the
abundance of nirS also decreased. These values in R2 were lower
than those in R1, confirming that the inhibitory effects of SPM
increased with the increasing concentrations. Afterwards, abun-
dances of three genes recovered and maintained at a high level,
which was consistent with NRE (Fig. 1C). Abundances of AMX, norB
and nosZ also exhibited a similar trend. In the end, the abundances
of these functional genes in both R1 and R2were lower than those in
R0, indicating that both strategies had inhibitory effect on the
functional genes and potentially corresponding host bacteria.

3.4. Response of microbial community to the SPM stress

The analysis on the Chao1 and ACE indices (related to richness
richness) and Shannon index (related to diversity) of microbial
community was performed. According to Table S3, the Chao1 and
ACE indices of R1 were continuously increasing during the first two



Fig. 3. Quantification results of ARGs and intI1.
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phases, indicating that the population richness and diversity in R1
increased in this period. Afterwards, both decreased when SPM
concentration was higher than 3 mg L�1, suggesting high concen-
trations of SPM resulted in some unsuitable microbial death and
disappear. On the other hand, the degradation products of antibi-
otics might also influence the microbial community (Halling-
Sørensen et al., 2002), which needs further investigation accord-
ing to related experiences (Shojaie et al., 2018; Ashouri et al., 2019).
Suffering frommore antibiotic pressure, R2 had lower diversity and
richness than R1, after two doses of 5 mg L�1 SPM, both the ACE and
Chao1 indices decreased significantly (t-test, p < 0.01). After
exposed to 0.5 and 5 mg L�1 for 65 days, the ACE and Chao1 in two
reactors were 448 and 394 (R1), and 356 and 346 (R2), respectively.
It showed that the higher concentration of SPM inhibited the di-
versity of anammox system more significantly, which shows no
difference with the results of previous work of Du et al. (2018).
Compared with other groups, the diversity trend of R0 was much
weaker throughout the experiment. During the whole period, the
Shannon index had a similar trend to the changes in the ACE and
Chao1 indices, which had also been observed in soil microbial
community (Zhao et al., 2019). The predominant phyla in three
reactors were Chloroflexi, Planctomycetes and Proteobacteria,
occupied more than 70% of the total abundance (Fig. 5A). On Day
40, The abundance of Planctomycetes in R0was 20.7% and increased
to 54.2% after 25 days.

The abundance of Planctomycetes related to nitrogen removal in
R1 decreased from 20.65% to 14.99% after adding 0.5mg L�1 SPM for
25 days, it rebounded to 35.89% in the next 40 days. It reflected that
Planctomycetes was initially inhibited by the pressure of 0.5 mg L�1

SPM, followed by a recovery after a short period of adaptation. On
the contrary, Chloroflexi and Proteobacteria has the opposite trend.
After adding 0.5 mg L�1 SPM for 20 days, both abundances
increased by 11.5%, 38.5%, respectively, implying their higher
resistance to SPM. At genus level (Fig. 5B), Candidatus Kuenenia, as a
representative in Planctomycetes, was the dominant functional
bacteria related to nitrogen removal of anammox process (Zhang
et al., 2018). Variations in its abundance was consistent with that
of Planctomycetes, and also similar to the changes in the reactor
performance. For example, after adding 3 mg L�1 SPM for 20 days,
the abundance of Candidatus Kuenenia in R1 reduced from 30.97%
to 23.55%. Correspondingly, the NRE of R1 reduced from 93.81% to
59.6%. Generally, Planctomycetes was proportional to the NRE with
the correlation coefficient of 0.64 (p < 0.05).

In R2, the abundance of Planctomycetes continued to decrease
with the dosing of 5 mg L�1 SPM, and decreased to 15.41% at Day
105, which is consistent with the NRE of R1 falling to 27.05%
(Fig. 1B). As the resistance of R2 to SPMwas gradually increased, the
abundance of Planctomycetes in R2 remained high during the
subsequent addition of 5 mg L�1, and the NRE remained more than
90%. The abundance of Candidatus Kuenenia in R0 rose from 18.96%
to 53.3% in the first 25 days, while that in R1 and R2 dropped to
13.38% and 17.37%, respectively. On Day 105, the abundance of



Fig. 4. Quantification results of functional genes.
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Candidatus Kuenenia in R2 dropped to 15.37%, while that in R1
increased to 34.62%. This difference was in line with their corre-
sponding performances (Fig. 1), that NRE of R1 remained stable and
that of R2 decreased to 25.65%. The abundance of Planctomycetes in
R2 finally reached to 38.16%, which was much higher than that of R1
(26.91%). Compared with R2, R1 under a constant pressure of
increasing-concentration SPM maintained a relatively stable oper-
ation for a long time and higher antibiotics resistance. Combined
with the nitrogen removal performance, it can be concluded that
elevating-concentration strategy is more efficient to increase the
antibiotic tolerance of rectors.

It noted that after adding SPM for 20 days, the abundance of
Limnobacter in R1 and R2 increased by 38.8% and 85.7%, respectively.
Limnobacter is a thiosulfate-oxidizing bacterium. Under SPM stress,
anammox cells secreted more EPS, which might provide the pro-
liferation of heterotrophic microorganisms like Limnobacter (Spring
et al., 2001). Other carbon and energy sources for this microor-
ganism might be the degradation products of antibiotics and me-
tabolites of bacteria in system, which needs further investigation
and verification. In addition, other low-abundance (<0.1%) bacteria
were not affected by SPM with a generally increasing total abun-
dance. In order to further determine the potential resistance bac-
teria, isolation of ARBs was carried out. Only one strain
(Pseudomonas oceani) was isolated under aerobic condition
(Fig. S1), and no colony was observed under anaerobic condition.
Unfortunately, this strain was not detected by the high-throughput
sequencing; thus, its role in the systems remained unknown that
needs subsequent research.

3.5. Correlation analysis among ARGs, functional genes and
dominant bacteria

The correlation among ARGs, functional gene and dominant
bacteria was analyzed and illustrated in Fig. 6 and Table S4. In total,
33 pairs showed significant correlations. Among them, intI1
showed a significantly positive correlation with the six genes,
including two ARGs (ereA (r ¼ 0.784, p < 0.01), mphA (r ¼ 0.726,
p < 0.01)), and five functional genes (hdh (r ¼ 0.570, p < 0.01), hzsA
(r ¼ 0.689, p < 0.01), AMX (r ¼ 0.614, p < 0.01), nosZ (r ¼ 0.732,
p < 0.01) and norB (r ¼ 0.541, p < 0.01)). IntI1 encodes a class 1
integrase that promotes the acquisition, exchange and expression
of genes in the gene cassette, which can promote the horizontal
transfer of resistance genes (Gao et al., 2017). Liu et al. (2012) re-
ported that played an important role in the transfer of tetracycline
resistance genes. Candidatus Kuenenia was positively correlated
with ereA (r ¼ 0.460, p < 0.05),mphA (r ¼ 0.448, p < 0.05) and intI1
(r ¼ 0.445, p < 0.05), indicating that it might carry these ARGs
during the long-term experimental period. The ermB, ermQ and



Fig. 5. Microbial community analysis at both phylum level (A) and genus level (B).
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ermF genes encode methylase, so they were significantly positively
correlated with each other with the ecoefficiency of r ¼ 0.818
(p < 0.01), r¼ 0.627 (p < 0.01) and r¼ 0.584 (p < 0.01), respectively.
Coordination of the resistance genes with same mechanism was
also reported in other studies, like tetracycline and oxytetracycline
(Bai et al., 2019; Zhang et al., 2019a). The proteins encoded by hzsA,
hdh and nirS catalyze the anammox reaction; thus, positive corre-
lations were observed among these functional genes. The variations
in their abundances were related to the performance of the
anammox system. For example, the abundances of hzsA and hdh in
R0 and R1 on Day 105 were significantly higher than those in R2.
Simultaneously, the NRE of R0 and R1 were also much higher than
that of R2, due to the inhibition of 5 mg L�1 SPM on R2. Moreover,
some resistance genes (such as ereA and mphA) were positively
correlated with functional genes. Fan et al. (2019) also observed a
similar phenomenon, that the tetracycline resistance gene tetMwas
positively related to all functional genes (r> 0.75, p< 0.05), and tetB
also has correlation with hdh (r ¼ 0.808, p < 0.05) and nirS
(r ¼ 0.795, p < 0.05).

Based on the previous microbial and genetic analysis, the
influencingmechanism of SPM on anammox could be speculated as
follow: SPM entered the AnAOB by combining the surface acceptor,
and then inhibited protein synthesis by stimulation the dissociation
of peptidyl-tRNA from ribosomes (Menninger and Otto,1982); thus,
AnAOB function and anammox activity were influenced, leading to
the deterioration of process performance. The decrease in the
abundance of AnAOB provided more space and substrates for other
bacteria, which promoted the change in microbial community



Fig. 6. Correlation analysis among ARGs and dominant genera.
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structure. On the other hand, SPM resistance genes could transfer
through mobile genetic elements (integron). The microorganisms
received resistance genes would tolerate the pressure of high-
concentration SPM, and enriched in the system.

4. Conclusions

Based on the investigation on the effects of SPM, anammox
bacteria could adapt and tolerate to the low concentrations (less
than1 mg L�1) of SPM, which was mainly attributed to the defense
of EPS and ARGs. SPM with higher concentrations (3e5 mg L�1)
significantly inhibited anammox activity, leading to decline of ni-
trogen removal capacity. Simultaneously, the abundance of Planc-
tomycetes (Candidatus Kuenenia is its representative at genus level)
also decreased, and most ARGs and intI1 increased. In comparison,
the reactor fed by increasing concentrations of SPM has a better
resistance to SPM.When first exposed to 5 mg L�1 SPM, R1 could be
self-recovered within a short recovery period, while R2 could not.
Correspondingly, the performance fluctuations in R2 were more
significant. This study revealed the performance, microbial and
genetic effects on anammox process under different exposure
scenarios. The findings of this word provide a comprehensive un-
derstanding on the response of anammox to the SPM pressure, and
also suggest that the anammox has the potential that remove ni-
trogen from sewage containing high-concentration SPM after an
effective acclimation.
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