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ABSTRACT: To evaluate the potential effects of antibiotics on ammonia- Ao dizing mactoria
oxidizing microbes, multiple tools including quantitative PCR (qPCR), 454- Wastewater with ammonia g@";‘g o5

pyrosequencing, and a high-throughput functional gene array (GeoChip) § TP,

were used to reveal the distribution of ammonia-oxidizing archaea (AOA) -f‘-‘“.i@"“ & -
and archaeal amoA (Arch-amoA) genes in three wastewater treatment :
systems receiving spiramycin or oxytetracycline production wastewaters.
The qPCR results revealed that the copy number ratios of Arch-amoA to
ammonia-oxidizing bacteria (AOB) amoA genes were the highest in the concentration of Spiramycin . PAOAG
spiramycin full-scale (5.30) and pilot-scale systems (1.49 x 107"), followed - B3a0n .
by the oxytetracycline system (4.90 X 107*), with no Arch-amoA genes
detected in the control systems treating sewage or inosine production
wastewater. The pyrosequencing result showed that the relative abundance
of AOA affiliated with Thaumarchaeota accounted for 78.5-99.6% of total
archaea in the two spiramycin systems, which was in accordance with the qPCR results. Mantel test based on GeoChip data
showed that Arch-amoA gene signal intensity correlated with the presence of spiramycin (P < 0.05). Antibiotics explained 25.8%
of variations in amoA functional gene structures by variance partitioning analysis. This study revealed the selection of AOA in the
presence of high concentrations of spiramycin in activated sludge systems.

Wastewater with ammonia and high

B INTRODUCTION to harbor AOA using catalyzed reporter deposition—fluores-
cence in situ hybridization (CARD-FISH). In one petroleum
refinery WWTP, where AOA outnumbered AOB up to 10 000-
fold, AOA did not exhibit autotrophic activity in the presence of
ammonia. Thus, AOB are considered the main agents driving

Before the discovery of archaeal ammonia monooxygenase
(Arch-amoA) genesl‘2 and ammonia-oxidizing archaeal iso-
lates,”* ammonia-oxidizing bacteria (AOB) were thought to be
the sole group of microorganisms performing oxidation of

ammonia to nitrite.’ It has become clear, however, that nitrification in most WWTPs,” because the relatively high
environmental nitrogen cycling is driven by both ammonia- ammonia concentrations in normal suspended growth waste-
oxidizing archaea (AOA) and AOB.° Recent studies have water treatment systems may preclude the growth of AOA."

shown that autotrophic ammonia oxidation in soils is driven However, the situation may change when the biological
mainly by AOA rather than AOB under certain extreme processes are used for treating antibiotic production wastewater
conditions, such as low ammonia concentration’ and low pH containing high concentrations of antibiotics.>**! Because of
(pH < 4‘5())_8 their adverse effects on bacteria, antibiotics might provide the

The presence of Arch-amoA and AOA in wastewater advantage of AOA over AOB in WWTPs.”>>® On the basis of
treatment plants (WWTPs) has been reported in many

countries.” "7 In most cases, however, the numbers of Arch- Received: March 13, 2015
amoA were 1—3 orders of magnitude lower than those of Revised: ~ May 30, 2015
AOBM'® In a study of 17 industrial and 35 municipal Accepted: June 30, 2015

European WWI Ps,'® only four industrial WWTPs were found Published: June 30, 2015
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this assumption, quantitative PCR (qPCR) and 454-pyrose-
quencing were jointly employed to reveal the relative
abundance of AOA and Arch-amoA genes over AOB and
AOB amoA genes in three antibiotic (two spiramycin and one
oxytetracycline) production wastewater treatment systems with
stable nitrification performance. At the same time, a high
throughput functional gene array (GeoChip) was used to reveal
the changes of nitrogen cycling functional genes in these
WWTPs. Two municipal wastewater treatment plants and an
inosine production wastewater treatment plant were used as the
control systems. Our results indicated that Arch-amoA genes
for nitrification were of high abundance in the spiramycin
wastewater treatment system.

B MATERIALS AND METHODS

Study Facilities, Sampling Sites, and Characterization
of Samples. Six wastewater treatment systems, including three
antibiotic production wastewater treatment systems and three
control (two sewage and one inosine) ones were chosen for
this study. The schematic flow diagrams of the three antibiotic
systems are shown in Supporting Information Figure S1. Three
antibiotic wastewater treatment systems, including two
spiramycin production wastewater treatment systems (pilot
system and full-scale system) in Wuxi Fortune Pharmaceutical
Co. Ltd. and a full-scale oxytetracycline production wastewater
treatment system in North China Pharmaceutical Group
Corporation, were used for this study. Wuxi Fortune
Pharmaceutical Co. Ltd, Wuxi City, China, is one of the
largest spiramycin production facilities in the world. The full-
scale spiramycin wastewater treatment plant, consisting of
anoxic reactor and oxidation ditch (OD) processes with
returned sludge, has been in use since 2005. Water samples
were collected using an automated sampler over three
successive days, and included full-scale influent (SPM(F)-
W1), full-scale anoxic effluent (SPM(F)-W2), and full-scale
final effluent (SPM(F)-W3) (Supporting Information Figure
S1a). Grab sludge samples from full-scale OD sludge (SPM(F)-
S1) were taken from the OD reactor (Supporting Information
Figure Sla). The hydraulic retention time (HRT) and sludge
retention time (SRT) were 2.5 and 7 days, respectively.

Samples were also collected from a pilot-scale wastewater
treatment system in Wuxi Fortune Pharmaceutical Co. Ltd.
The system, consisting of a sequential up-flow anaerobic sludge
bed (UASB), anoxic reactor, and oxic reactor with returned
sludge (Supporting Information Figure S1b), was operated for
9 months and is described in detail in our previous study.”*
System operation was divided into three stages: (i) receiving
spiramycin wastewater, (ii) receiving spiramycin wastewater
and paromomycin wastewater, and (iii) receiving spiramycin
wastewater and ribostamycin wastewater. Each stage lasted 3
months. Raw wastewater and effluent from each treatment unit
of the pilot system (pilot-scale influent (SPM(P)-W1,_3;), pilot-
scale anoxic effluent (SPM(P)-W2,_;), and (pilot-scale aerobic
effluent (SPM(P)-W3,_;)) were collected at the end of each
stage (Supporting Information Figure S1b). Aerobic sludge
samples (SPM(P)-S1,_; for three stages, respectively) were
collected from the aerobic reactor once at the end of each stage.

Over 1000 tons of oxytetracycline is produced every year in
the North China Pharmaceutical Group Corporation, which is
located in Shijiazhuang City, China. Water and sludge samples
were collected in the full-scale wastewater treatment system,
which consists of a sequential batch reactor (SBR) (OTC-S1,
SBR sludge; OTC-W1, SBR influent; OTC-W2, SBR effluent)
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and a two-stage submerged biological contact reactor using
fiber bundles as the biocarrier with returned sludge (OTC-S2,
biological contact reactor sludge; OTC-W3, final effluent)
(Supporting Information Figure Slc). A detailed description of
the oxytetracycline wastewater treatment system is described in
our previous study.”® All samples were transported to the lab at
4 °C and treated within 24 h. No rain events were registered
during the sampling days or the previous week.

For comparison, aerobic activated sludge samples from two
municipal wastewater treatment plants located in Beijing
(Sewage-S1; anaerobic/anoxic/aerobic system (A20))*® and
Tianjin (Sewage-S2; A20), respectively, and an inosine
production wastewater treatment plant (Inosine-S cyclic
activated sludge system) in Xinxiang City, Henan, China,””
were collected as controls. The wastewater samples were taken
exclusively for chemical characterization, whereas the sludge
samples were taken for molecular analysis. The concentrations
of antibiotics including spiramycin, oxytetracycline, and
penicillin G, in the wastewater and sludge were determined
using ultra performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS, Waters, USA), as described
previously.”***>*®* Ammonia and other chemical properties
were measured accordin% to the Standard Method of Water and
Wastewater Monitoring” on the same samples. All samples
were analyzed for chemical properties in triplicate and average
values were reported.

DNA Extraction and Quantitative PCR. For each sludge
sample, 1 mL of mixed liquor was centrifuged at 12000g for 10
min at 4 °C. After centrifugation, 0.25 g of sediment (wet
weight) was used for DNA extraction using a FastDNA SPIN
kit for soil (Qbiogene, Solon OH) according to the
manufacturer’s instructions. For each sample, DNA was
extracted in duplicate, and extracts from the same sample
were pooled to avoid bias in DNA extraction efficiency. The
DNA solution volume was 80 uL, of which 2 L was used for
concentration determination by NanoDrop ND-1000 (Nano-
drop, USA) and S uL was checked by electrophoresis on 1%
(weight/volume) agarose gel.

Bacterial and archaeal 16S rRNA, Arch-amoA, and AOB
amoA genes were quantified for all sludge samples using SYBR-
Green real-time PCR, as described previously.**~>* The arch-
amoA, AOB amoA, archaeal and bacterial 16S rRNA gene
targets were amplified by the primer sets Arch-amoAF/Arch-
amoAR, amoA-1F/amoA-2R, 349F/806R, and 341F/534R,
respectively (Supporting Information Table S1). Standard
plasmids carrying the target amplicons were obtained by PCR
and TA cloning (Invitrogen, San Diego, CA), followed by
extraction using a Qiagen Plasmid Mini kit (Qiagen, Germany).
Concentrations of standard plasmids (ng uL™') were
determined with the Nanodrop ND-1000 spectrophotometer.

The 25 puL real-time PCR reactions typically contained 1X
Sybr Green I, 1X Dye (Takara), 200 nM of each primer, 0.5 mg
mL™" of BSA, and 2 uL of DNA templates. Real-time PCR was
run on an ABI7300 apparatus (ABI, USA) with the following
program: 95 °C for 30 s, 40 cycles consisting of: (i) 95 °C for
10 s, (ii) annealing temperature for 12 s, (iii) 72 °C for 12 s,
and (iv) 82 °C for 26 s to collect the fluorescent signals, with
the melting process automatically generated by ABI7300
software. Triplicate assays were performed for decimally diluted
standard plasmids, properly diluted samples and negative
controls (sterile water).

To prevent the inhibition of the sample matrix, 10- to 100-
fold diluted samples were used for quantification. The following
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requirements were satisfied to obtain reliable quantification
(Supporting Information Table S2): Standard curves covered
5—8 orders of magnitude, with R? higher than 0.99 and
amplification efficiencies based on slopes between 90% and
110%. Specificity was assured by the melting curves analysis and
agarose gel electrophoresis. All qPCR protocols and data
analyses were performed within the standards outlined by the
MIQE guidelines.34

454 Pyrosequencing. For 454-pyrosequencing, archaeal
16S rRNA genes were amplified with primers Arch344F (5'-
ACGGGGYGCAGCAGGCGCGA-3') and Arch91SR (§'-
GTGCTCCCCCGCCAATTCCT-3').>' Barcodes that allowed
sample multiplexing during pyrosequencing were incorporated
between the 454 adapter and forward primers.*® The length of
the amplicon, including the barcode and 454 primers, was ~596
nt. The PCR mixtures (50 uL) were prepared in triplicate and
each contained 0.6 uM of each primer, ~5 ng of template
DNA, 1X PCR reaction buffer, and 2.5 U of Pfu DNA
polymerase. The PCR reactions were performed as described
previously.>® The PCR products of archaea were purified and
then sequenced by pyrosequencing on a 454 Life Sciences
Genome SequencerFLX (Roche Diagnostics, Indianapolis, IN,
USA) machine. Raw pyrosequencing data obtained from this
study were deposited in the NCBI Sequence Read Archive
(SRA, http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?) with
accession No. SRP058669.

The complete sequence reads were analyzed using mothur
software.”” Briefly, raw sequence reads were first filtered to
remove the sequences with quality scores below 25. The
multiplexed reads were assigned to samples based on their
nucleotide barcodes. Thereafter, low quality sequence reads
have been removed based on following criteria: (i) not perfectly
matching the proximal PCR primer; (ii) less than 200 bp for
archaea; (iii) homopolymers longer than six nucleotides; (iv)
with one or more ambiguous base(s), or flagged as chimeric
artifacts checked by UCHIME (http:/ /driveS.com/uchime).
The remaining sequences were trimmed and aligned against the
silva database (version: SSU111 http://www.arb-silva.de/)
using k-mer searching (http://www.mothur.org/wiki/Align.
seqs). The sequences were then clustered into operational
taxonomic units (OTUs, 97% similarity) using the furthest
neighbor method (http://www.mothur.org/wiki/Cluster).
Taxonomic classification down to phylum, class, order, family,
and genus was performed using mothur (http://www.mothur.
org/wiki/Classify.seqs) via the silva database and the algorithm
of the naive bayesian classifier’® with a confidence threshold of
80%.>” Rarefaction curves and the Simpson and Shannondiver-
sity indices*”*" were also generated for each sample.

GeoChip Analyses. Community DNA for GeoChip
analyses was extracted using a freeze-grinding method, which
has long been adopted for DNA extraction during Geochip
analysis, as described previously.*” The latest generation of
functional gene array, GeoChip 5.0 (manufactured by Agilent
Technologies Inc., Santa Clara, CA), was used to analyze the
functional structure of the sludge microbial communities.
GeoChip 5.0 contained more than 57000 oligonucleotide
probes, covering over 144 000 gene sequences from 393 gene
families. This includes the 19 main functional gene groups
involved in N cycling, such as nitrification (amoA, hao),
denitrification (narG, nirK, nirS, norB, nosZ), and nitrogen
fixation (nifH). Purified sludge DNA (0.5 mg) was used for
GeoChip hybridization, which was labeled with Cy 3, as
described before. Before hybridization, the labeled DNA was
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resuspended and hybridized with GeoChip. The hybridization
solution (42 mL in total) contained 1X HI-RPM hybridization
buffer, 1X aCGH blocking agent, 0.05 mg/mL of Cot-1 DNA,
10 pM universal standard DNA, and 10% formamide (final
concentrations). GeoChip hybridization was carried out at 67
°C in an Agilent hybridization oven for 24 h. After
hybridization, the slides were washed with Agilent wash buffers
at room temperature. The arrays were then scanned with a
NimbleGen MS200 Microarray Scanner (Roche NimbleGen,
Inc.,, Madison, WI, USA) at 633 nm using a laser power of
100% and a photomultiplier tube gain of 75%. The images were
extracted by the Agilent Feature Extraction program. The
microarray data were preprocessed for subsequent analysis, as
described previously™** in terms of poor and outlying spot
removal, background subtraction, normalization and sample.
Statistical Analysis. Wastewater and sludge properties
were standardized prior to analysis using the formula, z = (x; —
X)/s, where x; is the sample value, X is the mean of all samples,
and s is the standard deviation.”>*’ Mantel tests were used to
examine the relationships between the abundance of functional
genes and the antibiotic concentrations in ten samples from the
biological antibiotic production wastewater treatment sys-
tems."® The standardized GeoChip data for the gene categories
(and families) of each sample was set as the first matrix, and the
normalized wastewater and sludge data of each sample was set
as the second matrix. Canonical correspondence analysis
(CCA) was used to discern possible linkages between microbial
community functional structures and water properties in sludge
samples from the six wastewater treatment systems, and partial
CCA was used to analyze the contributions of different
chemical water variables to microbial functional structures.
Mantel tests, ANOVA analysis (Analysis of Variance), CCA,
and partial CCA were performed using R 2.13.1 (http://www.r-
project.org/) with the vegan and stats packages. Significance
tests were conducted by Monte Carlo permutation (999 times).
P values <0.05 were regarded as significant. All microarray
hybridization data are available at the Institute for Environ-
mental Genomics, University of Oklahoma (http://ieg.ou.edu).

B RESULTS

Characterization of Wastewater and Sludge. Detailed
chemical characteristics of wastewater and sludge (Supporting
Information Table S3 and Table S4), including chemical
oxygen demand (COD) and antibiotic concentrations for the
spiramycin pilot-scale system and the oxytetracycline system,
are described in our previous studies.”*** In the full-scale
system, the spiramycin concentrations of the influent (SPM(F)-
W1), anoxic effluent (SPM(F)-W2), and final effluent (SPM-
(F)-W3) were 236, 216, and 6.15 mg/L, respectively, which
were much higher than those in the pilot system.”* The
spiramycin concentration in aerobic sludge (SPM(F)-S)
reached 580 mg/kg dry weight, which was much higher than
that in the pilot-scale system (24.5—114 mg/kg dry weight for
SPM(P)-S,—S;). Though fluoroquinolones, tetracyclines, sulfo-
namides, macrolides and other antibiotics have been detected in
sewage in many countries, the total antibiotic concentrations
are in general below several /,tg/L,47 which are several orders
lower than those detected in antibiotic production wastewater.
The COD concentration decreased from 4575 to 601 mg/L in
the full-scale spiramycin system. The ammonia concentrations
decreased from 61.5, 249, and 164 mg/L to 8.49, 8.90, and 5.07
mg/L in the spiramycin full-scale, pilot-scale, and oxy-
tetracycline systems, respectively. The ammonia removals in
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Table 1. Relative Abundances of Arch-amoA and AOB amoA Genes in Activated Sludge Samples from Different Systems”

wastewater treatment Arch-amoA gene copy numbers AOB amoA gene copy numbers ratio of average ratio of
system sample code (ng DNAS (ng DNAg Arch-amoA/AOB amoA Arch-amoA/AOB amoA
spiramycin full-scale  SPM(F)-S 1.72 X 10° 3.25 x 10* 5.30 5.30
(3.02 x 10%) (3.17 x 10%)
spiramycin pilot- SPM(P)-S, 2.56 x 10° 2.22 x 10* 11§ x 107" 149 x 107"
scale
(7.85 x 10") (2.56 x 10%)
SPM(P)-S, 1.39 x 10* 447 x 10* 312 x 107!
(3.25 x 10%) (3.84 x 10%)
SPM(P)-S, 4.69 x 10* 2.40 x 10* 1.95 X 1072
(2.54 x 10%) (6.00 x 10%)
oxy-tetracycline full. ~ OTC-S1 3.60 x 10" 3.90 x 10* 922 x 107* 490 x 107*
scale
(3.00 x 10") (1.94 x 10°%)
OTC-S2 1.66 x 10 2.84 x 10° 5.84 x 107°
(5.65 x 10°) (325 x 10%)
sewage full-scale Sewage-S1 uD® 2.66 x 10* UD UD
(7.32 x 10%)
Sewage-S2 UD 3.53 x 10° UD
(5.55 x 10%)
non-antibiotic full- Inosine-S UD 421 x 10 UD UD
scale
(151 x 10%)

“Standard deviations are shown in parentheses. “UD: under the detection limit.

the aerobic reactors were 92.8—97.0%, showing that
nitrification functioned well in these three systems (Supporting
Information Table S3).

Quantification of Arch-amoA and AOB amoA Genes
Using gPCR. AOA and AOB abundances were inferred by
qPCR of the amoA gene, which encodes subunit A of ammonia
monooxygenase that performs the first step in ammonia
oxidation by both groups. Table 1 shows copy number ratios
of Arch-amoA to AOB amoA genes in the activated sludge
samples from different systems. Interestingly, the average ratios
of the Arch-amoA/AOB amoA genes were 5.30, 1.49 X 107
and 4.90 X 107* for the spiramycin full-scale, pilot-scale and
oxytetracycline systems, respectively, whereas no Arch-amoA
genes were detected in the sewage and inosine systems (Table
1).

Arch-amoA and AOB amoA gene copy numbers were
normalized to DNA concentrations (ng DNA) (Table 1) and
archaeal and bacterial 16s rRNA genes (Supporting Informa-
tion Table SS), respectively, for comparison. The AOB amoA
gene abundances in the six different wastewater treatment
systems varied between 3.53 X 10° and 4.47 X 10* gene copies
per ng of DNA, and between 6.21 X 1073 and 1.21 normalized
to bacterial 16s rRNA genes, respectively. The Arch-amoA
genes for the three antibiotic systems, on the other hand, varied
from 1.66 X 10" to 1.75 X 10° gene copies per ng of DNA and
from 1.78 X 107* to 1.14 normalized to archaeal 16s rRNA
genes, respectively.

Archaeal and Bacterial Community Revealed by 454-
Pyrosequencing Analysis. Archaeal and bacterial composi-
tions were revealed by 454-pyrosequencing. Good’s coverage
ranged from 95.7 to 97.9% for archaea and from 89.0% to
96.0% for bacteria, respectively. The Shannon indices of
archaea (3.23—3.34) were lower than that of bacteria (4.30—
6.01), whereas the Simpson (0.0104—0.0538 for bacteria, and
0.1073—0.2946 for archaea) indices showed the reverse trends
(Supporting Information Table S6 and Table S7).

Figure 1 shows the relative abundances of the archaeal
community at the phylum level for each sample. Interestingly,
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Figure 1. Relative archaeal community abundance at the phylum level
of sludge samples.

the relative abundance of Thaumarchaeota in archaeal
population was 99.60% in full-scale spiramycin system, followed
by 78.52 to 91.00% (85.81% in average) in pilot-scale
spiramycin system. The only AOA phylotype detected in the
three antibiotic systems (at the genus level) was identified as
Candidatus Nitrososphaera belonging to Thaumarcheota group
L1 b AOA.* On the contrary, the abundance of Euryarchaeota
in archaea was >99% in the oxytetracycline, sewage, and inosine
systems (Supporting Information Table S8 and Table S9).
Supporting Information Table S10 summarized the relative
bacterial community abundance at the phylum level for each
sample. It was clear that the presence of antibiotics did not
affect the bacterial community structures significantly in the
phylum or class level. Proteobacteria was the most abundant
phylum (30.35 to 50.89%) in all of the systems, with a- (6.20 to
18.98%) and f-proteobacteria (13.31 to 34.76%) as the two
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Table 2. Total AOA and AOB amoA Gene Log Transformed Signal Intensities from by Using GeoChip 5.0 and the Ratio of
AOA and AOB amoA Gene Signal Intensities (Arch-amoA/AOB amoA) of Activated Sludge Samples from Antibiotic, Sewage,

and Inosine Wastewater Biological Treatment Systems

total signal intensity of amoA genes spiramycin full-scale spiramycin pilot-scale oxytetracycline sewage inosine
SPM(F)-S SPM(P)-S, SPM(P)-S, SPM(P)-S; OTC-SI OTC-S2 Sewage-S1 Sewage-S2 Inosine-S
Arch-amoA 11.88 22.21 19.46 22.26 22.11 22.56 20.64 20.75 18.57
AOB amoA 3.86 20.73 18.26 21.75 22.00 21.08 20.97 22.86 20.95
Arch-amoA /AOB amoA 3.08 1.07 1.07 1.02 1.01 1.07 0.98 091 0.89
average Arch-amoA /AOB amoA 3.08 1.05 1.04 0.95 0.89

Table 3. Relationship between amoA Genes (GeoChip) for Ammonia Oxidation and Water Characteristics Revealed by Mantel

Test

total water characteristics

(antibiotics, COD, NH,") total antibiotics spiramycin oxytetracycline NH,*
gene category ™M P ™ P ™ P ™ P ™ P
total amoA 0.408 0.143 0.509 0.115 0.855 0.057 —0.004 0.360 0.352 0.051
Arch-amoA 0.366 0.133 0.496 0.066 0.710 0.019 0.105 0.320 0.274 0.082
AOB amoA 0.372 0.138 0.450 0.125 0.791 0.084 —0.045 0.466 0.328 0.056

“The signal intensity of genes among nigh samples from biological treatment systems was used as the first matrix; the normalized water
characteristics were used as the second matrix. Bold values indicate significant P-values (<0.05).

most abundant classes. The other major phyla include
Chloroflexi (6.66 to 32.27%), Bacteroidetes (2.14 to 28.11%),
Actinobacteria (1.72 to 15.19%), Acidobacteria (0.02—16.32%),
Planctomycetes (0.34 to 6.89%), etc. This result was in
accordance with our previous study showing that the presence
of antibiotics did not affect bacterial diversity much.** However,
it seemed that the presence of high concentrations of
antibiotics favored the growth of Gemmatimonadetes and
Deinococcus-Thermus.

Nitrogen-Cycling Genes and amoA Genes Detected
by GeoChip. A total of 2670 nitrogen cycling functional genes
were detected by GeoChip for all activated sludge samples from
the three antibiotic wastewater treatment systems and three
control wastewater treatment systems. There were 80 genes for
nitrification, 1223 genes for denitrification, four genes for
anaerobic ammonium oxidation (anammox), 222 genes for
assimilatory nitrate/nitrite reduction, 396 nifH genes for
nitrogen fixation, 173 genes for dissimilatory nitrogen
reduction, 413 genes for ammonification and 159 genes for
assimilation (Supporting Information Table S11).

Eighty nitrification genes, including 65 amoA and 15 hao
genes, were detected. Among the 65 amoA genes, 38 were
derived from bacteria belonging to uncultured bacteria (28
genes), f-proteobacteria (8 genes), and y-proteobacteria (two
genes), respectively, whereas 27 were derived from AOA (most
affiliated with Thaumarcheota) (Supporting Information Table
S12). ANOVA analysis of amoA genes showed that the four
activated sludge groups (spiramycin, oxytetracycline, sewage,
and inosine systems) had significant difference (P < 0.05). The
spiramycin full-scale system exhibited the highest average signal
intensity ratios of Arch-amoA to AOB amoA genes (3.08),
followed by the spiramycin pilot-scale (average: 1.05),
oxytetracycline (average: 1.04), sewage (average: 0.91), and
inosine (0.89) systems, suggesting the selection effects of
antibiotics for Arch-amoA, particularly in the spiramycin full-
scale system (Table 2).

Mantel tests were performed to examine the relations
between the signal intensity of function genes (GeoChip)
and antibiotic concentration in the wastewater treatment
systems. The relationships between the abundance of total
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amoA, Arch-amoA, and AOB amoA genes and total antibiotic
concentrations or ammonia concentration were not significant
(P > 0.05). However, the Arch-amoA genes were significantly
correlated with spiramycin concentration (r = 0.780, P = 0.019)
(Table 3: in bold face). For bacteria, no significant correlation
was observed between the AOB amoA genes and spiramycin
concentration.

Contributions of Water Quality Variables to Varia-
tions in N-Cycling and Nitrification Functional Gene
Structures. CCA was performed to discern possible linkages
between microbial functional structure related to nitrification
(amoA gene)/nitrogen-cycling functional genes and water
variables in the activated sludge samples (Supporting
Information Figure S2ab). The best combination of four
water quality variables (spiramycin, oxytetracycline, COD, and
ammonia concentrations) were included in the CCA biplot
based on automatic forward selection, variance inflation factors
with 999 Monte Carlo permutations, and the previous
evidence.”® The first axis, which was positively correlated with
oxytetracycline, explained 38.0% of the amoA diversity
observed, and the second axis, which was negatively correlated
with spiramycin, COD, and ammonia, explained 24.4% of the
total variation. The contributions of antibiotics (A) (spiramycin
and oxytetracycline), COD (C), and ammonia (N) on amoA
and nitrogen-cycling functional structure variations were
determined with variance partitioning analysis (VPA) using
partial CCA (Figure 2 and Supporting Information Figure S3,
respectively). Total variation was partitioned into the pure
effects of A, C, and N, interactions between any two
components (A X C, A X N, and N X C), common
interactions between all three components (A X N X C) and
the unexplained portion (Figure 2a). Totals of 55.3% and
54.3% of the variation of amoA and nitrogen-cycling functional
structures were significantly explained (P < 0.05) by the three
components, respectively (Figure 2b and Supporting Informa-
tion Figure S3b). Antibiotics, COD and ammonia independ-
ently explained 25.8, 10.6, and 10.8% of total variations
observed in amoA genes, and 29.2, 11.6, and 11.5% of total
variations observed in nitrogen-cycling, respectively. It should
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Figure 2. Variation partitioning analysis of amoA gene diversity by
GeoChip explained by antibiotics (A), COD (C), and NH,* (N). (a)
General outline, (b) amoA genes. Each diagram represents the
biological variation partitioned into the relative effects of each variable
or a combination of variables, in which geometric areas are
proportional to the respective percentages of explained variation.
The edges of the triangle represent the variation explained by each
variable alone. The sides of the triangles represent interactions of any
two variables and the middle of the triangles represents the interaction
of all three variables.

be noted that the VPA results were acquired based on limited
sample size (nine activated samples).

B DISCUSSION

Nitrification is a key and often rate-limiting step in nitrogen
removal.'’ Previous batch test results have shown that the
presence of antibiotics can inhibit nitrification.”*** However,
we observed sound nitrification in all three biological systems
treating antibiotic-containing wastewater (Supporting Informa-
tion Table S3). By employing qPCR, 454-pyrosequencing and
GeoChip analysis, we demonstrated that Arch-amoA genes as
well as AOA (C. Nitrososphaera) were of high abundance in the
full-scale spiramycin systems (Table 1, Table 2, and Figure 1).
Although the AOB amoA copy numbers per ng DNA in the
spiramycin systems (3.5 X 10°-2.8 X 10° copies/ng DNA)
were similar to or higher than those in a saline nitrification
reactor (4.7 X 10°-2.3 X 10° copies/ng DNA) and rotating
biological contactors treating municipal wastewater (approx-
imately >2 X 10°~1.2 X 10° copies/ng DNA or approximately
<72 X 10° copies/ng DNA, estimated from graphs),'**”*
Arch-amoA gene numbers in the two spiramycin systems (4.7 X
10*~1.7 X 10° copies/ng DNA) were higher than those in the
above studies (1.7 X 10°-3.8 X 10° copies/ng DNA;
approximately <1 X 10°—7 X 10* copies/ng DNA, approx-
imately <2.3 X 10* copies/ng DNA, estimated from
graphs).'”***® Thus, AOA may play an important role in the
nitrification of the spiramycin systems. However, the high ratio
of Arch-amoA to AOB amoA genes in the spiramycin systems
was not driven by the decrease in AOB amoA but rather by an
increase in Arch-amoA genes (Table 1 and Table 2). In fact,
high thresholds of antibiotic resistance were observed in the
spiramycin and oxytetracycline systems in our previous
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studies.***>*” Thus, it was possible that AOB could survive
by acquiring antibiotic resistance through long-term exposure
and would keep the position as the key player in ammonia
removal.

The niches of AOA within the nitrogen cycle have been
deducted to be low-nutrient, low-pH, and sulfide-containing
environments,**" which are generally not the case for municipal
wastewater treatment employing suspended growth systems."
That might be the reason why most previous studies reported
low or zero Arch-amoA gene abundance in WWTPs.'"'>'*
Since the first report on the presence of AOA in WWTPs,”
quite a few studies have investigated the contribution of AOA
in wastewater nitrification.'" Most reported that the copy
numbers of Arch-amoA genes were much lower than those of
AOB in many cases.'"'® One definitive study depicted a rate-
dependent negative correlation between ammonium concen-
tration and the relative abundance of AOA amoA genes in
rotating biological contactors.'” In another study of European
WWTPs, three petroleum refinery WWTPs exhibited high
abundance of Thaumarchaeota carrying amoA.'® Using FISH in
combination with microautoradiography (MAR) with '*C-
inorganic carbon labeling, AOA closely related to Thaumarch-
aeota soil group L1b were associated with degradation of
organic compounds, rather than performin% autotrophic
nitrification in one petroleum refinery WWTP."® High ratios
of AOA to AOB amoA gene copy numbers (5.10 to 95.5) and
group 1.1b Thaumarchaeota were also found in some wells of
petroleum reservoirs,”> suggesting that petroleum reservoirs
might be a source of AOA. The high abundance of AOA or
Arch-amoA genes observed in some WWTPs might originate
from the inflow of wastewater and may not be related to
ammonia transformation. It should be noted that the qPCR
method using circular plasmids employed in most of prior
studies may lead to the overestimation of gene copy numbers.*®

In addition to qPCR enumeration of amoA genes, we
employed 454-pyrosequencing and GeoChip to reveal the
community, archaeal and amoA gene diversities. The archaeal
454-pyrosequencing results revealed that the highest abundance
of Thaumarcheota in archaeal population (99.60%) occurred in
the full-scale spiramycin system, followed by the pilot-scale
spiramycin system (85.81% in average), with low abundance of
Thaumarcheota found in the oxytetracycline (0.29% in average),
sewage (0.02% in average), and inosine (0.03% in average)
systems, which was in accordance with the qPCR results.
Previously, archaeal 16S rRNA gene sequence analysis from
marine and soil environments suggested that Thaumarchaeota
can be divided into two distinct clades: group I.1a and group
L1b."" Thaumarchaeota group L1a is frequently found in marine
environments, although it has been reported in terrestrial
environments with low abundance.>* The Candidatus Nitro-
sosphaera detected in our systems, which fell into group 1.1b
AOA, represented the most abundant soil taxa.>*> This result
was consistent with the ﬁndin%s of most earlier Arch-amoA
gene sequences from WWTPs."

Our GeoChip results revealed that the abundance of Arch-
amoA genes increased in the presence of spiramycin (P < 0.0S).
The VPA based on GeoChip analysis showed that antibiotics
contributed the most to the amoA and N-cycling functional
gene variations (25.8 and 29.2%, respectively), suggesting that
antibiotics were the predominant factor shaping N-cycling
functional structures. The presence of relatively high spiramycin
concentrations (especially in the spiramycin full-scale system)
might have enhanced the role of Arch-amoA genes in ammonia
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removal by selecting for a greater abundance of archaeal
species. Spiramycin is a macrolide antibiotic that inhibits the
50S ribosomal subunit, exhibiting activity against Gram-positive
and some Gram-negative bacteria,* and oxytetracycline inhibits
the 30S ribosomal subunit exhibiting activity against a wide
range of Gram-positive and Gram-negative bacteria.’’ In
comparison with the classical bacteria, archaea have exhibited
a different antimicrobial susceptibility pattern with respect to
many basic biochemical characteristics.>®>® For example,
human archaea could tolerate tetracycline and macrolide
erythromycin at a concentration of >100 mg/ L>° AOA-
Nitrososphaera viennensis was not affected by the antibiotics
streptomycin, kanamycin, ampicillin, and carbenicillin.* The
half-maximal effective concentration of antibiotic sulfathiazole
to AOB (Nitrosospira multiformis) was 7.70 uM, while that to
AOA (ca. Nitrososphaera viennensis EN76) was over 1500 ﬂM.éO
Inhibitory effects of antibiotics on nitrification and AOB have
been observed in wastewater treatment systems using short-
term inhibition tests or pilot experiments.”*>*' The exposure
of soil to certain antibiotics results a significant increase in the
ratios of Arch-amoA to AOB amoA genes.”> Model calculations
regarding the impact of antibiotics on AOA and AOB in soil
ecosystems have shown that AOA maintained ammonia
oxidation at high sulfadiazine concentrations.*>** Thus, the
sound nitrification in the two stably operated spiramycin
wastewater treatment systems and the occurrence of abundant
AOA in our study suggested that AOA might play an important
role in nitrification. The relatively low AOA and Arch-amoA
gene abundances in the oxytetracycline system might be related
to the relatively low oxytretacycline concentrations or antibiotic
type, which requires further study.

It should be also noted that the abundance of AOA over
AOB in terms of amoA gene numbers might not necessarily be
related to archaeal ammonia oxidation activity. Additional in-
depth analyses, including in situ labeling experiments, are
needed to validate the role of AOA in wastewater treatment
systems. At the same time, more samples from different
WWTPs treating antibiotic production wastewater are needed
to validate the result of this study.
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