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Removal of tetracycline by aerobic granular sludge
and its bacterial community dynamics in SBR

Xiaochun Wang,? Zhonglin Chen,? Jing Kang, & *2 Xia Zhao® and Jimin Shen*?

In this study, the removal efficiency and mechanism of tetracycline by aerobic granular sludge (AGS) in SBR
were investigated. The removal of tetracycline present in livestock and poultry wastewater and the effect on
conventional pollutants, such chemical oxygen demand, and nitrogen and phosphorous removal
performance have been assessed demonstrating that AGS was able to remove tetracycline by adsorption
and biodegradation processes. The removal rate of tetracycline was more than 90%, and conventional
pollutants were also efficiently removed. The high-throughput sequencing technology was applied to
decipher the species succession and community structure of tetracycline-resistance granular sludge.
The Chryseobacterium, Actinotignum, Lactococcus, Shinella and Clavibacter were gradually dominant
and considered as the functional bacteria for the removal of tetracycline. The numbers of functional
genes including amino acid, carbohydrate and inorganic ion transport and metabolism, as well as energy
production and conversion, and secondary metabolites biosynthesis, were also increased. These
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Introduction

Currently, the intensive and large-scale livestock and poultry
industry are developing vigorously with the increase in
people’'s material needs. The resulting environment pollution
problem is also increasingly prominent. Livestock and poultry
pollution has become the third largest pollution source after
industrial and living pollutions.>* The chemical oxygen
demand (COD), total nitrogen (TN), and total phosphorus (TP)
emitted from the livestock and poultry industry account for
95.78%, 37.89%, and 56.30% of the agricultural non-point
source pollution, respectively.® The wastewater from live-
stock and poultry is characterized by a significant change in
water quality and difficult handling.*

Tetracyclines, fluoroquinolones, and other antibiotics are
widely used in livestock and poultry breeding to prevent and
cure diseases, promote animal growth, and improve food
utilization efficiency. The concentrations of these antibiotics
in environmental wastewaters are listed in Table 1.°'" The
large amount of waste from livestock and poultry is one of the
main causes of antibiotic non-point source pollution.*** The
antibiotics have a low utilization rate in animals. Less than
40% of the antibiotics in additives participate in the metabo-
lism, and the rest are discharge into the water environment
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functional genes played an important role in the biodegradation of tetracycline.

through feces, urine, and wastewater from cleaning the coop,
which produce several pollutants, including nitrogen, phos-
phorus, and antibiotics.”” The US and EU countries have
conducted investigations and research on antibiotic residues
in the environment and made risk assessments."*™**

The removal methods of antibiotics mainly include bio-
logical treatment, chemical oxidation, photocatalytic oxida-
tion, and membrane technology, the removal rates of
antibiotics were more than 80%, 85%, 90% and 90%, respec-
tively.***®* The membrane technology merely transform anti-
biotics from one state to another, and the antibiotics may
return to the environment and cause potential damage. This
study proposes to treat wastewater from livestock and poultry
using the AGS technology for remove of antibiotics. As a bio-
logical treatment method of great potential, the AGS tech-
nology has a number of advantages with high biomass, strong
impact resistance load, long SRT, high removal efficiency for
pollutant, and it can reduce construction investment and
operation costs.

In this paper, the antibiotic drug, tetracycline was selected
as the target organic pollutant, which is frequently detected in
the wastewater from livestock and poultry. The removal effi-
ciency of tetracycline by granular sludge in aerobic granular
sludge sequencing batch reactor (AGSBR) was studied. A lab-
scale AGSBR was introduced to explore the performance,
formation and microbial succession of granular sludge for
effectively removing tetracycline. The high-throughput
sequencing detection is used to clarify the cometabolism of
microbial community in the AGSBR system.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Concentrations of antibiotics in real wastewaters

Class Compound Sample Concentration (ug L") Reference

Tetracyclines Tetracycline Treatment plant wastewater 30.5-388.70 6 and 7

and swine wastewater

Tetracyclines Oxytetracycline Swine wastewater and treatment 10.0-23.80 8
Chlortetracycline plant wastewater 3.08-32.67 6 and 9
Sulfamethoxazole 14.05-316.50 9 and 10

Sulfonamides Sulfamonomethoxine Swine wastewater 45.40 11

Fluoroquinolones Ofloxacin Treatment plant wastewater 0.34 6
Enrofloxacin 0.06 6
Ciprofloxacin 0.02-0.17 6

Materials and methods

Wastewater composition and experimental granular sludge

Synthetic wastewater was prepared to simulate containing
tetracycline wastewater. The actual livestock and poultry
wastewater was obtained from a swine farm in Harbin, China.
The concentrations of COD, ammonia nitrogen (NH,"-N), TP
and tetracycline in the swine wastewater were 3000 mg L,
214 mg L', 27.5 mg L%, and 265 pug L' respectively.
According to the adaptability of granular sludge growth, with
reference to the actual value of pollutants in the waste-
water,'>?° the concentrations of COD, NH,"-N, TP and tetra-
cycline in simulated experimental wastewater were
approximately 3000 + 200 mg L%, 150 + 20 mg L, 26 +
2 mg L, and 300 &+ 10 pg L' respectively. The synthetic
wastewater was composed of: 2104 mg L™' CgHy,O0q,
1403 mg L' CH3;COONa, 551 mg L' NH,CI, 78.4 mg L™"
KH,PO,, and K,HPO,-3H,0.

Experimental sludge was well-trained AGS in the SBR. The
SBR was operated for about 60 days. The system was controlled
by a programmable logic controller (PLC). The volumetric
exchange ratio (VER) was 50% for each cycle. Every operated
cycle of the reactor took 2.4 h. Generally each cycle included
10 min of feeding, 110-128 min of aerobic phase, 2-20 min of
settling time and 4 min of effluent discharge phase. The
aeration rate was 0.2 m*> h™', and the AGS of experimental used
was obtained after 60 days of operation. The particle size of
AGS was approximately 2-3 mm with compact structure and
smooth surface. Microscopic examination of the obtained AGS
revealed a large number of filamentous bacteria and a small
number of protozoa, mainly consisting of Vorticella.

Experimental equipment and operational condition

The height/diameter ratio (H/D) of the SBR reactor was 15, its
working volume was 625 mL, and the VER was 50%. The reactor
was operated under the optimized conditions. The system
operated 6 cycles daily, and each cycle of the reactor took 4 h.
The aeration rate was 0.3 m®> h™" that displayed using a gas flow
meter. The system was controlled by the PLC. The reaction
apparatus was set up as two parallel reactors, the blank reactor
(R1) and the target reactor (R2), which were reactors in the
absence and presence of tetracycline, respectively.

This journal is © The Royal Society of Chemistry 2018

Chemical analysis

The tetracycline was analyzed using Agilent 6890 series HPLC
with ultraviolet detector. The column used was an Agilent
Eclipse XDB-C18 chromatography column (4.6 mm x 250 mm,
5 um). The moving phase ratio was 0.1% acetic acid-
: acetonitrile = 80% : 20%. The flow rate was 1 mL min ', and
the detection wavelength was 359 nm. The morphology of
granular sludge was observed by a digital camera, and micro-
scopic morphology was observed by scanning electron micros-
copy (SEM; FEI Sirion SEM). The wastewater parameters of
COD, NH,"-N, TP, and mixed liquor suspended solids (MLSS)
were analyzed according to the Standard Methods.** The
adsorption amount of the AGS on tetracycline was calculated by
performing a mass balance using the following equation:

g= Sl )

where ¢, is the amount of adsorbed tetracycline at time ¢ (mg
g7"); Co (mg L™") and C, (mg L") are the initial and residual
tetracycline concentrations, respectively.”” The biodegradation
amount of the AGS on tetracycline was calculated using the
following formula:

Cd = CO - Ce — L]IMLSS (2)

where Cq is the amount of degradation tetracycline (mg g™ '); C.
(mg L") is the effluent concentration of tetracycline.

Adsorption and degradation experiments of tetracycline

The photodegradation and adsorption of containers on tetra-
cycline could be neglected in the absence of granules.”” The
AGS was sterilized and used for adsorption experiment and the
inactivation of granules was carried out with the addition of
sodium azide (NaNj;) at 0.3% weight to volume (w/v).>>* Before
experiment, the granular sludge sample was rinsed three times
with deionized water. The adsorption kinetic experiments of
the AGS on tetracycline were conducted in 100 mL glass
beakers with tetracycline solution at various concentration (1,
2, 5,10, and 15 mg L™'). The granular sludge mass of 10 g was
used at the beginning of the tests. Under the condition of
continuous oscillating with a constant temperature water bath
oscillator, samples were collected at predetermined time
intervals. The concentrations of residual tetracycline were
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measured immediately after it was filtered with a 0.22 um filter
membrane. The total removal kinetic experiments were done
in the similar way used for the adsorption kinetics experi-
ments except for the presence of sludge activities. The amount
of degradation in the degradation kinetics experiment was the
total removal amount of the AGS on tetracycline deducted the
adsorption amount.

DNA extraction

Sludge samples (10 mL) were collected from R1 and R2 reactors
operating at 1 (R1-1 and R2-1), 15 (R1-2 and R2-2), 30 (R1-3 and
R2-3), 45 (R1-4 and R2-4), 60 (R1-5 and R2-5), and 75 days (R1-6
and R2-6), respectively. The collected samples were then pre-
treated before genomic DNA extraction to ensure the collec-
tion of sufficient genomes from the samples and to remove
humus and other impurities. The DNA extraction was per-
formed using OMEGA E.Z.N.A™ Mag-Bind Soil DNA Kit. The
concentration and quality of the extracted DNA were deter-
mined using electrophoresis on a 1% (weight/volume) agarose
gel. Then extracted DNA was stored at —20 °C until analysis.

PCR amplification and high-throughput sequencing

The DNA was amplified with a set of primers targeting of the
bacteria (16S rDNA), and two rounds of amplification were

Paper

performed. The first round of amplification was quantitated by
Qubit 2.0 DNA assay kit to determine the amount of DNA that
should be added for the PCR reaction. Universal primers: 341F
primers: CCCTACACGACGCTCTTCCGATCTG (barcode)
CCTACGGGNGGCWGCAG; 805R primers: GACTG-
GAGTTCCTTGGCACCCGAGAATTCCAGACTACHVGTATCTAATCC.
The system is carried out as follows: 2 x Taq master Mix (15 uL),
Bar-PCR primer F (10 uM) (1 pL), primer R (10 uM) (1 pL),
genomic DNA (10-20 ng), added H,O to 30 pL. Amplifications
were run under the following cycling conditions: 1 x 94 °C
3 min; 5 x (94°C 30,45 °C20s, 65 °C 30 s); 20 x (94 °C 20 s,
55°C20s,72°C30s);1 x 72 °C 5 min; with a final soak at 10 °C.
Mlumina Bridge PCR-compatible primers were introduced for
the second round of PCR. The PCR system was performed as
follows: 2x Taq master Mix (15 pL), primer F (10 uM) (1 pL),
primer R (10 uM) (1 pL), genomic DNA (20 ng), finally add H,O
to 30 puL. Amplifications were run under the following cycling
conditions: 1 x 95°C 30s;5 x (95°C15s,55°C 155,72 °C 305s);
1 x 72 °C 5 min; with a final soak at 10 °C. The raw sequence
data were cleaned, reduced and analysed using Mothur Version
1.36.1.>* The chimeras were eliminated using the implanted
code UCHIME.” The reference and taxonomy files were adopted
from the Greengenes database.”* COG-based methodology was
drawn from g plots package using R software.

Fig.1 Photographs and micrographs of aerobic granular sludge in two reactors during different phases. (a) and (a’) Inoculated sludge, (b) and (b’)
day 12 in R1 and R2, (c) and (c) day 22 in R1 and R2, (d) and (d') day 46 in R1 and R2, (e) and (e’) day 65 in R1 and R2, (f) and (f') SEM of aerobic

granules in R1 and R2 at 65 days: (f) x700, (f) x800, respectively.
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Results and discussion
Morphological characteristics of granular sludge

The morphologies of AGS in SBR during different periods are
shown in Fig. 1. The particle diameters of inoculated sludges in
the R1 and R2 reactors are around 2 mm to 3 mm with a smooth
surface (Fig. 1a and a’). As the operation time increased, the
surface of AGS in R2 is not smooth and has turned into pale
pink, which due to the drug tetracycline, as shown in Fig. 1b’.
However, particle sizes of granular sludges increased slightly.
From 22 days of operation, the morphology of the granular
sludge changed significantly. Some sludge particles were villous
granules, and their particle sizes decreased. Other granular
sludge has become thin flakes with irregular margins (Fig. 1¢').
It can be clearly seen from Fig. 1¢’ that the addition of tetracy-
cline had a significant influence on microbial communities.*®
Afterward, the particles grow rapidly, such that the size
evidently increased on the 46 days of operation. The particles
are smooth and sphere-shaped, and appeared as compact
granules, indicating that the granular sludge had become
acclimated to the tetracycline (Fig. 1d’). Because of the effect of
tetracycline on microbes, the morphology of AGS changed
during the operation. With the increase of operation time,
microbes gradually adapted to the environment, which made
AGS maintain good morphology in R2 reactor with the addition
of tetracycline. Fig. le and ¢’ showed the morphologies of
granular sludge in the R1 and R2 reactors at 65 days of opera-
tion, respectively. The particle sizes of granular sludge were
around 3 to 4 mm with smooth and glossy surface, and both
were bright. However, the colors of granular sludges were light
yellow and light pink for the R1 and R2 reactors, respectively.
The difference of colors is due to the diversity of microorganism
species and quantity.

Fig. 1f and ' showed the SEM morphologies of the granular
sludges in R1 and R2 at 65 days of operation, respectively. Fig. 1f
showed the granular sludge in R1 was mainly composed of
filamentous fungi, while Fig. 1f showed that the other micro-
organisms attached to the skeleton structure were formed by
filamentous fungi.”” Filamentous fungi identified and the
accession number of the sequence was MH156038.

Analysis of sludge biomass and settling ability

The changes of MLSS and sludge volume index (SVI) value
throughout the experiment are shown in Fig. 2. The MLSS
concentration of inoculated sludge was 10.06 g L™". Most of the
biomass was washed out at the beginning of reactor operation.
Thus the MLSS concentrations of R1 and R2 subsequently
decreased to 6.0 ¢ L™ " and 4.0 ¢ L™ " at 30 days of operation,
respectively. With the operation time increased, the MLSS
concentration steadily increased, presumably because the
microbial community gradually adapted to the added tetracy-
cline. In the late stage, the MLSS concentrations of R1 and R2
reached to 9.0 g L' and 6.0 g L™, respectively. The SVI of
inoculated sludge was 54.67 mL g, the SVI of granular sludge
decreased with increasing operation time, and the SVIin R1 and
R2 reactors decreased to 51.78 mL g~ " and 54.09 mL g~ in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The biomass and sedimentation performance of granular
sludge in AGSBR. The standard deviations of the values were within 5%
(n = 3).

late period, respectively. It is because the biomass of granular
sludge decreased, which had a certain influence on SVI
Experimental results showed that tetracycline affected both the
MLSS and SVI of AGS.

Effect of tetracycline on AGSBR performance

The removal of conventional pollutants, such as COD, NH,"-N
and TP through the AGSBR technology during different opera-
tion phases were studied, and the results are shown in Fig. 3.
Fig. 3a presents the removal performances of AGS on COD in R1
and R2 reactors over 75 days. The removal rate of COD pre-
sented a steady trend with increasing operation time, and it was
maintained at 98% in both reactors during the late stage. The
average effluent concentrations of COD in R1 and R2
throughout the whole operation were 40.06 mg L' and
44,98 mg L™, respectively.

The removal effect of the AGS on NH,'-N is shown in Fig. 3b.
In the beginning of operation, the removal rates of NH,"-N in R1
and R2 were 81.33% and 80.20%, respectively. The removal
rates first decreased and then increased with increasing oper-
ation time, and they increased to 87% and 88% in R1 and R2
respectively, as the operation time increased to 75 days. The
average effluent concentrations of NH,-N in R1 and R2
throughout the whole operation were 19.34 mg L' and
19.86 mg L™, respectively.

As shown in Fig. 3¢, the removal rate of TP has a fluctuation in
the early operation. With increasing operation time, the removal
rate of TP in R1 decreased from 89.42% to 83.51%, whereas that
in R2 increased from 87.31% to 81.47%, and then removal rates
of TP in both reactors increased. The removal rates of TP in R1
and R2 were maintained at above 94.00% and 98.00% respec-
tively, indicating that the addition of tetracycline improved TP
removal performance, and the metabolic activity of poly-
phosphate accumulating bacteria in R2 might be promoted. The
average effluent concentrations of TP in R1 and R2 throughout
the whole operation were 1.76 mg L™ " and 1.64 mg L™, respec-
tively. The results of experiment showed that granular sludge had
a good removal effect on tetracycline-containing wastewater.

RSC Adv., 2018, 8, 18284-18293 | 18287
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Fig. 3 Removal of conventional pollutants in AGSBR during different
operation phases. (@) COD, (b) NH4*-N, (c) TP.

Removal of tetracycline

The removal effect of the AGS on tetracycline is shown in Fig. 4.
It can be seen that the removal rate is low at 74% during the
initial stage of adding tetracycline in the R2 reactor. The
removal effect has no obvious improvement after several days of
operation. The AGS had very little degradation effect for tetra-
cycline in a short period but mainly relied on its adsorption.*®?*®
After 30 days of operation, the effluent concentration of tetra-
cycline decreased, and the removal rate increased to 81%. This

18288 | RSC Adv., 2018, 8, 18284-18293
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Fig. 4 Removal of tetracycline in the R2 reactor during different
operation phases.

is probably because at the initial stage, removal of tetracycline
mainly depended on the adsorption of the drug to the outer
surface of the sludge granules. The tetracycline is organic
molecule, its molecular sieve effect lead to a slow adsorption
process inside the particles.*® The microbes gradually adapted
to the tetracycline in the system with time, and the removal of
all tetracycline tested here improved. Subsequently, the removal
of tetracycline by the AGSBR technology tended to be stable with
the removal rate maintaining at 90%, and the effluent concen-
tration of tetracycline was about 25 pug L™,

Adsorption and biodegradation of granular sludge on
tetracycline

Fig. 5 showed the adsorption and biodegradation of the AGS on
tetracycline in the concentration range of 1-15 mg L™". It can be
clearly seen from Fig. 5a that the adsorption amount of the AGS
on tetracycline increased with the increasing tetracycline
concentration. When the adsorption time was exceeded than
30 h, the amount of adsorption was essentially unchanged.
When the tetracycline concentration was 15 mg L', the
maximum adsorption could reach 1.21 mg g~ . The adsorption
capacity of the AGS on tetracycline was lower than non-
biological materials.** Fig. 5b showed the biodegradation of
the AGS on tetracycline. The degradation amount of the AGS on
tetracycline also increased with the increasing tetracycline
concentration, and the amount of degradation was greater than
the adsorption in the entire reaction. When the reaction time
was exceeded than 12 h, the amount of degradation is essen-
tially unchanged.

The total removal amount of the AGS on tetracycline was
shown in Fig. 5c. When the reaction time was exceeded than
12 h, the total removal amount of tetracycline tended to be
stable, which was similar to the trend of degradation. It can be
evidenced that the degradation of the AGS on tetracycline was
greater than adsorption. The proportions of adsorption and
degradation in total removal amount of tetracycline was shown
in Fig. 5d. With the increasing tetracycline concentration, the
proportion of degradation increased, whereas the proportion of

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Adsorption and degradation of the granular sludge on tetracycline at different initial concentrations: (a) adsorption, (b) degradation, (c)

total removal; (d) proportions of adsorption and degradation.

adsorption was gradually reduced. When the tetracycline
concentration was 15 mg L™, the proportion of biodegradation
reached 62%. Experiments proved that AGS removed tetracy-
cline by adsorption and biodegradation, and its biodegradation
played a dominant role.

The enrichment and succession of microbial community in
AGSBR

The microbial community of the AGS in AGSBR was analyzed by
high-throughput pyrosequencing to evaluate whether there
were significant shifts in the composition of the microbial
communities throughout bioreactor operation. Fig. 6 showed
the dynamic variation of microbial genus classification levels
among the different operating times. The microbial community
structures at added tetracycline were quite different at genus
level, moreover, some genera showed an increasing or
decreasing tendency with added tetracycline. The Chrys-
eobacterium exhibited a special phenomenon in the operation
phase. After the addition of tetracycline drugs, the relative
abundance increased form 5.61% to 15.5% in sample R2-2.

This journal is © The Royal Society of Chemistry 2018

Subsequently, it gradually decreased to 4.92% in sample R2-6.
The abundance of Chryseobacterium was 3.7% in sample R1-6.
The Chryseobacterium is highly resistant to several antimicro-
bial drugs, such as the third generation cephalosporins, ami-
noglycoside, carbapenemases and tetracycline.**** Its drug-
resistance mechanism is due to the production of B-lactamase
induced by chromosomes, except outside the permeable barrier
of the bacterial membrane. The Actinotignum was enriched in
R1 reactor with the relative abundance increasing from 0.73%
to 19.97%, which was probably because the Actinotignum
adapted to the operational conditions of the AGSBR technology
with time. The enrichment phenomenon was improved in R2
reactor with the relative abundance increasing from 2.02% to
25.91%. The Actinotignum became the most dominant genus of
AGS in R1-6 and R2-6. The study showed that the bacterial genus
could take tetracycline as the carbon source,**** which was
helpful for removing tetracycline. The Actinotignum is more
common than implied by routine cultivation.***® It is easy to
adapt to the environment, so the Actinotignum gradually
increased both in R1 and R2. The Lactococcus and Shinella were
also similar enriched in both reactors and also make important

RSC Adv., 2018, 8, 18284-18293 | 18289
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Fig. 6 Analysis of microbial diversity at genus level for different samples from two reactors.

contributions toward tetracycline removal. In addition, the
Clavibacter was not detected in R1 reactor, while with the
addition of tetracycline, the abundance of Clavibacter increased
to 2.58% in R2-6. This increasing dynamic change indicated
that the Clavibacter was capable to adapt the tetracycline drugs
and contributed to granular sludge for the removal of
tetracycline.

It can be seen from Fig. 6 that some strains exhibited the
enrichment phenomenon in the process of added tetracycline.
For example, the Comamonas appeared the increasing trend in R2
reactor contrast to R1 with the increase of operation time, and
dominated in AGS, which was the relative abundance increased
from 3.81% to 44.92% in R2-5. But with the operation time, the
abundance of the Comamonas dropped to 8.55% in R2-6. The
Comamonas was always existed in all sludge samples during the
whole process, indicating that the Comamonas could contributed
to granular sludge for the resistance of tetracycline. The literature
has reported the Comamonas has strong degradation ability to
naphthalene, catechol, phenol, A-naphthol, salicylic acid, and
phthalic acid,®” the molecular structure of tetracycline is similar
to those of above compounds, thus its degradation of tetracycline
is associated with large-subunit naphthalene-dioxygenase iron-
sulfur protein genes and small-subunit naphthalene-
dioxygenase iron-sulfur protein genes in the bacterial genus.
The Flavobacterium and Leadbetterella have been suggested as
functional syntrophic naphthalene and other organic
compounds degrading bacteria like Comamonas.*” The Fla-
vobacterium and Leadbetterella also similar increased in R2
reactor contrast to R1 with the operation time, which have been
guessed that their growth has an advantage under the addition of
tetracycline and they might take part in tetracycline degradation.
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The Luteolibacter increased significantly in R1 reactor with
the increase of operation time. The abundances of the Luteoli-
bacter in R1 reactor were 3.96%, 4.7%, 12.24%, 21.78%, 24.34%
and 11.62% respectively along with the increasing operation
time, indicating that the Luteolibacter could adapt the opera-
tional conditions of the AGSBR technology. However, the
Luteolibacter appeared the decreasing trend in R2 reactor with
relative abundance decreasing from 5.92% in R2-1 to 2.76% in
R2-6. The experiment proved that the tetracycline has a signifi-
cant influence on the Luteolibacter. The Thauera has the highest
abundances 25.79% and 23.51% in R1-1 and R2-1 respectively,
and was predominant in the SBR system. While the Thauera
dropped gradually with the increasing operation time, even the
abundances of Thauera decreased to 4.97% and 7.69% in R1-6
and R2-6 respectively, which could conclude that the Thauera
was dramatically affected by operational conditions of the
AGSBR technology. It indicated that tetracycline drugs had little
effect on the Thauera. With its wide organic matter degradation
ability,**** the effective removal of COD at the beginning of the
operation of reactors was closely related to it. Similar microor-
ganisms include Zoogloea, and unclassified microbes, they also
changed obviously after 30 days.

Based on the above experiment results, the existence of
some resistant tetracycline bacterias made AGS adapt to live
and thrive in the addition of tetracycline. Moreover, the
tetracycline could stimulate bacteria produce more extracel-
lular polymeric substances to protect itself from adverse
environment. With the addition of tetracycline, an AGS system
dominated by tetracycline degradation genera was gradually
formed with increasing relative abundance of Chrys-
eobacterium, Actinotignum, Lactococcus, Shinella, and

This journal is © The Royal Society of Chemistry 2018
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Clavibacter. Besides, the Comamonas, Flavobacterium and
Leadbetterella were showed a remarkable versatility with
respect to their tetracycline resistance. The changing micro-
bial populations during degradation of pollutants may result
from cooperative or synergistic effects where the presence of
one microbial population promotes growth of other specific
types. The interaction between different bacterial populations
may play an important role in the degradation of organic
matter and on the stability of the system.

The analysis of functional bacterial genes in AGS

The high-throughput sequencing technique was also used to
detect the change of functional genes in AGS. COG-based
functional structure distribution diagram as shown in Fig. 7.
The functional genes in R1-1 and R2-1 were similar. Compared
with the R1-2, the abundances of functional genes decreased in
R2-2, especially for C, E, G, P, and Q. The genes had the roles in
amino acid and carbohydrate transport and metabolism, they
also affected in energy production and conversion, and
secondary metabolites biosynthesis, inorganic ion transport
and metabolism. The action mechanism of tetracycline on
microorganism is to prevent the connection of amino acid-tRNA
on the bit by combining with the A position of ribosome 30S
within the bacterial cells to inhibit the growth of the peptide
chain and affect the synthesis of bacterial proteins further.*
Thus, at the initial stage of the operation, tetracycline had an
obvious inhibiting effect on microorganisms, which made its
removal rate low. At this phase, the effluent concentration of
tetracycline did not decrease significantly, and the removal rate
was only approximately 74%, which was partly related with the
decreasing number of functional genes.

This journal is © The Royal Society of Chemistry 2018

Compared with that in R1-3, the number of functional
genes in R2-3 gradually restored. The change law of func-
tional genes in R2-4 and R1-4 was similar to that in the
previous phase, in which the E and G were improved
considerably. The function genes E and G in the AGSBR
system had a great effect on the degradation of tetracycline.
The removal rate of tetracycline increased at this phase
(Fig. 4). The functional genes C, P and Q in R2-6 contrast to
R1-6 increased, and the study indicated that the increase of
those functional genes could promote the degradation of
antibiotic.**

Microbial population dynamics

Fig. 8 showed the Venn diagram of the samples in two reactors at
different phases. It can be seen from Fig. 8a that 2262 OTUS were
shared among the sludge samples form R1-6 and R2-6, repre-
senting about 52.0% and 55.5% of the total sequences, respec-
tively. The variation of microbial structure happened along with
adding tetracycline drug. Fig. 8b further illustrated the micro-
biome succession of samples from the R1 and R2 reactors during
different operational phases. In each phase, there were unique
OTUs and they represented from 39.1% to 80.3% of the total
sequences. 92 OTUs were shared among the sludge samples. This
core microbiome, consisting of OTUs detected over the whole
samples, was found to include members belonging to Proteo-
bacteria, Firmicutes, Actinobacteria and Bacteroidetes. Some
bacterias adapting to tetracycline grew well and gradually pre-
dominated in the AGSBR system, while others without
tetracycline-resistance capacity were gradually weakened or died
out with operating time. Besides, the prosperity of some adapting
tetracycline bacterias changed the diversity and richness of
microbial community.
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Conclusions

This study describes a biological technique for tetracycline
removal from livestock and poultry wastewater using an AGS
in SBR. Initially, tetracycline addition negatively affected
granular quality, but after microbial adaptation, the system
recovered and effectively removed tetracycline. The removal
rate of tetracycline was more than 90%, and the removal rates
of COD, NH,"-N and TP were more than 95%, 85% and 90%,
respectively. By comparison with some existing
methods,'®”*3%¢ the proposed method has advantages of
high removal efficiency for tetracycline, COD, NH,"-N and TP.
The tetracycline removal was dependent on the adsorption
and biodegradation of AGS, and the biodegradation played
a dominant role. The high-throughput sequencing with
microbial taxonomic profiling analyses showed tetracycline
dosing promoted dominance of Chryseobacterium, Actino-
tignum, Lactococcus, Shinella, and Clavibacter at the genus
level. The increase of functional genes such as amino acid,
carbohydrate and inorganic ion transport and metabolism,
played an important role in the degradation of tetracycline.
The bacterial community of granules was dynamic but
a pronounced shift in its structure occurred during tetracy-
cline feeding. Nevertheless, a core microbiome was
maintained.
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