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Abstract Ethidium monoazide bromide (EMA) and
propidium monoazide (PMA), in combination with
amplicon-based sequencing (ABS) and quantitative
polymerase chain reaction (QPCR) assays, were com-
pared for the detection of viable bacterial species in
rainwater. The ABS a- and p-diversity indices indi-
cated that, in comparison to the untreated samples,
both EMA and PMA reduced the detection of non-
viable bacteria in the rainwater samples. However,
while comparable results were obtained for the detec-
tion of the most abundant bacterial families and gen-
era in the rainwater samples for both the EMA and
PMA pre-treatments; the EMA pre-treatment pro-
duced highly significant differences in the relative
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abundance of the dominant bacterial families and
genera, and significantly decreased the detection of
“unclassified” bacteria in comparison to the untreated
samples (i.e. unclassified genera: untreated 46.7%
versus EMA-treated 39.7%). Additionally, the inclu-
sion of EMA and PMA allowed for the increased
detection of less abundant pathogenic bacteria in the
rainwater samples, such as Clostridium, Listeria and
Streptococcus spp. The qPCR assays also indicated
that the EMA and PMA pre-treatments were compa-
rable for the detection of intact and potentially viable
Acinetobacter, Legionella and Pseudomonas spp. The
combination of viability pre-treatments with ABS
thus offers a comprehensive monitoring approach to
detect less abundant bacterial genera and/or patho-
gens, which may pose a health risk to the end-users
(prioritise target organisms) of unpiped environmen-
tal water sources. Moreover, the subsequent combina-
tion of the viability pre-treatments with qPCR allows
for the specific detection and quantification of these
pathogenic genera, which increases analysis sensitiv-
ity and allows for the application of risk assessment
and water safety strategies.

Keywords Amplicon-based sequencing - Ethidium

monoazide bromide - Propidium monoazide -
Bacterial pathogens
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1 Introduction

Recent advances in the use of high-throughput
sequencing and next-generation sequencing (NGS) of
the bacterial 16S ribosomal ribonucleic acid (rRNA)
gene has greatly facilitated the elucidation of bacte-
rial communities within diverse aquatic environ-
ments and has overcome the limitations associated
with culture-dependent methods (Ahmed et al., 2017;
Bibby et al., 2010; Ibekwe et al., 2013; Ye & Zhang,
2011). Moreover, pathogens that are generally present
at low concentrations (< 1% of the sample composi-
tion) may be detected with high taxonomic resolution
(Ahmed et al., 2017). However, one of the major limi-
tations associated with amplicon-based sequencing
(ABS) is its inability to distinguish the viable from
the non-viable bacterial community. This informa-
tion is essential, as various environmental conditions
(e.g. nutrient availability) and microbial dynamics
(e.g. predation by protozoa, predatory bacteria or bac-
teriophages) may influence the presence and viabil-
ity of bacteria in a certain niche (e.g. environmental
water sources). Consequently, it has been estimated
that up to 44% of the bacterial deoxyribonucleic acid
(DNA) within environmental water samples may be
attributed to relic DNA (extracellular DNA or DNA
from membrane-compromised/dead cells) (Lennon
et al., 2018) that may negatively influence molecular-
based analyses, as the detection or quantification of
this DNA does not provide an indication of the viable
microbial community. To circumvent this problem,
nucleic acid binding dyes (also referred to as viability
dyes) such as ethidium monoazide bromide (EMA)
and propidium monoazide (PMA) have been utilised
in conjunction with molecular techniques to quan-
tify the intact and potentially viable bacterial species
within water sources (Fittipaldi et al., 2012; Ni et al.,
2020; Qin et al., 2012; Reyneke et al., 2016, 2017,
Seinige et al., 2014).

Nucleic acid binding dyes selectively bind to
extracellular DNA or the DNA in membrane-com-
promised cells upon photoactivation. This effectively
removes the bound DNA from the sample, as it can-
not be amplified using molecular-based methods [i.e.
polymerase chain reaction (PCR) or sequencing based
methods] and thus provides an indication of cell
viability based on membrane integrity. Strauss et al.
(2019) and Reyneke et al. (2020a) then reported on
the use of a 6 umol 1= EMA viability pre-treatment
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in combination with Illumina ABS to monitor the
total viable bacterial community in roof-harvested
rainwater (RHRW) before and after treatment using
a solar disinfection compound parabolic collec-
tor (SODIS-CPC) and a large-volume batch solar
reactor system, respectively. Results indicated that
the inclusion of the EMA treatment allowed for the
detection of a shift in the viable bacterial commu-
nity following treatment and the identification and
prioritisation of organisms of interest for the health
risk assessment of the untreated and treated RHRW
(Reyneke et al., 2020a; Strauss et al., 2019). In com-
parison, Ni et al. (2020) utilised Illumina ABS in
combination with PMA viability dye (final concen-
tration of 0.1 mmol 17!) pre-treatment to monitor
the viable microbiome in anaerobic sludge digesters.
The PMA treatment significantly decreased the num-
ber of detected operational taxonomic units (OTUs)
and the Chaol and Shannon diversity indices in the
sludge samples, as compared to the non-PMA-treated
samples, thereby allowing for the identification of the
active and core microbial members in the anaerobic
sludge digesters.

However, discrepancies regarding the efficiency
of the EMA and PMA nucleic acid binding dyes to
detect Gram-positive versus Gram-negative bacteria
(due to the structure, composition and complexity of
the cell membrane); differences in the viability treat-
ment procedure viz. dye concentration, incubation
time and temperature; and exposure time and original
sample matrix have been reported in literature (Fitti-
paldi et al., 2012; Kumar & Ghosh, 2019; Reyneke
et al., 2017). For example, while it has been reported
that PMA does not always sufficiently penetrate
membrane compromised cells, possibly resulting in
the overestimation of viability, EMA may penetrate
viable cells and may exhibit a cytotoxic effect at high
treatment concentrations (Fittipaldi et al., 2012).

Taking these factors into consideration, we pre-
viously assessed the efficiency of various EMA
(6 to 50 umol 17') and PMA (25 to 100 umol 171)
treatment concentrations for the selective detec-
tion of viable Gram-negative (i.e. Legionella pneu-
mophila, Pseudomonas aeruginosa and Salmonella
typhimurium) and Gram-positive (i.e. Enterococcus
faecium and Staphylococcus aureus) bacterial spe-
cies (Reyneke et al., 2017). Results from the study
indicated that 6 umol 17! EMA and 50 pmol 17!
PMA treatment concentrations, in combination



Water Air Soil Pollut (2022) 233: 103

Page3of15 103

with quantitative PCR (qPCR) assays, were com-
parable and efficient for the selective detection of
viable Gram-negative and Gram-positive bacte-
rial species in untreated spiked water samples and
spiked water samples heat-treated at 70 °C for
15 min (Reyneke et al., 2017). The current study
therefore aimed to determine which optimised
viability dye concentration (6 umol 1-! EMA or
50 umol 17! PMA) may be better suited for moni-
toring mixed bacterial communities in RHRW, and
effectively identify the primary bacterial contami-
nants. To achieve this aim, the total viable bacterial
community in RHRW collected from a peri-urban
housing complex was determined using Illumina
(without viability dye pre-treatment), EMA-Illu-
mina and PMA-Illumina ABS. Additionally, the
most frequently detected bacterial genera known
to contain pathogenic or opportunistic pathogenic
species identified using the ABS analysis were enu-
merated in the RHRW samples using qPCR assays.

2 Materials and Methods

2.1 Description of Sampling Site and RHRW Sample
Collection

In order to compare the efficiency of 6 umol 17!
EMA and 50 umol 17! PMA pre-treatment for
monitoring the total viable bacterial community in
RHRW using ABS, 10 rainwater tanks were ran-
domly sampled (n=10) from a peri-urban hous-
ing complex (GPS co-ordinates: 34°20" 11.81"S,
19°00" 59.74"E) in the Overberg Municipality
(Western Cape, South Africa). Each house had a
2000-L above-ground rainwater harvesting (RWH)
tank connected to a tiled roof from which 10 L
of rainwater was collected. Briefly, the tap con-
nected directly to the RWH tank was sprayed with
70% ethanol, and the water was allowed to flow for
approximately 15 s prior to filling two sterile 5 L
polypropylene bottles [rinsed with distilled water,
sterilised with 70% ethanol and dried overnight at
60 °C (Waso et al., 2018)] (Ahmed et al., 2017).
The samples were transported to the laboratory,
stored at 4 °C, and processed within 24 h of collec-
tion (Ahmed et al., 2017).

2.2 RHRW concentration, nucleic acid binding dye
pre-treatments and DNA extractions

Two litres of the collected RHRW samples were
concentrated through flocculation using 1 mol 17!
CaCl, (Biolab, Merck, Wadeville, South Africa)
and 1 mol 1! Na,HPO, (Saarchem, Durban, South
Africa) and filtration as outlined in Dobrowsky
et al. (2015). Briefly, 2 mL of 1 mol 17! CaCl,
(Biolab, Merck) and 2 mL of 1 mol 17! Na,HPO,
(Saarchem) was added to a 2 L water sample and
the mixture stirred for 10 min using a magnetic stir-
rer to allow for flocculation, whereafter the samples
were filtered through a 47-mm, 0.45-um pore size
non-charged mixed-ester membrane filter (What-
man GmbH, Dassel, Germany) at a flow rate of
approximately > 65 mL/min/cm? at 0.7 bar (70 kPa).
Following filtration, each membrane filter (What-
man GmbH, Germany) was washed with 3 mL of
0.3 mol 17! citrate buffer (pH 3.5) to allow for the
dissolution of the captured flocs from the membrane
filter and each 3 mL concentrate was divided into
three aliquots of 1 mL, respectively. Each aliquot
was then centrifuged at 16,000 X g for 5 min and the
resulting pellet resuspended in sterile saline. Sub-
sequently, the protocol outlined in Reyneke et al.
(2017) was followed to subject the first 1 mL ali-
quot to 6 umol 1! EMA (Biotium, Hayward, CA,
USA) treatment and the second 1 mL aliquot to
50 pumol 1-! PMA (Biotium) treatment, with the
third 1 mL aliquot left untreated (control sample).

Deoxyribonucleic acid was extracted from each
of the untreated samples and the samples subjected
to the respective viability treatments (EMA and
PMA) using the Quick-DNA™ Fecal/Soil Microbe
Miniprep Kit (Zymo Research, Irvine, USA)
according to the manufacturer’s instructions. All
DNA samples were cleaned and concentrated using
a sodium acetate and ethanol precipitation protocol
(Sambrook & Russell, 2001), whereafter the Nan-
oDrop® ND-1000 (Nanodrop Technologies Inc.,
Wilmington, Delaware, USA) and Qubit™ fluo-
rometer in conjunction with the Qubit™ dsDNA
HS Assay Kit (Invitrogen Corporation, Carlsbad,
California, USA) were used to determine the qual-
ity (Aye/Asgg and Aygp/A,;, absorbance ratios)
and the concentration of double-stranded DNA,
respectively.
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2.3 Illumina MiSeq ABS and Sequence Data
Analysis

Following the quality control assessment, the DNA
samples [rn=30; untreated/control (n=10), EMA
(n=10) and PMA (n=10)] were sent for Illumina
MiSeq sequencing library construction and sequenc-
ing at the Centre for Proteomic and Genomic
Research (CPGR), Cape Town, South Africa,
as previously described by Strauss et al. (2019)
and Reyneke et al. (2020a). Briefly, the sequenc-
ing library was prepared according to the Illumina
16S Metagenomic Sequencing Library Preparation
guide by amplifying a ~460 bp region located in the
hypervariable V3—V4 region of the bacterial 16S
rRNA gene using KAPA HiFi HotStart ReadyMix
(Roche Diagnostics) and region of interest-specific
primers with overhang Illumina adapter sequences
(Klindworth et al., 2013). The 16S amplicon for-
ward primer 5- TCGTCGGCAGCGTCAG ATG
TGTATAAGAGACAGCCTACGGGNGGCWGC
AG- 3' and the 16S amplicon reverse primer 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGGACTACHVGGGTATCTAATCC- 3" were
used where the underlined sequences refer to the
16S locus interest-specific sequence of the primer.
The amplicons were purified from primer dimers
and free primers using AMPure XP beads (Beck-
man Coulter Genomics, Danvers, MA, USA) fol-
lowed by an Index PCR using the Nextera XT Index
kit (Illumina, San Diego, CA, USA) to attach dual
indices and Illumina sequencing adapters to the
original amplicon. A final amplicon purification
step was performed using AMPure XP beads (Beck-
man Coulter Genomics). Libraries were then nor-
malised and pooled and sequenced on the Illumina
MiSeq instrument using the MiSeq Reagent Kit v3
(IIlumina).

The open-source bioinformatics program
Mothur (version 1.42.0) was used to process the
sequence reads (Schloss et al., 2009), while the
standard operating procedure described by Koz-
ich et al. (2013) was followed (https://mothur.org/
wiki/MiSeq_SOP) with modifications as outlined
by Strauss et al. (2019) and Reyneke et al. (2020a).
Contigs were created with the sequence paired-end
reads and trimmed to 470 nucleotides. Sequences
with homopolymers of eight nucleotides or
ambiguous bases were removed and high-quality

@ Springer

sequences were aligned using the SILVA (v.128)
reference database (Pruesse et al., 2007). A 1%
pre-cluster error and chimaera removal was con-
ducted using VSEARCH in order to quality trim
the sequences. Assignment of OTUs was com-
pleted at a 97% identity using the OptiClust algo-
rithm. Taxonomic assignments were made against
the Ribosomal Database Project (RDP; version 16)
(Cole et al., 2008). The method described by Wang
et al. (2013) was used for the classification (boot-
strap cut-off of 80%). Following the taxonomic
assignments, sequences from individual sam-
ples were rarefied to equal sample size based on
the sample with fewest sequences which equalled
9680.

Mothur (version 1.42.0) was used to calculate
a-diversity indices, including sample coverage,
the number of observed OTUs, species richness,
Shannon diversity index and the abundance-based
coverage estimate (ACE) (Ahmed et al., 2017). In
order to assess the differences in bacterial com-
munity composition [beta (f)-diversity] between
the untreated (control), EMA-treated and PMA-
treated RHRW samples, permutational multi-
variate analysis of variance (PERMANOVA) was
performed and the results visualised using non-
metric multidimensional scaling (NMDS) using
the computer software RStudio (version 1.0.153)
(Library = Vegan) (Strauss et al., 2019). Addition-
ally, relative abundances at the family and genus
level were calculated using RStudio and was visu-
alised using the computer software Microsoft®
Excel (version 15.39), while the number of shared
bacterial families/genera between the sample types
were visualised using Euler diagrams (Micallef &
Rodgers, 2014). The normality of all the gener-
ated data was assessed using the D’Agostino-Pear-
son normality test, while significant differences
between the untreated/control, EMA-treated and
PMA-treated samples were assessed using one or
two-way ANOVA and Tukey’s multiple compari-
sons test on GraphPad Prism (version 7.04).

2.4 Quantification of the Most Readily Detected
Bacterial Genera Known to Contain Pathogenic
or Opportunistic Pathogenic Species

Based on the ABS results, qPCR was conducted
to quantify the most readily detected bacterial
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genera known to contain pathogenic or opportun-
istic pathogenic species (viz. Acinetobacter spp.,
Legionella spp. and Pseudomonas spp.) in the
untreated DNA samples as well as the samples that
were subjected to treatment with 6 umol 1"'EMA
or 50 umol 17! PMA pre-treatment. All qPCR
assays were performed using a LightCycler® 96
(Roche Diagnostics) instrument with the primers
and cycling parameters as outlined in Table 1. For
all gPCR assays, the reaction mixture (final vol-
ume of 20 pL) consisted of 10 uL FastStart Essen-
tial DNA Green Master Mix (1 %), 5 pL template
DNA and 0.4 pL of each primer (0.2 pM). All
DNA samples were diluted (tenfold) prior to anal-
ysis with the respective qPCR assays (minimise
PCR inhibitors) and all analysis was conducted in
duplicate. Melt curve analysis was included for all
of the SYBR green real-time PCR assays in order
to verify the specificity of the primer set by ramp-
ing the temperature from 65 to 97 °C at a rate of
0.2 °C/s with continuous fluorescent signal acqui-
sition at 5 readings/°C.

To generate a standard curve for the quantifi-
cation of Acinetobacter spp., Legionella spp. and
Pseudomonas spp., the target genes (i.e. Acineto-
bacter spp.=rpoB; Legionella spp.=23S rRNA;
Pseudomonas spp.=oprl) were first amplified by
using the respective primers (Table 1) in conven-
tional PCR assays on DNA extracted from Aci-
netobacter baumannii ATCC 19606, Legionella
pneumophila ATCC 33152 and Pseudomonas
aeruginosa ATCC 27853, respectively. All PCR
mixtures consisted of a final volume of 25 pyL and
contained Green GoTaq® Flexi buffer (Promega,
Madison, WI, USA), MgCl, (Promega), dNTP
mix (Thermo Scientific, Hudson, NH, USA), the
respective forward and reverse primers, GoTaq®
Flexi DNA polymerase (Promega) and 2 pL tem-
plate DNA, as outlined in Table 1. Amplification
was performed on a T100™ Thermal Cycler (Bio-
Rad Laboratories, Hercules, CA, USA) using the
PCR cycling parameters outlined in Table 1. For
each PCR assay, sterile milliQ was used as a neg-
ative control.

The obtained PCR products were cleaned and
concentrated using the Wizard® SV Gel and PCR
Clean-up System (Promega, Madison, WI, USA)
as per manufacturer’s instructions. Following DNA
concentration determination using a NanoDrop®

Bouvresse et al. (2011)
Roosa et al. (2014)

References

23S rRNA (259) Herpers et al. (2003)

Gene (bp)
rpoB
(238)
oprl
(249)

15s,72°Cfor 11s
of 94 °C for 30 s, 58 °C for

95 °C for 10 min; 50 cycles
of 95 °C for 15 s, 55 °C for
30,72 °C for 30 s

95 °C for 10 min; 50 cycles
of 95 °C for 15 s, 60 °C for

95 °C for 10 min; 50 cycles
30s, 72 °C for 30 s

gPCR cycling parameters**

each primer,1.5 U GoTaq®

Flexi DNA polymerase
each primer,1.5 U GoTaq®

Flexi DNA polymerase

ATGAACAACGTTCTGAAA 1X Green GoTaq® Flexi
each primer,1.5 U GoTaq®

0.1 mM dNTPs, 0.2 uM
1X Green GoTaq® Flexi
Buffer, 2 mM MgCl,,
0.1 mM dNTPs, 0.4 uM
Buffer, 2 mM MgCl,,
0.1 mM dNTPs, 0.2 uM
Flexi DNA polymerase

1X Green GoTaq® Flexi
Buffer, 2 mM MgCl,,

PCR components*

AAACGG
g-Acineto-rpoBR  GGYTTACCAAGRCTATAC
TCAAC

TGAC
CAATCGGAGTTCTTCGTG

TTC
CTGCGGCTGGCTTTTTCC

CTAATTGGCTGATTGTCT
AG

Primer sequence (5°- 3°)

Primer name
LegF

LegR

PS2

Table 1 Primers, PCR components and qPCR cycling parameters for the detection of Acinetobacter spp., Legionella spp. and Pseudomonas spp.

*Components for conventional PCR analysis; **Final elongation step of 72 °C for 5 min included for all conventional PCR analyses

Acinetobacter spp. q-Acineto-rpoBF TACTCATATACCGAAAAG

Organism
Legionella spp.
Pseudomonas spp. PS1

@ Springer
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ND-1000 (Nanodrop Technologies Inc.), the DNA
concentration and gene product size were used to
calculate the dilution required to obtain a final DNA
concentration of 10° gene copies/uL (Dobrowsky
et al., 2016). Serial tenfold dilutions (10% to 10°) of
the PCR products (Acinetobacter spp., Legionella
spp. and Pseudomonas spp.) were then prepared in
order to generate a standard curve (1.00x 10% gene
copies/uL to 1.00x 10° gene copies/uL). The lower
limit of detection (LLOD) for all gPCR assays was
determined as the lowest number of gene copies
consistently detected within the respective standard
curves.

The gene copies detected in the samples utilis-
ing the JPCR assays were converted to gene copies
per 100 mL of the original RHRW sample as out-
lined by Waso et al. (2018). The gene copy numbers
(gene copies per 100 mL) were then converted to
cell equivalents (cells per 100 mL) by utilising the
number of copies of the target gene present within

Table2 Mean and standard deviations of the various
a-diversity indices measured in the untreated, EMA-treated
and PMA-treated RHRW samples

the target host (Table S1, Supporting Information)
(Reyneke et al., 2020a).

3 Results

3.1 Bacterial a-Diversity Analysis of the RHRW
Samples

The ABS analysis of the untreated RHRW samples
yielded a total of 290,400 sequences, which were
further clustered into a total of 8361 OTUs, at a
similarity of 97%. Overall, the sequencing analysis
resulted in a 95.4+0.9% mean sample coverage for
the untreated RHRW samples, suggesting a nearly
complete characterisation of the bacterial communi-
ties (Table 2). Analysis of the corresponding RHRW
samples which were EMA- and PMA-treated indi-
cated that sample coverage was not significantly influ-
enced (p>0.05) by the respective viability treatments
(Table 2). Similarly, the recorded species richness
[observed richness (S.,)], Shannon diversity and
ACE did not differ significantly (p>0.05) between
the untreated, EMA-treated and PMA-treated RHRW
samples (Table 2). Comparison of the NMDS ordina-
tion plots of the untreated, EMA-treated and PMA-

Sample Coverage  Sgp, Shannon  ACE treated RHRW samples indicated distinct groupings
for these samples (Fig. 1).

Untreated 954409 748+145 4.18+04 2883+500

EMA 955+09 736+159 3.68+0.8 2762+442

PMA 953+£1.0 756+150 3.97+0.6 2779+596

p-value 0.9301 0.9587 0.2190 0.8510

Fig. 1 Non-metric multidi-

mensional scaling (NMDS) N

ordination plot depicting N

the relative differences in -

OTU community composi- S

tion in the untreated (Greek

capital letter delta), EMA- 3 o |

treated (Greek capital letter % e +

omicron) and PMA-treated z 4

(4+) RHRW samples. The S ©°

Bray—Curtis distance metric

was used to quantify the g _

similarity between the '

observed patterns. Ellipses o0

indicate a 95% confidence S 1 I | ? | |

interval 06 0.4 0.2 0.0 0.2 0.4
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3.2 Characterisation and Comparison of the
Bacterial Families Detected in the RHRW
Samples

Taxonomic diversity analysis revealed that 61,365
sequences were classified into 119 unique families
for the untreated RHRW samples. Based on the rela-
tive abundance, the overall bacterial population in
the untreated RHRW samples were predominantly
comprised of the families Comamonadaceae (10.9%),
Oxalobacteraceae (7.3%), Chitinophagaceae (5.6%)
and Pseudomonadaceae (5.3%), with 36.5% of the
OTUs not classified into any known bacterial family
(Fig. 2a; Table S2, Supporting Information).

For the EMA-treated samples, 66,005 sequences
were classified into 120 unique families, with the
overall relative abundance of the viable bacterial
population in the RHRW samples predominantly
comprised of the families Oxalobacteraceae (12.0%),
Pseudomonadaceae (8.9%) and Sphingomonadaceae
(7.2%) (Fig. 2a; Table S2, Supporting Informa-
tion). Additionally, 31.7% of the OTUs could not
be classified into any known bacterial family, which
was less than was observed for the corresponding
untreated RHRW samples (Fig. 2a; Table S2, Sup-
porting Information). Comparison of the EMA-
treated and untreated RHRW samples indicated that
the relative abundance of the Chitinophagaceae,
Comamonadaceae, Oxalobacteraceae, Planctomyc-
etaceae, Pseudomonadaceae, Rubrobacteraceae and

Fig. 2 Mean relative
abundance of the primary
bacterial a families and

b genera detected in the
untreated, EM A-treated
and PMA-treated RHRW
samples. Sequences with a
homology >80% were used
and samples with an abun-
dance > 1% are presented.
The presented data is also
outlined in Table S2 and S3
(Supporting Information)

A 100%

90%
80%
70%
60%

50%

30%
20%

10%

0%

Untreated EMA

PMA

Sphingomonadaceae families differed significantly
(»<0.05) following EMA treatment (Fig. 3a).

Based on relative abundance, the overall viable
bacterial population in the RHRW samples which
were PMA-treated (65,947 sequences classified into
117 unique families) was predominantly comprised
of the families Sphingomonadaceae (10.6%), Oxalo-
bacteraceae (7.7%), Chitinophagaceae (7.4%), Pseu-
domonadaceae (6.7%) and Moraxellaceae (5.3%)
(Fig. 2a; Table S2, Supporting Information). Addi-
tionally, 31.8% of the OTUs could not be classified
into any known bacterial family, which was also less
than was observed for the corresponding untreated
RHRW samples (Fig. 2a; Table S2, Supporting
Information). Comparison of the PMA-treated and
untreated RHRW samples indicated that the relative
abundance of the Comamonadaceae and Sphingo-
monadaceae differed significantly (p <0.05) fol-
lowing PMA treatment (Fig. 3a), while the relative
abundance of the Chitinophagaceae, Comamona-
daceae, Oxalobacteraceae, Pseudomonadaceae, and
Sphingomonadaceae in the PMA-treated samples
differed significantly (p <0.05) from the corre-
sponding EMA-treated samples (Fig. 3a).

Overall, the untreated, EMA-treated and PMA-
treated RHRW samples had 93 bacterial families
in common, while 13, 10 and 11 bacterial families
were only observed in the untreated, EMA-treated
and PMA-treated RHRW samples, respectively
(Fig. S1, Supporting Information). Additionally,
seven bacterial families were only detected in the
untreated and EMA-treated RHRW samples, five

® Acetobacteraceae B 100%

W Acinetobacter

m Burkholderiaceae Diplorickettsia

90%

= Chitinophagaceae = Flavobacterium

Comamonadaceae . .
80% W Janthinobacterium
M Coxiellaceae B 5
M Limnohabitans
W Cytophagaceae

: 70% B Massilia
W Flavobacteriaceae

Methylobacteriaceae B Methylobacterium
60%

Moraxellaceae B Novosphingobium

H Opitutaceae Opitutus
50%

m Oxalobacteraceae ® Pedobacter

® Parachlamydiaceae Polynucleobacter

40%

¥ Planctomycetaceae u Pseudomonas

m Pseudomonadaceae

30% W Reyranella

® Rhodospirillaceae Rubrobact
W Rubrobacter
Rubrobacteraceae 20%

° u Sediminibacterium
Sphingobacteriaceae
m Sphingomonadaceae 10% = Sphingobium

Verrucomicrobiaceae w Sphingorhabdus

M Less abundant 0% Less abundant

W Unclassified Untreated EMA PMA W Unclassified
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B
Planctomycetaceae ? *
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Fig. 3 Relative abundance (%) of the bacterial a families and
b genera differing significantly between the untreated (U or
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bacterial families were only detected in the
untreated and PMA-treated RHRW samples, while
seven bacterial families were only observed in the
EMA-treated and PMA-treated RHRW samples
(Fig. S1, Supporting Information).

3.3 Characterisation and Comparison of the
Bacterial Genera Detected in the RHRW
Samples

At the genus level, for the untreated RHRW samples,
the taxonomic diversity analysis revealed that 49,625
sequences were classified into 218 unique genera.
Based on the relative abundance, the overall bacterial
population detected in the untreated RHRW samples
were predominantly comprised of the genera Lim-
nohabitans (8.6%), Pseudomonas (5.2%) and Sedi-
minibacterium (4.1%), with 46.7% of the OTUs not
classified into any known bacterial genera (Fig. 2b;
Table S3, Supporting Information).

At the genus level, for the EMA-treated RHRW
samples, 54,466 sequences were classified into 239
unique genera, with the overall relative abundance
of the viable bacterial population predominantly
comprised of the genera Janthinobacterium (10.7%),
Pseudomonas (8.9%), Acinetobacter (4.8%) and
Rubrobacter (4.7%) (Fig. 2b; Table S3, Supporting
Information). Additionally, 39.7% of the OTUs could
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not be classified into any known bacterial genera,
which was less than was observed for the correspond-
ing untreated RHRW samples (Fig. 2b; Table S3,
Supporting Information). Comparison of the EMA-
treated and untreated RHRW samples indicated that
the relative abundance of the Janthinobacterium,
Limnohabitans, Opitutus, Pseudomonas, Reyranella,
Rubrobacter, Sediminibacterium and Sphingobium
genera differed significantly (p<0.05) following
EMA treatment (Fig. 3b).

At the genus level, the overall viable bacterial
population detected in RHRW samples which were
PMA-treated (55,156 sequences classified into 217
unique genera), were predominantly comprised of
Pseudomonas (6.6%), Janthinobacterium (5.6%),
Sediminibacterium (5.4%) and Acinetobacter (5.2%)
(Fig. 2b; Table S3, Supporting Information). Addi-
tionally, 41.0% of the OTUs could not be classified
into any known bacterial genera, which was less than
was observed for the corresponding untreated RHRW
samples (Fig. 2b; Table S3, Supporting Informa-
tion). Comparison of the PMA-treated and untreated
RHRW samples indicated that the relative abundance
of the Janthinobacterium, Limnohabitans, Novo-
sphingobium, Opitutus and Sphingorhabdus differed
significantly (p<0.05) following PMA treatment
(Fig. 3b), while the relative abundance of the Jan-
thinobacterium, Limnohabitans, Novosphingobium,
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Pseudomonas, Reyranella, Rubrobacter, Sedimini-
bacterium and Sphingorhabdus in the PMA-treated
samples differed significantly (p <0.05) from the cor-
responding EMA-treated samples (Fig. 3b).

Overall, the untreated, EMA-treated and PMA-
treated RHRW samples had 165 bacterial genera
in common, while 23, 33 and 24 bacterial genera
were only observed in the untreated, EMA-treated
and PMA-treated RHRW samples, respectively
[Fig. S2(a), Supporting Information]. Additionally, 21
bacterial genera were only detected in the untreated
and EMA-treated RHRW samples, while eight bac-
terial genera were only detected in the untreated and
PMA-treated RHRW samples. Furthermore, 21 bac-
terial genera were only observed in the EMA-treated
and PMA-treated RHRW samples [Fig. S2(a), Sup-
porting Information]. Overall, an increase in the detec-
tion of Gram-negative bacterial genera was observed
following EMA treatment (172 genera) in comparison
to the untreated RHRW (167 genera), while a decrease
in the detection of Gram-negative bacterial genera
was observed following PMA treatment (162 genera)
in comparison to the untreated RHRW [Fig. S2(b),
Supporting Information]. Additionally, an increase in
the detection of Gram-positive bacterial genera was
observed following EMA treatment (64 genera) and
PMA treatment (50 genera), in comparison to the

]
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untreated RHRW (47 genera) [Fig. S2(b), Supporting
Information].

3.4 Detection of Bacterial Genera Containing
Pathogenic and/or Opportunistic Pathogenic
Species

The presence of viable opportunistic pathogens
and pathogenic genera in the RHRW samples were
determined through taxonomic assignment using
the SILVA and RDP databases. Data analysis iden-
tified a total of 20 viable bacterial genera contain-
ing pathogenic or opportunistic pathogenic species
in the RHRW samples (Fig. 4). Acinetobacter spp.,
Legionella spp. and Pseudomonas spp. were present
in all (100%) the untreated, EMA- and PMA-treated
RHRW samples. High detection frequency percent-
ages were also obtained for Mycobacterium spp.,
which was present in 90% of the untreated, 100%
of the EMA-treated and 90% of the PMA-treated
RHRW samples (Fig. 4). In contrast, while Clostrid-
ium sensu stricto and Serratia spp. were present in
90% and 100% of the EMA-treated RHRW samples,
respectively, these genera were only detected in 60%
and 40% of the untreated samples and 50% (for both
genera) of the PMA-treated RHRW samples (Fig. 4).
It should also be noted that certain genera were
only detected in the RHRW samples when EMA or

Pseud
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Fig. 4 Percentage of the RHRW samples that tested positive for the presence of genera known to contain pathogenic or opportunistic

pathogenic species in the RHRW samples [|:| =untreated (n=10); =EMA-treated (n=10);

Ei.' =PMA-treated (n=10)]
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PMA pre-treatment was used in combination with
Ilumina ABS (Fig. 4). For example, Chlamydia spp.
and Streptococcus spp. were only detected in 10% (for
each genus) and Listeria spp. in 20% of the EMA-
treated RHRW samples, while Corynebacterium
spp. were only detected in 10% of the PMA-treated
RHRW samples. Similarly, Clostridium III was only
detected in 10% of both the EMA-treated and PMA-
treated RHRW samples, while Clostridium XI was
detected in 30% of the EMA-treated RHRW samples
and 10% of the PMA treated RHRW samples. Lastly,
Streptomyces spp. were detected in 40% of the EMA-
treated RHRW samples and 20% of the PMA-treated
RHRW samples.

3.5 Assessment of the EMA and PMA
Pre-treatments for the Quantification of
Opportunistic Pathogens

Quantitative PCR was conducted to enumerate Aci-
netobacter, Legionella and Pseudomonas spp. in the
untreated, EMA-treated and PMA-treated samples,
as they were the most frequently detected bacte-
rial genera known to contain pathogenic or oppor-
tunistic pathogenic species as indicated by the ABS
analysis (Fig. 4). The performance characteris-
tics of the respective qPCR assays are provided in
Table S1 (Supporting Information). For the quan-
tification of Acinetobacter cells in the untreated (no
viability treatment control) RHRW samples, the

concentration ranged from 2.60x10° cells/100 mL
to 2.13x10° cells/100 mL, with a mean concentra-
tion of 5.20x 10° cells/100 mL recorded (Fig. 5a).
A mean Acinetobacter concentration of 3.69x 10
cells/100 mL (ranging from 2.63x 10* cells/100 mL
to 2.33%x10° cells/100 mL) was then recorded in
the corresponding EMA-treated samples, while a
mean Acinetobacter concentration of 4.46x 10°
cells/100 mL (ranging from 2.37x 10° cells/100 mL
to 1.49x10° cells/100 mL) (Fig. 5a) was obtained
in the corresponding PMA-treated samples. For the
quantification of Legionella cells in the untreated
(no viability treatment control) RHRW samples,
the concentration ranged from 8 cells/100 mL to
1.04x10° cells/100 mL, with a mean concentra-
tion of 1.84x10% cells/100 mL recorded (Fig. 5b).
In comparison, a mean Legionella concentration of
1.48 x 107 cells/100 mL (ranging from 4 cells/100 mL
to 5.95x 10? cells/100 mL) was obtained in the cor-
responding EMA-treated samples, while in the cor-
responding PMA-treated samples a mean Legionella
concentration of 1.33x10? cells/100 mL (ranging
from 6 cells/100 mL to 5.57x10? cells/100 mL)
(Fig. 5b) was recorded. For the quantification of
Pseudomonas cells in the untreated (no viability
treatment control) RHRW samples, the concentration
ranged from 2.90x10° cells/100 mL to 8.17x10*
cells/100 mL, with a mean concentration of 4.10x 10*
cells/100 mL recorded (Fig. 5c). A mean Pseu-
domonas concentration of 2.43x10% cells/100 mL
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: 7/ g g
5
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Fig. 5 Quantification and distribution of a Acinetobacter spp.,
b Legionella spp. and ¢ Pseudomonas spp. in the RHRW sam-
ples [| |=untreated (n=10); q=EMA—treated (n=10);
Fz A-treated (n=10)]. The whiskers at the end of each

ox indicate the minimum and maximum values, while the box
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respectively
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(ranging from 4.01 x 10% cells/100 mL to 6.50x 10*
cells/100 mL) was then obtained in the correspond-
ing EMA-treated samples, while a mean Pseu-
domonas concentration of 1.91x10* cells/100 mL
(ranging from 1.37x 10* cells/100 mL to 4.12x 10*
cells/100 mL) was recorded in the corresponding
PMA-treated samples (Fig. 5c).

4 Discussion

The use of whole community ABS displays great
potential in providing information on the presence
and abundance of microorganisms and commu-
nity characteristics in environmental water sources
(Chiao et al., 2014). Additionally, sample pre-treat-
ment with nucleic acid binding dyes (e.g. EMA and
PMA) allows for the selective detection of the viable
portion (based on membrane integrity) of the micro-
bial community. The current study therefore aimed
to assess and compare the use of ABS in combina-
tion with EMA or PMA pre-treatment, to monitor
the viable bacterial community in RHRW. Compari-
son of the a-diversity indices obtained for the EMA
and PMA viability pre-treatments, in combination
with the ABS, indicated that, while not statistically
significant, both dyes were able to reduce the detec-
tion of non-viable bacteria in the RHRW samples
(reduced number of species and diversity detected
in the viability treated samples in comparison to
the untreated samples), with lower overall diversity
scores obtained for the EMA-treated samples, in
comparison to the PMA-treated samples. Similarly,
Reyneke et al. (2020a) reported lower (albeit not sig-
nificant) diversity scores [i.e. S, Chaol (empha-
sises the presence of low abundance/rare species to
estimate community diversity) and Shannon diversity
indices] between untreated and EMA-treated RHRW
samples, while Guo and Zhang (2014) reported lower
(albeit not significant) diversity scores (i.e. Shannon
and Simpson diversity indices) between untreated and
PMA-treated activated sludge samples. In compari-
son, Ni et al. (2020) reported that PMA treatment of
anaerobic sludge samples, prior to ABS, resulted in a
significant decrease in the number of OTU’s, Shan-
non diversity index and Chaol diversity index, in
comparison to the non-PMA treated samples. In the
current study, the o-diversity results were however,
corroborated by the NMDS ordination plots as close

yet distinct groupings were observed for the untreated
(no viability treatment control), EMA-treated and
PMA-treated RHRW samples. This indicates that the
viability treatments may have non-selectively reduced
the overall detection of the non-viable bacterial cells
[i.e. the ability of EMA and PMA to distinguish
between intact (viable) and membrane-compromised
cells (dead) was not limited to a specific group of
organisms].

Classification of the detected OTUs into bacte-
rial families and genera revealed that overall, the
dominant bacterial genera detected corresponded
to the dominant bacterial families in the untreated,
EMA-treated and PMA-treated samples. For exam-
ple, Janthinobacterium and Pseudomonas belong to
the Oxalobacteraceae and Pseudomonadaceae fami-
lies, respectively, and were detected at a high mean
relative abundance in the RHRW samples analysed
(Fig. 2). Additionally, both the EMA and PMA pre-
treatment, prior to ABS, significantly influenced the
relative abundance of certain dominant bacterial
families (e.g. Comamonadaceae, Oxalobacteraceae,
Pseudomonadaceae and Sphingomonadaceae) and
genera (e.g. Limnohabitans, Novosphingobium, Rey-
ranella and Sediminibacterium) in the collected
RHRW samples (Fig. 3). For example, at the genus
level, the relative abundance of Limnohabitans sig-
nificantly decreased following EMA and PMA treat-
ment, while the relative abundance of Janthinobac-
terium significantly increased following EMA and
PMA treatment. It should however, be noted that in
comparison to PMA pre-treatment, highly significant
p-values were obtained in the relative abundance of
the dominant bacterial genera following EMA treat-
ment (Fig. 3). Additionally, the EMA and PMA
pre-treatments decreased the detection of “unclassi-
fied” bacterial families and genera within the RHRW
samples, which corresponded with the findings from
Htwe et al. (2015) and Ni et al. (2020), who similarly
reported that the inclusion of the nucleic acid bind-
ing dye pre-treatment resulted in significant changes
(both increases and decreases) in the relative abun-
dance of the dominant bacteria.

In comparison to the untreated (no viability treat-
ment control) RHRW samples, 10 and 11 less abun-
dant bacterial families were then detected in the
EMA-treated or PMA-treated samples, respectively,
while 33 and 24 less abundant bacterial genera were
detected in the EMA-treated or PMA-treated samples,
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respectively. Approximately 44% of the bacterial
DNA within environmental water samples have been
reported to be relic DNA (Lennon et al., 2018), while
extracellular bacterial DNA has been shown to persist
in environmental water samples for 25 days (Li et al.,
2017). The exclusion of relic DNA during culture-
independent water analysis may significantly improve
the elucidation of the total viable bacterial commu-
nity, including the identification of rare/less abundant
pathogenic bacterial genera, which may not have been
identified and screened for in the water source during
routine analysis (Reyneke et al., 2020a). The ability
of the nucleic acid binding dyes to effectively exclude
the detection of relic DNA (extracellular DNA or
DNA from membrane-compromised cells) within the
RHRW samples, may thus have increased the sensi-
tivity of the analysis, leading to the detection of rare/
less abundant bacterial families and genera in the col-
lected RHRW samples.

The collected RHRW samples were subsequently
screened for the presence of bacterial genera known
to contain pathogenic or opportunistic pathogenic
species in order to identify the primary genera that
may potentially pose a health risk to end-users. In
total, 20 bacterial genera that are known to contain
pathogenic and/or opportunistic pathogenic species
were identified in the RHRW samples. Acinetobac-
ter, Legionella, Mycobacterium and Pseudomonas
were identified as the most frequently detected gen-
era, irrespective of whether the RHRW was untreated
(no viability treatment control), EMA-treated or
PMA-treated. Quantitative PCR analyses was sub-
sequently conducted to analyse the mean cell counts
of Acinetobacter spp., Legionella spp. and Pseu-
domonas spp., in the RHRW samples, with compa-
rable results obtained for the EMA and PMA pre-
treatments. However, in comparison to the untreated
RHRW samples, decreased cell concentrations (albeit
not significantly) of 20 to 41% (for EMA) and 14 to
53% (for PMA), respectively, were recorded for the
quantification of Acinetobacter spp., Legionella spp.
and Pseudomonas spp. Previous studies have indi-
cated that EMA or PMA pre-treatments improved the
detection of the viable/active microbial community
within monitored samples, with the most pronounced
influence of the viability pre-treatment observed in
samples that were subjected to a disinfection strategy
(e.g. ozonation, chlorination, heat treatment, ultravio-
let inactivation), and containing a high proportion of
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membrane-compromised cells and extracellular DNA
(Chiao et al., 2014; Nocker et al., 2010). However,
the reduced concentrations recorded in the EMA and
PMA treated samples supports the theory that viabil-
ity dye treatment in combination with qPCR (and
ABS) may reduce the detection of relic DNA (extra-
cellular DNA or DNA from membrane-compromised/
dead cells), particularly in environmental water sam-
ples that have not been disinfected or purified. More-
over, the viability dye pre-treatment increased the
detection frequency of certain less abundant genera
known to contain pathogenic and/or opportunistic
pathogenic species, which may also pose a health risk
to end-users (Fig. 4). For example, the detection fre-
quency of Chlamydia, Clostridium XI, Enterococcus,
Escherichia/Shigella, Listeria, Nocardia, Streptococ-
cus, Clostridium sensu stricto, Serratia and Strepto-
myces were higher in the EMA-treated samples in
comparison to the untreated RHRW samples; while
the detection frequency of Bordetella, Clostridium
X1, Corynebacterium, Escherichia/Shigella, Serratia,
Staphylococcus and Streptomyces were higher in the
PMA-treated samples in comparison to the untreated
RHRW samples.

Conflicting conclusions have however, been
reported in literature regarding the efficiency of the
EMA and PMA nucleic acid binding dyes to detect
Gram-positive versus Gram-negative bacteria (due
to the structure, composition and complexity of the
cell membrane) with EMA reported to potentially
result in an under estimation of viability (ability to
penetrate viable cells) (Fittipaldi et al., 2012; Kumar
& Ghosh, 2019; Nocker et al., 2006; Reyneke et al.,
2017), while the use of PMA may result in an overes-
timation of viability (inability to adequately penetrate
membrane-compromised cells) (Fittipaldi et al., 2012;
Kumar & Ghosh, 2019; Lee & Levin, 2009; Li et al.,
2017; L@vdal et al., 2011; Reyneke et al., 2017).
Moreover, research has indicated that differences
in the viability treatment procedure i.e. dye concen-
tration, incubation time and temperature, exposure
time and original sample matrix may contribute to
these reported discrepancies (Fittipaldi et al., 2012;
Kumar & Ghosh, 2019; Reyneke et al., 2017). In
order to overcome the drawbacks associated with the
use of EMA, it has been recommended that lower
EMA concentrations should be used with shorter
incubation and exposure times, while the incuba-
tion step should also be performed on ice to decrease
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membrane permeability and reduce the entry of EMA
into viable cells (Fittipaldi et al., 2012). In contrast,
to overcome the drawbacks associated with the use
of PMA, it has been recommended that higher PMA
concentrations should be used with longer incuba-
tion times. Additionally, the incubation step should
be performed at room temperature (higher tempera-
ture as compared to EMA) to facilitate the entry of
PMA into membrane compromised bacterial cells
(Fittipaldi et al., 2012). Taking these recommenda-
tions into consideration, our previous work indicated
that 6 umol 17! EMA and 50 umol I-! PMA treatment
concentrations, in combination with qPCR assays,
were comparable and efficient for the selective detec-
tion of viable Gram-negative and Gram-positive bac-
terial species (Reyneke et al., 2017). The optimised
concentrations as outlined in Reyneke et al. (2017)
were thus employed in the current study for the EMA
and PMA pre-treatment protocol and may elucidate
why significant discrepancies between the detection
of the bacterial families and genera in the EMA and
PMA-treated RHRW samples were not observed, as
has been reported in previous studies (Fittipaldi et al.,
2012). Results from the current study also indicated
that the EMA treatment did not negatively influ-
ence the detection of Gram-negative versus Gram-
positive bacterial genera, as the detection of both
groups increased following EMA treatment (Gram-
negative=172 genera; Gram-positive=64 genera),
as compared to the untreated (no viability treatment
control) RHRW samples (Gram-negative=167 gen-
era; Gram-positive=47 genera). However, in com-
parison to the untreated RHRW samples, the detec-
tion of Gram-negative genera then decreased (n=162
genera) and Gram-positive genera increased (n=50
genera) following PMA treatment.

In conclusion, the results from the current study
indicated that at the concentrations analysed, both
EMA and PMA were efficient in reducing the detec-
tion of the non-viable bacterial community within
the RHRW in comparison to the untreated control.
However, while the EMA and PMA concentrations
used in the current study were previously optimised
for the detection of various bacterial species in
RHRW (Reyneke et al., 2017), it is recommended
that the EMA or PMA dye concentrations be opti-
mised for the sample matrix it will be applied
to (e.g. higher dye treatment concentrations and
treatment times may be required for high turbidity

environmental water samples, such as river water
and wastewater) to ensure the accuracy of results
obtained. Less abundant pathogenic and opportunis-
tic pathogenic bacterial genera were also more read-
ily detected in the EMA- or PMA-treated samples,
in comparison to the untreated samples. Thus, by
excluding relic DNA, the detection of less abundant
genera e.g. pathogenic bacteria in environmental
water samples, may be increased, whereafter gPCR
analysis may be used to monitor the cell concentra-
tion of a specific target organism. However, in com-
parison to the bacterial families and genera detected
in the untreated and PMA-treated RHRW samples,
the EMA pre-treatment produced highly significant
differences in the relative abundance of the domi-
nant bacterial families and genera. Additionally,
EMA-treatment significantly decreased the detec-
tion of “unclassified” bacteria and allowed for the
increased detection of less abundant bacteria in the
RHRW samples, as compared to the PMA-treated
RHRW samples. Thus, based on the required treat-
ment concentrations and associated dye costs, the
use of EMA may be more efficient for the routine
analysis of environmental water samples as com-
pared to PMA. Furthermore, recent advances in the
development of alternative viability dyes that target
membrane integrity and/or metabolic activity, such
as DyeTox13 Green C-2 Azide or PEMAX, necessi-
tates the investigation of these dyes in combination
with NGS platforms to elucidate the viable micro-
bial community in diverse water environments.
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