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ARTICLE INFO ABSTRACT
Keywords: The regrowth and subsequent exposure of opportunistic pathogens (OPs) whilst reopening buildings that have
COVID-19 pandemic been locked down due to the stay-at-home restrictions to limit the spread of COVID-19, is a public health
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concern. To better understand such microbiological risks due to lowered occupancy and water demand in
buildings, first and post-flush water samples (n = 48) were sampled from 24 drinking water outlets from eight
university buildings in two campuses (urban and rural), with various end-user occupancies. Both campuses were
served with chlorinated water originating from a single drinking water distribution system in South-East
Queensland, situated 14 km apart, where the rural campus had lower chlorine residuals. Culture-dependent
and culture-independent methods (such as flow cytometry, qPCR and 16S rRNA gene amplicon sequencing)
were used concurrently to comprehensively characterise the OPs of interest (Legionella spp., Pseudomonas aeru-
ginosa, and nontuberculous mycobacteria (NTM)) and the premise plumbing microbiome. Results showed that
buildings with extended levels of stagnation had higher and diverse levels of microbial growth, as observed in
taxonomic structure and composition of the microbial communities. NTM were ubiquitous in all the outlets
sampled, regardless of campus or end-user occupancy of the buildings. qPCR and culture demonstrated prevalent
and higher concentrations of NTM in buildings (averaging 3.25 logjo[estimated genomic copies/mL]) with
extended stagnation in the urban campus. Furthermore, flushing the outlets for 30 minutes restored residual and
total chlorine, and subsequently decreased the levels of Legionella by a reduction of 1 log. However, this approach
was insufficient to restore total and residual chlorine levels for the outlets in the rural campus, where both
Legionella and NTM levels detected by qPCR remained unchanged, regardless of building occupancy. Our findings
highlight that regular monitoring of operational parameters such as residual chlorine levels, and the imple-
mentation of water risk management plans are important for non-healthcare public buildings, as the levels of OPs
in these environments are typically not assessed.

1. Introduction deterioration of water quality, through changes to water chemistry
(such as lead and copper levels (LeChevallier et al., 2003)) and increased

Water stagnation is a characteristic of premise plumbing systems, microbial growth, including opportunistic pathogens (OPs) (Wang et al.,
where water flow may be interrupted and outlets in buildings can 2017; Wang et al., 2015). OPs such as Pseudomonas aeruginosa (Bedard
remain unused from days to weeks, due to variations in end-point outlet et al., 2016), Legionella species (including Legionella pneumophila (Bart-
usage (Ling et al., 2018). As a result, this may contribute to the ley et al., 2016) and L. anisa (van der Mee-Marquet et al., 2006)), and
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nontuberculous mycobacteria (NTM; including M. avium complex
(MACQC) (Falkinham, 2011; Falkinham et al., 2001; Whiley et al., 2012),
and M. abscessus complex (MABC) (Thomson et al., 2013a)) have several
common adaptive traits and mechanisms (Falkinham, 2015; Falkinham
et al., 2015), allowing them to survive and persist in nutrient-limiting
environments. Furthermore, OPs such as NTM and L. pneumophila can
transmit as aerosols released by contaminated drinking water outlets
(Feazel et al.,, 2009; Prussin et al.,, 2017), leading to exposure of
downstream users and infection in vulnerable individuals (Mercante and
Winchell, 2015).

Studies of the chemical and microbiological perspective impact of
short-term stagnation (ranging from days to weeks) (Ling et al., 2018;
Proctor et al., 2018) have supported the development of guidance and
management strategies for public and regulatory organisations during
periods of extended stagnation (Proctor et al., 2020). However, there
remain knowledge gaps of the effect of long-term closure occurring
within building plumbing systems, particularly those posed by OPs, and
the effectiveness of these maintenance strategies when returning to
these facilities (Hozalski et al., 2020). Water risk management plans in
public buildings have largely focused on healthcare environments rather
than in non-healthcare contexts (Hozalski et al., 2020), such as for the
detection of L. pneumophila specifically as a model OP, (Grimard-Conea
et al.,, 2022; Liang et al., 2021) or expanding to include subsets of
waterborne indicators and opportunistic bacterial pathogens, such as
coliforms, Escherichia coli, Enterococcus, along with P. aeruginosa and
L. pneumophila (De Giglio et al., 2020). Limited studies have assessed the
impact of occupancy, water usage and potential correlations with OPs
and the collective premise plumbing microbiome in non-healthcare
public facilities. Thus, our aim was to determine if extended stagna-
tion during the lockdowns increased the risk of harbouring higher levels
of OPs and microbial concentrations within these systems. To this end,
24 water samples were collected and analysed for microbiological and
physicochemical parameters. The sampling took place in two university
campuses, located in urban (campus 1) and rural-residential (campus 2)
areas in Brisbane, respectively. The buildings sampled from each of the
campuses had various end-user frequencies during the COVID-19 lock-
down period of 4 months (June — September 2020), where the outlets
individually and the building collectively were classified. We also
sought to assess whether this risk could be mitigated by implementing
building maintenance strategies such as remedial flushing, as advised by
the Centers for Disease Control and Prevention (CDC), plumbing regu-
lators and scientific associations (National Academies of Sciences and
Medicine, 2020; Proctor et al., 2020). Thus, we sampled first and
post-flush tap water and characterised using various culture-dependent
and culture-independent approaches (such as qPCR and microbial
community sequencing) to gain a comprehensive understanding from a
microbiological point of view of these systems under various levels of
stagnation.

2. Materials and methods
2.1. Study sites, sampling, and building characteristics

Twenty-four tap water outlets (sampled from cold water faucets,
including washbasin taps, laundry sinks, showerheads) were sampled
from 8 buildings (3 outlets per building, 4 buildings per campus) across
two university campuses based in Brisbane, from June to October 2020.
Campus 1, which undertakes predominantly teaching and research ac-
tivities, was located in an urban area (buildings A-D), in comparison to
campus 2, which focusses on agricultural and research activities and was
located in a semi-rural outer suburban area (buildings E-H). For
simplicity, campus 1 will be referred to as the urban campus, and
campus 2 as the rural campus. Both campuses were served with chlo-
rinated water originating from the same drinking water distribution
system (DWDS) in South-East Queensland, situated 14 km from each
other. Although each campus received chlorinated drinking water
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originating from the same DWDS, due to differences such as distances,
plumbing configurations, and end-user demand/usage, the characteris-
tics of drinking water reaching the end user differed between each
campus. Thus, the comparisons were intended to be made between the
buildings located in each campus, rather than a comparison between
both campuses. To draw comparisons between the buildings, a range of
buildings varying in size, age, and purposes were selected. Both the
buildings and the outlets sampled were chosen based on end-user oc-
cupancy during the COVID-19 lockdown period, after consulting facility
management personnel, Queensland Health, and university directives.
At the time of collection, each outlet and building were designated in
terms of end-user water usage — i.e. accessed at least weekly (such as
core research or administration facilities), intermittent stagnation
(including buildings affected by the COVID-19 pandemic-related lock-
downs such as teaching facilities, unused for < 4 months) and buildings
under extended stagnation (such as buildings undergoing long-term
constructions and renovations, unused for > 6 months). Buildings and
their corresponding end-user occupancy/water usage details during the
pandemic are outlined in Figure S1, and further details about the
buildings and their characteristics can be found in the supplementary
materials, Table S1.

Based on these details, the water usage of the building was desig-
nated with an overall ranking based on the allocations of the individual
outlets. Prior to flushing, an initial water sample was collected (‘first
flush’). All tap water outlets in the building were then flushed concur-
rently for 30 min based on recommendations by local plumbing guide-
lines as a preventative measure. Subsequent water samples collected
were designated as ‘post-flush’. Two bulk water samples (2 x 10 L) for
each of the 24 outlets, corresponding to first flush and post-flush, were
collected in sterile polypropylene water storage containers. The physi-
cochemical parameters were measured onsite as described in section
2.2. Apart from 1 L of water for the culturing of the NTM outlined in
section 2.5, the remaining water samples were immediately quenched
with sodium thiosulfate (to a 1% final concentration) to dechlorinate the
water samples and transported at 4°C to the laboratory for further
microbiological analyses within 4 hours.

2.2. Water chemistry — physicochemical parameters

All physicochemical parameters were measured and recorded onsite,
including dissolved oxygen (DO), pH, and temperature, using a digital
oxygen meter (Lutron Electronic, Taiwan) and a pH meter (Horiba Sci-
entific, Japan). Free chlorine (the concentration of residual chlorine in
water) and total chlorine (comprising the sum of combined (including
chloramines) and free chlorine) levels were measured using a chlorine
meter (Hach, USA), using the DPD Free Chlorine and Total Reagent
Powder Pillows (Methods 8021 (free chlorine) and 8167 (total chlorine),
with detection limits ranging from 0.02 — 2.00 mg/L), adapted from the
(Standard Methods for the Examination of Water and Wastewater,
2017), Method 4500-Cl, which has been accepted by the USEPA for
drinking water and wastewater analysis. To assess the levels of ammo-
nium, nitrate, nitrite and phosphate, 100 mL of the water samples were
filtered using 0.22 um filter units (Merck Millipore, United States) and
stored at -20°C for subsequent analyses. The nitrogen species levels were
determined by the Lachat QuickChem 8000 Flow Injection analyser
(FIA). All measurements were performed in technical replicates, as
triplicates.

2.3. Live/dead staining and flow cytometry measurements

Live/dead staining was performed on 500 pL of the water samples
using the LIVE/DEAD™ BacLight™ Bacterial Viability Kit (L7007;
Invitrogen, Australia), with SYTO 9 and propidium iodide (PI) stains, as
per manufacturer’s instructions. Further details about the gating stra-
tegies can be found in the Supplementary Information, Text S1. Flow
cytometry measurements were conducted using the CytoFLEX S flow
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cytometer (Beckman Colter, USA) with excitation/emission maxima at
480/500nm and 561/610nm, respectively, and at a flow rate of 60 pL/
min. Based on the controls, for each detected event, all signals were
collected in log area mode with biological replicates (n > 3).

2.4. Heterotrophic Plate Counts (HPC)

HPCs for the samples were determined in triplicate by the spread
plate method on Reasoner’s 2A (R2A) agar (Oxoid, Australia) (ISO,
1999; Reasoner, 2004). Specifically, 100 - 500 uL of the water samples
directly and their 10-fold serial dilutions (up to 1073 dilution) were
spread-plated on the solid media and incubated at both 30 and 37°C,
which corresponded to the incubation temperatures for drinking water
microorganisms and human pathogens, respectively. All plates were
incubated for 10 days.

2.5. Culture-based enumeration of Legionella spp., Pseudomonas spp.,
and nontuberculous mycobacteria

Enumeration of Legionella spp. was performed as per the ISO
11731:2017 Water quality — Enumeration of Legionella standards (ISO,
2017). Briefly, 500 — 1000 mL water samples were concentrated through
vacuum filtration using autoclave-sterilised membrane filters (0.22 pm
pore size, 47mm diameter, mixed cellulose esters; Merck Millipore). The
membrane filters were subjected to pre-reatment with acid buffer for 5
min and plated on buffered charcoal yeast extract (BCYE) and Glycine
Vancomycin Polymyxin Cycloheximide (GVPC) agar plates as dupli-
cates. All agar plates were incubated at 37°C for 7-10 days. Legionella
positive colonies were identified based on morphology and sub-cultured
on both BCYE and Horse Blood Agar (HBA) for verification.

Enumeration of Pseudomonas spp., particularly P. aeruginosa, was
performed as per the SO 16266:2006 Water quality — Detection and
enumeration of P. aeruginosa method by membrane filtration standards
(ISO, 2006). Briefly, 100 — 1000 mL of each water sample was concen-
trated through vacuum filtration using autoclave-sterilised membrane
filters (0.45 pm pore size, 47mm diameter, mixed cellulose esters; Merck
Millipore), and plated directly onto agar plates containing Pseudomonas
agar base supplemented with Pseudomonas CN selective supplement
(Oxo0id, CM0559B and SR0102) as duplicates. All agar plates were
incubated at 37°C for 48 h.

Enumeration of NTM and isolation was performed as previously
described (Thomson et al., 2013b). Briefly, 500 mL of each water sample
was filtered on sterile membrane filters (0.45 pm pore size, 47mm
diameter, Millipore S-pak® membrane filters, HAWG047S6) using
in-house agar plates supplemented with oleic albumin dextrose catalase
growth supplement (OADC), and Mycobacterial Growth Indicator Tubes
(MGIT). Plates were incubated at 37°C and checked weekly for the
presence of colonies up to eight weeks. MGIT tubes were incubated at
35°C. Representative colonies were subcultured, based on morphology
and Ziehl-Neelsen (ZN) stain to presumptively identify acid-fast bacilli.
Positive acid-fast bacilli colonies were then further sub-cultured on
M7H11 agar and incubated at 37°C in preparation for identification.

2.6. Identification of NTM isolates through Sanger sequencing

To identify each NTM isolate (Fedrizzi et al., 2017), DNA extracted
from a subcultured NTM colony using 10 pL sterile loops was performed
using the Qiagen DNeasy UltraClean Microbial kit (Qiagen, Germany).
The following modifications were made to the manufacturer’s in-
structions to optimise the DNA extracted from the NTM isolates: by
including an initial heat kill/inactivation step for 80°C for 10 min to lyse
the mycobacterial cell wall, and incubating the supernatant with solu-
tion IRS for 10 min. Extracted DNA was amplified by PCR using the
GoTagq Flexi DNA Polymerase kit (Promega, USA), in 50 pL final volumes
containing a final concentration of 1X Green Buffer, 4 mM MgCI2, 0.2
mM dNTPs, 0.5 M of forward and reverse primers BF (5’
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GAGTTGGATCCTGGCTCAG - 3’) and R2 (5’ - CCTACGAGCTCTTTACG
— 3’), based on the forward and reverse region associated with the hy-
pervariable regions A and B of the 16S rRNA gene (Carter, 2018), 1 unit
of GoTaq DNA Polymerase with 1 pL of template DNA. Thermocycling
conditions were based on manufacturer guidelines, with an initial
denaturation for 2 min at 95°C, followed by 35 cycles of 30 s denatur-
ation at 95°C, annealing for 30 s at 60°C, and extension for 1 min at
72°C. The final extension step was carried out at 72°C for 5 min. The
PCR products were detected by gel electrophoresis on a 1% agarose gel
stained by SYBR Safe (Invitrogen, USA) and imaged using the Gel Doc
XR+ gel documentation system (Bio-Rad, USA). The unpurified PCR
products were then sent to the Australian Genome Research Facility
(AGRF) for dual-direction Sanger sequencing using the Applied Bio-
systems 3730 and 3730xI capillary sequencers in conjunction with Big
Dye Terminator (BDT) chemistry version 3.1 (Applied Biosystems),
under standardised cycling PCR conditions. The sequencing data was
analysed using Geneious Prime (version 2022.0.1) by trimming and
assembling the forward and reverse reads as a consensus sequence.
Subsequently, the consensus sequences were aligned using the basic
local alignment tool (BLAST) against the GenBank database for identi-
fication (Sayers et al., 2022). A phylogenetic tree was constructed using
default parameters and based on the unweighted Pair Group Method
with arithmetic Mean (UPGMA) tree building method (Michener and
Sokal, 1957).

2.7. Total DNA extraction

Water samples (500 — 1000 mL) were concentrated on 0.22 pm cel-
lulose ester membrane filter using vacuum filtration. Total genomic
DNA was extracted from the filters using the Qiagen DNeasy Power-
Water kit (Qiagen, Germany), with modifications made to the manu-
facturers’ protocols in the final DNA elution step, where a reduced
volume of 50 pL of elution buffer (Solution EB) was used to concentrate
the DNA. Negative controls were also processed in parallel as part of the
DNA extraction workflow, using molecular grade nuclease-free water as
a DNA extraction reagent control. DNA concentration and purity were
measured using the Nanodrop ND-1000 (ThermoFisher Scientific, USA)
and Qubit 4 Fluorometer (Invitrogen, USA).

2.8. Quantitative PCR (qPCR)

In addition to enumerating OPs of interest through culturing, qPCR
was performed by using NTM, Legionella and Pseudomonas genus specific
primers (further details on primer sequences and amplification effi-
ciency can be found in Table S2). QuantiNova SYBR® Green PCR Kit in
an Applied Biosystems ViiA7 Real-Time PCR System. These were per-
formed in 10 pL reaction volumes and contained a final concentration of
1X QuantiNova PCR master mix, 1X QN ROX Reference dye, 0.7 uM of
forward and reverse primers, and 3 uL of template DNA. Thermocycling
conditions were per manufacturer guidelines, with an initial activation
for 2 min at 95 °C, followed by a combined 2-step cycling step for 35
cycles consisting of denaturation for 5 s at 95 °C and a combined
annealing/extension step for 10 s at 60 °C on the pre-set maximal/fast
mode ramp rate. All assays were performed in triplicate, and mean Cr
(cycle threshold) values were used for estimating gene copies per mL
(GU/mL).

Standard curves based on genomic DNA extracted from representa-
tive strains from the American Type Culture Collection strains of
Legionella pneumophila subsp. pneumophila Philadelphia-1 ATCC 33152,
Pseudomonas aeruginosa PAO1, and Mycobacterium abscesses ATCC
19977 were used for the calculation of estimated genomic copies on a
genus level for each respective target OP. Ten-fold serial dilutions of the
standard curves, no template controls were included in each run, and the
limit of detection (LOD) and limit of quantification (LOQ) were calcu-
lated for each of the target OPs, as per MIQE guidelines (Bustin et al.,
2009). Details of the primers, amplification efficiency, and R? can be
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found in Table S2.
2.9. 16S rRNA gene amplicon sequencing

To complement the OP-specific detection methods outlined in sec-
tions 2.5 to 2.8, broad microbial communities in the water samples were
also detected using amplicon sequencing. For the urban campus,
amplicon sequencing inclusive of bacterial, archaea, and eukaryotes was
performed using universal 16S rRNA gene primers targeting the V4 and
V8 regions of the hypervariable region, primer set 926F (5’- AAAC-
TYAAAKGAATTGACGG-3’) and 1392R (5’- ACGGGCGGTGWGTRC-3)
(Engelbrektson et al., 2010). On the other hand, DNA extracts for the
rural campus amplified poorly using the 926F-1392R universal primers,
likely due to the presence of inhibitors in the extracted DNA, thus
primers F-16S2 (5’-CCAGACTCCTACGGGAGGCA-3’) and R-16S2
(5’-GTGGACTACCAGGGTATCTA-3’) designed to specifically target
waterborne bacterial pathogens in the V3-V4 hypervariable region were
used instead (Chakravorty et al., 2007). As a result of the change of
primers used between the two campuses, the microbial community
sequencing outcomes cannot be directly compared between the build-
ings located on the two separate campuses, but interpretations of the
outcomes can still be made for the buildings located in each campus.

DNA extracts from the water samples (n = 48) were submitted to the
Australian Centre for Ecogenomics (ACE) for 16S rRNA gene amplicon
sequencing on the Illumina MiSeq platform (Illumina, USA), using
paired-end sequencing (300 bp) with MiSeq Reagent Kit V4. All raw
sequencing reads were processed in QIIME2 (QIIME2, version: 2021.8).
The forward and assembled paired-end reads were both independently
examined to confirm the taxonomic composition, and the reads were
processed through the DADA2 pipeline and taxonomy was assigned
based on the Silva 132 release database, as amplicon sequencing vari-
ants (ASVs). Statistical analyses including alpha and beta diversity
metrics and significance were performed in QIIME2 (Bolyen et al.,
2019), with the following pipelines and plugins (g2-feature-classifier,
q2-core-metrics, q2-diversity). Statistical significance between groups
(comparing first flush and post-flush, buildings and individual outlets)
were determined using the beta-group-significance plugin (Anderson,
2001) ADONIS PERMANOVA test (permutation multivariate analysis of
variance). Visualisation of taxonomic composition was performed in
RStudio v4.0.3 (RStudio, 2020) and implementing ampvis2 (Andersen
et al.,, 2018), which incorporates the packages ggplot2 (Wickham,
2011), phyloseq (McMurdie and Holmes, 2013), and vegan (Oksanen,
2011). Principal coordinate analysis (PCoA) using the weighted UniFrac
approach (Lozupone et al., 2007) was used to visualise microbiome
similarities for each campus.

3. Results
3.1. Water chemistry analysis

Water quality of the samples collected as indicated by key physico-
chemical parameters are summarised in Table S2. In the first flush
samples, the buildings in the urban campus in comparison to the rural
campus had higher levels of both free chlorine (n = 12, ranging from
0.47-3.72 mg/L, average 1.81 + 1.44 mg/L) and total chlorine (n = 12,
ranging from 1.70-5.68 mg/L, average 4.25 + 1.76 mg/L). Turbidity
levels for first flush (n = 12, ranging from 0.11-1.36 NTU, average 0.51
+ 0.57 NTU) and post-flush (n = 12, ranging from 0.15-0.49 NTU,
average 0.31 + 0.14 NTU) were relatively similar, for the buildings that
were frequently and intermittently occupied during the lockdown
period, with the exception of Building D (located in the urban campus,
under extended stagnation), which had the highest first flush turbidity at
1.36 NTU, and reduced to 0.49 NTU in post-flush. On the other hand, the
post-flush free chlorine levels varied amongst the buildings (n = 12,
ranging from 0.70-3.81 mg/L, average 1.86 mg/L + 1.41), in compari-
son to the total chlorine, where it was higher than its first flush
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counterpart (n = 12, ranging from 2.77-5.88 mg/L, average 4.79 + 1.38
mg/L). Other parameters remained stable in first and post-flush, such as
pH (n = 24, ranging from 7.86-8.31), DO (n = 24, 7.97-9.03 mg/L), and
temperature (n = 24, 19.7-22.6 °C).

The rural campus had low free and total chlorine, regardless of
whether the outlets had been flushed (Table S2). The first flush samples
collected from the buildings had free and total chlorine levels ranging
from below the detection limit (0 mg/L) to 0.14 mg/L (n = 12) and 0.07-
0.20 mg/L (n = 12), respectively. Although a flushing regime of 30
minutes reduced the initial turbidity levels observed in the first flush
samples, free and total chlorine levels were not fully restored in the
system in the rural campus (Table S3) the regulated free chlorine con-
centrations of 0.5 and 5 mg/L, as recommended by the Australian
Drinking Water Guidelines (ADWG) (NHMRC, 2011). The post-flush
counterparts had a slightly higher residual and similar total chlorine
levels ranging from 0.02-0.14 mg/L (n = 12, average 0.08 + 0.06 mg/L)
and 0.14-0.18 mg/L (n = 12, average 0.15 + 0.03 mg/L), respectively.
However, the free and total chlorine levels measured at this campus
were not sufficiently restored after flushing for 30 minutes, and were
still lower than the aforementioned regulated levels (NHMRC, 2011).
High levels of turbidity were observed in the first flush samples for
buildings affected by long-term stagnation (Buildings F and G had
turbidity levels (n = 3, for each building) averaging 1.43 and 1.49 NTU,
respectively), in comparison to the frequently-accessed counterpart,
Building E (averaging 0.45 NTU). However, once the flushing regime
was introduced, the post-flush turbidity levels for Buildings F and G
reduced to 0.30 and 0.38 NTU, respectively.

3.2. Microbial growth in buildings affected by water stagnation

The levels of microbial growth within the buildings were quantita-
tively determined by live/dead staining combined with flow cytometry
and heterotrophic plate counts (HPC). Increased levels of microbial
growth were observed in buildings affected by stagnation (Figure 1). In
the first flush samples collected from the urban campus, total tap water
cell count density in buildings affected by stagnation (Building B, C, D)
were up to ~10° cells/mL, similar to the total tap water cell counts
observed in the frequently-accessed Building A. However, the buildings
affected by different levels of stagnation had higher proportions of live
cells, averaging ~10° cells/mL, in comparison to frequently-accessed
buildings that had less live cells, at ~10 cells/mL.

These differences in terms of microbial growth in buildings impacted
by stagnation were also supported by HPC, obtained by incubation at
two different temperatures — at 30°C and 37°C (Table S4). In the urban
campus, buildings impacted by stagnation (Buildings B, C, D) had ~10*
CFU/mL when incubated at 30°C, in comparison to Building A which
was accessed frequently during the lockdowns (~10° CFU/mL).
Furthermore, Building D, which was affected by extended stagnation (up
to 6 months) had the highest level of microbial growth, at 3.83 x 10*
CFU/mL at 30°C and 9.50 x 10* CFU/mL at 37°C.

Higher levels of microbial growth were observed in the rural campus
in comparison to the urban campus, regardless of the building occu-
pancy classification (Figure 1 and Tables S4, S5, S6). Significant dif-
ferences in the total proportion of live cells were observed. In particular,
higher levels of live cells of up to ~10* cells/mL were detected in all the
first flush samples. This observation was also noted in the HPC counts
(Tables S5 and S6), where the first flush samples had on average ~102
CFU/mL at both incubation temperatures, regardless of building
occupancy.

3.3. Microbiological indicators of OPs in first flush samples using gPCR

Culture-independent qPCR approach was used for detecting OPs of
interest, such as Legionella spp., NTM, and P. aeruginosa. For both cam-
puses, NTM was ubiquitously detected in all outlets and buildings
sampled (Figure 2), while P. aeruginosa was not detected, or was below
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Figure 1. Microbial density measured by live and dead staining combined with flow cytometry, differentiated as subsets of live or intact cells, and total cells. Each
figure represents the mean observations for the first and post-flush samples collected from the outlets (n = 3) for each building. Buildings A-D were located in the
urban campus, whereas buildings E-H were located in the rural campus. Standard deviation was plotted as error bars. Statistical tests between first and post-flush

samples were performed for each building using t tests, where statistical significance was denoted (*: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001), and

non-statistical significance was denoted as ns.

the detection limit of the qPCR assays. In the urban campus, NTM was
ubiquitously detected in all the outlets of the buildings. In particular,
Building D (under extended stagnation of > 6 months) had the highest
levels of NTM out of all the buildings, averaging 3.25 logjo[estimated
genomic copies/mL]. This was significantly different (p= 0.04) from the
NTM levels found in the frequently-accessed Building A, averaging 1.7
logiolestimated genomic copies/mL]. In addition, Legionella spp. was
selectively detected in outlets from Buildings B and D, but it was not
detected in any of the other buildings. Contrastingly, NTM and Legionella
spp. were both ubiquitously detected in all the outlets of the buildings in
the rural campus. There were no specific trends with NTM levels in
terms of building occupancy, with all buildings averaging 2.61
logip[estimated genomic copies/mL]. Similarly, there were no statisti-
cally significant differences in the Legionella levels amongst buildings,
averaging 1.40 logig[estimated genomic copies/mL].

3.4. Sequencing and identification of NTM species

In addition to determining the total or the maximum concentration
levels of OPs within the water using qPCR, culture-based detection was
performed to identify viable OPs to species or strain level, particularly
those that were human opportunistic pathogens. Based on morphology
and the use of selective media, no P. aeruginosa or species corresponding
to Legionella spp. were cultured from any of the water samples collected
from either campus. Although Legionella was not detected through
culture-based methods, it was detected using qPCR-based methods in
several outlets on a genus level (Figure 2).

Several NTM species were cultured from buildings in both campuses,
largely from first flush samples (Figure 3). It was observed that a number
of these species corresponded to pathogenic species of concern, such as
M. kansasii (Bailey et al., 1970, Luo et al., 2021), M. szulgai (Tsukamura,
1986), and M. iranicum (Shojaei et al., 2013). A small subset of isolates
from the rural campus corresponded to M. gordonae, which is typically
considered to be the least pathogenic and ubiquitous to both water and
soil (Honda et al., 2018; Stout et al., 2016).

3.5. Microbial structure and taxonomic composition

Amplicon sequencing of the 16S rRNA gene was performed on the
DNA extracted from the tap water samples collected. Taxonomic com-
positions of the microbial communities were determined up to the
highest resolution possible — at genus level, where the top 20 genera are
depicted in Figure 4.

Although both campuses were dominated by bacteria from the Pro-
teobacteria phylum, it was observed that microbial compositions were
highly distinct from one another. For the urban campus, human path-
ogens with biofilm-associated roles, including genera encompassing
known and emerging OPs associated with healthcare settings corre-
sponding to Methylobacterium (Kovaleva et al., 2014), Sphingomonas
(Toh et al., 2011), and Mycobacterium, were highly abundant in the first
flush sample subsets. Overall, Methylobacterium had the highest relative
abundance (75%) amongst the buildings. Aside from Mycobacterium,
Legionella and Pseudomonas were detected in low abundance and did not
constitute the top 20 genera as part of the dataset.

Building A had the least amount of microbial diversity in comparison
to all the other buildings that were subjected to various levels of stag-
nation (Figure 4A), and were largely dominated with Methylobacterium
(75.3%), followed by Mycobacterium (7%) and Sphingomonas (3.2%).
Furthermore, based on alpha diversity metrics (Table S7), the first flush
samples from Building A had the lowest richness in terms of Shannon
and Simpson indices (ranging from 1.11-1.83, and 0.37-0.67, respec-
tively) and only had 34-53 observed OTUs.

Buildings affected by various levels of stagnation (B, C and D) had
higher levels of microbial diversity, with Methylobacterium, Porphyr-
obacter and Brevundimonas as the dominant genera. This is supported by
the alpha diversity metrics, where the observed OTUs from the samples
of buildings affected by various levels of stagnation ranged 64-176, and
Shannon and Simpson indices ranged from 1.95-4.07 and 0.66-0.92,
respectively (Table S7).

Similarly, the rural campus (Figure 4B) was also dominated by
bacteria belonging to the Phylum Proteobacteria. The first flush samples
collected were largely dominated with Sphingomonas, Brevudimonas and
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Figure 2. qPCR detection of Mycobacterium spp. and Legionella spp., for the buildings located in the urban campus (buildings A-D) and the rural campus (E-H) in the
first flush samples. Each dot represents the mean (n = 3, analysed in triplicates) outcomes for an outlet sampled in each building (n = 3 outlets sampled in each
building), shown as averages with standard deviation as the error bars. Statistical tests were performed with each building using the Mann-Whitney U / Wilcoxon
non-parametric test, where statistical significance was denoted as * (p-value < 0.05), and non-statistical significance was denoted as ns. In the urban campus,
Legionella spp. were only selectively detected in the first flush samples collected from buildings B and D, and were not detected in the outlets of buildings A and C.

Aquabacterium, which correspond to environmental genera typically
associated with drinking water. Furthermore, based on alpha diversity
metrics, all the first flush samples in this campus had higher microbial
richness, supported by a higher number of OTUs observed (ranging from
195-395), Shannon and Simpson indices (3.76-4.00, and 0.81-0.93,
respectively), regardless of the whether the buildings were influenced
by stagnation (Table S8).

3.6. Microbial comparisons between first and post-flush samples

The post-flush samples collected from the buildings impacted by
long-term stagnation had reduced HPC counts (Tables S4, S5, S6) and
microbial cell density (Figure 1), for both the number of total and live
cell populations. For example, both the total cell density and the live
proportion in post-flush samples of Building B were statistically lower
than that in the first flush samples (p-value < 0.05, Figure S3). Similarly,
the post-flush samples of the buildings located in the rural campus also
had similar trends, where both the total and live cell counts dropped at a
statistically significant level for most of the buildings. However, the first
flush and post-flush comparisons for Building H (under extended stag-
nation), particularly for the live cell populations were not statistically
significant.

When comparing first and post-flush samples in the urban campus, it
was observed that the qPCR levels of the pathogens of interest were
variable (Figure S3). The levels of Legionella decreased post-flush for
Building B and D in the urban campus (Figure S3C), and for most of the
buildings in the rural campus (Figure S3D). Building F (in the rural
campus), however, demonstrated a non-statistically significant increase

in the Legionella levels in the post-flush samples. The reduction of NTM
were not statistically significant (p-value = 0.04, t-tests) in post-flush
samples in buildings affected by long-term stagnation in the urban
campus (Buildings B, C, and D, Figure S3A), which were similar to the
findings in the rural campus (Figure S3B).

3.7. Water samples cluster based on buildings, rather than by first or post-
flush designations

Based on the principal coordinate analysis (PCoA) plots (Figures S4
and S5), it was observed that the samples clustered based on buildings.
For example, all the samples (regardless of first or post-flush) originating
from Buildings A (Figure S4) and E (Figure S5) clustered together based
on their buildings for their respective plots, indicating high levels of
similarity of taxonomic composition in the samples collected within
each building. This finding was supported by the PERMANOVA pairwise
comparisons of the various sample groups (Tables S9 and S10), where
the microbial composition of the samples obtained from Building A were
statistically significantly different (g-value < 0.05) from all the other
buildings impacted by stagnation (Buildings B, C, D). This was similarly
observed for the outcomes in the rural campus, where the microbial
compositions of the samples from Building E were significantly different
to the samples obtained from the other stagnation-impacted buildings (F
and G); with the exception of Building H, where no statistical signifi-
cance was observed (Table S9; q-value = 0.051).
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post- flush
M. gordonae
Isolate 4 Urban C first-flush
Isolate 5 Urban C first-flush
Isolate 32 Urban Cc first-flush
Isolate 33 Urban C first-flush
Isolate 6 Rural F post-flush
Isolate 11 Rural G first-flush
Isolate 15 Rural G first-flush
|solate 22 Rural H first-flush
Isolate 24 Rural H first-flush
Isolate 25 Rural H first-flush
Isolate 28 Urban B first-flush
Isolate 29 Urban B first-flush
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Isolate 37 Rural H post-flush
M. kansasii ATCC 12478
|solate 7 Rural F first-flush
Isolate 17 Rural E first-flush
Isolate 35 Rural G first-flush
Isolate 9 Rural F first-flush
Isolate 20 Rural E first-flush
Isolate 8 Rural F first-flush
Isolate 13 Rural G first-flush
Isolate 23 Rural H post-flush
Isolate 36 Rural H post-flush
M. intracellulare ATCC 13950
Isolate 3 Urban C first-flush
|solate 18 Rural E first-flush
Isolate 30 Urban Cc post-flush
Isolate 12 Rural G first-flush
|solate 14 Rural G first-flush
Isolate 19 Rural E post-flush
Isolate 21 Rural H first-flush
Isolate 26 Urban A post-flush
Isolate 38 Urban D first-flush
r Isolate 39 Urban D post-flush
L M. chelonae

Figure 3. Phylogenetic tree of NTM isolates based on approximately 500 bp of the 16S rRNA gene sequences of isolates amplified using Mycobacterium-specific
primers, BF-R2, using the UPGMA tree-building method, with a distance scale bar at the bottom indicating a branch length of 0.005. The data for the type and
species/strains used as a reference for Mycobacterium were downloaded from NCBI GenBank and their descriptions and accession numbers are indicated in Table S11.

4. Discussion

Monitoring microbiological growth can be useful to assess water
quality and evaluate the stability of the microbial ecosystems in premise
plumbing systems, as they are sensitive to fluctuations of environmental
conditions (Prest et al., 2016). Disruptions caused by the COVID-19
pandemic due to intermittent stagnation (ranging from 3-4 months
and beyond) in these systems provided an opportunity to assess micro-
bial growth and the risks posed by OPs. Understanding these microbial
dynamics will support the development and implementation of water
risk management plans prior to reopening and reoccupying these
buildings (Proctor et al., 2020). Although several studies have examined
the impacts of stagnation during the lockdowns, assessing representative
OPs and waterborne bacterial pathogens in healthcare facilities (De
Giglio et al., 2020; Grimard-Conea et al., 2022), limited studies have
assessed the impact on non-healthcare public facilities such as university
buildings and the approaches to deploy when returning to these facilities
(Hozalski et al., 2020; Vosloo et al., 2023).

To expand upon the impacts on non-healthcare public buildings
caused by stagnation during pandemic-related lockdowns, this study
sought to gain a comprehensive understanding by evaluating buildings
impacted by various levels of stagnation, in comparison to their
frequently-accessed counterparts in two university campuses, situated in
urban and rural locations. Using physicochemical parameters and both
culture-dependent and -independent microbial analyses, it was observed

that buildings impacted by intermittent stagnation (up to 3-4 months)
had higher levels of microbial growth in terms of total cell concentra-
tions. This could suggest that there was microbiome stability as the
buildings were accessed frequently throughout the lockdown periods, in
comparison to buildings impacted by various levels of stagnation, where
fluctuations were caused by elevated levels of microbial growth and thus
impacted taxonomic composition. This finding of microbial growth
resulting in the instability of the drinking water microbiome in the
plumbing of buildings has also been supported by previous studies that
have assessed the impacts of long-term stagnation due to the COVID-19
lockdowns (Hozalski et al., 2020; Ye et al., 2021).

NTM were ubiquitous in all first and post-flush samples of all the
outlets sampled in this study, using both culture-dependent and culture-
independent microbiological methods. This includes isolating poten-
tially pathogenic species of NTM, M. kansasii, which has been previously
isolated from drinking water systems (Engel et al., 1980; Luo et al.,
2021; Vaerewijck et al., 2005). In addition, the OPs of interest in this
study and the ubiquity of NTM could be noted as the Mycobacterium
genus was found as one of the top genera as part of the taxonomic
composition. The prevalence of NTM in premise plumbing systems and
their proliferation in these environments can be attributed to their
biofilm-associating roles in distribution systems (Falkinham et al., 2015;
Thomson et al., 2013b), and characteristics such as resistance to disin-
fectants and antibiotics (Wang et al., 2012).

On the other hand, Legionella was selectively detected in the first and
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Figure 4. Taxonomic diversity composition of the first flush and post-flush tap water samples collected from the urban campus (A) and the rural campus (B), labelled
by buildings. Heatmap of the relative abundance of the top 20 genera based on amplicon sequencing of the 16S rRNA gene targeting the V6-V8 and V3-V4 hy-
pervariable region for the urban and the rural campuses, respectively. The taxonomy is labelled as phylum; genera, and relative abundances are indicated by the
coloured scale (from blue, yellow to red). Genera that corresponded to the OPs of interest in the study, Pseudomonas and Mycobacteria (Legionella spp. were not part of

the top 20 genera), are highlighted in bold and underlined.

post-flush samples of specific outlets collected in the urban campus, but
was ubiquitously detected in all the samples from the rural campus using
culture-independent qPCR approaches. The discrepancies between the
culture-enumeration results and the qPCR approaches could be due to
various factors, such as differences in the samples volumes analysed
between both methods, as well as method-specific advantages and dis-
advantages. For example, populations of Legionella that may have
entered a viable but non-culturable state (VBNC) (Whiley and Taylor,
2016), hence the number of culturable Legionella may be under-
estimated. On the other hand, whilst culture-independent qPCR
methods were more sensitive than traditional culture-based methods,
the main limitation was the technique’s inability to discriminate be-
tween DNA which may also originate from non-viable cells and extra-
cellular DNA that can persist in the environment (Nocker et al., 2009).

In addition to the OPs of interest, genera environmental bacterial

genera, potential human pathogens with biofilm-associated roles
including known and emerging OPs constituted the top genera as
depicted in the taxonomic composition of the drinking water samples. In
particular, Methylobacterium was the dominant genera in the urban
campus, thus suggesting that this genus may have an integral role in
seeding the drinking water infrastructure in the form of biofilms.
Furthermore, we examined the effectiveness of flushing as a remedial
maintenance strategy in buildings. Levels of microbial concentration
and OPs could be reduced after a 30-minute flush of the plumbing sys-
tem of the buildings located in urban campuses, which was similar to the
findings from previous studies that have sampled from urban campuses
(Hozalski et al., 2020). These buildings typically had well-disinfected
plumbing systems to resist the impacts caused by stagnation, as free
and total chlorine levels were maintained or could be easily restored,
which were consistent with the regulated free chlorine concentrations of
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0.5 and 5 mg/L as recommended by the ADWG (NHMRC, 2011).
However, there were some opposing trends where flushing caused an
increase in microbial concentration and prevalence of OPs, as observed
in Building C. This may be due to the dislodging of pre-existing biofilms
within certain sections of the plumbing system (Declerck, 2010;
Declerck et al., 2009; Lau and Ashbolt, 2009).

In addition, the effectiveness of flushing in the rural campus was not
clear. Although microbial concentration was generally reduced after
flushing, the reduction in the level of OPs was not statistically signifi-
cant. Some first flush samples had high turbidity levels which exceeded
the World Health Organisation (WHO) guidelines for turbidity levels of
1 NTU for drinking water. This could be caused by chemical and bio-
logical particles, such as by corrosion or the detachment of biofilms that
had occurred during the long-term closure of the buildings. This suggests
that the drinking water provided by the distribution system and the
connected premise plumbing in the rural campus may not have been
effectively disinfected and maintained at the time of collection. Despite
turbidity levels reducing in the post-flush samples, free and total chlo-
rine could not be restored back to the regulated chlorine concentrations
of 0.5 mg/L and 5 mg/L (NHMRC, 2011). Collectively, this could indi-
cate that there was low flow in the water distribution network in this
rural campus and in large buildings with complex plumbing systems,
where a 30-minute flush as recommended by local plumbing guidelines
as a one-size fits all approach may not have fully removed the stagnant
water within the system, requiring more time for fresh water containing
residual disinfectant from the water mains to be delivered (Ling et al.,
2018). This observation is similar to the findings reported from previous
studies, where the recovery of the microbiological quality and the
physicochemical parameters of water in buildings under long-term
stagnation took 4-54 days to recover to routine levels (Ye et al.,
2021), highlighting that, rather than short term remedial flushing, water
demand had a key role in the recovery of the premise plumbing
microbiome (Vosloo et al., 2023). As the water sampling took place
during a snapshot in time, there were several limitations to the study.
Some of these include: differences in the building sizes and networks,
which would have contributed to the flushing regimes to be imple-
mented, and the difficulties to draw comparisons between the buildings
due to these underlying differences. There was no regular and ongoing
monitoring of the outlets on a weekly or monthly basis to assess the
fluctuations over time with the stability of the drinking water microbial
communities, and there was no data collected prior to the lockdowns for
the physicochemical parameters. In addition, there were limited number
of outlets, buildings, and limited number of campuses that were sur-
veyed and that all originated from a single drinking water network.
Thus, further research would be invaluable to expand upon these limi-
tations, to draw correlations between the heterogeneous microbial
communities, chemical and physical parameters that occur within and
between various premise plumbing systems for an improved under-
standing and effective management of these complex networks.

5. Conclusion

In summary, we found that buildings impacted by long-term stag-
nation, particularly buildings situated in rural areas, are at high risk for
microbial growth and the proliferation of OPs. Further consideration,
planning, and countermeasures should be put in place prior to reopening
buildings to minimise potential health risks. Further research is required
to draw correlations between the prevalence of OPs and building-
specific biological, chemical, and physical factors. In addition, charac-
terising clinically relevant species and strains, possible exposure routes,
and determining the infectivity and dosage concentrations in these en-
vironments are required in order to develop rigorous microbial risk as-
sessments models. In conjunction with designing building-specific water
risk management plans, buildings impacted by stagnation situated in
rural areas with low water demand should combine maintenance ap-
proaches with operational monitoring of physicochemical parameters

Water Research X 21 (2023) 100201

such as free and total chlorine residuals, and turbidity, to evaluate
whether flushing is an appropriate approach prior to reopening
buildings.
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