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a b s t r a c t

A wide range of cyanobacterial species and their harmful metabolites are increasingly detected in water
bodies worldwide, exacerbated by climate change and human activities. The resulting bloom conditions
represent significant challenges to production of safe drinking water and cost effective water reuse,
therefore their removal is a priority to ensure public safety. While current microscopic taxonomy
identification methods provide valuable information about cell numbers during treatment, these
methods are incapable of providing information about the fate of cells during treatment. The objectives
of this study were to (1) identify the critical control points for breakthrough and accumulation of cells by
investigating the fate of cells during treatment processes using a combination of taxonomy, cell integrity
and next-generation sequencing (NGS), and (2) assess the impact of pre-treatment processes on
breakthrough prevention at critical control points, and the benefits of cell integrity and NGS analysis for
improved management purposes. This paper presents the results of an unprecedented cyanobacterial
monitoring program conducted in four full scale water treatment plants located in three different climate
zones. Cyanobacterial cell integrity and accumulation during operation process were assessed for the first
time using next generation of gene sequencing methods. NGS analysis led to detection of cyanobacterial
and melainabacteria orders in water samples that were not identified by microscopy. 80± 5% of cells
were completely lysed post pre-oxidation (for both ozone and potassium permanganate). However
unlike pre-ozonation, the remaining cells were undamaged cells with the potential to accumulate and
grow within the plants post-KMnO4 treatment, particularly in clarifier sludge. To effectively monitor
water quality, this study presents a synergistic approach coupling new and traditional analytical methods
and demonstrates the importance of identifying critical points for managing accumulation of cyano-
bacteria within plants.

© 2019 Elsevier Ltd. All rights reserved.
chool of Civil and Environ-
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adi).
1. Introduction

A wide range of cyanobacterial species and cell numbers have
been frequently detected inwater intakes of water treatment plants
worldwide (Chorus and Bartram, 1999; Schmidt et al., 2002;
Zamyadi, 2014). The harmful effects resulting from the presence of
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cyanobacterial cells even in low numbers (below 500 cells/mL)
include: (i) production of varying concentrations of cyanotoxins
with recorded human health effects such as severe cases of gastro-
intestinal and skin diseases, liver failure and cancer, potential links
between Alzheimer's disease and Motor Neurone Disease (MND),
and mortalities, and (ii) production of unpleasant taste and odour
(T&O) compounds in water leading to customer complaints and
dissatisfaction with the aesthetic quality of distributed water
(Chorus and Bartram, 1999; Carmichael et al., 2001; Hobson et al.,
2010; Holtcamp, 2012; Bradley et al., 2013; Zamyadi et al., 2016;
Bishop et al., 2017; Chernoff et al., 2017).

Climate change and human activities are creating more
favourable conditions for cyanobacterial and algal growth
(Wiedner et al., 2007; Elliott, 2012; Paerl and Paul, 2012). Climate
change impacts to catchments worldwide include increases in
water temperature, decreases in average rainfall and inflows, low
water levels in reservoirs, and increases in high-intensity rainfall
events that deliver elevated nutrient and sediment loads (Elliott,
2012; Paerl and Paul, 2012; Zamyadi, 2014). Furthermore, signifi-
cant population growth has led to rapid development of urban and
agricultural areas and increased nutrient loads in water stressed
regions (Sood et al., 2015; Zinicovscaia and Cepoi, 2016). In com-
bination, these impacts are predicted to increase the frequency,
duration and intensity of harmful cyanobacterial blooms, and in-
fluence the presence and dominance of different species (Elliott,
2012; Paerl and Paul, 2012). These conditions lead to large varia-
tions in the concentration of cyanobacterial cells and their me-
tabolites and the ratio of harmful/non-harmful cells inwater bodies
located in different climate zones (Zamyadi, 2014; Bowling et al.,
2016; Bishop et al., 2017). These variations impact the perfor-
mance of treatment processes which were designed based upon
historic trends in cyanobacterial challenge to the water treatment
plant.

Previous studies have demonstrated that the efficiency of
treatment barriers for the removal of cyanobacterial and algal cells
and their associated metabolites varies depending on the species
present (Kommineni et al., 2009; Zamyadi et al., 2013a). Recent
investigations have revealed the presence of significant concen-
trations of cyanotoxins and T&O compounds in treated water
distributed for human consumption at 1.6 to 4.1 times higher than
thresholds indicated in drinking water guidelines (Zamyadi et al.,
2013a, 2016; Pazouki et al., 2016). Hence, the breakthrough of
cells and their harmful metabolites have led to the temporary
shutdown of drinking water production and distribution (Zamyadi,
2014). These incidents are attributed to knowledge gaps in the
understanding of the removal mechanism of these cells and their
metabolites under varying water conditions within treatment
plants (Kommineni et al., 2009; Pazouki et al., 2016) and, conse-
quently, the application of inaccurate and/or rudimentary treat-
ment design, operation and evaluation.

Cyanobacterial and algal blooms can also influence operation of
water treatment plants and water recycling streams (Kommineni
et al., 2009; Zamyadi et al., 2013a; Pazouki et al., 2016). For
example, breakthrough of cells in high numbers, 106-107 cells/mL
(World Health Organisation eWHO highest alert level: 105 cells/
mL) have caused disruption of clarification and shorter filter run
times (Chorus and Bartram, 1999). The breakthrough of cells into
filtered water could lead to an increase in filtered water turbidity
which is an indicator of breakthrough of other waterborne patho-
gens that would lead to loss of filtration credit removal, water
consumption advisory and plant closure (Kommineni et al., 2009;
Zamyadi et al., 2013a; Pazouki et al., 2016). Furthermore, even in
plants with low cell numbers (below 500 cells/mL) at the intake,
accumulation of cells within certain treatment processes over time
could lead to similar treatment problems and malfunctions
(Zamyadi et al., 2013b). Hence, harmful cyanobacterial cells repre-
sent a significant challenge to the production of safe drinking water
and a barrier to cost effective water reuse. Therefore, the accurate
and precise detection and removal of cyanobacterial cells is a pri-
ority to ensure public safety.

Water recovery from treatedwastewater post stabilization tanks
or lagoons is a common practice in dry climates. However,
eutrophication-related issues were not adequately considered
during design and construction of these mainly open systems
(Kommineni et al., 2009; Martins et al., 2011; Sood et al., 2015;
Zamyadi et al., 2015a; Zamyadi et al., 2016; Zinicovscaia and Cepoi,
2016). Thus it has been found that many tanks and lagoons
worldwide are prone to cyanobacterial accumulation and growth
which challenge the treatment processes designed for purification
and reuse of these waters (Vasconcelos and Pereira, 2001; Zamyadi
et al., 2016; Praptiwi et al., 2017).

While current microscopic taxonomy identification methods
provide valuable information about cell numbers during treatment,
they are time consuming and require analysis by highly qualified
personnel. Furthermore, changes in cell biovolume due to preser-
vation by Lugol's Iodine solution can introduce measurement bias
(Hawkins et al., 2005; AWWA, 2010). Cell count methods do not
provide information about cell integrity and cell membrane dam-
age during treatment (Zamyadi et al., 2010; Fan et al., 2014). The
toxigenicity of cyanobacterial blooms and their fate during water
treatment cannot be determined based solely upon the identifica-
tion of taxa by light microscopy (Coral et al., 2013; Zamyadi, 2014).
Alternative analysis including cell integrity analytical methods us-
ing cell staining and flow cytometry (both using batch samples and
as an online instrument), and next-generation sequencing (NGS)
methods can provide complementary information overcoming
these limitations (Xi et al., 2011; Gumbo et al., 2014; Chiu et al.,
2016; Lee et al., 2017; Kim et al., 2018; Fan et al., 2014). However,
deriving the full benefit of the resulting data requires an under-
standing of method applicability and uncertainties.

The presence of harmful or unpleasant cyanobacterial/algal
metabolites is among the main challenges within our new envi-
ronmental realities. Thus, the main goal of this study is to investi-
gate the fate of cyanobacterial and algal cells and their potentially
harmful metabolites in full-scale water treatment plants using a
combination of microscopic taxonomy, NGS and cell integrity
methods. The specific objectives of this study were to (1) identify
the critical control points for breakthrough and accumulation of
cells by investigating the fate of cells during treatment processes
using a combination of taxonomy, cell integrity and NGS analysis,
and (2) assess the impact of pre-treatment processes on break-
through prevention at critical control points and the benefits of cell
integrity and NGS analysis for improved management purposes. To
the best of the authors’ knowledge, this paper presents the first set
of experiments applying NGS methods to identify performance of
water treatment barriers for removal of cyanobacterial cells.

2. Material and methods

2.1. Description of water treatment plants and sampling procedures

Four full-scale water treatment plants (WTPs) were studied
(Supplementary Information (SI) section Figure SI-1) in three
Australian regions. The regions were selected to cover the following
climate zones: warm temperate, mild temperate and humid trop-
ical. The water sources included three freshwater reservoirs and
one treatedwastewater stabilization lagoon system (Table 1). These
plants were selected because they provided the opportunity to
study both (i) accumulation of cells within treatment processes and
(ii) impact of pre-treatment (focusing on pre-oxidation) on removal



Table 1
Details of treatment process characteristics and sampling location within each water treatment plant, and type of analysis at each sampling location.

Parameters Plant label SA-WTP NSW-
WTP

QLD-WTP1 QLD-WTP2

Source water
characteristics

Source water entering the
plant intake

Type Treated
wastewater
after the
stabilization
lagoons

Reservoir Dam Dam

pH (average) 8.6 7.2 7.4 7.7
DOC (mg/L) 12.7 7.2 6.1 5.4

Critical Control
Points (CCP) -
Figure SI-1

Supernatant recycling Ratio of the plant total
flowrate

e 5e10% 10% e

Pre-treatment prior to
coagulation

Oxidant agent e e O3 KMnO4

Initial dosage (mg/L) e e 1.2 4
Contact time (min) e e 20 15
PAC Dosage (mg/L) e 10 e 10

Coagulation and flocculation Coagulant and Aid-coagulant Alum Alum Alum Alum
Clarification DAFF DAFF Sedimentation Sedimentation

dissolved air flotation
filtration (DAFF)

13% recycle 13%
recycle

e e

Filtration Type e e Dual media (sand and
anthracite)

Dual media (sand and
anthracite)

Inter-oxidation Oxidant agent e e O3 e

Initial dosage (mg/L) e e 0.7 e

Contact time (min) e e 10 e

biological activated carbon
(BAC) contactor

Empty bed contact time
(EBCT - min)

e e 20 e

Disinfection Oxidant agent Cl2 Cl2 Cl2 Chloramination
Initial dosage (mg/L) 2 1.5 1.3 4
Contact time (min) 60 120 120 60
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efficiency.
The WTP in the warm temperate climate zone is located in

South Australia and labelled SA-WTP. This is a water reuse plant fed
by treatedwastewater after the stabilization lagoons and its treated
water in used for agricultural and recreational purposes. The
treatment process in this plant was: coagulation using alum and
coagulant-aid, followed by dissolved air flotation filtration (DAFF e

13% recycle), then chlorination (Table 1). Samples from this plant
were taken at the intake (raw water), post coagulation, post clari-
fication using DAFF and chlorinated water. Cell counts and cell
integrity analysis were undertaken on all samples; while samples
were taken for NGS analysis at all sampling points, NGS analysis
were only conducted on selected samples due to project time
sensitive milestones.

The drinking water treatment plant in the mild temperate
climate zone is 80 km south of Sydney, New South Wales
(Australia), labelled NSW-WTP. The treatment processes in the
plant were: pre-treatment by addition of powdered activated car-
bon (PAC), then DAFF (13% recycle), and post chlorination (Table 1).
The spent filter backwash water and DAF sludge float in this plant
are fed to a gravity thickener lagoon for settling. The lagoon su-
pernatant is pumped to the head of the treatment plant prior to any
chemical dosing at a ratio of 5e10% of the plants total flow rate.
Samples from this plant were taken at the intake (raw water), raw
water plus supernatant return prior to addition of any reagents,
DAF sludge, post clarification/filtration using DAFF, and final chlo-
rinated water. Cell counts, cell integrity and NGS analysis were
undertaken on these samples.

In the humid tropical climate zone, two full-scale drinkingwater
treatment plants were located in south-eastern Queensland
(Australia), labelled QLD-WTP1 and QLD-WTP2. In QLD-WTP1, raw
water mixed with returned supernatant from the water recovery
lagoon (10% of the plant total flow) was pre-oxidized using ozone
(Table 1). In this plant, the treatment train continues with coagu-
lation using alum, sedimentation, filtration, inter-ozonation and
biological activated carbon (BAC), followed by chlorination
(Table 1). The returned supernatant comes from a thickener basin
fed by sedimentation sludge and the spent filter backwash water. In
this water samples were taken at raw water, post pre-ozonation,
clarified water (post-sedimentation), sludge of sedimentation
tank, filtered water, post-BAC and treated water. In QLD-WTP2,
reservoir water was pre-oxidized using potassium permanganate
(KMnO4) followed by addition of PAC (Table 1). The pre-treated
water then went through coagulation, sedimentation, filtration
and disinfection through chloramination (Table 1). In this plant
water samples were taken at raw water, after addition of KMnO4
and PAC, clarified water, sludge of clarifier, filtered water and
treated water.

The results presented are the average of three sampling events
per point within these WTPs. Sampling was conducted when cell
numbers at the respective WTP raw water exceeded the particular
threshold of 2000 cells/mL; which is WHO lowest alert level
(Chorus and Bartram, 1999). Triplicate samples (three separate
samples) were obtained for cell count and microscopic speciation,
cell integrity analysis, DNA extraction and sequencing, cyanotoxins
and T&O compounds analysis. However, due to the limited number
of samples allocated to NGS, DNA extraction and sequencing was
undertaken on selected samples.

2.2. Cell counts, microscopic speciation and cellular metabolite
analysis

Algal and cyanobacterial species identification and enumeration
on samples (100mL sample volume) preserved in Lugol's Iodine
were conducted using a compound microscope and a Sedgewick-
Rafter counting chamber (Cooperative Research Centre for
Freshwater Ecology, 1999). Total organic carbon (TOC) and dis-
solved organic carbon (DOC) measurements were conducted on an
820 Total Organic Carbon Analyser (Sievers Instruments Inc.).
Measurements of UV absorbance at 254 nm (UV 254) were carried
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out on a UV1201 UV/vis Spectrophotometer (Shimadzu Corp.).
Samples were filtered through 0.45 mm membrane filters prior to
DOC and UV analyses.

Water samples (100mL sample volume) for both extracellular
and total geosmin and 2-methylisoborneol (MIB) analyses were
concentrated using a solid phase micro extraction (SPME) syringe
fibre (Gerstel) and analysed on a 7890AGas Chromatograph System
with 5975C VL Series Mass Selective Detector (Agilent Technolo-
gies) against quantified labelled internal standards (Ultrafine
Chemicals) (Graham and Hayes, 1998; Lloyd et al., 1998). The
detection limits for MIB and geosmin were 4 and 2 ng/L, respec-
tively. Geosmin and MIB were purchased from a commercial sup-
plier (Ultrafine Chemicals) and were used for the analytical
method.

A liquid chromatography with electrospray ionisation triple
quadrupole mass spectrometry (LC-ESI-MS/MS) method was used
to detect and quantify (both extracellular and total toxins several
microcystins (MC-LR, -demethylated LR, -LA, -LF, -LW, -RR,
-demethylated RR, -YR, nodularin), anatoxin-a, cylindrospermopsin
and saxitoxins (Limit of detection 5 ng/L). Solid phase extraction
was used to concentrate the samples (Dell’Aversano et al., 2004;
Oehrle et al., 2010; Spoof et al., 2010).

2.3. Cell integrity

The integrity of cyanobacterial cells in the full-scale treatment
plants was evaluated (50mL sample volume) using a fluorescein
diacetate (FDA) and propidium iodide (PI) staining method
(Zamyadi et al., 2010) and a BD Accuri™ C6 Flow Cytometer (BD,
Oxford, UK). The FDA stock solution (10 g/L) was prepared by dis-
solving FDA powder (Sigma-Aldrich) in a reagent grade acetone
which was stored at �20 �C until use. The FDA working solution
(250mg/L) was prepared by adding 25 mL of FDA stock solution into
1mL of acetone. The FDA working solution was kept under refrig-
eration and used within 2 h after preparation to minimise degra-
dation (Xi et al., 2011). The PI working solution (50mg/L) was
prepared by diluting 50 mL of PI solution (1mg/mL, Sigma-Aldrich)
in 1mL of Milli-Q water and stored at 4 �C until use (Xi et al., 2011).
A simultaneous staining of the samples, as presented by Gumbo
et al. (2014), was performed by adding an aliquot of 20 mL of FDA
working solution (final concentration of 5.0mg/L) and 133 mL of PI
working solution to 1mL of sub-sample in a 5mL falcon tube (final
concentration of 6.7mg/L), and incubated at room temperature for
15min, protected from light.

The stains were excited using an argon laser of 488 nm (Becton
Dickinson and Company, 2012). The fluorescence from FDA stain-
ing was quantified by the FL-1 detector (533/30 nm), and PI fluo-
rescence by the FL-2 detector (585/40 nm). The data were
expressed as median fluorescence intensity (MFI) per percentage
of positive cells to the marker. The measurements were performed
using a constant flow rate of 66 mL/min, as per the manufacturer
guidelines. The data analyses were conducted using BD Accuri™
C6 software.

An alternative method to determine the integrity of cells was
through the generation of a 3D image by determining the refractive
index of the target cell. The refractive index of cells which describes
the impact of cell medium on light propagation was measured
using a Nanolive (Nanolive SA, Switzerland) 3D Cell Explorer
(Nanolive, 2016). This method does not rely on the addition of
chemical stains but processes the image based on the refractive
index of the cell. The water sample was diluted with reverse
osmosis water using a dilution ratio of 1:50 in self-standing
centrifuge tubes followed by 1min vortex to ensure mixing.
Three mL of diluted sample was then pipetted into a 35mm glass
bottom culture dish (FluoroDishes™ WPI, #FD35-100) (Nanolive,
2016). The sample was then placed into the viewing area of the
3D Cell Explorer and themicroscopewas adjusted for scanning. The
3D Cell Explorer scanned the sample and processed the 3D scan
using software STEVE (Nanolive SA, Switzerland). The digital
staining process was conducted through STEVE (Nanolive, 2016).
2.4. Next-generation sequencing (NGS)

Samples (50mL sample volume) for DNA extraction were
centrifuged for 30min at 4000 g before environmental genomic
DNAwas isolated from 10mL of sample of water using the FASTDNA
SpinKit for Soil and stored at �20 �C until use. This kit was selected
as it is suggested to be more appropriate choice for water samples
due to the convenience, high yield of DNA, and reproducibility of
microbial community information (Hwang et al., 2012). The DNA
concentration (biomass extracted) from each sample was within
the range of 10e20 ng/mL. DNAwas quantified using Nanodrop ND-
1000 Spectrophotomer (Thermofisher Scientific, Waltham, MA
USA) and quality assessed through PCR amplification of the 16S
rRNA gene using cyanobacterial specific primers 27Fl and 809R
(Jungblut et al., 2005). Prior to sequencing the hypervariable re-
gions V1-V3 of the 16S rRNA gene were amplified using 27F/519R
barcoded primers. To remove excess nucleotides a clean-up PCR
was conductedwith an addition of 4 mL of ExoSAPmix (0.025 mL Exo
(New England Biolabs, M0293S), 0.25 SAP, 3.725 mL water). After-
wards, approximately 25 ng were submitted to the Ramaciotti
Centre for Genomics (UNSW Australia) for MiSeq sequencing;
where paired-end sequencing was performed on an IlluminaMiSeq
sequencing platform (Illumina, San Diego, USA) using the MiSeq
Reagent Kit v2 to generate 300 bp reads per end.

Sequence reads were initially processed using MOTHUR v1.35.1
(www.mothur.org) software package (Schloss et al., 2009; Unno
et al., 2015). Sequences containing ambiguous bases, <200 bp and
homopolyers longer than 8 bp were removed before unique se-
quences were aligned to the SILVA reference alignment. Chimeric
sequences were removed through uchime before taxonomic iden-
tification was performed through comparison to the Greengenes
reference database (Balvociute and Huson, 2017) with a bootstrap
minimum of 80. Sequences that could not be identified were
removed and subsampling was performed at a level of 2915 se-
quences per sample. Clustering of operational taxonomic units
(OTUs) was performed at a 0.03 distance threshold between
sequence reads using the average neighbour algorithm (Schloss and
Westcott, 2011). The identity of each OTU defined by this distance
threshold was determined from a sequence consensus within a
given OTU at a confidence threshold of 80. OTUs from the 16S
amplicon data set were classified to phylum and order level at 87.2%
and 78.3% confidence, respectively. The proportion of each OTU
relative to method internal standard is reported as given ploidy
differences between taxa a one-to-one relationship between cell
numbers and OTUs is unlikely (Soppa, 2017). Rarefaction curves
were generated using MOTHUR to ensure adequate representation
of each water treatment plant had been achieved (Figure SI-2).

A one-way ANOVAwas used to test for differences in abundance
and diversity of taxa between each sample site and treatment
processes. Relative Abundance and diversity were assessed for
variance equality (Bartlett's test) without transformation. This
procedure was then separately applied to cyanobacteria OTUs to
determine significant differences in cyanobacterial relative abun-
dance post-treatment between sample sites. To test for significant
variation between treatments within sample sites, unpaired t-tests
were performed on transformed data (square-root). These tests
were also performed to specifically test for variance in cyanobac-
teria abundance.

http://www.mothur.org
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3. Results and discussion

3.1. Identification of treatment breakthrough critical control points

SA-WTP source (treated wastewater after the stabilization la-
goons) is prone to cyanobacterial and algal bloom events whereby
3.2� 106 and 2.4� 105 cells/mL of cyanobacteria and green algae,
respectively, were detected at the water intake (Table 2). This plant
provided the opportunity tomonitor the fate of high numbers (over
3� 106 cells/mL) of cyanobacterial cells during coagulation-
clarification processes. Aphanocapsa was the dominant cyanobac-
teria genera detected at the intake, followed by Microcystis. The
WHO highest alert level for drinking water sources is 105 cells/mL
(Chorus and Bartram, 1999); however, SA-WTP is a water recycling
facility for non-potable reuse. Nevertheless, these high cell
numbers (concentration of cyanotoxins and T&O compounds were
below detection limits) cause treatment challenges (Fig. 1a) and
concerns about using the treated recycled water for agricultural
and recreational (urban ponds) purposes.

The coagulation process in SA-WTP (Table 1) resulted in the
incorporation of 99.8% and 49.5% (±5%) of free Aphanocapsa and
Microcystis cells into flocs, respectively (Fig. 1b). No free cells from
the Chlorophyceae class were detected after the coagulation pro-
cess. Hence, these results demonstrate genera dependence of
coagulation performance. Nevertheless, all remaining Aphanocapsa
and 93.7% of remaining Microcystis were captured by the DAFF
process (Fig. 1c). Only 6.3% of Microcystis broke through the filters
and no cells were detected post chlorination. Notably, at all times
over 95% (±5%) of cells in all samples from raw water to post DAFF
were healthy cells.

The removal performance observed in SA-WTP was similar to
previously published monitoring results of full-scale plants in
temperate regions (Zamyadi et al., 2013a). However, these results
were contrary to laboratory sedimentation jar tests conducted by
Newcombe et al. (2015) which were spiked with cultured cells of
Dolichospermum circinale, Microcystis aeruginosa, Cylin-
drospermopsis raciborskii in natural water. Newcombe et al. (2015)
found that coagulation-clarification process performance for cell
removal was species independent. However, their experiments
were conducted with cell number one to two orders of magnitude
smaller than cell numbers at the intakes of SA-WTP and Zamyadi
et al. (2013a).

During the sampling campaign in the treatment plant located in
the mild temperate climate zone (NSW-WTP), while green algae
and diatom numbers were very low (below 400 cells/mL), the
cyanobacterial cell numbers were above the first WHO Alert Level
(2000 cells/mL) at 3400 cells/mL (Fig. 2a) comprising mainly of
Cylindrospermopsis and Microcystis. This plant provided the op-
portunity to monitor the fate of low numbers (below 5000 cells/
mL) of cyanobacterial cells during coagulation-clarification
processes.

Recycling the sludge lagoon supernatant to the head of the plant
led to a 43% increase of cell numbers to 4900 cells/mL prior to
Table 2
Microscopic taxonomic results (speciation and cell count) on samples taken from the raw
plant (SA-WTP).

Class Order Genera Cell numbers (cell

Water Intake

Cyanophyceae Synechococcales Aphanocapsa 3,150,000
Chroococcales Microcystis 19,000

Chlorophyceae e e 240,000

a BDL: Below Detection Limit.
treatment within which Cylindrospermopsis dominated (Fig. 2a).
Furthermore, 80% of the overall cells at this stage were viable
healthy cells compared to 50% cell viability rate at the intake prior
to recycling (Fig. 2b). Cell enumeration of the DAF sludge showed
that there was a transfer of high Cylindrospermopsis cell numbers
(55,000 cells/mL) into the sludge lagoons which combined with
favourable retention time and growth conditions, could have led to
cell growth within the lagoons (Zamyadi et al., 2016; Praptiwi et al.,
2017). A possible explanation for the transfer of the healthy Cylin-
drospermopsis cells into the sludge lagoon is that healthy and un-
damaged cells tend to float near the surface using their gas vesicles
(AWWA, 2010) which increases the chance of cells transferring
through the outgoing sludge stream from clarification. The
favourable conditions of the sludge lagoons enable the cyanobac-
teria cells to accumulate and proliferate. Although the green algae
and diatom species present during this sampling event were sub-
jected to the same favourable accumulation and growth conditions,
there was limited transfer of these cells into the head of the plant
via supernatant return (Fig. 2a). Healthy cyanobacteria cells
dominant the lagoon supernatant as their gas vesicles enhance
their buoyancy.

In NSW-WTP, based on microscopic cell identification and
counts, the number of cyanobacterial cells in post DAFF water
samples was below the detection limit. However, complementary
NGS analysis revealed the presence of a cyanobacterial order and a
melainabacteria phylum, Synechococcales and YS2 respectively, in
the same post DAFF water samples (Fig. 2c). Pazouki et al. (2016)
and Zamyadi et al. (2013a) observed breakthrough of cyanobac-
teria cells through river bank and dual sand-anthracite filter sys-
tems, respectively. In the case of dual filter system, in one occasion
an increase in filtered water turbidity over threshold limit of 0.3
NTU led to plant closure due to risk of breakthrough of waterborne
pathogens.

The presence of cyanobacterial genera from Synechococcales in
the marine environment is well studied (Wang et al., 2011); how-
ever, the existing knowledge about their presence in drinkingwater
sources is limited (Kom�arek et al., 2014; Li and Li, 2016). YS2 bac-
terium used to be classified as cyanobacteria but recent genomic
studies demonstrated that they do not have photosynthetic capa-
bility; hence, they are now classified as melainabacteria (Rienzi
et al., 2013; Zeng et al., 2015). YS2 bacteria are associated with
human and animal faeces and have been detected in human gut
(Rienzi et al., 2013; Zeng et al., 2015). In NSW-WTP, filtered water
turbidity was always below the threshold value. Cyanobacterial and
melainabacteria cell numbers, concentration of cyanotoxins and
T&O compounds were below the detection limit post chlorination.

The documented detection of fecal contamination indicators
and cyanobacteria in the DAFF water, demonstrates that NGS
methods provide more accurate monitoring techniques to assess
the risk of breakthrough of microorganisms into treated water.
Amplification of 16S rRNA has become the standard technique for
microbial surveys and community classification and quantification.
Pooling the genomic DNA from each treatment plant for analysis,
water (Intake) and different treatment processes in South Australianwater treatment

s/mL)

Post coagulation (Addition of alum, aid coagulant, & mixing) Post DAFF

7400 BDL
9600 1200
BDLa BDL



Fig. 1. Cyanobacterial cells (a) accumulation during mixing process (floc formation with added coagulants), (b) caught by the floc post coagulation, and (c) removal by dissolved air
flotation (DAF), in South Australian water treatment plant (SA-WTP).

Fig. 2. Outcome of cyanobacterial sampling events at the New South Wales Water Treatment Plant (NSW-WTP): (a) microscopic cell counts, (b) cell viability using Flow Cytometer,
and (c) relative operation taxonomic unit (OTU) abundance (CB: Cyanobacteria; GA: Green Algae).
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allows for cost effective high throughput screening. Such NGS
classification allows for a more in-depth analysis of community
compositionwhichmay be coupled to the data gathered frommore
traditional techniques such as microscopy. Accurate assessment of
breakthrough risks is vital for implementation of adequate treat-
ment barriers to ensure public health and safety (AWWA, 2010;
Newcombe et al., 2015). The use of NGS as supplemental informa-
tion helped to elucidate the effectiveness of different treatments
and identify critical point at these plants; clarification process,
particularly accumulation of cell in sludge, and filtration processes,
were identified as critical treatment points. Similar critical control
points were identified in QLD treatment plants.

An analysis of the full-scale ramifications of the treatment
process on biodiversity may elucidate the presence of site- and
treatment-specific biomarkers for the assessment of treatment
plant assessment. The samples collected from both QLD treatment
types saw an increase in the Enterobacteriales order post treatment
steps (Figure SI-3), pre-ozonation resulting in 86.31% of OTUs being
Enterobacteriales whereas post sedimentation this order accounted
for 66.24% of the microbiome. The NSW treatment plant saw
Actinomycetales increase to accounting for 26.42% of the total
microbial relative abundance. The 16S rRNAOTU profile of the NSW
and QLD water treatment plants were significantly different
(P< 0.0001) and is suggestive of the development of niche micro-
biomes in response to different treatment and environmental
conditions.

The applicability of next generation sequencing in the water
industry is hindered by both the time and the cost required for the
large-scale assessment that water quality regulations requires. The
vast array of emerging NGS platforms and available sequencing
options however provide accurate, real-time results that may be
coupled to current monitoring strategies for increased accuracy in
monitoring bacterial populations hazardous to human health. A
developing NGS platform that may prove to integrate into current
strategies is the MinION (Oxford Nanopore Technologies) which is
particularly suited to the nucleic acid sequencing of water sources
and portable to allow for in-field assessment (Kerkhof et al., 2017).

Pre-treatment including pre-oxidation is used to enhance
coagulation, clarification and subsequently filtration. Thus the next
phase of this study focuses on plants using pre-oxidation to eval-
uate the impact of this pre-treatment process to reduce the risk of
breakthrough at these critical control points.



Fig. 4. (a) Measuring cell viability using Flow Cytometer at the QLD-WTP1 from raw
water to post sedimentation, and (b) imaging fate of cells during oxidation using
Nanolive (the image is showing oxidized cells however Nanolive does not identify
between healthy and damaged cells it only shows the structure).
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3.2. Assessing the impact of pre-treatment processes on
breakthrough prevention at critical control points

Several utilities implement pre-oxidation as a measure to pre-
vent breakthrough and accumulation of cyanobacterial cells within
treatment plants without conducting process performance studies.
The second phase of this project focused on assessing pre-oxidation
efficiency in full-scale plants. Cylindrospermopsis and Microcystis
were the dominant cyanobacterial genera in the rawwater and raw
water mixed with the returned sludge supernatant respectively
(Fig. 3a) in QLD-WTP1. Diatoms and green algae were also detected
in these water samples (Fig. 3a). While Cylindrospermopsis is a
cyanobacterial genera commonly found in this tropical climate
zone (Willis et al., 2016), it has been more frequently detected in
drinking water sources located in temperate regions during the last
two decades (Sinha et al., 2012). Hence, understanding the fate of
Cylindrospermopsis in full-scale plants is of great interest to a broad
group of water professionals worldwide.

Pre-ozonation caused complete lysis of 80± 5% of cyanobacte-
rial cells, while significantly more diatoms and green algae cells
survived ozonation (Fig. 3b). Zamyadi et al. (2015b) demonstrated
that oxidation of mixed-species natural bloom samples using 2mg/
L ozone and 10min contact timewould cause 46% reduction in total
cyanobacterial cell numbers. However, these authors observed that
ozonation efficiency to achieve complete cell lysis is genera
dependent with Microcystis being the least resistant and Aphani-
zomenon the most resistant genera to ozonation.

While about 98± 5% of Cylindrospermopsis cells were removed
during the sedimentation process, 20± 5% ofMicrocystis cells broke
through (Fig. 3b) in QLD-WTP1. OTU relative abundance analysis
confirmed the presence of cyanobacterial orders which included
Cylindrospermopsis and Microcystis. Notably, similar to NSW-WTP,
NGS analysis provided additional information about the presence
of microorganisms which were not identified by microscopy
(Fig. 3c). Two additional orders of cyanobacteria and one order of
melainabacteria were detected in water samples pre-treatment
(Fig. 3c). OTU relative abundance data also confirmed the pres-
ence of only Microcystis cells suggesting that they may be the only
species to broke through the clarification process (Fig. 3c). No cells
were observed post filtration in this plant. ANOVA analysis revealed
no significant variance (P¼ 0.1840) between treatments suggesting
that the treatment train at QLD-WTP1 was as effective as NSW-
WTP for removal of total identified microorganisms.

In QLD-WTP1, only 10± 5% of the remaining cells after pre-
ozonation were viable (Fig. 4a). This plant was successful in
Fig. 3. Sampling results in the first studied Queensland Water Treatment Plant (QLD-WTP1)
and (c) relative OTU abundance at two sampling points in this plant and the legend in thi
coccales (Order of Microcystis)”, “Synechococcales”, “Unclassified”, and “YS2” (CB: Cyanoba
separating the cells within the sedimentation sludge (Fig. 3a) and
the cells were not reintroduced into the supernatant during water
recovery from the sludge. Pre-ozonation and consequent loss of cell
viability is credited for successful control of cell accumulation and
growthwithin the recycle stream, as over 80% of the cells separated
during sedimentationwere not viable and did not have the capacity
to live and/or grow within the water recovery tanks. Notably,
Nanolive analysis (Fig. 4b) demonstrated empty cell structures,
with complete release of intracellular compounds after oxidation,
while other cells withheld their intracellular compounds even
though they were damaged. Nanolive analysis provided the first
observation of oxidation impact on complete release of intracellular
compounds via damaged cell walls. Coral et al., (2013) used scan-
ning electronic microscope to document fate of cyanobacterial cells
from natural bloom samples during ozonation. These authors
demonstrated ozonation (4mg/L with 10min of contact) of
Microcystis and Anabaena cells would cause over 90% cell damage
with remaining cells preserving their structure. The previously
published data combined with results of this study demonstrate
the need to understand the phenomena governing oxidation of
cells and release of intracellular compounds.
: (a) microscopic cell counts, (b) cell removal rates by peroxidation and sedimentation,
s figures reads from top down as “Nostocales (Order of Cylindrospermopsis”, “Chroo-
cteria; GA: Green Algae).
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No toxins or MIB were measured in water samples from QLD-
WTP1. However, total geosmin concentrations in raw water, raw
water plus return of sludge supernatant, post pre-ozonation, clar-
ified water from the surface of sedimentation tank, filtered water,
post BAC, and finished water were 15.9, 15.1, 8.7, 7.6, below detec-
tion limit (BDL), BDL, and BDL ng/L respectively. Furthermore,
20.6± 5% ng/L of geosmin was detected accumulating in sedi-
mentation sludge bed samples. These data demonstrate that
ozonation had an impact on reduction in geosmin concentration;
however the ultimate barrier against this T&O compound was BAC
which is in agreement with previous studies (Ho et al., 2007; Faruqi
et al., 2018).

In QLD-WTP2 (Fig. 5a) ~80% of total cyanobacterial cells were
removed using pre-oxidation with KMnO4 when using traditional
methods of quantification. NGS methodologies support this
conclusion demonstrating a significant variation in total species
relative abundance (P¼ 0.0268). Microcystis was found to be the
most resistant to KMnO4 oxidation, Cylindrospermopsis, Anabae-
nopsis, and Planktolyngbya followed similar fate during the oxida-
tion process. Interestingly, total diatoms and green algae resisted
oxidationwith KMnO4 (Fig. 5a). However, based on NGS sequencing
there was no significant difference in resistance of different cya-
nobacterial species to this form of treatment (P¼ 0.1774). Further-
more, 80% of the cells remaining post pre-oxidation with KMnO4
were healthy cells (Fig. 5b); thus KMnO4 contributes more to
reduction of total cell numbers than cell damage. In a recent study
oxidation of cyanobacterial cells using 10mg/L KMnO4 inside a
thicker led to reduction in total number of cells, however remaining
cells in the supernatant which was recycled to the head of the
treatment train were viable cells producing T&O compounds
(Zamyadi et al., 2016).

No toxins or geosmin were measured in water samples from
QLD-WTP2. However, total MIB concentrations in raw water, raw
water post pre-oxidation using KMnO4, clarified water from the
surface of sedimentation tank, filtered water and finished water
were 12.6, 12.9, 6.6, 6.4, 6.8 ng/L respectively. It is hypothesised that
released MIB due to cell lysis was adsorbed by PAC, hence the
reduction in MIB concentration post addition of PAC (Ahn et al.,
2007; Jeong et al., 2017). However, the contact time and back-
ground organic matter in the water influenced PAC adsorption ca-
pacity and 6.6 ng/L breakthrough into following clarification-
filtration-chlorination processes which did not have the capacity
Fig. 5. Outcome of cyanobacterial sampling event at the second studied Queensland Water
and (b) cell viability using Flow Cytometer.
to remove MIB (Zamyadi et al., 2015a; Jeong et al., 2017).

4. Conclusion

The following conclusions are drawn from this study:

� Combined microscopic taxonomy, cell integrity and NGS anal-
ysis demonstrated that accumulation and breakthrough of
healthy cells and their metabolites can occur in water, scum and
sludge inside full-scale plants. Without complementary infor-
mation from these combined methods presence and break-
through of certain potentially harmful microorganism (like
melainabacteria) would be missed. Furthermore, this study
shows that water recovery practices and return of sludge su-
pernatant could influence concentration of the cells at the
intake mainly due to accumulation of high cell numbers within
clarification sludge. Combined measurement techniques proved
that these cells are viable and able to grow within the plants at
the accumulation sites. Required time to complete NGS analysis
and interpret the results is a limiting factor in using this method
for rapid management strategies however in combination with
other methods it can provide useful information.

� The outcome of this full-scale investigation demonstrates that
while pre-oxidation (by ozonation or KMnO4) would help to lyse
the cells, remaining cells post oxidation with KMnO4 are viable
cells with potential growth capacity; in the meantime ozone is
proved to be a stronger agent however complete cell lysis
doesn't always occur post ozonation as well.

These conclusions signal specific knowledge gaps as follows:

� Currently the phenomena leading to selective accumulation of
toxigenic cyanobacteria in treatment plants, conditions causing
the expression of toxicity and impact of treatment on the mi-
crobial communities are poorly understood. For example,
should operation favour oxidation of cyanobacteria in the raw
water or spent water/sludge (causing cell lysis) to avoid the
accumulation of toxic cyanobacteria inside the treatment pro-
cesses despite the potential release of toxins?

� What are the main and underlying conditions within physical-
chemical treatment processes (such as clarification and filtra-
tion) that cause changes in microbial community composition
Treatment Plant (QLD-WTP2): (a) Cell removal as measured by microscopic cell counts
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that indirectly favour toxicity, once cells are concentrated by
these processes?
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