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Abstract

Quantitative polymerase chain reaction (QPCR) offers a rapid, automated, and poten-
tially on-site method for quantifying L. pneumophila in building potable water systems,
complementing and potentially replacing traditional culture-based techniques. However,
its application in assessing human health risks is complicated by a tendency to overes-
timate risks due to the detection of genomic copies unassociated with viable, infectious
bacteria. This study examines the relationship between L. pneumophila measurements
via gPCR and culture-based methods, aiming to establish gPCR-to-culture concentration
ratios needed to inform associated health risks. Eligible studies collected quantitative data
on L. pneumophila concentrations using molecular and culture-based methods within
paired water samples. We developed a Poisson lognormal ratio model and a random-
effects meta-analysis model to analyze variations in gPCR-to-culture ratios within and
across sites. Of the 17 studies in the systematic review, seven, including 23 site-specific
data sets, were used for meta-analysis. Our findings indicate these ratios typically vary
from 1:1 to 100:1, with ratios close to 1:1 predicted at all sites. Consequently, adopting a
default 1:1 conversion factor appears necessary as a cautious approach to convert gPCR
concentrations to culturable concentrations for use in health risk models, such as quanti-
tative microbial risk assessment (QMRA). Where this approach may be too conservative,
viability-gPCR could improve the accuracy of gPCR-based QMRA. Standardizing qPCR
and culture-based methods and reporting site-specific environmental factors affecting L.
pneumophila culturability would improve understanding of the relationship between the
two methods. The ratio model introduced here advances beyond simple correlation anal-
yses, facilitating investigations of temporal and spatial heterogeneities in the relationship.
This analysis is a step forward in the integration of QMRA and molecular biology, and the
framework demonstrated for L. pneumophila is applicable to other pathogens monitored in
the environment.
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1 Introduction

Legionella pneumophila is widely regarded as the primary causative agent of Legionnaires’ dis-
ease [1]. Therefore, accurately quantifying L. pneumophila concentrations in water is central
to prevention strategies. Culture-based methods, defined by standards like ISO 11731:2017,
NF T90-431:2017, and ASTM D8429-21, are commonly used to quantify L. pneumophila
concentrations in colony-forming units (CFU) or most probable number (MPN). These
cultivation-derived data serve as inputs for quantitative microbial risk assessment (QMRA),
enabling predictions of probabilities of infection upon exposure [2,3]. However, the wide-
spread application of culture-based methods is hindered by several limitations [4], including
their time-consuming nature (8-14 days to obtain results), low processing throughput, the
need for specialized cultivation expertise, and concerns about so-called viable but not cul-
turable (VBNC) bacteria. Culture-based methods can also produce false positives due to the
growth of non-target organisms on selective media [5].

In some circumstances, molecular techniques like quantitative polymerase chain reaction
(qPCR) present a solution to some limitations. With their capacity for high-throughput, rapid,
and specific L. pneumophila genome copies quantification, as well as benefits such as automa-
tion and on-site implementation, qPCR methods offer a compelling tool to use in conjunction
with cultivation [6,7]. While standardized qPCR is well established for L. pneumophila detec-
tion [8,9], cultivation will most likely remain the dominant reference method in the foresee-
able future. Hence, a comprehensive understanding of the relationship between cultivation
and qPCR data is crucial for advancing the use of gPCR for monitoring and risk assessment.

Studies comparing L. pneumophila concentrations obtained through qPCR and culture-
based methods often report correlations [10,11]. However, the relationship between qPCR and
culture is not expected to be conserved due to various factors, such as environmental condi-
tions affecting the viability and cultivability of the organism (e.g., disinfectant concentration,
water temperature, age of pipes/biofilms, water flow conditions) [12-14], and method-specific
performances related to analytical recovery and detection/quantification limits [15]. In some
instances, QPCR might overestimate human health risks by detecting DNA from intact cells
(culturable, VBNC, and dead), as well as extracellular DNA, which can exist as free, particle-
bound, or encapsulated forms.

Emerging techniques, which target DNA within intact cells, often referred to as viability-
qPCR, may better align concentration estimates with associated health risks [16] but are
still not widely adopted in qPCR-based applications. Additionally, bacterial aggregation in
environmental samples [17,18] and parasitization by free-living amoebae may result in qPCR
yielding higher concentrations than cultivation. Thus, employing a ratio as a model could help
identify situations with notable discrepancies between the two quantification methods [15],
improving our understanding of their interplay.

This study presents a systematic review and meta-analysis of the qQPCR-to-culture con-
centration ratio for L. pneumophila in building potable water systems. Our objectives were to
(i) develop statistical models to describe the variability in the qPCR-to-culture relationship
within and across various studies to generate a comprehensive understanding of literature
data (ii) apply these models in interpreting qPCR results within a QMRA framework, and (iii)
evaluate and interpret factors influencing the qPCR-to-culture ratio.

2 Systematic review

The studies included in this work were identified, screened, and selected following the guide-
lines established in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework [19]. A systematic review protocol was initially developed and amended
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during the study (S1 Text). The PRISMA checKklist is provided in S1 PRISMA Checklist. The
review protocol has not been registered.

2.1 Eligibility criteria

This review focused on the analysis of water samples collected in full-scale building
potable water systems. Eligible studies collected quantitative data on the concentrations
of L. pneumophila in water using both molecular methods (qPCR, viability-qPCR) and
culture-based methods (ISO 11731, Legiolert) within paired water samples. Both most
probable number (MPN) and CFU were included for the quantification of culturable
concentrations because both approaches aim to assess viable L. pneumophila populations.
This inclusion allows for a more comprehensive analysis across a broader range of stud-
ies. Studies using alternative molecular methods, such as digital droplet PCR (ddPCR)
and reverse-transcription PCR (RT-qPCR), were excluded. The search was restricted to
peer-reviewed journals and governmental reports published in English, French, or Ger-
man languages.

2.2 Search strategy

Backward and forward searches were conducted by the first and second reviewers (WR and
ES), starting with a narrative review paper on methods comparison for Legionella enumera-
tion [20] and the National Academies of Science, Engineering, and Medicine (NASEM) report
Management of Legionella in Water Systems [4]. Based on the information gathered from
these sources, an electronic search was conducted in PubMed, Scopus, and Web of Science for
studies published between January 2000 and July 2024 using the following search string:

“(Legio™ AND qPCR AND culture) OR (Legio™ AND viability PCR AND culture) OR
(Legio™ AND EMA AND culture) OR (Legio* AND PMA AND culture) OR (Legio* AND
Methods AND Compare)”

WR conducted title and abstract screenings, with ES verifying excluded articles. WR and
ES duplicated the full-text screening, and discrepancies were resolved through discussion.
Reasons for excluding studies were recorded. A collaborative spreadsheet software (Google
Sheets, Alphabet Inc) was used to retrieve citations, screen citations, and record reasons for
study exclusion.

2.3 Data extraction

Water system information, sample processing details, and measurement information, as
shown in Table 1, were extracted from the selected studies by WR, ES, and a research intern.
Extracted data were verified by a second reviewer (WR or ES) for all studies to ensure accu-
racy. For 10 studies where concentrations or counts were not provided or reported in tables,
WebPlotDigitizer, a data extraction program with nearly perfect accuracy [21], was used to
manually extract approximated concentrations from relevant figures by magnifying them at
500%. All data extracted from studies were stored in the collaborative spreadsheet software,
facilitating collaborative document editing and ensuring consistency.

2.4 Quality assessment and risk of bias

Only studies including data sets with at least 20% quantifiable samples were selected to ensure
reliable statistical assessments. Studies reporting building-specific data and pooled data from
multiple buildings were included in the review, but only building-specific data were used for
meta-analysis. A risk of bias tool was developed to systematically evaluate the quality control
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Table 1. Reporting elements necessary for evaluating the relationship between concentrations of Legionella
pneumophila measured by qPCR and culture-based methods in building potable water systems.

Category Parameter

Water system information Building type
Water system (e.g., hot/cold)
Outlet

Draw (e.g., first draw, flushed)

Water treatment Preventive control measure(s)
Curative control measure(s)

Water quality parameter Total chlorine

Free chlorine
Monochloramine
Water temperature

Sample processing information Sampling location and date

Sample type

Sample volume for qPCR

Sample volume for cultivation

Sample dilution/concentration factor for gPCR
Sample dilution/concentration factor for cultivation
Volume processed for gPCR

Volume processed for cultivation

Measurement information® qPCR method

Gene target for gPCR

Number of gene copies within the genome

Specificity of the qPCR assay

Culture-based method (e.g., CFU, MPN)

Count of Legionella pneumophila per processed volume for gPCR®
Count of Legionella pneumophila per processed volume for cultivation®
Limits of detection (LOD) for gPCR

Limits of detection (LOD) for cultivation

Limit of quantification (LOQ) for gPCR

Limit of quantification (LOQ) for cultivation

Recovery rates for gPCR (whole process, nucleic acid extraction, PCR
detection)

Recovery rates for cultivation

“This list does not include all quality control and assurance elements necessary for gPCR and cultivation analyses of
environmental samples.

"When counts were unavailable, reported concentrations were extracted.

https://doi.org/10.1371/journal.pwat.0000291.t001

measures reported for gPCR and culture methods in the included studies. This tool focused
on assessing key aspects of quality control and assurance of qPCR analyses, including whether
studies reported methods for generating standard curves for qPCR, control measures for
nucleic acid extraction, PCR detection, and inhibition. For cultivation methods, we verified
adherence to standardized protocols.

3 Statistical analyses
3.1 Variability of the QPCR-to-culture ratio within a building

To estimate how much the ratio between the results of the two methods (qQPCR and culti-
vation) varies within each building, we adapted the statistical method previously developed
by Sylvestre, Dorner [22]. This method involves comparing two sets of results that follow a
specific probability distribution, known as a Poisson—lognormal distribution. This model
assumes that counts x (CFU for culture and genome copies for qPCR) are randomly (Poisson)
distributed in each water sample of volume V and concentration c¢. The probability of finding
x organisms in the water sample is thus:
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(cV)e™

x!

P(x;c,V)z (1)

Organisms have a concentration ¢, and their expected number in a sample volume Vis cV.
The concentration c is likely to vary in time or space. For MPN methods, Eq. 1 was used as an
approximation method because primary studies did not report counts of positive and nega-
tive wells. When such data are reported, the MPN method uncertainty can be modelled more
accurately using the binomial and Poisson distributions [23].

This variation in concentration ¢ can be described by a lognormal distribution, which has
the following probability density function:

1 o _(ln(c)—,u)2
27 P 20°

flema)= )

co

where y and o are the mean and standard deviation of the underlying normal distribution on
the logarithmic scale. If Eq. 2 describes the variation of ¢ in Eq. 1, then the count, x, follows a
Poisson—lognormal distribution. The goodness-of-fit of the Poisson—lognormal distribution
was compared to the one of an alternative model, the Poisson—gamma distribution, using the
marginal deviance information criterion (mDIC) [24]. Results indicated that the lognormal
distribution better described concentration variations for qPCR data (S1 Table) and cultiva-
tion data (S2 Table); therefore, the Poisson—-lognormal distribution was chosen for modelling
L. pneumophila concentrations and their ratios. As the mip gene, which is used to quantify
L. pneumophila via qPCR, exists in a single copy within the genome of L. pneumophila [25],
methods can be compared by directly taking the ratios of CFUs to gene copies. CFU and
genome copies were estimated from reported concentrations, processed sample volumes, lim-
its of quantification (LOQ), and limits of detection (LOD). Due to insufficient reporting, the
impact of analytical recovery rates on estimated concentrations was ignored.

The distribution of the ratio of two lognormal random variables is also lognormally distrib-
uted with a mean of:

Hratio = Hpcr — Mcutture €)
and a variance of:
Urzatio = UIZ’CR + Uéulrure 20 pe cutture (4)
Here, 0, . 1S the covariance between gPCR and cultivation results on the log scale. The

empirical covariance was estimated using the logarithm of the concentrations measured by
qPCR and culture methods. By considering the covariance between the lognormal variables,
Eq. 4 accounts for the dependency between the qPCR and culture results and adjusts the vari-
ance of the ratio accordingly.

Models were implemented using the Markov chain Monte Carlo (MCMC) method in a
Bayesian framework. A uniform prior ranging from — 10%to 10* and an exponential prior
with a rate of 1.0 were specified for the location parameter p and the shape parameter o,
respectively, for each lognormal distribution (qQPCR and culture). Cumulative distribution
functions (CDFs) were used to illustrate distributions of L. pneumophila concentrations
and qPCR-to-culture ratios, indicating the expected frequency of observing a ratio below
a particular level. The best-fit curve was computed from the median values of the poste-
rior distribution of each parameter. The uncertainty of the fit was represented with a 95%
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uncertainty interval obtained from the 2.5% and 97.5% percentiles of the posterior distribu-
tion of the parameters. The analysis was conducted in R (version 4.3.0). The database and R
code used for data analysis and visualization can be found in the GitHub repository: http://

bit.ly/4fMkqGM.

3.2 Meta-analysis models

Statistical meta-analysis models were used to compare mean qPCR-to-culture ratios across
multiple studies and obtain an overall distribution of the mean ratios. The geometric mean and
arithmetic mean ratios were chosen as summary estimates, as they provide complementary
information for interpreting the data. The mean log  ratio, equivalent to the geometric mean
ratio on the arithmetic scale, represents the median when the ratio is a lognormal random
variable. Given the high skewness of qPCR-to-culture ratio distributions, the arithmetic mean,
which is more sensitive to high ratios, was also computed for the meta-analysis. This summary
descriptor complements the geometric mean, which can suppress the impact of high ratios.
Results were illustrated using the metafor package version 3.0-2 [26] in R (version 4.3.0).

3.2.1 Geometric mean ratio. Here, the meta-analysis is conducted for the mean log ratio

on the natural log scale and known standard errors of these means

ratio, 1 ° ‘umtio, 22 ‘Mmtio, k
o 0 ..o . .Thelocation parameter of the lognormal distribution of the ratio is
uratio, 1 uratio, 2 uratio, k

represented by 4, and the standard error is given by:

g._ ..
ratio,k (5)

U/J'mtm. P \/;

where o . is the scale parameter of the lognormal distribution of the ratio, and n is the
sample size.

3.2.2 Arithmetic mean ratio. In this case, the meta-analysis is conducted on the ratio 7,
which can be obtained from lognormal parameters as follows:

2
I ratio

Hratio +

r=e 2 (6)

An estimator of the standard error (e.s.e.) of In(¥) can be derived following the approach
presented by Olsson [27]. That is:

—

e.s.e(ln(?) (7)

However, it is more convenient to express the e.s.e. of 7 on the log, -scale, as 7 is commonly
presented in this format. Since y = —log, (x) is a continuous monotonic decreasing function,
it follows that the e.s.e for log, (7) is:

e.s.e(logl/TF)) =log,, [ee‘s’e'(m)] (8)

The proof of Eq. 8 is provided in S1 Proof.

3.2.3 Random-effects. A random-effects model assumes that the studies included in the
meta-analysis are randomly drawn from a broader pool of potential studies. These studies
are assumed to represent a population described by a single underlying distribution. This
approach allowed us to account for both within-study and between-study variability. In the
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first stage of the model, the log -transformed mean ratio (either geometric or arithmetic
mean) from each study is given a weight based on its variance. These weights reflect the
confidence in each set of observations of a study; the lower the variance, the higher the weight.
Given the central limit theorem, the uncertainty around the estimated log mean ratio of each
study is assumed to be normally distributed. For the geometric mean ratio of a study k, that is:

lu'ratia,k ~ N(amtio,k )O—me, X ) (9)

where . . is the inferred parameter of the parametric model of the ratio distribution (Eq.
§)’ emtio k

is the true mean log ratio, and az s the within-study variance (Eq. 5), which
represents the sampling uncertainty within each study.

The second stage of the model introduces a random effect to account for differences in
log, -transformed mean ratios between studies. We modelled this random effect with an expo-
nential distribution or a lognormal distribution. For an exponential distribution with parame-
ter A, the second stage is:

Gmtiu,k ~ Exp(A) (10)

Here, A represents the between-study variance, capturing the variability in the true mean
ratios (Gmﬁa, ,) across studies. The parameter of this distribution was inferred with MCMC
methods. We specified an uninformative prior for the parameter, as proposed by Higgins,
Thompson [28]. The exponential distributions were illustrated with CDFs.

3.2.4 Subgroup analyses. Subgroup analyses were conducted to assess potential sources
of variability in the mean ratios across various subgroups. The pooled estimates, representing
the aggregated outcomes from each subgroup, were obtained using a Bayesian random-
effects model. In this model, the within-study mean and the random effect were assumed to
be normally distributed. Given the substantial uncertainty associated with subgroup pooled
estimates due to small sample sizes, we focused on exploring the overall patterns and trends
across the subgroups rather than conducting formal significance tests between them.

4 Results
4.1 Data collection and reporting

Of the 1256 records screened, 192 full-text articles were assessed for eligibility, and 17 were
then ten studies reported the data from the studied locations as pooled, limiting our capacity
to assess the influence of distinct water system characteristics and water quality parameters on
L. pneumophila qPCR-to-culture ratios. Two studies [14,33], five data sets from Lee, Lai [15],
and three data sets from Sauget, Richard [29] were excluded for having less than 20% quanti-
fiable samples. All but two studies were conducted in European countries. One selected study,
Lee, Lai [15], reported site-specific data from multiple potable water systems in different
countries. The study of Sauget, Richard [29] reported room-specific data from three differ-
ent buildings located on a hospital campus. For statistical analyses, the data were grouped by
building floor because combining data from multiple floors resulted in multimodal distribu-
tions, which hindered simple parametric modeling.

Several chemical disinfection strategies were used across studies, with the predominant
approach being chlorine disinfection (Table 2). The water samples tested exhibited a range in
average temperature of 22-59 °C. Sampling strategies vary significantly across studies. The
number of sampling locations per building ranged from as few as one to as many as 36, with
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Fig 1. PRISMA flow diagram for the systematic review.
https://doi.org/10.1371/journal.pwat.0000291.9001

most studies monitoring less than five sampling points. Approximately ten samples were
typically collected at each sampling location, and most studies collected flushed samples (i.e.,
water has been intentionally run through the outlet being sampled before sampling). The
volume analyzed for the quantification of L. pneumophila varied considerably, ranging from
27mL to 1L, for both culture-based and qPCR methods. The reported lower limit of detection
ranged from 1 to 250 CFU L or MPN L™ for culture-based methods and 80-2000 genome
copies L for qPCR methods. Typically, the proportion of samples above the detection limit
exceeded 70% when using qPCR. This proportion averaged 60% with culture-based methods,
though this was as low as 20% for some sites.
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Table 2. Characteristics of building potable water systems, sampling strategy, and Legionella pneumophila enumeration methods for evaluating site-specific
qPCR-to-culture ratio.

Reference, site 7 (C) Treatment Sampling strategy Volume analyzed Detection limit
Sampling Sample Culture qPCR Culture qPCR
point perpoint | nNethod L L (#LY) (GCLY)

Bonetta et al. (2018) 22.1 None 14 5 Flushed 1.000 1.000 1? 80

Bonetta et al. (2018) 38.0 NEOW 14 5 Flushed 1.000 1.000 1? 80

Grimard-C. et al. (2022) 31.1 Chlorine 21 6 First-draw 0.100 0.700 10 10

Grimard-C. & Prévost (2023) - Remedial flush 6 1-3 First-draw 0.100 0.700 10 10

Grimard-C. & Prévost (2023) - Chlorine 6 1-3 First-draw 0.100 0.700 10 10

Joly et al. (2006), Grenoble - N/S N/S N/S N/S 0.800 0.200 50 30

Lee et al. (2011), France DW1 42.7 None 5 3-10 Flushed 0.027 0.027 190 190

Lee et al. (2011), France DW2 479 None 4 3-10 Flushed 0.027 0.027 190 190

Lee etal. (2011), HPA SH 50.9 Chlorine diox. 4 4-13 Flushed 0.027 0.027 190 190

Lee et al. (2011), Italy Scre 38.7 N/S 1 11 Flushed 0.027 0.027 190 190

Lee et al. (2011), Italy Ed 1 34.7 N/S 2 15 Flushed 0.027 0.027 190 190

Lee et al. (2011), Italy Pad 5 37.9 N/S 3 11-12 Flushed 0.027 0.027 190 190

Lee et al. (2011), Spain DW1 50.2 Copper/silver 5 8-9 Flushed 0.027 0.027 190 190

Lee et al. (2011), Spain DW2 44.8 Chlorine 5 9 Flushed 0.027 0.027 190 190

Lee et al. (2011), Spain DW3 51.3 Chlorine 5 9 Flushed 0.027 0.027 190 190

Lee et al. (2011), Switz. 100 57.5 None 3 9-10 Flushed 0.027 0.027 190 190

Lee et al. (2011), Switz. 110 57.3 None 3 9-10 Flushed 0.027 0.027 190 190

Lee et al. (2011), Switz. 120 53.9 None 3 9-10 Flushed 0.027 0.027 190 190

Morio et al. (2008) [32] 50.1 Chlorine N/S N/S N/S 0.020 0.200 250 100

Sauget et al. (2023), Build. 1, Floor 2 54.1 N/S 14 1-2 Flushed 0.100 1.000 10 80

Sauget et al. (2023), Build. 1, Floor 3 52.0 N/S 14 1-2 Flushed 0.100 1.000 10 80

Sauget et al. (2023), Build. 2, Floor 2 59.0 N/S 36 1-3 Flushed 0.100 1.000 10 80

Sauget et al. (2023), Building 3 432 N/S 12 1 Flushed 0.100 1.000 10 80

*This detection limit is self-reported in the study. It may have been developed assuming 100% recovery from filtration, but recoveries were not reported.

https://doi.org/10.1371/journal.pwat.0000291.t002

4.2 Quality assessment and risk of bias

The quality assessment of the selected studies highlighted areas of uncertainty, potentially
introducing bias into the reported qPCR concentrations. Of the 17 studies, one reported
recovery rates for the whole process, five reported recovery rates for nucleic acid extraction,
three reported doing positive/negative controls for nucleic acid extraction, 10 reported doing
positive/negative controls for PCR detection, 11 described methods for generating standard
curves, and 14 reported using inhibition controls (S4 Table). For cultivation analyses, all stud-
ies reported adhering to standardized protocols (S5 Table).

4.3 Temporal variations in qPCR-to-culture ratios

We observed substantial variability in qPCR-to-culture ratios, with most sites demonstrating
ratios spanning an approximate 3.0-log (Fig 2). The lower tail of the lognormal distribution
of the ratio began to rise within a qPCR-to-culture ratio of 0.1-1.0 for all data sets except the
remedial flushing and shock chlorination data reported by Grimard-Conea and Prévost [30],
where minimum predicted ratios were about 10. In practice, ratios below 1.0 are possible
because bacterial aggregates, VBNC cells, incorporation into amoebas, or false positives in
culture-based methods. However, the model tends to predict a higher probability of such low
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Fig 2. Cumulative distribution function of the lognormal distribution (with 95% uncertainty interval) for building-specific
qPCR and culture concentrations of Legionella pneumophila and their ratio in water samples from selected building potable
water systems. Only 12 of the 19 sites are shown to illustrate the main trends.

https://doi.org/10.1371/journal.pwat.0000291.9002
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ratios when data sets contain multiple cultivation and qPCR results that are below the detec-
tion limits.

The upper tail of the distribution varied among studies. Most sites exhibited maximum
ratios between 1.0 and 2.0-log, while a few presented maximum ratios exceeding 3.0-log. In
many studies, a small number of samples with high qPCR-to-culture ratios considerably influ-
enced the arithmetic mean ratio (Table 3). This analysis demonstrates that the distribution of
the concentration—either derived from qPCR or culture-based measurements—can dominate
the dispersion of the ratio distribution (Fig 2). When culture-based measurements returned a
high number of non-detects, the gPCR concentration distribution predominantly influenced
the distribution of the ratio (Fig 2A, 2B, 2G). In other cases, the culture-based concentration
distribution dictated the distribution of the ratio (Fig 2F, 2L). As shown in Table 3, the correla-
tion coefficient also affects the dispersion of the ratio distribution. This finding highlights the
need to account for the interdependence between the two methods to characterize the ratio
distribution accurately.

4.4 Between-study variability in mean qPCR-to-culture ratios

For reviewed studies reporting site-specific data, the geometric mean qPCR-to-culture
ratios display considerable variability, ranging from 0.0 to 2.1-log, (Fig 3). The exponential

Table 3. Statistical analysis of site-specific qPCR-to-culture ratios, qQPCR concentrations, and culture concentrations for Legionella pneumophila in water samples
collected in building potable water systems.

Reference, site n Lognormal parameters Pearson qPCR-to-culture
corr. (p) ratio
Total |%of+ve |%of+ve |qPCR Culture Ratio Geometric | Arithme-
qPCR culture N . . - . N - mean tic mean
I o |p |o p |o |o

Bonetta et al. (2018) Pre-inter. 9 100 100 10.3 1.3 8.5 1.2 1.8 1.9 1.4 0.47 6.0E + 00 1.7E + 01
Bonetta et al. (2018) Post-inter. 20 60 60 4.9 0.8 0.8 2.5 4.0 2.6 2.6 0.01 5.9E + 01 2.1E+03
Grimard-C. et al. (2022) First draw 62 100 69 7.7 2.2 4.2 3.4 3.4 4.1 3.1 0.45 3.0E + 01 3.7E + 03
Grimard-C. & Prévost (2023) Flush 14 100 50 7.8 1.6 2.7 1.9 5.1 2.5 1.9 0.42 1.6E + 02 1.0E + 03
Grimard-C. & Prévost (2023) Shock 14 100 20 7.0 0.6 0.6 2.3 6.3 2.6 2.3 0.15 5.5E + 02 7.7E + 03
Joly et al. (2006), Grenoble 31 100 87 8.4 1.3 6.6 1.9 1.8 1.9 1.5 0.69 6.0E + 00 1.9E + 01
Lee et al. (2011), France DW1 36 67 47 6.5 1.9 6.0 0.7 0.5 2.0 1.8 0.30 1.0E + 00 8.0E + 00
Lee et al. (2011), France DW2 33 91 79 7.0 1.8 6.4 1.1 0.5 2.1 1.5 0.53 1.0E + 00 5.0E + 00
Lee etal. (2011), HPA SH2 12 83 50 6.5 1.0 6.4 1.5 0.1 1.8 1.4 0.53 1.0E + 00 2.0E + 00
Lee et al. (2011), Italy Scre 11 100 64 7.7 0.9 6.9 1.7 0.8 1.8 1.8 0.24 2.0E + 00 1.2E + 01
Lee et al. (2011), Italy Ed 1 30 100 67 6.7 0.4 6.3 0.7 0.4 0.8 0.6 0.35 1.0E + 00 1.0E + 00
Lee et al. (2011), Italy Pad 5 35 89 69 7.3 1.8 7.2 1.6 0.1 2.4 1.5 0.57 1.0E + 00 3.0E + 00
Lee et al. (2011), Spain DW1 44 89 80 7.6 1.5 7.0 1.2 0.5 1.9 1.4 0.45 1.0E + 00 4.0E + 00
Lee et al. (2011), Spain DW2 45 100 58 7.0 0.6 6.2 0.9 0.7 1.1 0.9 0.27 2.0E + 00 3.0E + 00
Lee et al. (2011), Spain DW3 45 100 76 9.5 1.2 7.7 1.8 1.7 2.2 1.8 0.33 5.0E + 00 2.8E +01
Lee et al. (2011), Switz. 100 30 43 20 6.1 1.4 55 0.6 0.6 1.3 1.3 0.49 1.0E + 00 4.0E + 00
Lee et al. (2011), Switz. 110 27 93 30 8.3 1.7 5.6 0.7 2.6 1.8 2.1 - 047 1.3E + 01 1.5E + 02
Lee et al. (2011), Switz. 120 29 97 38 11.3 2.5 6.5 1.5 4.8 3.9 2.2 0.42 1.2E + 02 2.2E+03
Morio et al. (2008) 98 55 31 6.1 1.5 4.5 1.5 1.6 2.1 1.6 0.36 5.0E + 00 1.8E + 01
Sauget et al. (2023), Build. 1, Floor 2 18 100 88 8.2 0.7 6.0 1.7 2.2 1.8 1.7 0.24 9.0E + 00 3.8E + 01
Sauget et al. (2023), Build. 1, Floor 3 16 100 100 8.6 1.1 6.6 1.7 1.9 2.2 1.2 0.80 6.7E + 00
Sauget et al. (2023), Build. 2, Floor 2 84 71 29 4.8 1.5 0.1 32 2.8 4.7 2.9 0.21 1.6E + 01
Sauget et al. (2023), Building 3 13 100 100 9.9 0.5 0.4 1.3 1.4 1.4 1.2 0.27 4.0E + 00

https://doi.org/10.1371/journal.pwat.0000291.t003
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Reference Site/Treatment n p o ® Geometric mean ¢ Arithmetic mean
Bonetta et al. 2018 Notreatment 9 18 1.4 S
Bonetta et al. 2018 NEOW 20 4 286 | L
Grimard-C. et al. 2022 - 121 34 3.1 | i ——
Grimard-C. et Prévost 2023 Remedial flush 14 5.1 1.9 I —l— ¢
Grimard-C. et Prévost 2023 Shock chlor. 14 6.3 2.3 | B S —
Joly et al. 2006 Grenoble 31 1.8 1.5 | Hil ¢
Lee et al. 2011 FranceDW1 36 05 1.8 R —
Lee et al. 2011 France DW2 41 05 15 HlH e
Lee et al. 2011 HPA SH2 12 01 14 —iE—iy
Lee et al. 2011 ltaly Ed 1 30 04 06 -
Lee et al. 2011 Italy Pad 5 35 01 15 HE o
Lee et al. 2011 ltaly Scre 11 0.8 1.8 }—%—':l_._.
Lee et al. 2011 Spain DW1 44 05 14 HEHL ¢
Lee et al. 2011 Spain DW2 45 07 09 i iy
Lee et al. 2011 Spain DW3 45 17 1.8 } HEH ¢
Lee et al. 2011 Switz. 100 30 01 1.7 —HEH o
Lee et al. 2011 Switz. 110 27 26 22 e
Lee et al. 2011 Switz. 120 20 48 2.4 e
Morio et al. 2008 = 98 16 186 HH e
Sauget et al. 2023 Build. 1, Floor2 18 22 17 il e
Sauget et al. 2023 Build. 1, Floor3 16 19 1.2 e
Sauget et al. 2023 Build. 2, Floor2 84 2.8 2.9 —— ———
Sauget et al. 2023 Build. 3 13 14 1.2 ey
M T T T l
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Fig 3. Forest plots of site-specific qPCR-to-culture ratios for Legionella pneumophila in building potable water sys-
tems for arithmetic mean ratios and geometric mean ratios.  and o are the parameters of the lognormal distribution
of the ratio, and n is the sample size. Horizontal lines represent 95% confidence intervals on mean values. Arrows indicate
that confidence intervals exceed a log-ratio of 4.0.

https://doi.org/10.1371/journal.pwat.0000291.9003

distribution of the random effect illustrates how the geometric or arithmetic mean ratios
varies across studies (Fig 4). It predicts geometric mean qPCR-to-culture ratios below 10:1
(1.0-log,,) for approximately 80% of the sites. This suggested that qPCR and cultivation results
were similar in most locations. For the remaining 20% of the sites, the geometric mean ratio
was predicted to fall between 1.0 and 2.0-log, . The distribution of arithmetic mean ratios were
more skewed, with 50% of the sites presenting mean ratios above 1.0-log, and considerable
uncertainty, indicating that high ratios were expected at these sites.

4.5 Impact of viability-qPCR on qPCR-to-culture ratios

For the three studies employing viability-qPCR, arithmetic and geometric mean qPCR-to-
culture ratios display lower values than standard qPCR (Fig 5, S1 Fig, S3 Table). Across all
studies, viability-qPCR reduced geometric mean ratios by 0.2-log and arithmetic mean ratios
by 0.5-log. For the studies conducted by Bonetta, Pignata [31] and Yafiez, Nocker [34], arith-
metic mean ratios were more uncertain for standard qPCR than viability-qPCR, suggesting
that viability-qPCR can reduce the variability in ratios.

4.6 Impact of water temperature on qPCR-to-culture ratios

The analysis of the impact of temperature on qPCR-to-culture data was limited to one study
[15], as this was the only study that consistently reported sample-specific temperature data.
The influence of hot water temperature on qPCR-to-culture ratios was examined using data
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Fig 4. Cumulative distribution function of the random-effects distribution (with 95% uncertainty interval)
predicted using an exponential random-effects model for geometric mean qPCR-to-culture ratios (green) and
arithmetic mean qPCR-to-culture ratios (blue) for Legionella pneumophila in building potable water systems.

https://doi.org/10.1371/journal.pwat.0000291.9004

Author(s) and Year n u o Logio mean ratio [95% CI]
qPCR
Bonettaetal., 2018 (a) gPCR 9 18 14 —a— 1.2[0.6, 1.8]
Bonetta et al., 2018 (b) gPCR 20 4 26 —a— 3.2[21,43]
Delgado-V.etal, 2009 gPCR 64 22 1.2 & 1.3[1.1,14]
Yanez et al., 2011 gPCR 10 3.7 19 —_— 2.41.5,3.3]
RE Model for Subgroup 1.910.8, 3.1]
Viability gPCR
Bonetta et al., 2018 {(a) PMA-qPCR 13 11 1.2 — 0.8[0.4,1.2]
Bonetta et al., 2018 (b) PMA-qPCR 51 34 23 — . 2.6[2.1,3.2]
Delgado-V. et al., 2009 EMA-qPCR 64 15 11 e ] 0.2[0.8, 1.1]
Yanez et al., 2011 PMA-gPCR 10 28 14 —a— 1.6[1.1,2.2]
RE Model for Subgroup : 1.4[0.4, 2.6]
[ | | | | |
-1 0 1 2 3 4

Logio arithmetic mean qPCR-to-culture ratio
(a) No water treatment, (b) On-site water treatment with a neutral electrolyzed oxidizing water (NEOW) device

Fig 5. Forest plots of gPCR-to-culture ratio and viability-qPCR-to-culture ratio for Legionella pneumophila in water samples from building
potable water systems. Subgroup analyses were carried out for arithmetic mean ratios. g and o are the parameters of the lognormal distribution
of the ratio, and n is the sample size. Horizontal lines represent 95% confidence intervals on mean values. Pooled estimates were obtained using a
random-effect model.

https://doi.org/10.1371/journal.pwat.0000291.9005

sets from sites Switzerland 100, 110, and 120. During the monitoring period, no chemical
residuals, on-site chemical treatment, or shock disinfection were applied at these three sites
(V. Gaia, personal communication, April 2023). qPCR-to-culture ratios increased appreciably
across the three sites as the temperature became more variable with intermittently lower tem-
peratures, as shown in the CDFs (Fig 6). At site 100, the water temperature from 30 — 60 sec
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Fig 6. A. Cumulative distribution function of the lognormal distribution (with 95% uncertainty interval) for
qPCR-to-culture ratios of Legionella pneumophila in flushed water samples from non-chlorinated building
potable water systems. Samples were collected weekly for ten weeks at three different sampling locations for each
water system. B. Violin plots showing sample-specific temperature measurements.

https://doi.org/10.1371/journal.pwat.0000291.9006

flush samples consistently stayed above 55°C. Conversely, the other sites recorded lower
temperatures, with values as low as 47°C at site 110 and 32°C at site 120.

5 Discussion

This review considered the complex interplay between qPCR and culture-based methods by
modelling published data sets reporting L. pneumophila concentrations measured in building
potable water systems. We found that, predominantly, gPCR yields higher measurements

than culture-based methods, a difference influenced by several factors. Higher measurements
with qPCR compared to cultivation likely arise from the detection of unculturable cells and
extracellular DNA [12]. The detection of all genetic material could overestimate health risks,
placing an unnecessary burden on building managers. Conversely, conventional culture-based
methods may underestimate risks due to cultivation bias, or by not adequately quantifying
bacterial aggregates or VBNC cells, even though thermally induced VBNC L. pneumophila can
have lower virulence compared to culturable L. pneumophila [35]. This divergence between
qPCR and cultivation results may further be influenced by analytical strategies and environ-
mental variables [15], including water temperature, disinfectant levels, and water stagnation,
which can be affected by operational parameters like boiler settings as well as flushing and
sampling strategies. Given this complexity, caution is necessary when converting qPCR data
for use in QMRA.

5.1 Ecology of Legionella pneumophila in building potable water systems

The temporal analysis of qPCR-to-culture ratios within building potable water systems shows
that while some water samples have comparable concentrations in both qPCR and cultivation,
others exhibit much higher concentrations when measured by qPCR compared to cultivation.
Typically, the temporal distribution is right-skewed with a long tail towards high ratios, sug-
gesting that a small proportion of samples is characterized by high concentrations of L. pneu-
mophila nucleic acids not associated with culturable bacteria. The water temperature is one
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potential explanation for variability in qPCR-to-culture ratios, as high water temperatures may
reduce culturability while minimally influencing qPCR detection. Sample-specific temperature
data from Lee, Lai [15] enabled us to investigate how temperature impacts variations in qPCR-
to-culture ratios in non-chlorinated hot water systems from three hospitals in Switzerland. At
site Switzerland 110, JPCR concentrations displayed high variations of approximately 3.0-log, ,
while culture concentrations were predominantly at the LOD. These results suggest that L.
pneumophila enter the hot-water heater through recirculation lines or potentially grow within
the water heater but are then inactivated by the thermal barrier in the water heater, hence a
high qPCR-to-culture ratio. In contrast, site Switzerland 120 demonstrated high variability in
qPCR concentrations, but multiple culture-positive results were recorded. This observation
points toward potential L. pneumophila growth in the hot-water distribution system or a com-
promised disinfection capacity of the hot-water heater. This hypothesis is supported by water
sample temperatures measured at this site, which sporadically fell within the ideal temperature
for L. pneumophila growth (25-43°C) [4]. Notably, a full-scale study by Bédard, Boppe [36]
demonstrated that implementing corrective measures to maintain a water temperature of 55 °C
throughout the hot-water system of a large building resulted in a gradual reduction in median
concentrations of L. pneumophila, as measured by both qPCR and cultivation.

Remedial control measures, such as thermal and chemical shock treatments, can impact
qPCR-to-culture ratios. In the full-scale study conducted by Grimard-Conea and Prévost [30],
shock chlorination and remedial flushing strategies resulted in culturable L. pneumophila
concentrations below the LOD, while qPCR still indicated concentrations of approximately
10° genome copies per liter. Additionally, under bench-scale conditions, Delgado-Viscogliosi,
Solignac [12] demonstrated that exposing L. pneumophila to 70°C water for 60 min reduced
cultivability by more than 6.0-log, . In contrast, nucleic acid integrity was only affected by
approximately 0.2-log, . Despite clear evidence that such measures impact ratios, there were
an insufficient number of studies to provide conclusive quantitative estimates of this impact.

5.2 qPCR data integration into L. pneumophila risk assessment

A conversion from genome copies to CFU is necessary for QMRA because available L. pneu-
mophila dose-response models predict health risks for inhaled doses in CFU [2,3]. To integrate
qPCR data into QMRA, previous studies converted genome copies to an estimate of viable
pathogen counts using a constant qPCR-to-culture ratio [37]. This approach can be effective if
qPCR-to-culture ratios remain relatively stable over time. However, a stable ratio is unlikely for
L. pneumophila in building potable water systems. These systems provide variable conditions,
with possible inactivation of L. pneumophila in a point-of-entry treatment system (e.g., hot
water heater) but also possible (re)growth in the plumbing system before the point of use.

Our meta-analysis indicates that QPCR-to-culture ratios tend to be low and exhibit signif-
icant variability. For about 80% of the building potable water systems, predicted geometric
mean qPCR-to-culture ratios were less than 10, with predicted ratios approaching 1:1 at all
sites. Therefore, to avoid underestimating the concentration of viable L. pneumophila, apply-
ing a 1:1 adjustment factor appears necessary when converting a L. pneumophila qPCR result
into a cultivation result to quantify L. pneumophila concentrations in building potable water
for QMRA. Using higher constant gPCR-to-culture ratios like 10:1, 100:1, or 1000:1 to adjust
monitoring results could mask L. pneumophila growth events, thereby underestimating the
health risks associated with these systems. This recommendation applies exclusively to L.
pneumophila; this review did not target other Legionella species. While some conservative risk
assessments might apply L. pneumophila dose-response models for other Legionella species, the
interpretation of health risks associated with Legionella species is currently limited due to the
absence of dose-response models for species beyond L. pneumophila and L. longbeachae [2,3].
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The recommended 1:1 factor might significantly overestimate health risks in scenarios
where point-of-entry treatment systems, such as thermal disinfection or on-site chemical
disinfection, reduce the culturability or viability of L. pneumophila, with minimal to no impact
on DNA concentrations. Directly using qPCR concentrations to estimate risks in such systems
may result in an excessive number of sites being erroneously classified as hazardous, trigger-
ing unnecessary interventions and imposing undue burdens on facility managers. However,
determining an adjustment factor that accurately captures the impact of disinfection from
point-of-entry treatment systems is challenging. This difficulty arises because L. pneumophila
can grow within a hot water line post-disinfection or at a fixture, potentially leading to lower
qPCR-to-culture ratios compared to those measured directly from the effluent of the hot
water heater. Consequently, relying on a qPCR-to-culture ratio based solely on the inacti-
vation efficacy of the point-of-entry treatment system to adjust gPCR data for QMRA may
mask L. pneumophila growth events. More accurate estimates of potential health risks in such
systems could be obtained by pairing measurements from qPCR methods with those from
culture-based or viability-qPCR methods. Therefore, qPCR should, at this stage, be viewed as
a complementary tool for risk assessment and building investigations rather than as a replace-
ment for cultivation.

Nonetheless, data on qPCR-derived L. pneumophila concentrations can offer insights into
water safety beyond what is possible using cultivation data alone. For example, elevated or
sudden increases in qPCR-based concentrations can infer L. pneumophila growth within the
system. This information can become valuable when considered within the context of the site.
For instance, it can highlight areas requiring intervention such as disinfection, elimination of
dead ends, improvement in temperature controls, maintenance, or redesign. For population
segments more vulnerable to developing severe Legionnaires’ disease, including the elderly,
immunocompromised individuals, smokers, and those with chronic lung conditions, qPCR
results may be valuable for identifying high-risk systems.

Viability-qPCR can reduce and stabilize qPCR-to-culture ratios by excluding non-viable
cells [34,38]. The subgroup analysis conducted in this study revealed that, on average,
viability-qPCR leads to a reduction of approximately 0.2-log in the geometric mean and
0.5-log in the arithmetic mean when compared to standard qPCR. This reduction appears
relatively low, considering the range of mean ratios expected from the meta-analysis. A partial
explanation is that the viability-qPCR methods are conservative (i.e., only targeting exten-
sively damaged cells) [39]. Viability-qPCR may have limited utility in cases where minor dif-
ferences with standard qPCR results are expected, such as routine monitoring of conventional
cold tap water systems, as observed for Legionella species by Hozalski, Zhao [40]. However,
it is expected to provide useful insights in specific cases, such as validating the disinfection
efficacy of on-site treatment (e.g., thermal barrier of the boiler, inline chlorination or shock
disinfection), where most L. pneumophila detected by standard qPCR are likely non-viable.
Routine application of viability-qPCR would benefit from an extensive data set documenting
the conditions (e.g., exposure to heat or disinfectants) that sufficiently damages Legionella to
affect viability detection, and simply more comparative data from full-scale systems. Further
research into the conditions under which VBNC L. pneumophila can regain virulence and
the factors influencing their transition back to a culturable state could also be beneficial to
improve risk assessment accuracy.

5.3 Improved reporting in qPCR-to-culture comparison studies

The lack of comprehensive data reporting limited our ability to accurately quantify uncertain-
ties associated with concentrations of L. pneumophila measured by qPCR and culture-based
methods. In all studies, only estimated concentrations (not raw data) were reported. However,
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for modelling temporal variations in pathogen concentrations, it is preferable to use original
lab observations (counts and processed volumes). This approach allows for incorporating
statistical uncertainties into the analysis [41,42]. In our study, we estimated cultivation counts
from reported concentrations and sample volumes, but this method can underestimate uncer-
tainties when samples undergo dilution or subsampling. To accurately back-calculate counts
from reported cultivation concentrations, it is necessary to have access to dilution factors, and
volumes plated for plating methods, positive and negative well counts for MPN methods, and
elution and template volumes for gPCR methods.

LODs from qPCR and culture-based methods in reviewed studies sometimes differed by
orders of magnitude. Minimizing differences between LODs would be beneficial as it would
enhance the accuracy of qPCR-to-culture ratios at low concentrations. Ideally, when qPCR
results are positive, corresponding culturable concentrations should be detectable. More pair-
ing of positive results could increase the covariance between qPCR and cultivation, reducing
the variability in the ratio distribution (see Eq. 4). This adjustment might correct for the ten-
dency of the lower tail of the ratio distribution to predict ratios below 1.0, which may facilitate
the adoption of less conservative conversion factors than 1:1 in some situations.

Comparing qPCR and cultivation data can be further complicated by differences in analyt-
ical recovery rates between the two methods. However, we were unable to evaluate this impact
due to insufficient reporting. Whole-process recovery rates for the cultivation of L. pneu-
mophila in drinking water samples have been found to range from 30-90% for direct plat-
ing [43-44] and 12-48% for pre-treated samples [45,44]. For qPCR, reported recovery rates
have ranged from 42-98% for the whole process [46,47] and 57-123% specifically for DNA
extraction [11,48]. Although the direct impact of these variations on the qPCR-to-culture ratio
may be relatively minor compared to certain environmental factors, the effect of this method-
ological factor remains uncertain and warrants further investigation.

On a broader scale, while the study by Lee, Lai [15] adhered to the AFNOR NF-T90-
471:2010 standard for qPCR testing, other studies reviewed did not follow an established
qPCR standard. Many studies only partially reported specific controls and reporting elements
recommended in the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines [49] or the Environmental Microbiology Minimum Infor-
mation (EMMI) guidelines [50]. Adopting these guidelines in future research studies would
improve the reliability and reproducibility of qPCR results.

Without standardized methods for both cultivation and qPCR, consistent correlations
between qPCR and cultivation concentrations in building potable water systems remain uncer-
tain [20]. However, even with standardized methods, variations in environmental factors such as
water temperature can still impact culturability and affect correlations in site-specific temporal
analyses. To quantify the influence of these environmental variables on the relationship, mathe-
matical models, such as qPCR-to-culture ratio distributions and multiple regression models can
be applied, provided that site-specific contextual data are reported. The parameters in Table 1
provide a preliminary framework for more standardized reporting.

6 Conclusions

This meta-analysis examined the qPCR-to-culture concentration ratio for L. pneumophila in
building potable water systems, aiming to guide the interpretation of qPCR data for QMRA.
The key conclusions drawn from this study are as follows:

o Our analysis confirms that the Poisson—lognormal distribution can effectively describe
system-specific variations in L. pneumophila concentrations measured by qPCR and
culture-based methods.
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The relationship between qPCR and culture methods, modeled as the ratio between two
correlated lognormal random variables, showed substantial variability within systems, with
ratios typically ranging from 1:1 to 100:1. This variability can be attributed to environmental
factors such as water temperature and methodological considerations, including detection
limits.

Across the literature, the random-effects meta-analysis model indicated that for approxi-
mately 80% of systems, geometric mean qPCR-to-culture ratios are less than 10:1. However,
due to occasional high ratios, the arithmetic mean ratios exceed 100:1 for about 20% of the
systems.

« Given the observed variability and frequent occurrences of ratios close to 1:1, implementing
a default 1:1 conversion factor for converting qPCR data to culturable concentrations in
QMRA is recommended. This strategy avoids underestimating culturable concentrations
due to potential L. pneumophila regrowth within the building.

In cases of heavy L. pneumophila contamination before point-of-entry treatment systems,
directly incorporating qPCR data into QMRA might overestimate health risks by detecting
large amounts of DNA from non-infectious bacteria. Viability-qPCR, which targets DNA
within intact cells, could provide a more accurate alignment of concentration estimates with
actual health risks associated with L. pneumophila. However, these techniques are not yet
widely implemented in qPCR-based applications.

o More standardized, site-specific reporting can facilitate detailed analysis of environmental
and methodological variables influencing qPCR-to-culture ratios. This includes studying
conditions that are likely to yield high proportions of non-viable and viable but non-
culturable (VBNC) L. pneumophila.
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