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Abstract In this study, we investigated the use of Illumina
high-throughput sequencing of 16S ribosomal RNA (rRNA)
amplicons to explore microbial diversity and community
structure in raw and secondary treated wastewater (WW) sam-
ples from four municipal wastewater treatment plants
(WWTPs A–D) across Australia. Sequence reads were ana-
lyzed to determine the abundance and diversity of bacterial
communities in raw and secondary treated WW samples
across the fourWWTPs. In addition, sequence reads were also
characterized to phenotypic features and to estimate the abun-
dance of potential pathogenic bacterial genera and antibiotic-
resistant genes in total bacterial communities. The mean cov-
erage, Shannon diversity index, observed richness (Sobs), and
abundance-based coverage estimate (ACE) of richness for raw
and secondary treatedWWsamples did not differ significantly
(P > 0.05) among the four WWTPs examined. Generally, raw
and secondary treated WW samples were dominated by mem-
bers of the genera Pseudomonas, Arcobacter, and Bacteroides.
Evaluation of source contributions to secondary treated WW,
done using SourceTracker, revealed that 8.80–61.4% of the
bacterial communities in secondary treated WW samples were

attributed to raw WW. Twenty-five bacterial genera were clas-
sified as containing potential bacterial pathogens. The abun-
dance of potentially pathogenic genera in raw WW samples
was higher than that found in secondary treated WW samples.
Among the pathogenic genera identified, Pseudomonas and
Arcobacter had the greatest percentage of the sequence reads.
The abundances of antibiotic resistance genes were generally
low (<0.5%), except for genes encoding ABC transporters,
which accounted for approximately 3% of inferred genes.
These findings provided a comprehensive profile of bacterial
communities, including potential bacterial pathogens and
antibiotic-resistant genes, in raw and secondary treated WW
samples from fourWWTPs across Australia and demonstrated
that Illumina high-throughput sequencing can be an alternative
approach for monitoring WW quality in order to protect envi-
ronmental and human health.

Keywords Wastewater treatment plant . Next-generation
sequencing . Pathogenic bacteria . 16S rRNA amplicons .

Health risks

Introduction

Water shortage is one of the key challenges due to population
growth, urbanization, and climate change (McMichael and
Lindgren 2011). To combat the global water crisis, wastewater
(WW) and biosolids, the major by-product of the WW treat-
ment process, are being widely used, and such practice is
expected to increase in the next few decades (Hamilton et al.
2006). Australia’s urban communities generate large volumes
of WW. A wastewater treatment plant (WWTP) collects and
then treats domestic and industrial WW to a recommended
safe bacterial and chemical level for designated use. Treated
WW is often released into the environment and subsequently
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used for agriculture, ground water recharge, and drinking wa-
ter production (Harwood et al. 2005; Okoh et al. 2007; Varela
and Manaia 2013). Human-derived WW is known to contain
pathogenic bacteria, protozoa, viruses, and helminths.
Therefore, inadequately treated WW, or that accidentally
discharged with a high load of pathogens, pose significant
human and environmental health risks.

Direct monitoring of pathogens in WW is an attractive
option as their occurrence could be related to health risks.
However, due to the complexity of pathogenmonitoring, fecal
indicator bacteria (FIB), particularlyEscherichia coli (E. coli),
have been commonly used to monitor the quality of treated
WW (Haramoto et al. 2006; Carducci and Verani 2013). This
involves monitoring of E. coli in 100-mL treated WW grab
samples using a culture-based method. Australian Guidelines
for Water Recycling recommends the use of weekly or month-
ly E. coli monitoring in raw and secondary treated WW sam-
ples (AGWR 2006). In addition, in some circumstances, mon-
itoring of Enterococcus spp., coliphages, and Clostridium
spores is also recommended depending on the end uses of
the treated WW. For example, treated effluent supplied to
growers should not contain >1 E. coli, or other FIB, per
100 mL. It has been demonstrated that monitoring FIB does
not reflect the occurrence of pathogens, especially protozoa
and viruses in treated WW, possibly due to their high suscep-
tibility to chlorination (Miescier and Cabelli 1982; Harwood
et al. 2005). In addition, FIB do not correlate well with path-
ogenic bacteria, protozoa, and enteric viruses in sewage and
environmental waters (Baggi et al. 2001; Bonadonna et al.
2002; Harwood et al. 2005).

Culture-based methods historically have been used to enu-
merate FIB and enteric pathogens. However, culture-based
methods for detection of specific pathogens can be challeng-
ing and time-consuming, due to the strict growth requirements
of certain pathogens (Evangelista and Coburn 2010). In addi-
tion, some pathogens may be in a viable but non-culturable
state (Bonetta et al. 2010). To circumvent these issues, numer-
ous polymerase chain reaction (PCR) and quantitative PCR
(qPCR) assays have been used to detect and quantify specific
pathogen(s) in the environmental and WW/biosolid samples
(Liang et al. 2015; Gyawali et al. 2016; Haack et al. 2016;
Yergeau et al. 2016). However, these assays rely on detecting
or quantifying a single pathogen in a sample (Ahmed et al.
2016). Therefore, these approaches do not provide informa-
tion on the abundance and diversity of a wide array of clini-
cally significant microorganisms present in the total microbial
community (Ye and Zhang 2011). This information can be
important to establish risks associated with the reuse of treated
WW.

In recent years, bacterial community analyses using 454
pyrosequencing or Illumina high-throughput sequencing of
16S ribosomal RNA (rRNA) amplicons have emerged as
promising tools to study microbial communities in

environmental water and soil with a fairly high taxonomic
resolution (Qian et al. 2011; Rosech et al. 2007; Staley et al.
2015). These methods allow not only for the detection and
identification of dominant bacterial taxa in a sample but also
for the detection of rare species including potential pathogens
within bacterial communities (Sogin et al. 2006). Next-
generation sequencing has been used to identify potential bac-
terial pathogens in urban water (Ibekwe et al. 2013), biosolids
(Bibby et al. 2010), and raw WW (Ye and Zhang 2011).

The aims of this study were to (i) determine the abundance
and diversity of bacterial communities in raw and secondary
treated WW samples from four facilities across Australia
using an Illumina-based next-generation sequencing ap-
proach, (ii) investigate whether the bacterial community struc-
ture differs in raw and secondary treated WW samples across
the four WWTPs, (iii) determine the fraction of the bacterial
population in secondary WW that can be attributed to raw
WW in order to determine the percent and composition of
the bacterial community removed by treatment, and (iv) esti-
mate the abundance of potential pathogenic bacterial genera
and antibiotic-resistant genes in bacterial communities from
raw and secondary treated WW samples.

Materials and methods

Sampling raw and secondary treated WW

Four WWTPs, representing four states, Brisbane (WWTPA),
Melbourne (WWTP B), Perth (WWTP C), and Hobart
(WWTP D), were selected for this study (Table 1). The
WWTP A is located in Brisbane and treats raw WW from
approximately 250,000 people. The treatment process consists
of a primary treatment, a secondary treatment (activated
sludge), and disinfection with chlorine and ultraviolet (UV)
prior to discharge of the treated WW into the Brisbane River.
The WWTP B is located in Melbourne and treats approxi-
mately 40% of Melbourne’s total human (approximately 4
million people) WW. The treatment process is similar to that
inWWTPA, except that the treatedWWis discharged into the
Tasman Sea. WWTP C is located in Perth and treats raw WW
from approximately 600,000 people. The treatment process is
similar to that in WWTPA. However, the treated WW is not
subjected to UV disinfection prior to being discharged into the
Indian Ocean. The WWTP D is located in Hobart and treats
WW from 35,000 people. Prior to being discharged into the
Coral River or Derwent River, chlorinated WW is passed
through a 10-μm filter.

Raw (approximately 100 mL each) and secondary treated
WW samples (approximately 10 L each) were collected from
eachWWTP in sterile containers. Samples fromWWTPA (10
raw and 10 secondary treatedWW samples), WWTPB (5 raw
and 10 secondary treated WW samples), WWTP C (10 raw
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and 9 secondary treated WW samples), and WWTP D (7 raw
and 5 secondary treated WW samples) were collected over a
period of 10–12 weeks in early September to December 2014.
Secondary treated WW samples were collected after 55 h
(WWTP A), 39 h (WWTP B), 24 h (WWTP C), and 2 h
(WWTP D) later to account for the hydraulic retention time
(HRT). Samples were transported on ice to the laboratory and
stored at 4 °C.

Sample concentration and DNA extraction

Aliquots of raw WW samples (10 mL) were concentrated and
purified with an Amicon® Ultra 15-mL centrifugal filter unit
with Ultracel-50 membrane (NMWL 50 kDa) (Millipore,
Billerica, MA). Briefly, each rawWWsample was centrifuged
at 4000g for 10 min to obtain a final volume of 1 mL concen-
trated sample, which was stored at −80 °C. Secondary treated
WW samples (10 L) were concentrated by a hollow-fiber ul-
trafiltration system (HFUF) using Hemoflow FX 80 dialysis
filters (Fresenius Medical Care, Bad Homberg, Germany) as
previously described (Hill et al. 2007). The sample was con-
centrated to approximately 100–120 mL and stored at 4 °C. A
new filter cartridge was used for each sample. The concentrat-
ed sample was further concentrated using Jumbosep (molec-
ular weight cutoff = 100 kDa) Centrifugal Devices (Pall
Corporation, East Hills, NY, USA) to obtain a final volume
of 5–6 mL. An aliquot of concentrated raw (200 μL) and
secondary treated WW (200 μL) samples was subjected to
DNA extraction using a Qiagen DNeasy Blood and Tissue
kit, as per the manufacturer’s instructions (Qiagen Inc.,
Valencia, CA). The extracted DNA samples were stored at
−80 °C.

PCR and Illumina MiSeq sequencing

The V5–V6 regions of the 16S rRNA gene were amplified
using the barcoded forward (RGG ATT AGA TAC CC) and
reverse (CGA CRR CCA TGC ANC ACC T) primer sets
described previously (Claesson et al. 2010). Amplicons from
each sample were size-selected and pooled in equal amounts.
All samples were amplified and paired-end sequenced, at a
length of 300 nucleotides (nt) using the dual index method,

by the University of Minnesota Genomics Center
(Minneapolis, MN), using the HiSeq 2500 platform (Gohl
et al. 2016).

Sequence data analysis

Sequence processing was performed using the mothur soft-
ware (version 1.35.1) (Schloss et al. 2009). Sequences were
trimmed to 150 nt and paired-end joined using fastq-join
(Aronesty 2013). Quality trimming was performed to remove
sequences with average quality scores of <35 over a window
of 50 nt, homopolymers of >8 nt, ambiguous bases, or >2
mismatches to primer sequences. High-quality sequences
were aligned against the SILVA database (version 119)
(Pruesse et al. 2007). Sequences were further quality trimmed
by using a 2% precluster error (Huse et al. 2010; Kunin et al.
2010) followed by chimera removal using UCHIME (Edgar
et al. 2011). Assignment of operational taxonomic units
(OTUs) was performed at 97% identity using the furthest
neighbor algorithm. Taxonomic assignments were made
against the Ribosomal Database Project (RDP version 14)
(Cole et al. 2009). Raw and secondary treated WW samples
were grouped by WWTPs and corresponding states [WWTP
A (Brisbane), WWTP B (Melbourne), WWTP C (Perth) and
WWTP D (Hobart)]. For comparisons, the samples were rar-
efied by random subsampling to 11,000 reads per sample
(Gihring et al. 2012).

The Bayesian classifier software program SourceTracker
version 0.9.8 (Knights et al. 2011) was used to determine the
proportion of bacterial communities in secondary treated WW
samples that could be attributed to raw WW. SourceTracker
calculated the probability (α = 0.001) that an OTU present in
the bacterial community of secondary treated WW (the sink)
was derived from raw WW (the source). The default parame-
ters with rarefaction to 1000 sequence reads were used. OTUs
that contributed to the source were also identified by the
software.

METAGENassist was used to map bacterial phenotypic
information from taxonomy (Arndt et al. 2012). Input files
(consensus taxonomy, shared file, and metadata) were created
in mothur using all raw and secondary treated WW samples.
In all, 1239 taxa were present in the dataset before filtering.

Table 1 Description of wastewater treatment plants (WWTPs) that were selected for this study

WWTPs Location Climatic conditions % Domestic and industrial
wastewater

Treatment processes Hydraulic
retention
time (h)

Volume of
wastewater
treated (mL/day)

A Brisbane Subtropical 80% domestic, 20% industrial Activated sludge 55 54

B Melbourne Temperate 100% domestic Activated sludge 39 75

C Perth Mediterranean 100% domestic Activated sludge 24 135

D Hobart Temperate 90% domestic, 10% industrial Activated sludge 2 6.6
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After filtering, 171 functionally relevant taxa remained and
were normalized over samples by sum (this will adjust for
varying sequencing coverage among samples by normalizing
to the same total abundance for each sample) and over taxa by
Pareto scaling. In the present study, we focused on several
phenotype categories including oxygen requirements, temper-
ature range, energy sources, metabolism, habitat, and host.

In order to identify potential pathogenic bacterial genera,
the RDP database was used with a bootstrap cutoff of 60%,
using the method described previously (Wang et al. 2007).
Phy logene t i c Inves t iga t ion of Communi t i e s by
Reconstruction of Unobserved States (PICRUSt) was used
to infer the prevalence of genes encoding selected antibiotic
resistance features in each raw and secondary treated WW
sample (Langille et al. 2013). PICRUSt uses 16S rRNA genes
to infer metegenome gene fuctional content from phylogenetic
information. These predictions are precalcuated for genes in
databases including the Kyoto Encyclopedia of Genes and
Genomes (KEGG). The output of PICRUSt consists of a table
of functional gene counts as KEGG orthologs (KOs). In the
present study, we focused on selected KOs among the antibi-
otic resistance genes (K05595, K07552, K07694, K08170,
and K08221) (de Voogd et al. 2015), and the percentages
reported in the results reflect the percentage of all genes
inferred.

Statistical analysis

Alpha diversity indices, including sample coverage, the
number of OTUs observed, the Shannon diversity index
(Shannon and Weaver 1949), and abundance-based cov-
erage estimate (ACE) (Chao and Lee 1992), were calcu-
lated using mothur. These diversity indices were chosen
to provide both parametric and non-parametric estimates
of diversity. Ordination of samples was performed via
principal coordinate analysis (PCoA). Determination of
differences in beta diversity (community composition)
between WW types and WWTPs was performed using
analysis of similarity (ANOSIM) (Clarke 1993). The sig-
nificance of group clustering was evaluated in mothur
using analysis of molecular variance (AMOVA)
(Excoffier et al. 1992). The Kruskal-Wallis test was con-
ducted using LEfSe algorithm to determine which OTUs
varied between raw and secondary WW samples from all
four WWTPs (Segata and Huttenhower 2011; Acar and
Sun 2013).

Sequence data accession number Raw sequence data, re-
ceived as fastq files, were submitted to the National Center
for Biotechnology Information (NCBI) Sequence Read
Archive under accession number SRP078164.

Results

Bacterial α-community diversity

Among all raw WW samples from four WWTPs, a mean
bacterial coverage of 97.5 ± 0.41% (mean ± standard devia-
tion) was achieved, with an average of 627 ± 232 OTUs ob-
served in individual samples. Similarly, among all secondary
treated WW samples from the four WWTPs, a mean bacterial
coverage of 96.8 ± 0.22% (mean ± standard deviation) was
achieved, with an average of 770 ± 244 OTUs observed in
individual samples. A total of 26,183 and 20,074 OTUs were
observed, at 97% similarity, in raw and secondary treatedWW
samples from the four WWTPs.

The mean coverage, Shannon diversity index, observed
richness (Sobs), and abundance-based coverage estimate
(ACE) of richness for raw and secondary treatedWW samples
are shown in Table 2. Differences in sample coverage and
richness did not differ significantly (P > 0.05) between raw
and secondary treated WW samples among the four WWTPs.
Similarly, alpha diversity, measured by either the Shannon or
ACE indices, did not differ significantly (P > 0.05) between
raw and secondary treatedWW samples among fourWWTPs.

Taxonomic diversity of genera

Approximately 98.5, 79.2, 97.3, and 79.7% of raw WW se-
quences from WWTPs A, B, C, and D were classified into
121, 129, 122, and 133 genera, respectively, while 1.50, 20.8,
2.70, and 20.3% could not be classified to any known genera.
Similarly, about 43.1, 68.6, 75.3, and 49.7% of secondary
treated WW sequences from WWTPs A, B, C, and D were
classified into 128, 133, 129, and 129 genera, respectively,
while 56.9, 31.4, 24.7, and 50.3% could not be classified to
any known genera. Distributions of the 14 most abundant
genera among raw and secondary treated WW samples across
four WWTPs are shown in Fig. 1. RawWW samples from all
four WWTPs were dominated by members of the genus
Pseudomonas (10.2–38.5%), followed by Arcobacter (8.36–
28.6%) and Bacteroides (3.08–8.60%). Similarly,
Pseudomonas (0.77–19.1%) was the most abundant genus in
the secondary treated WW samples, followed by Arcobacter
(0.89–2.77%) and Bacteroides (0.32–0.64%). Among raw
WW samples, WWTPs A and C had greater abundances of
Pseudomonas and Arcobacter than WWTPs B and D, with
WWTP C having greater abundances of both genera than
WWTP A (Fig. 1). Secondary treated WW samples from
WWTP A were predominated by OTUs that could not be
classified to any genera, while WWTP C had greater abun-
dances of Paludibacterium and Conchiformibius than other
WWTPs examined. In contrast, WWTPs B and D had similar
taxonomic compositions in both raw and secondary treated
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WWs,with communities predominated by unclassified genera
and Pseudomonas.

Raw and secondary treated WW samples collected from
WWTPs A and C had significantly different beta diversity
from each other (P < 0.05) and other WWTPs (B and D)
(P < 0.05). Raw and secondary treated WW samples within
and between WWTPs at WWTPs A and C also had signifi-
cantly different community composition (P < 0.05), and sam-
ples clustered separately on the basis of type (raw or second-
ary) and WWTP location via AMOVA (P < 0.05) (Fig. 2a, b).
However, samples from WWTPs B and D tended to cluster
together, with less separation of raw and secondary treated
WW sample communities, and communities from samples
collected at these sites could not be significantly differentiated
based on the WW type or WWTP location (ANOSIM
P > 0.05; AMOVA P > 0.05) (Fig. 2a, b).

Among all WW samples, differences in beta diversity, as
evaluated by ANOSIM, were significantly different between
raw and secondary samples (P < 0.05). PCoA ordination of

the samples similarly showed significant separation (AMOVA
P < 0.05) of raw from secondary treated WW samples along
the x-axis (Fig. 2c). Evaluation of the 20 most abundant gen-
era by LEfSe found that 19 were differentially abundant
between raw and secondary treated WWs (P < 0.05 for both
Kruskal-Wallis and Wilcoxon tests) (Fig. 3) The genera
Arcobacter and Pseudomonas, as well as genera within the
order Bacteroidales, predominated in rawWW, while second-
ary treatedWWhad a great abundance of OTUs that could not
be classified to greater-resolution, taxonomic levels (Figs. S1
and S2).

Genera in secondary treated WW samples attributed
to raw WW

Evaluation of source contributions to secondary treated
WW using SourceTracker revealed that 8.77 ± 1.25% of
the bacterial communities in secondary treated WW sam-
ples was attributed to raw WW in WWTP A. Similarly,

Table 2 Mean and standard
deviations of coverage, observed
richness (Sobs), Shannon diversity,
and abundance-based coverage
estimate (ACE) of richness in raw
and secondary treated wastewater
(WW) samples collected from
four wastewater treatment plants
(WWTPs) across Australia

WWTPs Coverage (%) Sobs Shannon ACE

A

Raw WW 97.0 ± 0.9 684 ± 206 3.55 ± 0.68 1553 ± 583

Secondary treated WW 96.9 ± 1.0 846 ± 126 4.85 ± 0.23 1527 ± 598

B

Raw WW 97.4 ± 1.9 708 ± 353 3.99 ± 1.28 1338 ± 1087

Secondary treated WW 97.1 ± 1.5 679 ± 267 3.94 ± 0.84 1650 ± 929

C

Raw WW 97.6 ± 1.0 572 ± 206 3.24 ± 0.65 1171 ± 573

Secondary treated WW 96.6 ± 2.1 814 ± 332 4.11 ± 1.03 1794 ± 1440

D

Raw WW 98.0 ± 1.4 568 ± 221 3.94 ± 0.87 1096 ± 929

Secondary treated WW 96.7 ± 1.2 721 ± 186 4.23 ± 0.54 1995 ± 937

Fig. 1 Distribution of 14 most
abundant genera in raw and
secondary treated wastewater
(WW) samples collected from
four wastewater treatment plants
(WWTPs A–D) across Australia
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61.4 ± 7.60, 14.8 ± 1.90, and 52.6 ± 7.00% communities
from secondary treated WW samples were attributed to raw
WW samples in WWTPs B, C, and D. The predominant
OTUs that were maintained following secondary treatment
could not be classified into any known genera at all

WWTPs (Fig. 4), but at WWTPs B and D, a relatively
large proportion of OTUs were also classified to the genus
Pseudomonas (18.8 ± 24.0 and 13.3 ± 18.4% of the total
sequence reads, respectively). The remaining OTUs were
classified among less abundant genera.

Fig. 2 Principal coordinate
analysis (PCoA) of raw
wastewater (a), secondary treated
wastewater (b) and both raw and
secondary treated wastewaters (c)
(subsampled to 11,000
sequences). A total of 88 axes
were required to explain total
variations
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Phenotypic mapping

METAGENassist was used to characterize phenotypic fea-
tures of bacterial genera in pooled raw and treated WW sam-
ples. Phenotypic mapping of oxygen requirements revealed
that raw and treated WW samples contained both aerobic
and anaerobic bacteria. However, the percentage of aerobic
and anaerobic bacteria was greater in raw WW, compared to
secondary treated WW samples (Fig. 5a). Phenotypic map-
ping to temperature indicated that raw and treated WW

samples contained primarily mesophilic bacteria. The percent-
age of mesophilic bacteria was greater in secondary treated
WW compared to rawWW. In addition, both raw and second-
ary treated WW samples also contained small percentages of
psychrophilic and thermophilic bacteria (Fig. 5b). Energy
source mapping indicated that raw WW was enriched with
more heterotrophs compared to secondary treated WW. Raw
and secondary treated WWs also contained small amounts of
autotrophic, chemoheterotrophic, and lithoautotrophic bacte-
ria (Fig. 5c).

With respect to metabolic activity, raw WW had larger
fractions of ammonia-oxidizing, chitin-degrading,
dehalogenating, and nitrite- and sulfate-reducing bacteria than
secondary treated WW. Secondary treated WW contained
bacteria with degradation ability for cellulose and xylan.
Habitat data suggested that free-living bacteria from freshwa-
ter, sediment, and soil, as well as host-associated bacteria,
were present at low levels in samples from both raw and sec-
ondary treated WW samples. Raw WW samples had more
host-associated bacteria than did secondary treated WW
(Fig. 5e). Mapping to host revealed that 80% of bacteria in
raw WW belonged to human host whereas only 60% in
secondary treated WW mapped to this host (Fig. 5f).

Detection of potential pathogenic genera

The RDP classifier was used to identify potential pathogenic
bacteria at the genus level. Table 3 shows the percentage of
pathogenic genera in raw and secondary treated WW samples

Fig. 3 LEfSe analysis of the 19 most abundant genera in primary and
secondary treated wastewater (WW) samples

Fig. 4 Distribution of 14 most
abundant genera in secondary
treated wastewater samples
attributed to raw wastewater as
determined using SourceTracker
across four wastewater treatment
plants (WWTPs A–D)
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from four WWTPs. OTUs from raw and secondary treated
WW samples were assigned to 25 potentially pathogenic gen-
era (Table 3). The abundance of potentially pathogenic genera
in pooled raw WW samples ranged from 25.6 to 70.0%,
whereas genera in pooled secondary treated WW samples
ranged from 3.80 to 26.7%. Among the pathogenic genera
identified, Pseudomonas and Arcobacter had the greatest per-
centage of the sequence reads, representing 10.3–38.5 and
8.37–28.6% of reads, respectively, in rawWW samples across
four WWTPs. However, Pseudomonas and Arcobacter repre-
sented only 0.78–19.1 and 1.00–9.42% of reads, respectively,
in secondary treated WW samples.

Detection of antibiotic resistance genes

The abundances of antibiotic resistance genes inferred from
the KEGG orthology were generally low (<0.5% of inferred
genes), except for genes encoding type ABC transporters,
which accounted for approximately 3% of inferred genes
(Fig. 6). Among primary WW samples, genes encoding
butirosin, neomycin, and streptomycin biosynthesis
(P < 0.05) were significantly greater at WWTP D and lower
at WWTP C. In contrast, tetracycline biosynthesis genes were
significantly greater (P < 0.05) at WWTP C and lower at
WWTP D. These patterns were also significant for butirosin

Fig. 5 Phenotypic profiling of
bacterial communities in pooled
(n = 4 WWTPs) raw and
secondary treated wastewater
(WW) samples. Phenotypic
information of a oxygen
requirements, b temperature
range, c energy source, d
metabolism, e habitat, and f host
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and neomycin biosynthesis (P < 0.05) and tetracycline bio-
synthesis (P < 0.05) in secondary treated WW. In addition, in
secondary treated WW, genes encoding type ABC trans-
porters and novobiocin differed among WWTPs (P < 0.05
for both) and tended to be greater at WWTPs A and D. The
abundances of every gene class analyzed, except for vanco-
mycin biosynthesis, differed significantly between primary
and secondary treated WWs (P < 0.05). Interestingly, genes
encoding biosynthesis of butirosin and neomycin, novobiocin,
and streptomycin were greater in secondary treated WW than
in primary WW.

Discussion

Microbial communities in raw WW are composed of human
feces and non-fecal microbes derived from graywater or
stormwater (Shanks et al. 2013). The sewerage network
carries domestic and, in some cases, industrial WW to the

WWTPs. However, factors such as extreme weather events,
broken or blocked WW pipes, aging infrastructure, and me-
chanical failures, such as loss of electrical power and over-
flow, can discharge harmful human pathogens and other con-
taminants directly into the environment. Direct and indirect
exposure to raw and partially treated WW remains a signifi-
cant public health concern.

High-throughput sequencing and microarray analysis have
emerged as potential tools for monitoringWW streams (Wong
et al. 2013). To date, most studies have focused on sludge
(Yadav et al. 2014; Yang et al. 2014), bioreactors (Valentin-
Vargas et al. 2012; Shrestha et al. 2014), and treated WW (Hu
et al. 2016). However, only a small number of studies have
provided information about the composition of microbial
communities in raw WW, and very little is known about the
bacterial composition of rawWWinAustralia. In view of this,
we determined the abundance and diversity of bacterial com-
munities in raw and corresponding secondary treated WW
samples from four WWTPs across Australia. We also

Table 3 Percentage of potential pathogenic genera in raw and secondary treated wastewater (WW) samples from wastewater treatment plants
(WWTPs) across Australia

Pathogenic genus WWTPA WWTP B WWTP C WWTP D

Raw WW Secondary WW Raw WW Secondary WW Raw WW Secondary WW Raw WW Secondary WW

Acinetobacter 0.31 0.30 5.52 1.62 0.82 0.16 4.03 0.44

Aeromonas 3.57 0.82 0.08 0.09 1.08 0.07 0.18 0.04

Anaplasma 0.01 0.24 0.11 0.17 – 0.04 0.04 0.11

Arcobacter 27.1 1.00 8.37 2.77 28.6 1.17 9.42 0.89

Bordetella 0.01 0.01 0.24 0.07 0.01 – 0.21 0.01

Candidatus – 0.01 0.01 0.01 – 0.14 – 0.01

Chlamydia – – – 0.13 – – – 0.09

Clostridium 1.69 0.10 0.54 0.98 0.63 0.08 0.51 0.30

Corynebacterium 0.02 – 0.01 0.01 0.03 – 0.01 –

Coxiella – 0.10 0.05 0.06 0.01 0.04 0.06 0.03

Escherichia/shigella – 0.01 0.01 – – – 0.01 –

Legionella 0.01 – 0.26 0.23 0.01 0.07 0.50 0.16

Leptospira – 0.03 – 0.01 – 0.13 – 0.02

Mycobacterium – 0.01 0.02 0.02 – 0.01 0.01 0.01

Neisseria 0.02 0.01 0.01 – 0.16 – 0.02 –

Neorickettsia – – – – – – – 0.01

Parachlamydia 0.01 0.37 0.34 1.23 0.02 1.23 0.14 0.32

Pseudomonas 28.9 0.78 17.5 19.1 38.5 2.26 10.3 12.5

Ralstonia 0.01 – – – – – 0.02 –

Rickettsia – 0.04 0.06 0.06 – 0.10 0.01 0.09

Salmonella – – 0.01 – – – – –

Staphylococcus 0.01 – – 0.01 0.01 0.01 0.03 –

Streptococcus 0.22 0.03 0.01 0.02 0.13 0.01 0.05 –

Treponema 0.05 0.01 0.04 0.06 0.05 0.02 0.05 –

Yersinia 0.01 – – – – – – 0.01

– Not detected
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estimated the abundance of potential pathogenic bacterial gen-
era and antibiotic-resistant genes along with phenotype
mapping.

The Shannon diversity and ACE richness of the raw and
secondary treated WW samples from all four WWTPs were
similar, although these samples were collected from different
geographical areas. Similar Shannon diversity and ACE rich-
ness values were also reported in previous studies that inves-
tigated bacterial community structure in rawWWand effluent
using 454 pyrosequencing of 16S rDNA (McLellan et al.
2010; Ye and Zhang 2011).

The numbers of OTU obtained for raw and secondary
treated WW samples tested in this study were less than two
previous studies that identified 1667 to 3000 OTUs in raw
WW (McLellan et al. 2010; Ye and Zhang 2011) and 1932
OTUs in effluent samples (Ye and Zhang 2011). However,
McLellan and colleagues and Ye and Zhang subsampled
18,800 and 17,300 sequences, respectively, compared to
11,000 sequences subsampled in this study. The differences
in sequence reads may have contributed to the smaller
numbers of OTUs obtained in this study. It is also possible
that the composition of raw WW (influent) was different in
those studies compared to this study.

Approximately 20% of raw WW sequences from WWTPs
B and D could not be classified into any known genera.
Similarly, about 31–57% of secondary treated WW sequences
from all WWTPs could not be classified into any known gen-
era. These data suggest high bacterial diversity of raw WW

and secondary treated WW samples. A large portion of
sequence reads could not be assigned to the genus level.
These results are in accordance with previous studies that
investigated bacterial communities in activated sludge
samples (Sanapareddy et al. 2009; Zhang et al. 2012). It is
also possible that secondary clarifiers harbor novel bacterial
taxa that were not present in the RDP classifier used in this
study. In addition, PCR artifacts and/or sequencing errors may
also affect classification.

Raw and secondary treated WW samples collected from
WWTPs A and C had significantly different beta diversity
and community composition (P < 0.05) than did plants B
and D. The WWTPs A and C are located in subtropical and
Mediterranean regions, respectively, while WWTPs B and D
are located in temperate regions. It has been reported that
bacterial communities associated withWWinfrastructure vary
among cities and may exhibit both spatial and temporal dy-
namics (Shanks et al. 2013). Different plant designs, opera-
tional parameters, and composition of influent in eachWWTP
may have attributed to the differences in bacterial community
composition. In addition, different origins of WW (domestic,
industrial, farm) may have attributed differences in beta diver-
sity and community composition. For example, WWTP A
received 80% domestic and 20% industrial WW compared
to WWTP B, which received 100% domestic WW.

The high abundances of Bacteroides, Pseudomonas, and
Arcobacter observed in this study have been reported in raw
WW samples of two WWTPs in metropolitan Milwaukee

Fig. 6 Abundance of antibiotic
resistance genes of bacterial
communities in pooled (n = 4
WWTPs) raw and secondary
treated wastewater (WW)
samples
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(McLellan et al. 2010) and at a municipal WWTP in Moscow
(Shchgolkova et al. 2016). Among the genera detected,
Pseudomonas and Arcobacter were highly abundant in both
raw and secondary treatedWW samples inWWTPs B, C, and
D. WW treatment systems appear to supply a unique niche
where Arcobacter can flourish, and as a result, members of
this genus are often found in great abundances (4–11%) in
association with raw WW (Collado et al. 2011; Cai et al.
2014; Shchgolkova et al. 2016). In this study, Arcobacter
comprised 8.4–29 and 0.9–2.8% of the total bacterial commu-
nities in raw and secondary treatedWW samples, respectively.
Similarly, Pseudomonas was very prevalent in both raw and
secondary treatedWW samples ranging from 10 to 38 and 0.8
to 19% of reads, respectively. Pseudomonas was previously
reported to be present in great abundances in raw WW sam-
ples (Wheater et al. 1980; McLellan et al. 2010). The WW
environment contains high nutrient concentrations and is rich
in biofilms, which may act as a reservoir for WW-specific
organisms (Leung et al. 2005; Ort and Gujer 2008).
Therefore, it is possible that these groups of bacteria are prop-
agating within these systems.

The activated sludge process is one of the key components
of a WWTP. It involves the biological reduction of biochem-
ical oxygen demand and a decrease in suspended solids and
pathogens of raw input WW and the production of a more
oligotrophic, pathogen-free, environmentally benign outgoing
effluent. SourceTracker was used to determine the proportion
of bacterial communities in secondary treated WW samples
that could be attributed to raw WW. Interestingly, the percent-
ages of bacterial communities in secondary treatedWWattrib-
utable to primary WW varied considerably betweenWWTPs,
with a greater similarity between primary and secondary
WWs at WWTPs B and D, when analyzed both separately
and with allWWTPs pooled. This suggests that bacterial com-
munities present in the secondary treated effluents were sim-
ilar to rawWWat these twoWWTPs. Such results suggest the
inefficacy of secondary treatment process in these two
WWTPs. It is also possible that several of the genera found
in secondary treated WWatWWTPs B and D (Pseudomonas,
Arcobacter, Flavobacterium, and Polynucleobacter) may be
ubiquitous throughout the treatment process, resulting from
adaptation, and/or may be associated with sewer infrastructure
(Shanks et al. 2013; Rodríguez et al. 2015). On the other hand,
bacterial communities present in the secondary treated efflu-
ents were different to raw WW at WWTPs A and C. These
differences in similarity between raw and secondary treated
WWs may be due to differences in influent composition or
WWTP treatment efficiency.

Phenotypic mapping revealed that bacterial communities in
secondary treated WW had less metabolic diversity and a
lower percentage of heterotrophic bacteria than did raw
WW. A recent study characterizing carbon metabolism in in-
fluent and effluent at three WWTPs similarly saw a shift in

carbon metabolism among the microbial communities as a
result of treatment (Jałowiecki et al. 2016). There still exists
a paucity of information regarding the relationship between
functional community shifts and WWTP treatment efficacy,
althoughmaximizing functional diversity during the treatment
process has been suggested to improve treatment ability for
variable influent compositions (Rodríguez et al. 2015). More
importantly, the human-host associated percentage of the
community, likely to represent the greatest health risk, was
reduced by 20% among pooled samples. In contrast, the en-
vironmentally associated fraction of the community increased
in secondary treated WW, suggesting a reduction in pathogen
load following treatment.

In this study, 25 potential pathogenic genera were identi-
fied among raw and secondary treated WW samples from
various geographical locations. A previous study reported
the presence of 16 pathogenic genera in activated sludge,
raw WW, and effluent samples using pyrosequencing (Ye
and Zhang 2011), and another showed that Illumina sequenc-
ing characterized a much more complex pathogenic commu-
nity in WWand sludge samples than did 454 pyrosequencing
(Lu et al. 2015). In agreement with our phenotypic character-
ization, the abundance of potentially pathogenic genera was
reduced in secondary treated WW relative to raw, but not all
genera were reduced and some were shown to increase.
Similarly, functional inferences of antibiotic resistance genes
did not show a consistent trend in reduction or increase as a
result of treatment for all categories analyzed. It is unclear
whether these results reflect actual biological phenomena as
a result of WWTP processing or whether they are artifacts of
the sequencing effort.

The percentage reduction of pathogenic genera in second-
ary treated WW suggests that certain pathogenic genera such
as Aeromonas, Arcobacter, and Pseudomonas may aggregate
in activated sludge flocs and could be removed from effluent
via a sedimentation process. Similar results have been report-
ed by Lu et al. (2015), who also noted removal of pathogenic
species through the activated sludge process. However, the
reduction was not consistent across all four WWTPs located
in different geographical locations. No or minimal reductions
were observed for several pathogenic genera such as
Acinetobacter and Bordetella; however, the results were not
consistent for all WWTPs. The sequence reads of some path-
ogenic genera were found to be higher in secondary treated
WW compared to the raw WW, suggesting that these bacteria
may be multiplying under the conditions in the secondary
treated WW tank.

Among the pathogenic genera detected, Acinetobacter,
Aeromonas, Arcobacter, and Pseudomonas were most abun-
dant in both raw and secondary treated WW samples, indicat-
ing similar potential pathogenic bacterial communities.
Previous studies also reported that Arcobacter was the most
abundant (2.90%) in raw WW (Ye and Zhang 2011;
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Kumaraswamy et al. 2014). The abundance of pathogenic
genera may vary among studies due to different sequencing
technology, DNA extraction kit, and inherent amplification
biases during PCR (Haft and Tovchigrechko 2012).

There are several limitations of sequencing approaches for
the detection of pathogenic bacterial communities in WWand
environmental samples. Illumina sequencing of the 16S rRNA
gene will also generate bias because of the highly variable
copy number of the 16S rRNA gene, ranging from 1 to 15
(Lu et al. 2015). This may lead to some inaccurate estimate as
it is difficult to exactly quantify pathogens in terms of cell
numbers (Cai and Zhang 2013). In addition, all potential path-
ogenic genera are not pathogenic. For example, there are 200
species in the Bacillus genus, while only few of them such as
Bacillus anthracis and Bacillus cereus are pathogenic. The
16S rRNA approach taken in this study may be less sensitive
than qPCR at the current sequencing depth, and because of
that, rare pathogens may not be detected especially for sam-
ples such as those ones tested in this study. However, there are
several advantages of the sequencing approaches such as this
technique is high throughput, which can target many patho-
gens in a single assay. Compared to PCR/qPCR assays, 16S
rRNA sequence provides a broader spectrum of occurrence of
potential bacterial pathogens (Cai and Zhang 2013). High-
resolution taxonomic assignment of sequences using short
sequence reads has been shown to be somewhat error-prone,
and resultantly, inferring gene abundances from such datamay
also yield spurious results (Mizrahi-Man et al. 2013).
Furthermore, the Illumina data generated here are only rela-
tively quantitative, so shifts in abundance should be
interpreted cautiously, but these data suggest promising targets
for further, more detailed characterization. To the best of our
knowledge, only a few studies identified sequences to the
species level, including emerging and reemerging pathogens,
which will aid in public health risk assessment.

In summary, alpha diversity, measured by either the
Shannon index or ACE algorithm, did not differ significantly
between raw and secondary treated WW samples among four
WWTPs (A–D), although these samples were collected from
different geographical areas. In contrast, beta diversities of
WWTP A and C were different than WWTPs B and D, sug-
gesting that bacterial communities associated with WW vary
among geographical locations. From our data, it appears that
genera such as Pseudomonas and Arcobacter were highly
abundant in both raw and secondary treated WW samples.
The WW treatment environment appears to supply a unique
niche where Pseudomonas and Arcobacter can flourish. In
total, 25 potential pathogenic genera were identified among
raw and secondary treated WW samples with varying abun-
dance. The abundance of potentially pathogenic genera was
reduced in secondary treated WW relative to raw, but not all
genera were reduced and some were shown to increase.
Similarly, functional inferences of antibiotic resistance genes

did not show a consistent trend in reduction or increase as a
result of treatment for all categories analyzed. Further research
should focus on testing final effluent samples to determine
which genera can still persist and deserved more concerns.
The sequence reads of some pathogenic genera were found
to be greater in secondary treated WW compared to the raw
WW, suggesting that these bacteria may be multiplying under
the conditions in the secondary treated WW treatment system.
Despite several intrinsic limitations of the sequencing technol-
ogies, there are several advantages. Compared to current path-
ogen detection approach, 16S rRNA sequence analysis pro-
vides a broader spectrum of occurrence of potential bacterial
pathogens, and it has the potential to aid in the risk assessment
when the limitations such as sequencing depth and accuracy
will be improved.
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