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Abstract: Using sludge obtained from municipal sewage treatment plants, the response of viable
bacterial populations during the sludge ozonation process was investigated by a combination of
adenosine triphosphate (ATP) assay and propidium monoazide (PMA)-Miseq sequencing. The
ATP assay was first optimized for application on sludge samples by adjusting the sludge solid
contents and reaction time. PMA-modified polymerase chain reaction (PCR) was also optimized by
choosing the suitable final PMA concentration. The quantity and composition of viable bacterial
populations during sludge ozonation were further elucidated using the optimized ATP and
PMA-modified PCR methods. The results indicated that after the sludge was exposed to ozone (Os)
at 135 mg-Os/g total suspended solids (TSS), the viable biomass displayed a substantial decrease,
with a reduction rate reaching 70.89%. The composition of viable bacterial communities showed a
faster succession, showing that an ozone dosage of 114 mg-Os/g TSS is enough to significantly
change the viable bacterial population structure. Floc-forming genera, such as Zoogloes,
Ferruginibacter, Thauera and Turneriella, are sensitive to ozonation, while the relative abundances of
some functional bacterial genera, including SM1A02, Nitrospira and Candidatus Accumulibacter,
remained constant or increased in the viable bacterial population during sludge ozonation,
indicating that they are more resistant to ozonation.

Keywords: propidium monoazide; quantitative PCR; bacterial community; adenosine triphosphate;
ozonated sludge

1. Introduction

Excess sludge produced by biological wastewater treatments has become a big problem.
Treatment and disposal of excess sludge may account for up to 60% of the total operational costs of a
wastewater treatment plant [1]. For this reason, techniques for reducing excess sludge have gained
much attention, and one of the promising techniques is the sludge ozonation process [2—4].

Ozone (Os), as a strong chemical oxidant, can destroy the cell structure of microorganisms and
oxidize bio-macromolecules such as proteins and DNA, resulting in the appearance of large
numbers of dead cells [5]. The interaction between bacterial cells and ozone has only been studied
for Escherichia coli in pure cultures, and the results proved that membrane components are the
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primary targets of Os damage [6]. The activated sludge process mainly depends on its viable
bacterial community [7], which is responsible for the removal of COD and nitrogen and has a very
high phylogenetic diversity [8,9]. Different bacteria with variable cell structures in activated sludge
might show different responses to ozonation treatment. However, the changes in the quantity and
composition of viable biomass in sludge during ozonation are not well understood.

Counting colony-forming units (CFU) of bacteria on a solid agar medium is a traditional
method for estimating the number of viable bacteria cells in a sample. Yan et al. [5] used this method
to monitor bacterial concentrations during the ozonation process and found that with the increase of
ozone dosage from 0-0.10 g-Os/g total suspended solids (TSS), the culturable bacteria decreased
gradually from 4.5 x 10¢ to 4.3 x 10* CFU. Considering the low culturability of bacteria in activated
sludge (1%-15%) [10], and long incubation time for obtaining a result (usually two days) [5], the
culture-based method is time-consuming and not accurate. On the contrary, the adenosine
triphosphate (ATP) bioluminescence assay, based on the direct proportionality of ATP to viable
biomass, can provide a more accurate estimate of the total active biomass in a sample than the CFU
method [7,11,12]. The ATP assay, mainly used in monitoring microbiological drinking water quality
[12-14], allows an estimation of bacterial populations within minutes and can be done on-site, which
is particularly suitable for assessing the reduction of viable bacteria during activated sludge
ozonation, but the use of the ATP assay for this application has not yet been reported. As for the
change in bacterial community composition, a loss of bacterial diversity was found with the increase
of ozone dosage by polymerase chain reaction (PCR)-denaturing gradient gel electrophoresis
(DGGE) [5]. However, PCR amplification cannot distinguish the DNA templates from live or dead
cells, which account for considerable portions of total cells in ozonated sludge, leading to
misunderstanding of the responses of complex bacterial populations to ozonation. Propidium
monoazide (PMA), a DNA-binding dye that can easily penetrate dead or membrane-compromised
cells, is widely used for the differentiation of live cells [15,16]. Recently, its combination with the
newly developed high-throughput sequencing technique has been applied to detect viable microbial
communities in the sputum of adult cystic fibrosis patients and some environmental samples such
as seawater and heated sludge [17-19]. PMA treatment in combination with high-throughput
sequencing might also give new insights into the viable bacterial population evolution during
activated sludge ozonation.

Previous studies evaluating sludge reduction by ozone have primarily focused on operating
conditions and process parameters [20-23]. In this study, we focus on the quantity and composition
of viable bacteria in activated sludge during the ozonation process. To accomplish this, we
optimized the application of the ATP assay and PMA treatment for activated sludge analysis, and
determined the response of activated sludge bacteria to different dosages of ozone by combining the
ATP assay with PMA-modified Miseq sequencing. The results will be helpful for designing and
optimizing an economical sludge reduction process.

2. Materials and Methods

Activated sludge and ozonation. The activated sludge used in this study was collected from
the aerobic tank of the Gaobeidian municipal wastewater treatment plant in Beijing, China. The
plant adopts an inverted A2/O (anoxic—anaerobic—oxic) process to treat sewage containing around
10% industrial wastewater. The removal rates of ammonia nitrogen and total phosphorus of the
A2/O process were over 80% and around 70%, respectively, during the sampling campaign. The
TSS concentration of the sludge was 3700 mg/L, with a 78% volatile suspended solids concentration.

Two liters of sludge were fed into the ozonation reactor, which was operated in semi-batch
mode. The concentration of ozone in the gas phase was analyzed by the iodometric method with KI
solution [24]. Prior to this experiment, a three-way valve was used to bypass the ozone-containing
gas into a KI solution to determine the inlet ozone concentration and to ensure the stability of the
gas. Then the ozone gas was introduced into the reactor by feeding the ozone gas continuously.
Samples of the ozonated sludge were periodically collected. In addition, the ozone concentration in
the off-gas was detected during the ozonation. Ozone gas was fed continuously into the reactor at a
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concentration of about 40 mg/L using an ozone generator (ED-OG-R4, Eco Design, Kameoka,
Japan). All the experiments were performed in triplicate to ensure precision. In order to compare
the results obtained from different ozonation time, the ozone dosage (mg-Os/g TSS) (initial TSS
concentration) calculated according to Chu et al. [21] was used.

ATP Assay. Before ATP measurement, sludge flocs were first disaggregated following the
procedure of Abzazou et al. [25], which permitted the recovery of total bacterial cells from sludge
flocs without affecting bacterial viability. ATP was measured using the BacTiter-Glo™ Microbial
Cell Viability Assay (G8231; Promega Corporation, Diibendorf, Switzerland) and a GloMax® 20/20
Luminometer (Turner BioSystems, Sunnyvale, CA, USA). The BacTiter-Glo™ reagent containing the
ATP releasing agents and the luciferase enzymes was prepared according to the manufacturer’s
guidelines. The protocol developed for detecting ATP concentrations in water samples [26] was
adopted in this study, which prescribes reagent-to-sample volumes of 50 uL:500 pL, 38 °C for
sample incubation, and 20 s incubation for the reaction time. Two aspects of this protocol (sludge
concentration and incubation time) were investigated individually: (a) the impact of increased
sludge concentration on the sensitivity of the assay was tested by diluting the activated sludge to
different TSS values (740, 1480, 2220, 2960 and 3700 mg/L) in a set volume (500 uL) of sample and
measuring the light emission at a set temperature (38 °C) and incubation time (20 s); and (b) the
optimal incubation time was investigated by using a selected reagent-to-sample ratio (50 pL:500 uL)
at different incubation times (20, 40, 60, 80, 100, 120, 180, 240 and 300 s) with the sludge
concentration set at 2000 mg/L (see below). From these data, we derived an optimized protocol for
the ATP assay in sludge. Total ATP was directly measured as described above, while extracellular
ATP was first separated from microbial ATP by filtration of the sample with 0.1 mm filters
(Millex®-VV, Millipore, Darmstadt, Germany) and then measured with the same protocol. Microbial
ATP was calculated by subtracting extracellular ATP from total ATP. The calibration curves were
obtained using a pure ATP standard (Promega Corporation, Madison, WI, USA). All ATP
measurements were carried out in triplicate, and ATP concentrations recorded as luminescence were
expressed in relative light units (RLU).

PMA Stain and DNA Extraction. In order to ensure the successful application of
PMA-modified PCR to activated sludge and ozonated sludge, the TSS concentration of sludge was
set at 1000 mg/L as recommended by Taskin et al. [27]. Heat-shocked sludge obtained by heating AS at
95 °C for 15 min was used as a positive control that was mainly composed of dead cells. PMA
staining was conducted following a previous report [16]. Briefly, 1-mL aliquots of sludge were
transferred into light-transparent 2-mL microcentrifuge tubes. PMA (Biotium Inc., Hayward, CA,
USA) dissolved in 20% dimethyl sulfoxide was added to sludge samples at different final
concentrations (50, 70 and 100 uM). Following 10 min of incubation in the dark, samples were
exposed for 10 min to a 650-W halogen light source at a distance of 15 to 20 cm from the light source.
The microcentrifuge tubes were placed on ice during the light exposure to avoid excessive heating.
After exposure, sludge samples were centrifuged at 14,000 rpm for 5 min, and the liquid was
decanted. The pellets without water were stored at 20 °C until DNA extraction was performed,
within 1 day.

DNA extraction was performed by using the FastDNA Spin Kit for soil (MP Biomedicals, Solon,
Ohio, USA) according to the manufacturer’s instructions. The extracted DNA was visualized in gel
and quantified by a spectrophotometer (ND-1000, NanoDrop, Wilmington, DE, USA).

Quantitative PCR assay. The 165 rRNA gene for domain Bacteria was quantified for the stained
samples by using primer set (341F and 534R) and SYBR-Green real-time PCR (RT-PCR). The RT-PCR
analysis was conducted as described previously [28]. Simply, standard plasmid-carrying target
genes were obtained by TA clones and extracted using a TIANpure Mini Plasmid kit (Tiangen,
Beijing, China). Concentrations of the standard plasmids (ng-puL™) were determined with the
Nanodrop spectrometer, and their copy concentrations (copies-puL) were then calculated [29]. A
25-uL reaction system was used typically containing 1 x Sybr Green I, 1 x Dye (Takara), 200 nM each
primer, 0.5 mg-mL-! BSA, and 2 uL DNA templates, and Real-time PCR was run on an ABI7300
apparatus (ABI, Waltham, MA, USA). The specificity was assured by the melting curves and gel
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electrophoresis. Triplicate real-time PCR assays were performed for the decimally diluted standard
plasmids to obtain the standard curves, by which the quantity of target DNA in the samples was
calculated. The detailed temperature program of RT-PCR and criteria for quality control of the
quantitative results were discussed in detail in our previous work [28].

Illumina Miseq sequencing and bioinformation analysis. To explore the composition of the
viable bacterial communities in ozonated sludge, gene amplicon sequencing was conducted using
barcoded primers (515£/907r) designed to target the V4-V5 region of the 16S rRNA gene [30]. The
PCR program was set as follows: 94 °C for 5 min, 30 cycles of 94 °C for 30 s, 50 °C for 45 s, 72 °C for 1
min, and finally 72 °C for 5 min. Triplicate PCR products were combined into a composite sample,
and 240 ng of each composite sample was purified using a QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany). Sequencing was conducted at the Novogene Co. Ltd. (Beijing, China) on an
INlumina MiSeq using a 250-cycle paired-end protocol. Processing of reads was conducted using the
QIIME pipeline [31] and annotation against the Greengenes database (Release 13.5) [32]. After
quality filtering, between 33,140 and 42,789 reads were obtained per sample and all samples were
rarefied to 33,140 randomly selected reads. Hierarchical cluster analysis was performed using R 3.0.3
(http://www.r-project.org/) with the gplots package. Raw sequencing data that obtained from this
study were deposited to the NCBI Sequence Read Archive (SRA, http://trace.ncbi.nlm.nih.gov/
Traces/sra/sra.cgi?) with accession no. SRS1837815 to SRS1837820.

Statistical analysis. Pair-sample ¢-tests were conducted using Origin 8.0 (OriginLab,
Northampton, MA, USA) to determine whether ATP-based viable biomass quantity was
significantly different between samples. A p-value of <0.05 was considered significant.

3. Results and Discussion

3.1. Optimize ATP Assay for Fast Detection of the Quantity of Viable Biomass during Sludge Ozonation

Because the ATP method has mainly been applied in monitoring the microbiological quality of
the drinking water [12,14,33,34], its recommended protocol [26] should be optimized when used in
detecting ATP in sludge. In this study, the effects of sludge concentration and incubation time were
investigated. Figure la shows the positive impact of greater solid content on the luminescence
detected from an activated sludge sample when the TSS value was below 2220 mg/L. The
luminescence did not increase proportionally to the solid content when it was increased to 2960
mg/L, and remained almost constant when the TSS value increased from 2960 to 3700 mg/L, with the
highest light signal around 107, which is three-log higher than that in drinking water [26]. The 50 uL
BacTiter-Glo™ reagent used in the present study might not be sufficient to completely release ATP
from the activated sludge (500 puL sample volume) when its TSS concentration is higher than 2220
mg/L. Thus, to further ensure the accurate determination of ATP, 2000 mg/L was adopted as the
sludge solid concentration in the optimized protocol. Since the ATP assay is based on an enzymatic
reaction, the reaction time of the assay is important. Figure 1b demonstrates that 20 s, which is
usually used in ATP detection in drinking water [11,26], is not sufficient in the luciferase-based assay
of activated sludge. The larger cell number present in the sludge required about 100 s to reach the
maximum luminescence signal (Figure 1b), and therefore this time was adopted as the reaction time
of the assay. The luminescence signal increased about 3.8-fold with the optimized protocol for
measuring microbial ATP, making the protocol more sensitive and accurate for activated sludge
determination.
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Figure 1. Optimization of the ATP detection for the sludge samples: (a) effect of sludge solid contents
on the luminescence; and (b) effect of reaction time on the luminescence.

3.2. Optimization of PMA-Modified PCR for Selectively Amplifying the 16S rRNA Genes of Viable Bacteria in
Activated Sludge

As for detecting the viable bacterial population compositions, Yan et al. used the conventional
PCR-DGGE method for revealing the diversity of bacterial populations in activated sludge during
ozonation [5]. However, prolonged persistence of DNA after cell death is a concern for the
application of such methods, as DNA from dead cells can result in false-positive identification and
inaccurate estimation of diversity. Considering that the cell membrane is the first victim of ozonation
[6] and membrane integrity is one of the most reliable criteria for differentiating viable and dead
bacteria cells [16,35], PMA was adopted in this study to selectively detect DNA from the viable cells.
PMA can preferentially bind to double-stranded DNA, and its photoreactive azido group will be
converted to a highly reactive nitrene radical upon photolysis, which readily reacts with any
hydrocarbon moiety at the binding site to form a stable covalent nitrogen—carbon bond, resulting in
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permanent DNA modification [16]. The dye is nearly completely cell membrane impermeable and
thus can be selectively used to modify exposed DNA only from dead cells, while leaving DNA from
viable cells intact, which results in blocking the subsequent amplification of modified target DNA
sequences by PCR. This feature makes the dye highly useful in the selective detection and
quantification of viable cells by high-throughput sequencing and quantitative real-time PCR. In
addition, PMA-modified PCR methods have been successfully used in detecting viruses, pathogens
and heat-tolerant bacteria [36-39]. In this study, the PMA stain was conducted according to Taskin’s
method for biosolids [27], whose solid contents are about 10- to 100-fold higher than that in activated
sludge. Therefore, before its application in activated sludge, the PMA method was optimized,
mainly focusing on the effect of final PMA concentration on removal of DNA from dead cells. We
found that decreasing the final PMA concentration from the value of 100 uM used in Taskin’s
method to 50 uM is sufficiently effective to eliminate PCR amplification of genomic DNA from dead
cells (Figure 2) no matter whether for fresh sludge or heat-shocked sludge, which might be due to
the simpler chemical and biological matrices in activated sludge [27].
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Figure 2. Effect of final PMA concentrations on quantitative polymerase chain reaction (qPCR)
quantification of bacterial 16S rRNA gene: (a) fresh activated sludge; and (b) heat treated activated
sludge.
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3.3. Detection of the Quantity of Viable Bacterial Populations during Sludge Ozonation Using Optimized ATP
Assay and PMA-qPCR

After optimizing the applicability and effectiveness of both methods, the decrease of viable
biomass in activated sludge was first detected by the ATP assay. As shown in Figure 3, with the
increase of ozone dosage, the microbial ATP concentration decreased. It is interesting to note that the
viable biomass displayed a substantial decrease (p < 0.01) when the ozone dose was increased from
114 to 135 mg/g TSS, and thereafter remained constant until the ozone dosage was further increased
to 312 mg/g TSS (Figure 3a). Similar results were obtained by using the PMA-modified qPCR
analysis (Figure 3b). These results indicate that more concrete and cutting-edge ozone dosages with
quantified effects for the destruction of activated sludge might be determined by further refining the
sampling points. The sludge ozonation process has been suggested to consist of the sequential
decomposition processes of suspended solids disintegration, solubilization of the solids (cells) and
mineralization of the soluble organic matter released from the microbial cells [20]. Therefore, the
change pattern of viable bacterial populations during the ozonation process suggested that: (1)
disintegration was the main process when ozone dosage was less than 114 mg/g TSS, and bacterial
cells underwent fast solubilization when the ozone dosage increased to 135 mg/g TSS, with more
than 70% reduction in total bacterial cells; and (2) there are some ozone-tolerant bacteria in activated
sludge, which require more ozone to break their membranes.
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Figure 3. Viable bacterial biomass in activated sludge under different ozone dosages: (a) microbial
ATP concentration; and (b) bacterial 16S rRNA gene copies.

3.4. Detection of the Composition of Viable Bacterial Populations during Sludge Ozonation Using Optimized
PMA-Miseq Sequencing

Based on the change pattern of viable biomass during ozonation, sludge samples corresponding
to ozone dosages 0 (0Z0), 52 (0Z52), 114 (OZ114), 135 (OZ135), 208 (0Z208) and 312 (OZ312) mg/g
TSS, respectively, were extracted and sequenced by using the PMA-modified Miseq sequencing
method for analysis of the live bacterial populations. Recently, the combination of Miseq sequencing
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with PMA treatment was also successfully used to reveal the shifts of live bacterial community in
secondary effluent during chlorine disinfection [40]. To our knowledge, this is the first investigation
on the behaviors of viable bacterial populations in activated sludge during ozonation. A total of 260
genera affiliated to 25 phyla were identified, indicating a higher diversity of the viable bacteria
community in activated sludge than that in secondary effluent or canal water [19,40]. Hierarchical
cluster analysis based on the OTU level showed that the viable bacterial communities could be
divided into two groups: one group for samples with ozone dosages of 0 and 52 mg/g TSS, and
another group for the rest (Figure 4a). The cluster result suggested that an ozone dosage at least at
114 mg/g TSS is enough to completely disintegrate the sludge flocs and significantly change the
viable bacterial populations in activated sludge, and the fast decrease in viable biomass when ozone
dosage increased from 114 to 135 mg/g TSS was due to the oxidation of all bacterial cells. Yan et al.
[5] also found that the DGGE fingerprint of ozonated sludge became simplified when the level of
ozone was above 60 mg/g TSS. The viable bacterial community was dominant, with the phyla
Proteobacteria (47.01%), Bacteroidetes (16.91%), Planctomycetes (11.12%), Nitrospirae (8.96%), Chloroflexi
(2.47%), Acidobacteria (1.73%) Spirochaetae (1.51%) and two Candidate division (OD1 and TM?7)
(<1.50%) in the raw activated sludge used in this study (OZ0). The relative abundances of the phyla
Proteobacteria, Bacteroidetes, Acidobacteria and Spirochaetae decreased, while those of the phyla
Planctomycetes and Candidate division TM7 increased during ozonation. Although there was a
decrease in relative abundance, Proteobacteria was always the most dominant phylum through the
experiment. The phyla of Nitrospirae, Chloroflexi and Candidate division TM7 maintained a stable
relative abundance during the ozonation process (Figure 4b).

(@) N )

— m Zoogloea
0Z208 14 1 = Ferruginibacter
S12 | # Thauera
0Z135 g 10 4 Turneriella
€ gl m Nitrosomonas
3
©
OF7114 2 5 H Blastocatella
g Arenimonas
T 4
'x Rhizobacter
ozs2 2 |
Haliangium
0 Bryobacter
OZo 0z0 0752 0Z114 0zZ135 0Z208 0Z312
100 —
o 16 ¥ Mycobacterium
14 4 H Tabrizicola
12 4 u Hirschia
10 Woodsholea

® Propionivibrio

= Candidatus_Accum
ulibacter

Relative abundance (%)
o

Relative abundance (9%}
L | L |

Dokdonella
4
‘ Dechloromonas
gF O
oz oz 0zit4 azta OZz8 ozatz SM1A02
o -l dl ol Gl 4
Nitrospira
B p_ Froleobacteria B p_ Gandidate_division TM7 B p_ Spirochastas 0z0 0Z52 0zZ114 0Z135 0z208 0Z312
B p_Flanclomycstes O p_Chloroflexi O p_Firmicutes
B p_Bacteroidetes B p_Candidate_division_OD1 O p_Ghlorobi
B Nitrospirae O p_Gemmatimonadetes W Acidobacteria
O p_unidentiiied O p_ Acinobacteria B Cther

Figure 4. Succession of viable bacterial population: (a) Hierarchical cluster analysis of six bacterial
communities. The analysis is the clustering of all OTUs (3% distance). Sample communities were
clustered based on the average linkage method. (b) Bacterial community structures at the phylum
level in the sludge samples monitored using Miseq sequencing. Relative abundance was defined as
the number of sequences affiliated with that phylum divided by the total number of sequences per
sample. (c) Ten bacterial genera whose abundances decreased during ozonation. (d) Ten bacterial
genera whose abundances increased or not changed during ozonation.
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To further infer the functional change of the viable bacterial community, we ranked the
identified OTUs at the genus level, and twenty bacterial genera whose relative abundances
significantly changed during the transition period were selected (Figure 4c,d). Zoogloea (14.65%),
Ferruginibacter (5.70%), Thauera (1.54%), Turneriella (1.37%), Candidatus Accumulibacter (2.74%),
Dokdonella (2.74%), Dechloromonas (7.31%), SM1A02 (8.96%), Nitrosomonas (0.87%) and Nitrospira
(8.96%) were the dominant viable bacteria in raw activated sludge. Zoogloea, Ferruginibacter, Thauera,
Turneriella, Dokdonella and Dechloromonas are important floc-forming bacteria and are responsible for
degradation of organic compounds [41-44]. The relative abundances of genera Zoogloea,
Ferruginibacter, Thauera and Turneriella in the viable bacterial population were decreased during
ozonation, indicating they are more vulnerable compared with other bacterial genera, while that of
genera Dokdonella and Dechloromonas increased. SM1AQ2, Nitrospira, and Nitrosomonas are three
bacterial genera related to ammonia transformation in the activated sludge process. SM1A02 has
been found in many activated sludges with good nitrifying performance, and is thought have
potential as a novel anammox strain [45-47]. In this study, its relative abundance increased from
8.96% in the original viable bacterial population to 13.35% in the ozonated sludge with ozone dosage
as high as 312 mg/g TSS, indicating that bacterial species in this genus might resist ozonation.
Further studies involving isolation of pure bacterial strains of this genus would be required to
positively affirm the resistance of this species. Nitrosomonas can oxidize ammonia into nitrite, which
is then used as a substrate by Nitrospira to produce nitrate. These two common ammonia-oxidizing
genera showed different tolerance to ozonation: Nitrosomonas decreased with increasing ozone
dosage, while Nitrospira maintained almost constant relative abundance during activated sludge
ozonation (Figure 4c,d). Candidatus Accumulibacter is an unclassified group of Betaproteobacteria and
only contains a single member, Candidatus Accumulibacter Phosphatis, which is a common bacterial
community member in wastewater treatment plants performing enhanced biological phosphorus
removal [48]. Our result showed that this genus has a certain level of resistance to ozonation because
its relative abundance in the viable bacterial communities remained almost constant during the
experiment (Figure 4d). Up to now, ozonation has been usually combined with biological
wastewater treatment processes to enhance the removal of nitrogen and phosphorus [22,23,49].
Therefore, the persistence of Candidatus Accumulibacter during ozonation might promote biological
phosphorus removal in an activated sludge process fed with ozonated sludge by providing
additional functional bacteria, besides the addition of an organic carbon source.

The results of this study showed that ozone exerted different effects on the different activated
sludge bacteria. Prabakaran et al. [50] also found that pathogens Kiebsiella pneumoniae and Salmonella
typhi are more resistant to ozone treatment than another two pathogenic bacteria Pseudomonas
fluorescens and Escherichia coli. The varied resistance of different microbes to ozonation might be
related with their different characteristics of cell structures, such as lipid and protein components in
cell membrane, content of the extracellular polymeric substances and assembling morphology in
the sludge. For example, Candidatus Accumulibacter Phosphatis usually existed in clusters [51], which
might protect their DNA from the ozone stress [5]. Besides the characteristics of cell structures, it
has also been reported that ozone diffusion into the deep zones of the flocs may be a limiting factor
of sludge ozonation [52]. Additional research is needed to better understand the mechanism of the
different responses of different bacteria to ozonation.

4. Conclusions

The changes in the quantity and composition of viable bacterial populations in activated sludge
during ozonation treatment were investigated using the optimized ATP assay and PMA-modified
Miseq sequencing. The results indicated that the viable biomass of activated sludge was
substantially decreased after being exposed to ozone at 135 mg-Os/g TSS, and the composition of
viable bacterial communities showed a significant change when the ozone dosage reached 114
mg-Os/g TSS. Floc-forming genera, including Zoogloea, Ferruginibacter, Thauera and Turneriella, are
sensitive to ozonation, while ammonia- or phosphate-transforming bacterial genera, including
SM1AO02, Nitrospira and Candidatus Accumulibacter, are more resistant. These results will be helpful
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for designing and optimizing the sludge ozonation process. On the other hand, to better understand
the biological response to operation conditions during sludge treatment, the resistance mechanism
of different bacteria to ozonation should be explored in the future.
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