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Abstract

Water-related opportunistic pathogens (OPs) are a leading cause of drinking-water-related disease
outbreaks, especially in developed countries such as the United States (US). Physicochemical
water quality parameters, especially disinfectant residuals, control the (re)growth, presence,
colonization, and concentrations of OPs in drinking water distribution systems (DWDSs), while
the relationship between OPs and those parameters remain unclear. This study aimed to quantify
how physicochemical parameters, mainly monochloramine residual concentration, hydraulic
residence time (HRT), and seasonality, affected the occurrence and concentrations of four common
OPs (Legionella, Mycobacterium, Pseudomonas, and Vermamoeba vermiformis) in four full-scale
DWDSs in the US. Legionella as a dominant OP occurred in 93.8% of the 64 sampling events

and had a mean density of 4.27 x 10° genome copies per liter. Legionella positively correlated
with Mycobacterium, Pseudomonas, and total bacteria. Multiple regression with data from the
four DWDSs showed that Legionella had significant correlations with total chlorine residual

level, free ammonia concentration, and trihalomethane concentration. Therefore, Legionellais

a promising indicator of water-related OPs, reflecting microbial water quality in chloraminated
DWDSs. The OP concentrations had strong seasonal variations and peaked in winter and/or spring
possibly because of reduced water usage (i.e., increased water stagnation or HRT) during cold
seasons. The OP concentrations generally increased with HRT presumably because of disinfectant
residual decay, indicating the importance of well-maintaining disinfectant residuals in DWDSs
for OP control. The concentrations of Mycobacterium, Pseudomonas, and V. vermiformis were
significantly associated with total chlorine residual concentration, free ammonia concentration,
and pH and trihalomethane concentration, respectively. Overall, this study demonstrates how the
significant spatiotemporal variations of OP concentrations in chloraminated DWDSs correlated
with physicochemical water quality parameters such as disinfectant residual levels. This work
also indicates that Legionellais a promising indicator of OPs and microbial water quality in
chloraminated DWDSs.
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1. Introduction

Water utilities in the United States (US) are required to maintain “detectable” levels of
disinfectant residuals throughout drinking water distribution systems (DWDSs) as a critical
barrier to suppress microbial (re)growth (Clark et al., 1995; McGuire, 2006; US EPA,
2019b; Waak et al., 2018; Zhang and Lu, 2021b; Zhang and Liu, 2019). However, this
barrier is often ineffective or insufficient to ensure microbial drinking water quality and
protect the health of end-consumers (Payment, 1999; Propato and Uber, 2004; Silvestry-
Rodriguez et al., 2008; Zhang et al., 2019). For instance, opportunistic pathogens (OPs)
(re)grow and frequently occur at high concentrations in municipal water systems despite
the presence of disinfectant residuals (Lu et al., 2016; Ma et al., 2020a; Wang et al.,

2012b; Whiley et al., 2014a; Zhang and Lu, 2021b). The (re)growth is due to favorable
conditions in water systems (i.e., disinfectant residual decay, low levels of organic matter,
water stagnation, and protection resulting from biofilms and amoebae) and high disinfectant
resistance of OPs (Falkinham et al., 2015a; Jjemba et al., 2010; Liu et al., 2013).

OPs, mainly Legionella(e.q., L. pneumophild) and Mycobacterium (e.g., non-tuberculosis
mycobacteria or NTM), are natural or normal inhabitants rather than contaminants in
municipal water systems (Falkinham, 2020). The frequent occurrence of those OPs in water
threatens the health of immunocompromised and immunocompetent people (Falkinham,
2015; Lu et al., 2017; Perrin et al., 2019; Wang et al., 2012b). For instance, Legionella,
especially L. pneumophila, is the leading cause of drinking-water-related disease (e.g.,
Legionnaires’ disease or legionellosis) outbreaks, especially in developed countries such as
the US (Baron et al., 2020; Donohue et al., 2019a; Falkinham et al., 2015b; Smith et al.,
2019). In the US, Legionella annually caused at least ten waterborne disease outbreaks,

50 illnesses, 45 hospitalizations, and six fatalities from 2011 to 2014 (Beer et al., 2015;
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Benedict et al., 2017). In addition, the annual crude incidence rate of Legionnaires’ disease
per million residences in the US increased dramatically from 4.2 in 2000 to 18.9 in 2015
(Shah et al., 2018). Therefore, closely monitoring the dynamics of OPs such as Legionella
and controlling their (re)growth in DWDSs are critical to ensuring drinking water quality
and protecting public health.

Previous studies have well documented the occurrence and spatiotemporal variations of OPs
in building premise plumbing systems (PPSs) (Donohue et al., 2019a; Haig et al., 2020; Huo
et al., 2021; Isaac and Sherchan, 2020; Leoni et al., 2005; Lu et al., 2017; Serrano-Suarez

et al., 2013; Sharaby et al., 2019; Tang et al., 2020; Wang et al., 2012a; Wolf-Baca and
Siedlecka, 2020; Zhang et al., 2021). Although PPSs and DWDSs are directly connected and
are both indispensable components of municipal water systems, microbial growth conditions
are distinct in those two components. For instance, PPSs have smaller pipe diameters

and greater surface-to-volume ratios than the water mains of DWDSs. DWDSs and PPSs
also have different water ages, water temperatures, water velocities, disinfectant residual
concentrations, and biofilm conditions. Therefore, OP dynamics in PPSs and DWDSs are
distinct, and the spatiotemporal variations of OPs in PPSs do not represent those in DWDSs.
To distinguish the contributions of DWDSs and PSSs to OP prevalence in drinking water,
one must also closely monitor OP dynamics in DWDSs. Understanding the complete “life-
course” of OPs in municipal water systems (i.e., from distribution system entry points to end
taps/showerheads) allows the development of more effective OP control strategies to better
protect public health.

Studies on OPs in DWDSs in Australia (Kaestli et al., 2019; Thomson et al., 2013; Whiley et
al., 2014a), China (Tang et al., 2021), France (Perrin et al., 2019), Leeward Antilles (Valster
etal., 2011), and the US (LeChevallier, 2019a; b; Lu et al., 2016; Lu et al., 2015; Pryor
etal., 2004; Qin et al., 2017) are available but limited. Because accessing drinking water

in full-scale DWDSs is restricted (especially in the US for privacy and regulation reasons),
the profiles of OPs and how OPs correlate with physicochemical water quality parameters

in distribution systems are unclear. For instance, Pryor et al. (2004) assessed the presence/
absence and speciation but not the concentrations of Legionellaand Mycobacterium in a

US DWDS. Two recent studies reported the concentrations of L. pneumophilain several US
DWDSs but did not quantify other important OPs (LeChevallier, 2019a; b). Other studies
determined the concentrations of multiple OPs in DWDSs with a low sampling frequency or
without measuring physicochemical water quality parameters. For example, in two studies
assessing the occurrence of OPs, single-time grab samples were collected from storage tanks
in DWDSs throughout the US (i.e., one-time sampling from each tank during its cleaning),
and the spatiotemporal variations of OP concentrations were unable to be measured (Lu et
al., 2015; Qin et al., 2017). A parallel study monitored dominant OPs in US DWDSs but did
not determine the relationship between OPs and physicochemical water quality parameters
(Lu et al., 2016).

More comprehensive studies on OP dynamics in DWDSs and the correlations between

OPs and physicochemical water quality parameters, such as disinfectant residuals, hydraulic
residence time (HRT), disinfection by-products (DBPs), and seasonality, are highly needed.
Understanding the correlations between OPs and such physicochemical parameters in

Water Res. Author manuscript; available in PMC 2022 October 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al. Page 4

DWDSs is essential to evaluating the efficacies of disinfectant residuals and developing
effective OP control strategies to ensure drinking water quality and protect public

health. For instance, “detectable” levels of disinfectant residuals in DWDSs are a critical
barrier preventing OP (re)growth but are often ineffective partially because of the strong
disinfectant resistance of OPs (Falkinham, 2020; Zhang and Lu, 2021b). With more
information on the correlation between OP concentrations and disinfectant residual levels,
we may update disinfectant residual maintenance guidance to more effectively prevent

OP (re)growth. Such information could better guide water utilities to boost disinfectant
residual levels at points/regions in DWDSs where OP concentrations exceed certain levels or
during seasons/periods when OP concentrations peak (i.e., OP episodes), thereby enhancing
the disinfection barrier and ensuring microbial drinking water quality (Cope et al., 2019;
LeChevallier, 1990; Lytle et al., 2021).

This study aimed to determine the spatiotemporal variations of OPs in four representative
full-scale chloraminated DWDSs (CDWDSs) in the US. Our parallel study determined the
spatiotemporal variations of multiple physicochemical water quality parameters in those
systems (Abulikemu et al., 2021). We focused on assessing the correlations between OP
concentrations and critical physicochemical water quality parameters, especially disinfectant
residual concentrations, HRT, and seasonality. The main hypothesis was that disinfectant
residual concentrations would correlate with OP concentrations so that disinfectant residual
decay would promote OP (re)growth. A second hypothesis was that OP concentrations
were greater in warm seasons. To test these hypotheses, we sampled water in four
consecutive seasons in 2017 (winter) and 2018 (spring, summer, and fall) from four sites

in each CDWDS. We then assessed how the concentrations of dominant OPs (Legionella,
Mycobacterium, Pseudomonas, and Vermamoeba vermiformis) correlated with critical
physicochemical water quality parameters, focusing on the correlation between regulated
levels of disinfectant residuals and OP concentrations.

This study is novel for three reasons. First, this study comprehensively assessed the
spatiotemporal variations of OPs in four full-scale CDWDSs. A study determining and
comparing the dynamics of OPs in multiple full-scale distribution systems does not exist.
To the best of our knowledge, this is the first large-scale, multi-DWDS study conducted
in the US that assessed the dynamics of multiple OPs. Second, this study correlated the
dynamics of OPs with multiple physicochemical water quality parameters, which was
missing in previous studies. This study also assessed the correlations among OPs. Third,
on the basis of the correlations among OPs and between OPs and physicochemical water
quality parameters, this work proved that Legionella is a promising indicator of OPs and
microbial water quality in CDWDSs (Zhang and Lu, 2021a). This is a pioneering work
proposing and validating a non-conventional indicator (i.e., Legionella) that is suitable to
indicate or infer microbial drinking water quality in municipal engineered water systems.

2. Materials and methods

2.1. Drinking water sampling and processing

Abulikemu et al. (2021) presents detailed information on the four water utilities and the
corresponding CDWDSs. Briefly, the source water for utility GW is groundwater, while the
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source water for the other utilities (SW1, SW2, and SW3) is surface water. Table S1A shows
the treatment processes, water production capacities, and populations served for the four
water utilities. Each utility doses monochloramine at the Entry Point (EP) of its distribution
system for secondary disinfection. In each CDWDS, four sampling sites were selected,
covering different HRTs (Table S1B). For SW1, SW2, or SW3, the four sites are an EP
representing the minimum HRT (plant effluent or finished water); a disinfectant residual
monitoring site representing the average HRT (ART); a drinking water storage tank (Tank);
and an end site representing the maximum HRT (MRT). Because GW has no water storage
tank in its distribution system, samples were taken from EP, two sites representing the
average HRT (ART1 and ART2), and MRT.

Drinking water was sampled aseptically from each sampling site (three minutes flushing
before sampling) in December 2017, March 2018, June 2018, and September 2018

(64 sampling events in total). Abulikemu et al. (2021) describes the measurements of
physicochemical water quality parameters [pH, water temperature, and concentrations of
total chlorine residual, monochloramine residual, free ammonia, nitrite, four trihalomethanes
(THMs), and nine haloacetic acids (HAAS)]. For each sampling event, two biological
replicates (1 L for each replicate; 128 samples in total) were separately collected in high-
density polyethylene bottles and shipped overnight on ice to our laboratory for biological
analysis. We stored the samples at 4 °C immediately after receiving them and then processed
them for DNA isolation. The total holding time of the water samples under cooling
conditions was less than 24 h (US EPA, 2016).

DNA isolation and quantitative polymerase chain reactions (QPCRS)

We isolated total genomic DNA from each water sample (i.e., each biological replicate)
(Text S1) and subsequently quantified four OPs (Legionella, Mycobacterium, Pseudomonas,
and V/ vermiformis) and total bacteria in each sample via gPCRs following established
protocols (Lu et al., 2017; Lu et al., 2016) (Text S2). Tables S2A and S3 list the details of
the gPCRs. The four individual OPs are collectively denoted by “total OPs” hereinafter. We
used both original (i.e., undiluted) and ten-fold diluted DNA extracts of each water sample
as qPCR templates to detect potential gPCR inhibition and manual operational errors. The
OP concentrations in the drinking water samples are expressed in GCN-L™1 (GCN: gene
copy number or genome copy number). In addition, we quantified L. pneumophilain all
water samples and Naegleria fowleriin the samples of December 2017 and March 2018
using qPCRs. The concentrations of L. pneumophilaand N. fowleriin all tested samples
were below the limits of detection (LOD), suggesting that they could be absent from the four
CDWDSs. The occurrence of N. fowleriin the CDWDSs is not discussed hereinafter.

2.3. PCR amplicon sequencing

We identified the speciation of Legionella for 20 sampling events following an established
protocol (Lu et al., 2017; Lu et al., 2008; Lu et al., 2015) (Table S2B). Those 20 sampling
events included the four sampling events for GW in December 2017 and all sampling events
for the four CDWDSs in March 2018. For each sampling event, we mixed the two DNA
extracts from the two biological replicates (i.e., the two drinking water samples) and then
used the mixture as the template in the PCR to amplify a fraction of the 16S rRNA gene
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of Legionella (Table S2C). The PCR amplicons were inserted into Invitrogen™ pCR™4
TOPO® TA Vectors (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). We
then randomly selected 12 individual clones for each sampling event and Sanger-sequenced
them using a BigDye™ Terminator Cycle Sequencing Kit on a 3730x/ DNA Analyzer

[both from Applied Biosystems™ (Thermo Fisher Scientific Inc.), Waltham, Massachusetts,
USA]. We processed the raw sequences using a Sequencher® 5.2.4 DNA Sequence Analysis
Software (Gene Codes Corporation, Ann Arbor, Michigan, USA) for homology searching
and comparison analysis. We further identified and removed chimeric sequences using
Bellerophon (Huber et al., 2004). Most clone sequences were Legionella-positive sequences.
We aligned the positive sequences using Clustal W (Larkin et al., 2007; Thompson et al.,
2003; Thompson et al., 1994). We finally generated unrooted neighbor-joining dendrograms
using MEGA X (Molecular Evolutionary Genetics Analysis) (Adzhubei et al., 2010; Kumar
et al., 2018) to compare those PCR-amplified sequences with reference Legionella species
or sequences. Representative partial 16S rRNA gene sequences (PCR amplicons) from the
Legionella clone libraries are available in GenBank (M\W524842 to M\W524859).

2.4. Datafiltering, analysis, and reporting

The gPCR datapoints with significant PCR inhibition or other issues were removed (data
filtering) (Text S3). The filtered qPCR data have multiple datapoints that are below the
LOD or undetected. We used a reasonable strategy to estimate those datapoints when
plotting data and performing statistical analysis (Table S4). Unless specified otherwise, we
used another reasonable strategy to estimate the physicochemical water quality datapoints
(i.e., monochloramine residual concentration) that are below the LOD for data plotting
and statistical analysis (Table S4). The arithmetic mean (AM), arithmetic sample standard
deviation (SD), median, geometric mean (GM), and geometric standard deviation (GSD)
for each gPCR target at each sampling event were calculated and reported (Bohidar, 1991;
Dodge, 2008; Habib, 2012) (Table S5).

We used Microsoft Office 365’s ProPlus Excel® (version 1908, Microsoft Corporation,
Redmond, Washington, USA) to manage data and plot figures. We used SPSS® Statistics
(version 26.0, The International Business Machines Corporation, Armonk, New York, USA)
for statistical analysis (significance level 5%). We used an Excel® add-on XLSTAT (version
2020.2.3) (Addinsoft, 2020) and PAleontological STatistics (PAST, version 4.02) (Hammer
et al., 2001) in parallel but independently to conduct a canonical correspondence analysis
(CCA).

3. Results and Discussion

3.1. The occurrence of OPs in the CDWDSs

We quantified four common OPs (Legionella, Mycobacterium, Pseudomonas, and V.
vermiformis) in the four CDWDSs using gPCRs. The major OPs in the bacterial

genera Legionella, Mycobacterium, and Pseudomonas are L. pneumophila, NTM, and P
aeruginosa, respectively (Falkinham, 2015; Wang et al., 2017). However, we view the whole
genera Legionella, Mycobacterium, and Pseudomonasto be OPs for three reasons. First,
other than L. pneumophilaand R aeruginosa, other species in Legionellaand Pseudomonas
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(such as L. micdadei, L. bozemanii, L. londiniensis, L. longbeachae, L. anisa, P. fluorescens,
and A, stutzer) could be OPs and infect humans (Donnarumma et al., 2010; Lachant and
Prasad, 2015; Lau and Ashbolt, 2009; Madi et al., 2010a; Madi et al., 2010b; Muder and
Victor, 2002; Picot et al., 2001; Scales et al., 2014; Stallworth et al., 2012; Vaz-Moreira et
al., 2012; Yu et al., 2002). Those additional species also appear in drinking-water-related
settings such as distribution systems and may cause disease outbreaks (Brunkard et al.,
2011; Craun et al., 2010; Dennis et al., 1993; Dilger et al., 2018; Papapetropoulou et al.,
1994; Penna et al., 2002; Salinas et al., 2021; Thomas et al., 2008; Vaz-Moreira et al.,

2012; Wullings and Van Der Kooij, 2006). On the other hand, our current understanding

of the pathogenicity and speciation of Legionellaand Pseudomonas is incomplete. Both

the total number of species and the number of (opportunistically) pathogenic species in
Legionella are increasing over time (De Giglio et al., 2019; Dennis et al., 1993; Fields,
1996; Gomes et al., 2018; Lesnik et al., 2016; Mercante and Winchell, 2015; Muder and
Victor, 2002; Pascale et al., 2020; Pearce et al., 2012; Wu et al., 2019). New Legionella
species are been constantly isolated and identified (De Giglio et al., 2019). In addition, new
(opportunistically) pathogenic species in Legionella continue to be identified, and certain
Legionella species that are not considered to be (opportunistically) pathogenic could be
determined to be so in newer studies. For instance, L. /ondiniensis had been believed to
have no implications in human infections since its first isolation/identification in the 1980s
(Dennis et al., 1993). However, a study later on found that L. fondiniensisis an OP and can
cause Legionnaires’ disease in humans (Stallworth et al., 2012). L. fondiniensis was isolated
from municipal water systems (Dilger et al., 2018). Another example is £ fluorescens.

P. fluorescens was historically considered to be nonpathogenic to humans, while modern
studies reveal that this species can cause opportunistic infections in humans and acts as an
OP (Donnarumma et al., 2010; Madi et al., 2010a; Madi et al., 2010b; Picot et al., 2001,
Scales et al., 2014). Therefore, assessing microbial drinking water quality by detecting only
the dominant opportunistically pathogenic species in Legionella and Pseudomonas (i.e., L.
pneumophilaand P. aeruginosa) could underestimate the health risks of drinking water.

To be more inclusive and assess all Legionellaand Pseudomonas species that may infect
humans, we view Legionellaand Pseudomonasto be OPs.

Second, Legionellais the key focus and the most important genus in the current study. L.
pneumophilais the leading disease-causing species in Legionella which causes over 80%
of Legionellainfections (Amemura-Maekawa et al., 2018; Hornei et al., 2007; Reingold
et al., 1984; Stout and Yu, 1997; Yu et al., 2002). However, most or even all species in
Legionella are potential OPs to humans (Borella et al., 2005; Fields, 1996; Lesnik et al.,
2016; Mercante and Winchell, 2015; Muder and Victor, 2002). Therefore, considering the
genus Legionellato be an OP in drinking water is valid.

Third, in the current literature, it is common to view the whole genera Legionella,
Pseudomonas, and Mycobacteriumto be OPs (Allen et al., 2004; Buse et al., 2020; Cullom
et al., 2020; Edrees and Al-Awar, 2020; Falkinham et al., 2015a; Keenum et al., 2021; Lytle
etal., 2021; Ma et al., 2020b; Pryor et al., 2004; Scaturro et al., 2020; Senbadejo, 2017;
Shen et al., 2019; Whiley, 2017; Whiley et al., 2014b; Wilson, 2019). As a result, we define
Legionella, Pseudomonas, and Mycobacterium to be OPs and used genus-specific primers to
quantify them in the current study (Table S2A).
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V. vermiformis (née Hartmanella vermiformis, a protist) is a free-living amoeba inhabiting
both natural and engineered aquatic environments including DWDSs (Delafont et al., 2019;
Delafont et al., 2018; Lu et al., 2017; Lu et al., 2016; Qin et al., 2017). V/ vermiformis is

an important host and/or vehicle for bacteria including OPs and itself could be pathogenic
and an etiological agent of human infections (Abdul Majid et al., 2017; Buse et al., 2020;
Delafont et al., 2018; Kennedy et al., 1995; Molmeret et al., 2005; Park, 2016; Scheid et al.,
2019; Siddiqui et al., 2021; van der Loo et al., 2021; Wang et al., 2019).

The high frequencies of detection (FOD) of Legionella (93.8%) and Mycobacterium
(89.1%) indicate their persistence in the CDWDSs (Table 1A). By contrast, the much

lower FOD of Pseudomonas (57.8%) and V. vermiformis (31.3%) suggest their sporadic
occurrence (Donohue et al., 2019a). Previous studies similarly found that Legionella (or

L. pneumophila) and Mycobacterium occurred more frequently than P aeruginosaand V.
vermiformisin DWDSs in the US (Lu et al., 2016; Qin et al., 2017) and France (Perrin et al.,
2019).

Although Pseudomonas occurred less frequently than Legionellaand Mycobacterium,

its maximum concentration among individual sampling events (8.75 x 108 GCN-L™1)

was comparable to that of Legionella (9.01 x 108 GCN-L™1) and greater than that

of Mycobacterium (1.55 x 105 GCN-L™1) (Table S6 and Figure 1). In addition, the

overall AM of Pseudomonas concentrations for the four CDWDSs (2.69 x 10° GCN-L™1)
was comparable to that for Legionella (4.27 x 10° GCN-L™1) and greater than that

for Mycobacterium (1.67 x 10* GCN-L™1) (Table S7A). Therefore, the occurrence of
Pseudomonas had a unique pattern: Pseudomonas occurred in only approximately 60% of
the sampling events (FOD 57.8%), but when it appeared, its concentration was relatively
high, indicating possible release from pipe biofilms. Similar to previous studies (Lu et al.,
2016; Lu et al., 2015; Qin et al., 2017), V/ vermiformis occurred much less frequently and
had a much lower concentration than the three bacterial OPs. The FOD for V. vermiformis
was only approximately 30% (Table 1A), and its overall AM (5.66 x 102 GCN-L™1) (Table
S7A) and overall GM (3.66 x 101 GCN-L™1) (Table S8A) for the four CDWDSs were much
lower than those of the three bacterial OPs.

The OPs generally occurred more frequently in winter and/or spring (Tables 1B and

S6). The greatest FOD for Legionella, Mycobacterium, Pseudomonas, and V. vermiformis
occurred in December 2017 and March 2018 (both 100%), March 2018 (93.8%), September
2018 (81.3%), and December 2017 (75.0%), respectively. During cold seasons, municipal
water demand is typically (much) lower or reduced (Franklin and Maidment, 1986; Hansen
and Narayanan, 1981; Maidment and Parzen, 1984; Miaou, 1990; Opalinski et al., 2020).
The greater FOD of OPs in winter and/or spring could be due to reduced water usage

(i.e., pronounced stagnation or increased HRT) with cold weather. Presumably, the effect
of water stagnation on the occurrence of OPs was stronger than that of water temperature
so that the FOD of OPs were generally greater in winter and/or spring even though the
water temperature was lower in winter and spring (Abulikemu et al., 2021). A previous
study similarly showed that the FOD of L. pneumophilaand P. aeruginosain unchlorinated
DWDSs had substantial seasonal variations (universal seasonal effects did not exist) (van
der Wielen and van der Kooij, 2013). Future studies should explore the exact underlying

Water Res. Author manuscript; available in PMC 2022 October 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al.

Page 9

mechanisms for the greater FOD of OPs during cold seasons in the CDWDSs. The greater
FOD of each OP at ART, Tank, and MRT than those at EP (Table 1C) suggest that the OPs
occurred more frequently downstream of EP because of disinfectant residual decay and OP
(re)growth.

GW had a distinct OP concentration profile from the other CDWDSs (Figures 1, 2,

and S1). Specifically, even though the disinfectant residual concentrations in GW were
greater than the other CDWDSs (Abulikemu et al., 2021), the concentrations of Legionella,
Pseudomonas, total OPs, and total bacteria in GW were generally greater (Figures 2A, 2B,
and 2C). By contrast, Mycobacterium concentrations in GW were much lower than those
in SW1, SW2, and SW3 where Mycobacterium concentrations were comparable (Figure
2A). Presumably, GW had a unique OP profile because its source water (groundwater)

was different from the other water utilities (surface water as source water). The underlying
reasons for the unique OP concentration profile in GW require further exploration.

3.2. The speciation and phylogeny of Legionella in the CDWDSs

The speciation and phylogeny of Legionella for 20 sampling events (i.e., the four sampling
events for GW in December 2017 and all sampling events for the four CDWDSs in March
2018) were analyzed (Table S2B). The exact Legionella species in the four CDWDSs are
unknown. However, the PCR-amplified Legionella sequences are highly similar (identity

> 97%), indicating that they belong to closely related species or even one species.

The high similarity among those sequences was presumably because the four CDWDSs

are geographically close and all four water utilities use monochloramine for secondary
disinfection (Table S1A). The PCR-amplified sequences are also similar (identity = 97%) to
Legionellaor Legionella-like species from municipal drinking water storage tank sediments
(Luetal., 2015), DWDS bulk water (Lu et al., 2016), cold tap and shower water from a
building PPS (Lu et al., 2017), a drinking water biofilm (Williams et al., 2005), cooling
tower water (Campocasso et al., 2012; Inoue et al., 2015), and water utility water (Corsaro
et al., 2010; Edagawa et al., 2019) (Figures 3A, 3B, 3C, and 3D). Therefore, Legionellain
various water systems might share a core community with limited diversity. In addition, the
PCR-amplified Legionella sequences are also similar to some clinically related Legionella
species or isolates (identity > 96%) (Cordes et al., 1979; Garrity et al., 1980; Han et al.,
2015; Hookey et al., 1996; Kozak-Muiznieks et al., 2018; Slow et al., 2018; Thacker et

al., 1991). Future studies need to explore the virulence and pathogenicity of the Legionella
species in the four full-scale CDWDSs.

Although the PCR-amplified Legionella sequences across the four CDWDSs are similar
(identity = 97%) (Figures 3A, 3B, 3C, and 3D), Legionella at the genotype or strain

level was diverse among different sampling sites (Table S5 and Figure 3E). Shannon’s
diversity index values fluctuated among the four sampling sites for each CDWDS. For

SW2 (March 2018), SW3 (March 2018), and GW (December 2017), Shannon’s diversity
index values and disinfectant residual concentrations (Abulikemu et al., 2021) had a clear
negative correlation. For SW1 (March 2018) or GW (March 2018), disinfectant residuals
and Shannon’s diversity index lacked such a clear correlation; however, Shannon’s diversity
index increased in at least one section of the CDWDS (i.e., between two consecutive
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sampling sites) where disinfectant residual concentrations decreased. Therefore, disinfectant
residuals strongly affected the diversity of Legionella, and a greater Legionellacommunity
diversity tended to occur where the residual concentrations were lower. The strong effect of
disinfectant residuals on Legionellacommunity diversity confirms the importance of well-
maintaining disinfectant residuals in distribution systems for ensuring microbial drinking
water quality (Zhang and Lu, 2021b).

Shannon’s diversity index values for SW1, SW2, and GW are comparable and much lower
than those for SW3 (Figure 3E). Figure 3C similarly shows that Legionella genotype
diversity for SW3 was high, especially at Tank and MRT where disinfectant residual
concentrations were relatively low (Abulikemu et al., 2021). The relatively high and unique
Legionella community diversity in SW3 warrants future research.

3.3. Spatial variations of OP concentrations in the CDWDSs

Both the genotypic diversity (Figure 3) and concentration (Tables S6 to S8 and Figures

1 and S1A) of Legionella generally increased with HRT. For instance, except for SW3

in March 2018, Legionella concentration at MRT was greater than that at EP for each
CDWDS in each season (Figure 1). In addition, the concentration of Legionella often
increased in multiple sections along the CDWDSs. Mycobacterium concentration also
generally increased with HRT. At MRT, Mycobacterium concentration was comparable

to or greater than that at EP for each CDWDS in each season (Figure 1). Pseudomonas
concentration was either relatively stable along the CDWDSs or increased with HRT (Figure
1). V/ vermiformis concentration was generally much lower than those of the three bacterial
OPs and changed along the CDWDSs without an apparent universal pattern (Figures 1 and
S1B). The concentration of total OPs (i.e., the summed concentration of the four monitored
OPs) was relatively stable or increased with HRT (Figures 1 and S1A). Therefore, the OP
concentrations generally increased with HRT presumably responding to disinfectant residual
decay and water stagnation, which would be more significant downstream of the CDWDSs
(Abulikemu et al., 2021).

The general increase in OP concentrations with HRT (Tables S6 to S8 and Figures 1,

S1A, and S1B) suggests that OPs are natural inhabitants and (re)grow well in municipal
water systems (Falkinham, 2020; Zhang and Lu, 2021b). The (re)growth correlated with
disinfectant residual decay (i.e., loss of efficiency) especially because the weak disinfectant
monochloramine was used for secondary disinfection in these CDWDSs (Zhang et al.,
2018). Presumable significant water stagnation downstream of the CDWDSs could also
contribute to the increase in OP concentrations with HRT (Ley et al., 2020; Nisar et al.,
2020). Previous studies similarly found that the concentrations of dominant OPs downstream
of DWDSs were generally greater (Lu et al., 2016; van der Wielen and van der Kooij, 2013;
Whiley et al., 2014a). Similar to OP concentrations, total bacterial concentration generally
increased with HRT and was always greater at MRT than at EP for each CDWDS in each
season (Figures 1 and S1C). The general increase in the concentrations of OPs and total
bacteria with HRT suggests that drinking water downstream of the CDWDSs has a higher
risk of causing disease outbreaks and threatening public health. Therefore, OP monitoring
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and distribution system maintenance (i.e., booster disinfection) should be more frequent or
even routine downstream of the CDWDSs.

This study used the distances of the sampling sites from the water utilities as a surrogate for
HRT. This use has limitations. For instance, HRT increases from EP to ART (or ART1 and
ART2) and from ART (or ART1 and ART2) to MRT, while HRT for Tank could be shorter
than or equal to that for ART even though Tank is physically farther from EP. Moreover,

all water samples of the same season for each CDWDS were taken on the same day and
therefore not from the same water packet moving along the CDWDS (e.g., the MRT sample
might have left EP days before sampling). Future studies should determine actual HRTs of
water samples to accurately evaluate how HRT correlates with OP concentrations.

3.4. Seasonal variations of OP concentrations in the CDWDSs

Even though total bacterial concentrations were comparable in the four monitored seasons
for each CDWDS, OP concentrations had strong seasonal variations (Figures 1, S1D, S1E,
and S1F). Previous studies also revealed significant seasonal variations of OP concentrations
in water systems (Perrin et al., 2019; van der Wielen and van der Kooij, 2013; Whiley et al.,
2014a). The seasonal variations of Legionella concentration were CDWDS-specific (Tables
S6 to S8 and Figures 1 and S1D). For SW1 and GW, Legionella concentration generally
decreased from December 2017 to September 2018 (Figure S1D). For SW2, Legionella
concentration in December 2017 and March 2018 was greater than that in June 2018 and
September 2018 (concentration peaked in March 2018). For SW3, Legionella concentration
in December 2017 and March 2018 was comparable and greater than that in June 2018 and
September 2018. Therefore, Legionella concentration generally peaked in December 2017
and/or March 2018 possibly because of low or reduced water usage (i.e., enhanced water
stagnation) during cold seasons (Franklin and Maidment, 1986; Hansen and Narayanan,
1981; Ley et al., 2020; Maidment and Parzen, 1984; Miaou, 1990; Nisar et al., 2020;
Opalinski et al., 2020).

Mycobacterium concentration for SW1, SW2, and SW3 initially increased and then
decreased from December 2017 to September 2018 (Figures 1 and S1D). For SW1 and
SW3, Mycobacterium concentration peaked in March 2018. For SW2, Mycobacterium
concentration peaked in June 2018. For GW, Mycobacterium concentration increased from
December 2017 to September 2018. Pseudomonas concentration for SW1 or SW2 was
comparable in the four monitored seasons (Figures 1 and S1E). For SW3, Pseudomonas
concentration in March 2018 and September 2018 was comparable and greater than

that in December 2017 and June 2018. For GW, Pseudomonas concentration peaked in
September 2018 and was comparable in December 2017, March 2018, and June 2018. From
December 2017 to September 2018, V/ vermiformis concentration for each CDWDS initially
decreased and then increased (Figures 1 and S1E). For SW1, SW2, and GW, V/ vermiformis
concentration peaked in December 2017. For SW3, V/ vermiformis concentration was
comparable in December 2017 and September 2018 and greater than that in March 2018
and June 2018. Total OP concentration also had strong seasonal variations (Figures 1 and
S1D). For SW1, SW2, and GW, total OP concentration peaked in December 2017 or March
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2018. For SW3, total OP concentration in March 2018 and September 2018 was comparable
and greater than that in December 2017 and June 2018.

We hypothesized that OP concentrations should be greater during summer (June 2018)

or fall (September 2018) because the water temperature was generally greater in these
seasons (Abulikemu et al., 2021). Indeed, mycobacterial (i.e., NTM) concentration in
eight unchlorinated DWDSs in the Netherlands was greater during summer than winter
because of the much greater summer water temperature (van der Wielen and van der Kooij,
2013). Unexpectedly, the OP concentrations in the current study tended to peak during
winter (December 2017) and/or spring (March 2018). Legionella, Mycobacterium, and V/
vermiformis also occurred more frequently (i.e., greater FOD) during winter and/or spring
(Table 1B). The underlying mechanisms for the greater OP concentrations and FOD during
winter and/or spring need further exploration. Possibly, other environmental parameters
than water temperature had a stronger effect on OP concentrations and FOD (Whiley et

al., 2014a). For instance, water usage is typically lower during cold seasons (Franklin

and Maidment, 1986; Hansen and Narayanan, 1981; Maidment and Parzen, 1984; Miaou,
1990; Opalinski et al., 2020), increasing HRT and promoting stagnation (i.e., prolonged
water age) and therefore favoring OP (re)growth and colonization (Hozalski et al., 2020;
Lautenschlager et al., 2010; Li et al., 2019; Lipphaus et al., 2014; Manuel et al., 2009;
Zhang et al., 2015; Zlatanovic et al., 2017). A recent study found that reduced water usage
in a building premise plumbing increased water stagnation, which, in turn, had a significant
positive correlation with the occurrence of Legionella spp. (p < 0.001) and Mycobacterium
spp. (p < 0.001) (Ley et al., 2020). In addition, a review of 24 studies shows that water
stagnation and Leg/ionella colonization were positively correlated in premise plumbing in
22 studies (Nisar et al., 2020). In summary, the OP concentrations had significant seasonal
variations and tended to peak during cold seasons (i.e., December 2017 and/or March 2018)
presumably because of significant water stagnation and prolonged HRT due to reduced
water usage with cold weather.

All water samples in the current study were grab samples. The relatively low sampling
frequency (i.e., four times over 10 months for each sampling site) might have biased

the results. Future studies should rely on more frequent and prolonged sampling to more
accurately assess the seasonal variations of OP concentrations and explore the underlying
mechanisms for the greater OP concentrations and FOD during cold seasons.

3.5. The correlations between OP concentrations and physicochemical water quality

parameters

The main objective of this study was to assess the correlations between OP concentrations
and physicochemical water parameters in the four full-scale CDWDSs. OP concentrations
generally increased with HRT in the four CDWDSs (Figures 1, S1A, and S1B). For SW1
and SW2, the logg-transformed Legionella concentration (GM of all seasons) had a strong
positive correlation with HRT (/2 0.777 for SW1 and 0.986 for SW2) (Figure S2A). For
SW3 and GW, Legionella concentration at MRT was less than that at Tank (for SW3

in March 2018 and June 2018) and ART2 (for GW in December 2017, June 2018, and
September 2018) (Figures 1C and 1D). The lower Legionella concentration at MRT was
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possibly because disinfectant residual concentrations at MRT in those seasons were greater
than those at Tank (for SW3) and ART2 (for GW) (Abulikemu et al., 2021). After excluding
MRT, we found that the logo-transformed Legionella concentration (GM of all seasons) for
SW3 (/2 0.823) and GW (/2 0.935) also had strong positive correlations with HRT (Figure
S2A). The concentrations of the other three OPs (Mycobacterium, Pseudomonas, and V.
vermiformis) and total OPs were stable or increased with HRT (Figures 1, S1A, and S1B).

Similar to OP concentrations, total bacterial concentration generally increased with HRT
and was greater at MRT than at EP for each CDWDS in each season (Figures 1 and S1C).
For SW1 and SW2, the logo-transformed total bacterial concentration (GM of all seasons)
had strong positive linear correlations with HRT (A2 0.842 for SW1 and 0.935 for SW2)
(Figure S2B). After excluding MRT, we found that the log;g-transformed total bacterial
concentration (GM of all seasons) for SW3 (/2 0.997) and GW (/2 0.562) also positively
correlated with HRT. We excluded MRT in the linear regression because of the lower total
bacterial concentration at MRT due to greater disinfectant residual concentrations at MRT in
some seasons (Abulikemu et al., 2021).

The general increase in the concentrations of OPs and total bacteria with HRT (Figures

1, S1A, S1B, S1C, and S2) could be due to disinfectant residual decay (Abulikemu et al.,
2021). Multiple factors such as the reactions between disinfectant residuals and inorganic/
organic substances (DBPs produced), disinfectant consumption by microbes (e.g., the OPs),
and off-gassing in Tank (i.e., water storage tanks) could cause the decay. The concentrations
of total chlorine and monochloramine residuals for the four CDWDSs had a significant
positive linear correlation (/2 0.926, p< 0.001) (Figure S3). Therefore, we used total
chlorine residual to represent disinfectant residuals hereinafter even though monochloramine
was the actual disinfectant used for secondary disinfection for the four CDWDSs. For SW1
and SW2, total chlorine residual concentration generally decreased with increasing HRT (A2
0.806 for SW1 and 0.990 for SW2) (Figure S4).

For SW3 (March 2018 and June 2018) or GW (December 2017 and June 2018), the total
chlorine residual concentration at MRT was much greater than that at Tank (for SW3) or
ART?2 (for GW) (Abulikemu et al., 2021). After excluding MRT, we found that total chlorine
residual concentration for SW3 (/2 0.933) and GW (A2 0.864) also had strong negative
linear correlations with HRT (Figure S4). Similarly, in a chlorinated DWDS and a CDWDS
in South Australia, disinfectant residual concentrations generally decreased with increasing
HRT (Whiley et al., 2014a). In the current study, the increase in OP concentrations (Figures
1, S1A, S1B, and S2A) and the decrease in disinfectant residual concentrations (Figure

S4) cooccurred when HRT increased (Figure S5). Therefore, we speculate that disinfectant
residual decay promoted OP (re)growth and contributed to greater OP concentrations and
FOD downstream of the CDWDSs.

We used the CCA to assess the linear relationship between two multivariate sets of
variables: 1) eight physicochemical water quality parameters (distance of each sampling
site from the corresponding EP as a surrogate of HRT, water temperature, pH, total
chlorine residual concentration, free ammonia concentration, nitrite concentration, total
THM concentration, and total HAA concentration) and I1) OP concentrations. The CCA
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conducted with XLSTAT indicates that these water quality parameters linearly correlated
with OP concentrations (p < 0.0001). However, the constrained CCA (XLSTAT) explained
only 29% of the total inertia, indicating that some environmental parameters not determined
in the current study such as organic carbon concentration, biofilm detachment, flow
velocity, and possible water main breaks or leaks significantly affected OP concentrations
(Perrin et al., 2019). The CCA plots from XLSTAT (Figure 4) and PAST (Figure S6) are
distinct but commonly show that Legionella concentration was associated with greater free
ammonia concentration and lower water temperature. The association between Legionella
concentration and low water temperature might be because Legionella concentration
generally peaked in December 2017 and/or March 2018 (Tables S6 to S8 and Figures

1 and S1D). As discussed above, the greater Legionella concentration in winter and/or
spring was possibly due to reduced water usage and pronounced water stagnation during
cold seasons. Mycobacterium concentration was sensitive to total THM concentration

and water temperature. Pseudomonas concentration was associated with greater pH,
greater total chlorine residual concentration, and greater free ammonia concentration.

The close associations between Legionellal Pseudomonas concentrations and free ammonia
concentration could be because free ammonia is the preferred nitrogen source for these two
OPs (Rittmann and McCarty, 2020). Because monochloramine residual decay releases free
ammonia (Woolschlager et al., 2001; Zhang and Edwards, 2009), the positive correlations
between Legionellal Pseudomonas concentrations and free ammonia concentration could
partially explain why OP concentrations generally increased with decreasing disinfectant
residual concentrations (or increasing HRT). V/ vermiformis concentration was associated
with lower pH.

In addition to the CCA, we performed a multiple linear regression to simulate the
concentrations of Legionella, Mycobacterium, Pseudomonas, V. vermiformis, and total
OPs with seven physicochemical water quality parameters as independent variables (Table
2). Those parameters are water temperature, pH, total chlorine residual concentration,

free ammonia concentration, nitrite concentration, total THM concentration, and total
HAA concentration. Legionella had significant linear correlations with water temperature
(00.002), total chlorine residual concentration (p 0.012), free ammonia concentration
(p0.037), and total THM concentration (p 0.019) (negative correlations except for

with free ammonia concentration). Other studies similarly found that Legionella closely
correlated with multiple physicochemical water quality parameters in municipal water
systems (Bargellini et al., 2011; Isaac and Sherchan, 2020; Leoni et al., 2005; Qin et

al., 2017; Serrano-Suarez et al., 2013; Zacheus and Martikainen, 1994). Mycobacterium
had significant negative linear correlations with total chlorine residual concentration (p <
0.001) and total HAA concentration (p 0.018). Pseudomonas had a significant positive
linear correlation with free ammonia concentration (0 0.010). V/ vermiformis had significant
negative linear correlations with pH (0 0.024) and total THM concentration (p 0.048).

Total chlorine residual concentration negatively correlated with the concentrations of
Legionella, Mycobacterium, Pseudomonas, V. vermiformis, and total OPs although the
correlations were not significant for Pseudomonas and V. vermiformis (Table 2). Indeed,
OP concentrations increased, while total chlorine residual concentration decreased with
increasing HRT (Figures 1, S1A, S1B, S2A, S4, and S5). In addition, the concentrations
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of Legionella, Pseudomonas, V. vermiformis, and total OPs positively correlated with free
ammonia concentration (Table 2). Therefore, the general increase in the concentrations

of OPs (i.e., regrowth) with HRT had at least two underlying mechanisms. First, total
chlorine residual decayed with increasing HRT (Figure S4). The disinfectant residuals with
lower concentrations downstream of the CDWDSs had a lower efficiency in inhibiting OP
(re)growth (i.e., compromised disinfection power) (Zhang and Edwards, 2009). Second,
monochloramine residual decay would release free ammonia (Abulikemu et al., 2021;
Huang et al., 2019; Roy et al., 2020; Woolschlager et al., 2001; Yang et al., 2008),

while free ammonia concentration positively correlated with the concentrations of multiple
OPs, especially Legionella (Table 2 and Figures 4 and S6). The positive correlations
between the concentrations of OPs and free ammonia might be because ammonia as a
nitrogen source promoted OP (re)growth (Krishna and Sathasivan, 2010; Rittmann and
MccCarty, 2020; Woolschlager et al., 2001; Zhang et al., 2009). The release of free ammonia
from monochloramine might also promote nitrification, which could further reduce the
disinfection efficacy of monochloramine residual (Li et al., 2019; Pressman et al., 2012;
Wilczak et al., 1996).

In addition to disinfectant residual decay and free ammonia release, biofilms in the
CDWDSs might contribute to the increase in OP concentrations with HRT. Biofilms might
provide resources (i.e., hutrients and organic matter) to OPs in bulk water. Biofilms on pipe
walls might also shed OPs to bulk water through detachment, which could be due to water
pressure differentials, water hammers, and other disturbances in the distribution systems
(i.e., main breaks and line scouring).

In conclusion, physicochemical water quality parameters (especially the concentrations

of disinfectant residuals and free ammonia) closely correlated with and might have
significantly affected the dynamics of OPs in the four CDWDSs. A deep understanding of
the correlations between OP concentrations and physicochemical water quality parameters
would help us to develop more effective OP control strategies. For instance, the negative
correlation between the concentrations of OPs and disinfectant residuals suggests that
maintaining an appropriate level of residuals (i.e., through booster disinfection and other
approaches) downstream of the CDWDSs is necessary. However, as indicated by the CCA,
the eight physicochemical water quality parameters tested in the current study explain only
a small portion of the variations of OP concentrations. Therefore, further studies should
comprehensively assess the roles and impacts of these and other parameters (such as water
usage and stagnation, water quality in the source water, pipe materials, biofilms, natural
organic matter, and nutrients) on OP dynamics in the four CDWDSs.

3.6. The correlations between OP concentrations and total chlorine residual levels

Water utilities in the US and many other countries maintain disinfectant residuals in
DWDSs to control microbial or OP (re)growth and prevent distribution system upsets
(Zhang and Lu, 2021b; Zhang and Liu, 2019). The multiple regression shows that the
concentrations of Legionella (p0.012), Mycobacterium (p < 0.001), and total OPs (p
0.019) significantly and negatively correlated with total chlorine residual concentration
(Table 2). The concentrations of Pseudomonas (p0.051) and V. vermiformis (p 0.158) also
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negatively correlated with total chlorine residual concentration although the correlations
were not significant (for Pseudomonas, the correlation was nearly significant). In addition,
we assessed the Pearson product-moment correlations between OP concentrations and total
chlorine residual concentration in each CDWDS (Table 3). The correlation assessment
reveals that the concentration of each OP or total OPs and total chlorine residual
concentration were negatively correlated in each CDWDS (Pearson correlation coefficients
from -0.809 to —0.169) except for Mycobacterium in SW1 (Pearson correlation coefficient
0.009). In addition, the concentration of Legionellahad significant negative correlations with
total chlorine residual concentration in SW1 (p0.003), SW3 (p0.005), and GW (p 0.004).
For SW2, the negative correlation between Legionella concentration and total chlorine
residual concentration was nearly significant (p 0.054). Moreover, the concentrations of
Mycobacterium and total OPs had significant negative correlations with total chlorine
residual concentration in SW2, SW3, and GW (Pearson correlation coefficients from -0.768
to —0.541, p<0.031) (Table 3). The negative correlation between total chlorine residual
concentration and Pseudomonas in GW (p < 0.001) or V. vermiformisin SW3 (p < 0.001)
was also significant. Therefore, OP concentrations and disinfectant residual levels in the
four CDWDSs generally had (significant) negative correlations, and disinfectant residual
decay could promote the (re)growth of OPs and contribute to greater OP concentrations
and FOD downstream of the CDWDSs. Thus, maintaining sufficient disinfectant residuals
in CDWDSs, especially downstream of the systems where disinfectant decay is more
pronounced (Figure S4) (Abulikemu et al., 2021), is necessary to controlling OPs and
protecting public health.

Total OP concentration increased with decreasing total chlorine residual concentration in
each CDWDS (Table 3 and Figure S5). Different water utilities may optimize total chlorine
residual levels in their CDWDSs to minimize OP (re)growth. For SW1 (Figure S7A) and
GW (Figure S7D), total chlorine residual concentration of 2 to 3 mg Cl,-L™1 and 3 to 4

mg Cl,-L™1 (i.e., the middles of the ranges of the total chlorine residual levels detected

in the CDWDSS), respectively, could well control OPs. For SW2 (Figure S7B) and SW3
(Figure S7C), total chlorine residual concentration of slightly less than 4 mg Cly-L72 (i.e.,
the highest level detected in the CDWDSs) could minimize OP (re)growth while preventing
potential issues associated with high disinfectant residual levels (i.e., odor of tap water).

Legionella as an indicator of OPs and microbial drinking water quality

Water-related OPs are natural inhabitants in DWDSs, have high concentrations and FOD,
and cause drinking-water-related disease (such as legionellosis) outbreaks (Falkinham, 2015;
Lu et al., 2016; Wang et al., 2012a; Zhang and Lu, 2021b). Therefore, monitoring OP
dynamics in municipal DWDSs and understanding how physicochemical water quality
parameters affect the dynamics are key to developing effective OP control strategies

and protecting public health. Detecting and quantifying all (opportunistic) pathogens in
waterbodies to fully assess microbial water quality is time-consuming, impractical, and
often unnecessary. Examining the dynamics of indicator microorganisms is the predominant
means to assess microbial water quality, and conventional indicator microorganisms (e.g.,
total coliforms, fecal coliforms, enterococci, and Escherichia coli) are the main or even
exclusive indicators of fecal/bacterial contamination and enteric pathogens (Ashbolt et al.,

Water Res. Author manuscript; available in PMC 2022 October 15.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Zhang et al.

Page 17

2001; Gerba, 2015; Lu et al., 2016; McLellan and Eren, 2014; Tallon et al., 2005). However,
OPs are not contaminants in DWDSs and do not correlate with those conventional indicators
(Falkinham, 2015; 2020; Lu et al., 2016; Wang et al., 2017). For instance, OPs generally
(re)grow, whereas those conventional indicators decay with HRT in distribution systems. In
the current study, the FOD (Table 1) and concentrations (Tables S6 to S8) of OPs were high
and generally increased with HRT (Figures 1, S1A, S1B, S2A, and S5), while coliforms
were generally absent from the four CDWDSs (data not shown). In addition, the purpose of
using conventional indicators to monitor drinking water quality is detecting treatment (i.e.,
disinfection) failure, infiltration (i.e., main breaks), and aquifer contamination (for utilities
using groundwater as source water) rather than assessing OP prevalence within pipelines.

Previous studies proposed that Mycobacterium and Legionella can be potential indicators
of OPs or even microbial drinking water quality in municipal water systems (Lu et al.,
2017; Lu et al., 2016). Our recent literature review systematically describes the reasons
why Legionellais an appropriate indicator of OPs and microbial water quality in municipal
water systems (Zhang and Lu, 2021a). The current work confirms that Legionellais a
promising indicator of OPs and microbial drinking water quality in CDWDSs or even
general municipal water systems. For instance, Legionellarepresented the other three OPs
in the four CDWDSs: The concentration of Legionella significantly and positively correlated
with those of Mycobacterium (p 0.042), Pseudomonas (p < 0.001), and total OPs (p <
0.001) (Table 4). Legionella also had a nearly significant positive linear correlation with

V. vermiformis (0 0.054). Other studies similarly found that Legionellain municipal water
systems closely correlated with multiple dominant OPs (Lu et al., 2016; Valster et al.,

2011; Wang et al., 2012a). The natural association between Legionella and total bacteria
(which contain OPs) could be the underlying mechanism for the strong, positive correlations
between Legionella and the other three OPs. The concentrations of Legionella and total
bacteria in the four distributions systems had a significant positive correlation (Pearson
correlation coefficient 0.779; p< 0.001) (Table 4). OPs are not contaminants but natural

or normal inhabitants in drinking water systems (such as DWDSs) and thus are a critical
component of total bacteria (Falkinham, 2015; 2020; Zhang and Lu, 2021b). Because OPs
are natural inhabitants in drinking water, they share many features with total bacteria (i.e.,
comparable growth patterns/rates, comparable responses to physicochemical water quality
parameters, and comparable spatiotemporal variations in concentrations). Among the target
OPs, Legionellais a typical, representative, and dominant genus (Table 4) (Zhang and Lu,
2021a). Therefore, Legionella significantly correlated with total bacteria and the other three
OPs (Mycobacterium, Pseudomonas, and V. vermiformis). However, the strong correlations
between Legionella and the other three OPs as well as total bacteria do not mean that

they have causative or causal relationships (i.e., correlations do not imply causations). Most
likely, the strong correlations between Legionella and the other three OPs as well as total
bacteria are simply because they all are natural inhabitants in drinking water and share
similar growth features and comparable responses to ever-changing physicochemical water
quality parameters.

Among the other three OPs, Pseudomonas had a significant positive linear correlation with
Legionella (p < 0.001), total OPs (p < 0.001), and total bacteria (v < 0.001) (Table 4).
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Mycobacterium had a significant positive linear correlation with only Legionella (p0.042),
while V/ vermiformis was not significantly correlated with any other target microorganisms.

Overall, Legionella had significant linear correlations with more physicochemical water
quality parameters (Table 2) and more OPs (Table 4) than the other three OPs
(Mycobacterium, Pseudomonas, and V. vermiformis). Indeed, Legionella concentration
closely correlated with total chlorine residual concentration, free ammonia concentration,
and water temperature (Tables 2 and 3 and Figures 4, S5, and S6). Furthermore, Legionella
had high FOD (e.g., its overall FOD in the four CDWDSs of 93.8% was greater than

those of the other three OPs) (Table 1A) and concentration (e.g., the overall GM and

median of its concentration for the four CDWDSs were greater than those of the other

three OPs) (Table S8A). The high Legionella FOD and concentration make its quantification
feasible through molecular techniques such as qPCRs (Lu et al., 2017; Wang et al., 2017).
Therefore, Legionellais a promising indicator of microbial drinking water quality, especially
the occurrence and concentrations of OPs, in CDWDSs. Water utilities may use a simple
and cost-effective presence/absence test of Legionellaas an alternative or supplementary
approach to routinely monitor water quality in CDWDSs.

Currently, using Legionella as an indicator of microbial drinking water quality has certain
difficulties. First, no current water policies or laws require a routine detection of Legionella
in drinking water systems. The concept of using Legionellato indicate OPs and drinking
water quality is not widely accepted and practiced. We need to conduct more research on

the indication role of Legionellain municipal water systems. Second, detecting Legionellain
drinking water using the “gold standard” culture-based assays requires special culture media,
is complicated, and is time-consuming (Lee et al., 2011; Wang et al., 2017). In addition,
Legionellain (chloraminated/chlorinated) drinking water systems is often non-culturable or
in a viable-but-non-culturable (VBNC) state (Alleron et al., 2008; Cullom et al., 2020; Fu

et al., 2021; Kirschner, 2016; Sciuto et al., 2021). VBNC Legionellais alive and infective,
producing virulence proteins (Alleron et al., 2013; Dietersdorfer et al., 2018). However,

a culture-based approach cannot detect or recover VBNC Legionella (Whiley, 2017). To
resolve this issue, we need to develop and upgrade fast, cost-effective, and easy-to-handle
advanced molecular techniques (especially qPCRs) for better Legionella detection and
quantification (Buse et al., 2012; Fields, 2007; Kirschner, 2016; Marre et al., 2002; US EPA,
2019a; Wang et al., 2017; Whiley and Taylor, 2016). Third, Legionella as a single indicator
cannot reflect all aspects of microbial drinking water quality. For instance, Legionella
concentration in chloraminated water systems could be low, while the concentration of
Mycobacterium or NTM could be high (Donohue et al., 2019b; Moore et al., 2006; Pryor et
al., 2004). In addition, Legionella cannot indicate drinking water treatment system failure,
water main breaks, and fecal contamination (Falkinham, 2015). Therefore, using Legionella
as the sole indicator would generate biased results. We need to use Legionellain conjugation
with other indicator microorganisms (such as £. colf, fecal and total coliforms, and even
Mycobacterium) to comprehensively reflect microbial drinking water quality in municipal
water systems (Zhang and Lu, 2021a).
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5. Conclusions

In four full-scale CDWDSs, correlations of four common OPs (Legionella, Mycobacterium,
Pseudomonas, and V/ vermiformis) with critical physicochemical water quality parameters
(especially HRT, seasonality, and disinfectant residual concentrations) were closely assessed.
Legionella (overall FOD 93.8%; overall GM 1.36 x 10* GCN-L™1) and Mycobacterium
(overall FOD 89.1%; overall GM 4.74 x 103 GCN-L™1) occurred more frequently and had
greater concentrations than Pseudomonas (overall FOD 57.8%; overall GM 5.85 x 103
GCN-L™1) and V/ vermiformis (FOD 31.3%; overall GM 3.66 x 101 GCN-L™1). The OP
concentrations generally increased with HRT. This increase might be due to the decrease

in disinfectant (mainly monochloramine) residual concentrations with increasing HRT (i.e.,
residual decay). The OP concentrations had significant seasonal variations and tended to
peak during winter and/or spring possibly because of lower water usage in cold seasons

(i.e., increased HRT and enhanced water stagnation). Legionella significantly correlated with
more physicochemical water quality parameters and more OPs than the other three studied
OPs (Mycobacterium, Pseudomonas, and V. vermiformis). Therefore, Legionellacould be

a promising indicator for microbial drinking water quality, especially the occurrence and
concentrations of OPs, in municipal water systems. This study sheds light on OP profiles in
full-scale CDWDSs and provides meaningful information to water engineers for better and
enhanced OP control and public health protection.
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Highlights

Spatiotemporal dynamics of opportunistic pathogens (OPs) occurred in four
full-scale chloraminated DWDSs.

Increasing OP concentrations along DWDSs correlated with disinfectant
residual decay.

Monochloramine residual dictated OP concentrations and (re)growth in the
DWDSs.

OP concentrations peaked in winter and/or spring because of reduced water
usage during cold seasons.

Legionellawas a dominant OP and could be a promising indicator of OPs in
DWDSs.
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Figure 1.
The concentrations of Legionella (closed red circles @), Mycobacterium (open blue circles

O), Pseudomonas (closed pink squares W), V/ vermiformis (open green squares [), total
OPs (open blue diamonds <>), and total bacteria (open black triangles A) at each sampling
event for (A) SW1, (B) SW2, (C) SW3, and (D) GW. Dec: December 2017. Mar: March
2018. Jun: June 2018. Sep: September 2018. The error bars indicate the standard errors of
the means.
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Figure 2.
Box-and-whisker plots for the logg-transformed concentrations of (A) Legionella, (A)

Mycobacterium, (B) Pseudomonas, (B) V. vermiformis, (A) total OPs, and (C) total

GW

SW3

bacteria in the four CDWDSs. The lower and upper box boundaries represent the first and
third quartiles, respectively. The line inside a box: Median. The cross sign inside a box:
Avrithmetic mean. The lower and upper error lines: The lowest and highest observations,
respectively. Both inner and outlier points (the open circles) are shown. The calculation of
the quartiles included the median.
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36% L. longbeachae Clinical Isolate (CP045308)
L. oakridgensis Industrial Cooling Tower (LR134286)
L. sainthelensi Clinical Isolate (CP025491)
Mar SW2 Tank (n=1)
L. bozemanii Type Strain (Z49719)
L. anisa Amenity Water Utility Water (LC491288)
Mar SW2 MRT (n=1)
Legionella sp. Cold Tap Water (KX238939)
Mar SW2 MRT (n=9)
Mar SW2 ART (n=12)
L. birminghamensis Type Strain (LC504038)
— L. nautarum Water Utility Water (FJ544432)
36% _[ L. dresdenensis River Water (NR_115062)

36% — L. farifieldensis Type Strain (NR_044956)
Mar SW2 MRT (n=1)
— L. tunisiensis Hypersaline Lake Water (NR_109416)
36% _[ L. feeleii Brackish Lake Water (MN865866)

36% L. donaldsonii Clinical Isolate (KM504126)
Mar SW2 MRT (n=1)
L. massiliensis Cooling Tower Water (NR_109415)
Legionella sp. Cooling Tower Water (AB933973)
Uncultured Bacterium DW Biofilm (AY957925)
36% Legionella sp. DWDS Water (KP025620)

— Legionella sp. Shower Water (KX238931)
37% L— Legionella sp. DWST Sediments (KM624123)
35% Mar SW2 Tank (n = 10)
Mar SW2 EP (n=12)

35% L. pneumophila Healthcare Isolate (CP021286)

36% L. adelaidensis Cooling Tower Water (LR134424)
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36%
36%

36%

36%
36%
36%
36%

36%
36%
36%
36%

36% 36%

36% 36%
36%

36%

36%
36%

36%

%
36% 36%

36%
36%

36%
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Mar SW3 Tank6 N 1
Mar SW3 Tank4 N 1
Mar SW3 EP3 N 1

Mar SW3 Tank10 N 1
Mar SW3 ART4N 1
Mar SW3 MRT3 N 1
Mar SW3 EP5N 1

Mar SW3 Tankl N 2
Mar SW3 Tank3 N 1
Mar SW3 ART8 N 1
Mar SW3 Tank2 N 1
Mar SW3 MRT2N 1
CP021286 L pneumophila
Mar SW3 Tank5 N 1
LR134424 L adelaidensis
Mar SW3 MRT11N 1
Mar SW3 EP7N 1

Mar SW3 MRT4 N 1
Mar SW3 EP4N 1

Mar SW3 ART7N 1

ﬂ': Mar SW3 Tank8 N 1
Mar SW3 MRTI0N 1

Mar SW3 Tank9 N 1
Mar SW3 ART5N 1
Mar SW3 ART6 N 1
Mar SW3 EP2 N 2
Mar SW3 ART3N 1
Mar SW3 EP§ N 1

36%

Mar SW3 EPIN 5
Mar SW3 MRT8 N 1

36%

— Mar SW3 Tank7 N 1

36% 36%

L Mar SW3 MRT7N 1
Mar SW3 Tank11 N 1

38%

Mar SW3 MRT9 N 1

— KX238931 Legionella shower Water

37%

L KM624123 DWST sediment
Mar SW3 ART1 N 2

Mar SW3 MRT1IN 1

36%

CP025491 L sainthelensi

36%

36%

LR134286 L oakridgensis
LC504038 L birminghamensis

36%

36%

CP045308 L longbeachae
Z49719 L bozemanii

36%
36%
36%
36%
39%

36%

36%
36%
36%
36%
39%
39%
36%
35%

NR 115062 L dresdenensis

LC491288 L anisa

KX238939 cold tap

MNB865866 L feeleii

KM504126 L donaldsonii

Mar SW3 ART2 N 2

FJ544432 L nautarum

NR 044956 L fairfieldensis

KP025620 Legionella sp. drinking water system
AY957925 Legionella sp. drinking water biofilm
NR 109416 L tunisiensis

NR 109415 L massiliensis

ABO33973 Legionella sp. cool tower water

Mar SW3 Tank (n=1)
Mar SW3 Tank (n=1)
Mar SW3 EP (n=1)

Mar SW3 Tank (n=1)
Mar SW3 ART (n=1)
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CP045308 L longbeachae

LR134286 L oakridgensis

CP025491 L sainthelensi

Z49719 L bozemanii

LC491288 L anisa

LC504038 L birminghamensis

NR 115062 L dresdenensis

NR 044956 L fairfieldensis

Mar GW EP1N 7

Mar GW ART1 2N 1

Mar GW EP2 N 4

Dec GWARTIINS

FI544432 L nautarum

Mar GW ART13N 1

81% — MN865866 L feeleii

81% — KM504126 L donaldsonii

NR 109416 L tunisiensis

Mar GW ART1 1N 8

KX238939 cold tap

NR 109415 L massiliensis

Mar GW ART2 1N 11

Dec GWART2 1N 2

Mar GW MRT3 N 1

Dec GWART2 1IN 3

Dec GWART2INS

Dec GW ART24N 1

AB933973 Legionella sp. cool tower water
KX238931 Legionella shower Water
KP025620 Legionella sp. drinking water system
70% AY957925 Legionella sp. drinking water biofilm

81% KM624123 DWST sediment
—34%|—£ Dec GW MRTI N 7
Mar GW MRT2 N 1

Dec GW ARTI 2N 3
Mar GW MRT1 N 10
Dec GWEPI N2
CP021286 L pneumophila
Dec GW MRT1I N 2

Dec GWEPIN 8

Dec GWMRTIN 1
LR134424 L adelaidensis

86%

81%

L. longbeachae Clinical Isolate (CP045308)

L. oakridgensis Industrial Cooling Tower (LR134286)
L. sainthelensi Clinical Isolate (CP025491)

I. hnzemanii Tyne Strain (749710)
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LE
~®-SWI1--Mar. 2018 —©-SW2--Mar. 2018
—m-SW3--Mar. 2018 & GW--Mar. 2018
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EP ART (ARTI) Tank (ART2) MRT
Sampling sites
Figure 3.

(A to D) Unrooted neighbor-joining dendrograms of PCR-amplified 16S rRNA gene
sequences (obtained from clone libraries) of Legionella for (A) SW1, (B) SW2, (C)

SWS3, and (D) GW. Test scores based on bootstrap values (1,000 replicates) are shown

at the nodes. For the samples from the current study, the name of each branch provides

the following information (in this order): Sampling date [December 2017 (i.e., Dec) or
March 2018 (i.e., Mar)]; Water utility name (i.e., SW1, SW2, SW3, or GW); Sampling
site; and number (7)) of Legionella-positive clones/sequences (1 to 12; sequences with a
similarity = 99% were clustered into one branch). For the reference species or sequences,
the name of each branch provides the following information (in this order): Name of the
species or sequence; Place/sample where the species or species was isolated or identified
from; and NCBI accession number (in the round brackets). DW: Drinking water. DWDS:
Drinking water distribution system. DWST: Drinking water storage tank. NCBI: National
Center for Biotechnology Information (ncbi.nlm.nih.gov). AY957925: Closet match in
GenBank is Legionellal Amoeba proteus symbiont. CP021286: Originally isolated from
human lung tissue. CP025491 and CP045308: Isolated from patients with Legionnaires’
disease. FJ544432: Isolated from ozonated water. KM504126: Isolated from bronchoscopy
specimens of cancer patients (bronchoalveolar lavage). LC504038: Originally isolated from
lung biopsy. NR_109415: Identical to JF779685. NR_109416: Identical to JF779686.
NR_115062: Identical to AM747393. NR_044956: Identical to Z49722 (originally isolated
from cooling tower water). Z49719 (current name: Fluoribacter bozemanae): Originally
isolated from necropsy lung tissue of a patient with pneumonia. References: AB933973:
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Inoue et al. (2015). AY957925: Williams et al. (2005). CP021286: Kozak-Muiznieks et al.
(2018). CP025491: Slow et al. (2018). FJ544432: Corsaro et al. (2010). KM624123: Lu

et al. (2015). KM504126: Han et al. (2015). KP025620: Lu et al. (2016). KX238931 and
KX238939: Lu et al. (2017). LC491288: Edagawa et al. (2019). MN865866: Ibrahim et al.
(2020). NR_109415 and NR_109416: Campocasso et al. (2012). NR_115062: Liick et al.
(2010). NR_044956: Hookey et al. (1996) and Thacker et al. (1991). Z49719: Hookey et al.
(1996), Garrity et al. (1980), and Cordes et al. (1979). (E) Shannon’s diversity index values
for the 20 sampling events (the four sampling events for GW in December 2017 and all
sampling events for the four CDWDSs in March 2018). For each sampling event, the two
DNA extracts from the two biological replicates (i.e., the two drinking water samples) were
mixed and then used as the template in the PCR.
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CCALI (CI48.33%; TI 13.88%)

Figure 4.

A CCA plot (conducted with XLSTAT) for the relationship between eight physicochemical

water quality parameters and log;o-transformed OP concentrations (unit: GCN-L™1).
Missing values were replaced with arithmetic means before the analysis. CI: Constrained
inertia. T1: Total inertia. CCA1, CCA2, and CCA3 explained 48.33%, 41.14%, and 10.52%
of the CI, respectively. CCA1, CCA2, and CCAS3 explained 13.88%, 11.81%, and 3.02% of

the TI, respectively.
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Table 1A. Occurrence of Legionella, Mycobacterium, Pseudomonas, and V. vermiformis in the four

CDWDSs.

Table 1B. Occurrence of Legionella, Mycobacterium, Pseudomonas, and V. vermiformis in different seasons
Table 1C. Occurrence of Legionella, Mycobacterium, Pseudomonas, and V. vermiformis at different sampling

Table 1

sites
op SWll SW21 SW31 GWl All CDWDSS2
F(%) n F) n F®) n F((%) n F (%) n
Legionella 87.5 14 1000 16 875 14 1000 16 93.8 60
Mycobacterium ~ 100.0 16 100.0 16  81.3 13 750 12 89.1 57
Pseudomonas 6.3 1 750 12 625 10 875 14 57.8 37
V. vermiformis 31.3 5 43.8 7 375 6 12.5 2 31.3 20
op December 20171 March 2018l June 2018l September 2018l
F (%) n F (%) n F(@) n F (%) n
Legionella 100.0 16 100.0 16 87.5 14 87.5 14
Mycaobacterium 87.5 14 93.8 15 875 14 87.5 14
Pseudomonas 43.8 7 56.3 9 50.0 8 81.3 13
V. vermiformis 75.0 12 0.0 0 18.8 3 313 5
op EP:L ART3 Tank4 MRTl
F(%) n F®) n F®) n F((®%) n
Legionella 750 12 1000 20 1000 12 1000 16
Mycobacterium  56.3 9 1000 20 1000 12 1000 16
Pseudomonas 375 6 75.0 15 50.0 6 62.5 10
V. vermiformis 12.5 2 35.0 7 50.0 6 31.3 5

F: Frequency of detection. n: Number of sampling events where an OP was detected (i.e., number of positive sampling events). A sampling event
was positive for a target OP if the concentration of that OP was above the LOD in at least one of the four DNA samples (Tables S4 and S6).

'Z"Number of sampling events: 16.
Z"Number of sampling events: 64.
3"Number of sampling events: 20.

4'.Number of sampling events: 12.
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Table 2.

A multiple linear regression to predict OP concentrations

Legionella Mycobacterium  Pseudomonas V. vermiformis Total OPs
. R20.551; R20.422; R20.436; R20.290; R20.542;
Overall regression model * * * * *
p-value < 0.001 p-value 0.002 p-value 0.001 p-value 0.048 p-value < 0.001
o B-0.102; B0.019; B-0.014; B0.002; B-0.038;
Water temperature (°C) p-value 0.002 * p-value 0.499 p-value 0.559 p-value 0.949 p-value 0.063
q B0.664; B0.085; B0.659; B-1.530; B0.588;
p p-value 0.265 p-value 0.873 p-value 0.157 p-value 0.024 * pvalue 0.126
. . 7 B-0.338; B-0.488; B-0.201: B-0.206: B-0.201;
LT ) )
Total chlorine residual (Mg ClzL™) e 0,012 pvalue<0.001% pvalle 0051 pvalue0.158  pvalue 0.019*
E X N-L-t B1.425; B-0.879; B 1.385; B0.151; B1.276;
ree ammonia (mg N-L™%) p-value 0.037 * pvalue 0.147 p-value 0.010 * pvalue 0.838 p-value 0.004 *
Nitrit NoL-L B5.272; B -3.346; B0.201; B8.089; B2.671;
itrite (mg N-L™) p-value 0.383 p-value 0.538 p-value 0.966 p-value 0.231 p-value 0.489
THM Lt B-0.015; B0.003; B-0.009; B-0.014, £-0.010;
s (Hg'L™) pvalue 0.019°  pvalue 0.572 pvalue 0.053  pvalue 0.048”  pvalue 0.014™
HAA L1 B-0.020; B-0.029; B-0.014; B£0.016; B-0.012;
s (MgL™) p-value 0.139 p-value 0.018" p-value 0.184 p-value 0.271 p-value 0.148

Page 46

Statistical analysis: SPSS (missing values: pairwise deletion). The seven physicochemical water quality parameters were independent variables in

the regression. Unit for OP concentrations: Ioglo(GCN-L'l). GCN: Gene copy number or genome copy number. B: Unstandardized coefficient.

*e
‘Significant correlation (i.e., p< 0.05).
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Table 3.

Pearson product-moment correlation coefficients between OP concentrations and total chlorine residual

concentration for each CDWDS

oP swi SW2 SwW3 GW

Legionella ';:,2.33 E?);,003 * f;\_/gijg G054 ,’;fo;ff ?);.005 g ﬁ@gﬁz 3.004 y
Mycobacterium ;32:8?0.975 Z-;lez %);,024 * Z—\_/:IIZS ?);.001 * /’;-;;)IS: %):.031 *
Pseudomonas ';\_/gijg U513 7&92{53 St f}\_/gl'ﬁg G156 ;\_/2{32 9< 0.001*
V. vermiformis 7;\_/2{&5 %;.532 7};2{55 G404 ZQZZZ 8< 0.001* 7};2{53 %;-451
Total OPs f}\_/glﬁg Z);.118 f};;fj Z);.oos * f};giz: ?);.001 * ;\_/Zi Z: %:.001 *

Statistical analysis: SPSS. Sample size for each pairwise comparison: 16 (i.e., 16 sampling events for each CDWDS). Unit for total chlorine

residual concentration: mg CI2-L'1. Unit for OP concentrations: Ioglo(GCN-L'l). GCN: Gene copy number or genome copy number. p: Pearson

(product-moment) correlation coefficient (i.e., Pearson’s 7). p-value: Two-tailed.

*
‘Significant correlation (i.e., p < 0.05).
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Table 4.

Page 48

Pearson product-moment correlation coefficients between pairwise groups of target microorganisms (OPs and

total bacteria)

Legionella Mycobacterium  Pseudomonas V. vermiformis  Total OPs Total bacteria
Legionella p1.000 ;?/:li?o.mz * 23331 0.001* 23535;0-054 ;3.::332;< 0.001* I;%Zi 0.001*
Mycobacterium ’,;3;3?0042 = p1000 7}?/332;0.642 z?/eﬁﬁg;o.oes ';3535;0.054 ﬁgéﬁﬁg;oms
Peudomonas 7}3‘;32; 0.001* 7}3332;0-642 p1.000 ;Sﬁﬁg;o-m‘-? [;;(\)/jiz; 0.001” 7}3;352;;< 0.001*
V. vermiformis Z?/jﬁg;o.om Zeézlﬁg;o.oss f}egﬁg;o.?og p1.000 ;3533;0.075 f}(\)/jﬁz;o.ose
Total OPs ;?/jﬁi ;< 0.001" f}?/ézlﬁé;o.om Z?/jﬁ:;< 0.001% ggﬁﬁg;&m p1.000 ;?/jgi 0.001"
Total bacteria Z?/;Z:;< 0.001* Z?,ﬁﬁ?omg Z?/ZIijL 0.001* ZeﬁﬁZ;O-O% ;3::32; 0001* #1000

Statistical analysis: SPSS. Sample size for each pairwise comparison: 64 (i.e., 64 sampling events for the four CDWDSs). p: Pearson (product-
moment) correlation coefficient (i.e., Pearson’s 7). p-value: Two-tailed.

*e
‘Significant correlation (p < 0.05). Unit for the concentrations of OPs and total bacteria: Ioglo(GCN-L_l). GCN: Gene copy number or genome

copy number.
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