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Abstract

Aims: The ISO 11731 norm, published in 2017, describes a method to identify and enumerate
Legionella based exclusively on the confirmation of presumptive colonies by subculturing them on
BCYE and BCYE-cys agar (BCYE agar without L-cysteine).

Methods and Results: Despite this recommendation, our laboratory has kept confirming all
presumptive Legionella colonies by combining the subculture method with the latex agglutination
and polymerase chain reaction (PCR) assays. Here, we show that the ISO 11731:2017 method
adequately performs in our laboratory according ISO 13843:2017. We compared the performance of
the ISO method in detecting Legionella in typical and atypical colonies (n=7156) from health care
facilities (HCFs) water samples to that of our combined protocol and we found a 2.1% false positive
rate (FPR), underscoring the importance of combining agglutination test and PCR with subculture to
achieve optimal confirmation. Lastly, we estimated the water system disinfection cost for HCFs
(n=7), that due to false positive results, would displayed Legionella values exceeding the threshold
of risk acceptance established by the Italian guidelines.

Conclusions: Overall, this large-scale study indicates that the ISO 11731:2017 confirmation method
is error-prone, leading to significant FPRs and higher costs for HCFs due to remedial actions on their
water systems.

Significance and Impact of Study: Identifying Legionella strains may help assess the risk associated
with contaminated environmental reservoirs. Better characterization of the strains that cause the

majority of diseases would allow for more targeted intervention measures.
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Introduction

Monitoring for Legionella is a crucial public health measure to identify contaminated
environmental sources (e.g., evaporative cooling towers, hot- and cold-water distribution systems,
spa pools, dental units, air conditioning units, etc.) that could pose a risk of legionellosis. The
environmental monitoring is also important for validating the efficacy of control measures and
ensuring that such measures remain effective over time (World Health Organization. 2007;
Ditommaso et al. 2010; Ministero della Salute 2015; Wilson et al. 2022). To date, 71 Legionella

species have been identified (https:/Ipsn.dsmz.de/search?word=legionella). Most Legionella species

have been isolated from aqueous environments, with at least 30 of them capable of causing infection
in humans, mainly in the lower respiratory tract (Cunha, Burillo and Bouza 2016).

The culture method represents the standard technique for the detection and quantification of
viable Legionella spp. from environmental water samples (Public Health England 2015; International
Standard Organisation 2017; Centers for Disease Control and Prevention 2022). In this regard, the
ISO 11731:2017 (International Standard Organisation 2017) describes a method for Legionella
identification and enumeration based on membrane filtration and subsequent confirmation of
presumptive colonies as Legionella (i.e., colonies of Legionella are white-grey in general but can also
appear in other colours, they are smooth with entire edge and exhibit a characteristic ground-glass
appearance) by subculturing colonies on BCYE and BCYE-cys agar (BCYE agar without L-cysteine)
or alternative media (Blood Agar, Nutrient Agar, Tryptone Soy Agar) to demonstrate their growth
requirements for L-cysteine and iron (III) (Feeley et al. 1978). Specifically, this protocol recommends
to “Regard as Legionella those colonies which grow on the plate of BCYE agar but fail to grow on
the plate of BCYE-cys agar”.

ISO 11731:2017 cancels and replaces the first two editions, ISO 11731:1998 and ISO 11731-
2:2004 (International Organization for Standardization 1998, 2004), which suggested performing

subculture on BCYE and BCYE-cys agar and further confirmation and identification of the species
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and serogroup by serology of those colonies which grow on the BCYE agar but not on the BCYE-
Cys.

The confirmation procedure proposed in the revised edition has been validated according to
the ISO 13843:2017 standard (International Organization for Standardization 2017), which describes
how to determine sensitivity, specificity, efficiency, selectivity, false positive rate (FPR) and false
negative rate (FNR). Noteworthy, the ISO 13843:2017 norm also states that it is necessary to carry
out a secondary test to confirm or reject the results generated by the primary one. In the case of ISO
11731:2017, the validation procedure involved culturing colonies on two media with and without
cysteine as primary test, while polymerase chain reaction (PCR) as secondary test (ISO 11731:2017,
Annex H, Table H. 1).

According to the ISO 13843, “ when a confirmatory step is included in the method, the
identification data can be divided into four categories: 1) number of typical colonies confirmed as
being the target organism in the primary confirmatory test, the identification of which is supported
by secondary identification test (true positives); i1) number of atypical colonies or typical colonies
that are negative in the primary confirmatory test identified as being the target organism by the
secondary identification test (false negatives); iii) number of typical colonies confirmed as being the
target organism by the primary confirmatory test that are subsequently shown not to be the target
organism by the secondary identification test (false positives); iv) number of atypical colonies or
typical colonies that are negative in the primary confirmatory test which are shown by secondary
identification test to not be a target organism (true negative)”. The categories must be distributed in
a 2x2 grid, and performance characteristics should be calculated.

Table 1 shows the performance data obtained in the intralaboratory trial, which took place in
the Netherlands (ISO 11731:2017, Annex H, Table H.1).

Since 1997, our laboratory has been conducting Legionella spp. testing on environmental
samples using two types of medium: BCYE and MWY (Ditommaso ef al. 2011). The lab adopted

MWY because its dyes stain the colonies, ensuring better differentiation (Vickers, Brown and Garrity
4
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1981; Edelstein 1982). The combined use of BCYE agar with selective agar for improved Legionella
detection has been recommended in 2017 by the second edition of ISO 11731.

In this background, the aims of our study were: 1) to demonstrate, as a preliminary step, that
the ISO 11731:2017 method could adequately perform in our laboratory; ii) to compare the
performance of the ISO method in detecting Legionella in typical and atypical colonies from routinely
analyzed water samples to that of our laboratory protocol, consisting of subculture combined with
latex agglutination and polymerase chain reaction (PCR) assays; iii) to estimate hypothetical costs of
the two possible alternative options (i.e., confirmation through subculture only versus additional
agglutination and PCR), taking into account laboratory diagnostics costs but also, conversely, the
economic burden for health care facilities (HCFs) due to water system disinfection after possibly false

positive results.

Material and Methods

Legionella spp. isolation

Briefly, one-liter water samples were concentrated 100 times by filtration using 0.22-um
polycarbonate filters (Millipore, Billerica, MA, USA). After filtration, these filters were aseptically
placed into one of the bottom corners of a stomacher bag with 10 ml Page solution (pH 6.8) and
rubbed for 1 min to detach bacteria. A 0.2-ml volume of the concentrated sample was placed on MWY
and BCYE agar plates (Xebios Diagnostics GmbH, Diisseldorf, Germany), which were then
incubated at 36° C for 10 days. The plates were checked at days 2, 3, and 5, and at the end of the
incubation period. In case of high concentration of interfering microorganisms at the day 2, the
concentrated samples, stored at 5+3°C, were plated after dilution, acid treatment and thermal
treatment (this step allowed us to identify samples where overgrowth had occurred according to the

suggestion of ISO 11731).
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Colonies of Legionella are in general white-grey with a ground-glass appearance, but they can
also appear in other colors. Thus, we examined all the plates (BCYE and MWY) under an ultraviolet
lamp in order to recognize autofluorescent brilliant white (e.g., L. anisa, L. bozemanii, L. dumoffii,
etc.), red (L. erythra, L. rubrilucens), or dull green often tinged with yellow (L. pneumophila)
colonies. The fluorescence color can in fact help differentiate colonies in samples containing different

species of Legionella.

Confirmation of presumptive colonies by the culture method

Both colonies with typical morphological characteristics and autofluorescence colonies were
deemed presumptive Legionella colonies. These were confirmed by subculturing them on BCYE agar
plates (Xebios Diagnostics GmbH, Diisseldorf, Germany) and blood agar (Thermo Fisher Scientific
Inc., Waltham, MA, USA). We carefully compared growth differences between BCYE agar plates
and blood agar plates (BA), as suggested by the ISO 11731 recommendation: “some Legionella
species, i.e., L. oakridgensis and L. spiritensis, require L-cysteine and iron (III) for primary isolation

but sometimes grow weekly in the absence of L-cysteine thereafter”.

Confirmation by the latex agglutination assay

Presumptive colonies were subcultured on BCYE agar and blood agar (BCYE agar+ and BA-
respectively) and further identified by means of a Legionella latex test (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), which allows rapid detection and differentiation of L. pneumophila serogroup
1, L. pneumophila serogroup 2-14, and other seven Legionella species (i.e., L. longbeachae 1 & 2, L.
bozemanii 1 & 2, Legionella dumoffii, L. gormanii, L. jordanis, L. micdadei, and L. anisa). Colonies
recognized as L. pneumophila serogroup 2 to 14 were further tested with single Legionella

agglutination latex reagents (Pro-Lab Diagnostics, Richmond Hill, Canada) for the identification of
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the different L. pneumophila serogroups. In this study, we only reported the results relative to the L.

pneumophila serogroup 1, L. pneumophila serogroup 2-14 and non-pneumophila Legionella species.

Confirmation by in-house PCR assay

Latex agglutination test-negative colonies were then subjected to in-house PCR assay to detect
the Legionella genus by using the 16S ribosomal subunit gene (Miyamoto et al. 1997; Wilson et al.
2007). The assay was specific to legionellae, and the sensitivity was 1 fg of extracted Legionella DNA
(Miyamoto et al. 1997). We used the LEG primers for the 16S rRNA gene for detection of Legionella
because the rRNA sequence is a fundamental molecular marker in bacterial taxonomy and
phylogenetic analysis (Maidak et al. 1996) and rRNA-based PCR has higher sensitivity than that of
other target genes, as demonstrated in a previous study (Fox and Brown 1989).

Briefly, presumptive colonies were isolated and resuspended in 100 pl of lysis buffer (NaOH
10 mM, Tween-20 0.5%, NP-49 0.5%), heated at 95°C for 4 min, vortexed, heated again at 95°C for
4 min, and finally centrifuged at 12,000 rpm. Two microliters of DNA sample were added to a PCR
master mix of total 20 pl with 20 pM of specific primer (LEG 225 and LEG 858) (Miyamoto ef al.
1997). PCR-amplified DNA fragments (654bp) were separated in a 2% agarose gel and visualized by
ethidium bromide staining. This in-house PCR assay does not provide any information on Legionella
species or serogroups. We did not validate our PCR protocol according to ISO 12869:2019 as we
applied PCR for the confirmation of colonies (DNA was extracted from colonies in abundant
quantities), therefore it was not necessary to make evaluations of the limit of detection (LOD) and
limit of quantification (LOQ). As positive control we used DNA derived from Legionella anisa

ATCC 35292 and DNA derived from Legionella pneumophila sg 1 ATCC 12821.

Expression of results
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The plate with the highest number of confirmed colonies was used to estimate the number of
Legionella spp. in the original sample. Legionella spp. concentration was expressed as colony
forming units per liter (CFU 1™!). According to the concentration procedure, the detection limit of our

method was 50 CFU 1.

Determination of performance characteristics of ISO 11731 method according to ISO

13843:2017

To establish the performance of the ISO 11731 method in our laboratory, we used
environmental samples: mainly potable water and water from cooling towers or thermal sources.

Legionella spp. quantification analyses were performed by adopting an internal method based
on ISO 11731:2017, as described elsewhere (Ditommaso et al. 2011, 2022) Typical and atypical
colonies were counted and then identified using the procedure described below. Experimental data
were then used to calculate sensitivity, specificity, false negative rate (FNR), false positive rate (FPR),

efficiency and selectivity.

Laboratory workflow on routinely analyzed environmental water samples

Presumptive Legionella colonies grown on MWY or BCYE agar were confirmed by
subculture on BA and BCYE agar plates. First, all presumptive colonies growing on BCYE agar, but
not on BA, were subjected to identification through the latex agglutination test. Agglutination test-
negative colonies were then subjected to in-house PCR. Our strategy of not confirming the
presumptive Legionella colonies directly through PCR was due to the need to further identify
different L. pneumophila serogroups colonies using specific latex agglutination test in order to assess
the risk associated with contaminated environmental reservoirs colonised by more virulent strains

(data not shown).



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

Legionella control costs

We collected data on the economic costs related to the management of water system with
apparent Legionella colonization. Information on the costs of carrying out control measures and
management was obtained from the healthcare facilities (HCFs) participating in the study. Total costs
did not include the expenditure for health management or other indirect costs incurred by the

organizations.

Costs of laboratory workflow for Legionella confirmation

The total costs of laboratory testing for Legionella confirmation, including post-remediation
sampling, in environmental water samples were carefully evaluated. Each single cost provided
information on direct costs of laboratory reagents without including the staff resources dedicated to

the investigation.

Data analysis

Data were collected and organized using Microsoft Access and Excel 2016 (Microsoft
Corporation, Redmond, WA, USA). The performance characteristics of the identification were
calculated according ISO 13843:2017. Agreement between the two methods was determined by

comparing the culture vs PCR test results on two-by-two contingency tables by using Cohen’s kappa

(Po = (a+d)/N).

Results
Performance characteristics of the ISO 11731 method on strains collected (typical and

atypical colonies) according to ISO 13843:2017

Sixteen different samples were selected according ISO 13843 (samples containing 20 to 80

total colony forming units with 10 to 60 target organisms) and were processed according to ISO
9
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11731:2017. A total of 602 colonies were selected including typical Legionella spp. and atypical
colonies. All colonies were tested for L-cysteine dependence by culturing them on BCYE agar and
BA, and subsequently analyzed by latex agglutination and PCR assays. This allowed grouping the
colonies into four categories: (i) true positive, (ii) false negative, (iii) false positive, and (iv) true
negative (Table 2). The analysis results were used to calculate sensitivity, specificity, false positive
rate (FPR), false negative rate (FNR), efficacy and selectivity of the ISO 11731:2017 method.

By means of subculture, 13 of the 338 typical colonies of Legionella were identified as non-
Legionella species, while 3 of the 264 atypical colonies were considered Legionella species (Table
2a). The agglutination test failed to confirm 113/338 typical colonies (FPR = 33.4%) for Legionella,
whereas none of the 264 atypical colonies were found to be Legionella species (Table 2b). The high
FPR revealed by this analysis was due to the inability to identify all Legionella species and serotypes
using agglutination sera, which allows rapid detection and differentiation of only L. pneumophila
serogroups 1-14 and of seven non-Legionella species. For all other Legionella species, agglutination
identification kits are not commercially available. Finally, PCR identified 13 of the 338 typical
colonies for Legionella to be non-Legionella species, whereas none of the colonies from the 264

atypical colonies were found to be Legionella species (Table 2c¢).

The results of this verification (Table 3) indicate that our laboratory was able to obtain
performance data similar to those disclosed by the ISO 11731:2017 norm (Table 1) using
confirmation by subculturing.

The FPR was the same (3.9%) for both confirmatory methods because no Legionella strain
growing in the absence of L-cysteine was confirmed by PCR. Lastly, the FNR of confirmation by the

subculture method appeared to be quite low.

Performance characteristics of the ISO 11731:2017 method on colonies collected
during microbiological monitoring of water supply

10
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Identification through agglutination and PCR was carried out on 7156 colonies of presumptive
colonies of Legionella, intended as characteristic colonies growing on BCYE or MWY agar,
according to the following diagram (Fig. 1).

Overall, 7156 presumptive Legionella colonies were subjected to confirmation tests: 1) 74.7%
(5344/7156) of the colonies requiring L-cysteine (BCYE agar+ and BA-) were subsequently
subjected to latex agglutination; ii) 25.3% of the colonies (1812/7156) were not confirmed to be
Legionella, as their growth did not depend on L-cysteine and iron (BCYE agar+ and BA+: only the
colonies that showed plenty of growth on both media were included in this result category); ii1) 78%
of the colonies requiring L-cysteine (4189/5344) were indeed Legionella, whereas 1155 were not
identified by agglutination. These latter were thus sent for PCR testing; iii) of these presumptive
Legionella colonies, 1041 colonies (90.1%) were confirmed to be Legionella, while the remaining
114 (9.9%) were not. These results were used to calculate sensitivity, specificity, false-positive rate,
false-negative rate, efficacy and selectivity according to ISO 13843 (Table 4).

The outcomes of our laboratory workflow according to ISO 13843 indicate high sensitivity
(100%), specificity (94.1%), and efficiency (98.4%) of the method. There was an excellent agreement
between confirmation by subculture and agglutination/PCR (agreement =0.984; Cohen’s k= 0.959).

A total of 114 colonies morphologically similar to Legionella and dependent on L-cysteine,
as they did not grow on BA, could not be confirmed by the serial use of the agglutination and PCR
tests. Hence, in a laboratory workflow we would have obtained a 2.1% FPR (114/5344) in the absence
of a confirmatory PCR test. These 114 strains were isolated from 109 water samples. Negative PCR
test result generated a) 74 samples classified as negative samples on the test report (legionella not
detected); b) 35 samples with a final legionella count lower than the count estimate by subculturing

confirmation (Table 5).
Estimated costs of Legionella control

The PCR-negative samples (n=109) had been collected from 41 health care facilities during

87 routine monitoring procedures. Of these 87 environmental samplings, only 67 had a set of > 5
11
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samples, in compliance with Italian guidelines. Among these 67 samplings, the subculture method
detected high concentrations and positivity rates of Legionella traceable to the hot water supply of 7
HCFs, which by Italian guidelines, in the absence of a PCR confirmatory test, would have had to
carry out water supply disinfection (Fig. 2).

According to the Italian guidelines (Ministero della Salute 2015) for HCF settings, if more
than 30% of the samples taken are positive at the Legionella concentration between 101-1000 CFU I
Uor if more than 20% of the samples taken are positive at the Legionella concentration between 1001-
10000 CFU I'!, the water system must be resampled at least by the same water outlets which tested
positive. If the result is confirmed, a review of the risk assessment should be carried out to identify
the necessary further corrective measures such as disinfection. Following the requirements of the
Italian guidelines, in this study we identified seven HCFs with putative Legionella-positive water
systems—these samples were not confirmed to be Legionella by PCR.

The estimated costs of Legionella disinfection through one hyperchlorination amount to
approximately €1,000-1,500 per 100-bed HCF or €1,800 if using monochlorammine. This amount
includes the cost of dosing the biocide products in the HCF water system and that related to the
personnel in charge of the disinfection. Furthermore, the grand total should include the costs of
environmental sampling and analysis following disinfection to verify sanitation efficacy and
eventually warn the HCF staff about a potential Legionella outbreak. Therefore, we estimated an

expenditure of approximately €2,000 for each control and management of water system.

Costs of laboratory testing for Legionella confirmation

According to our workflow, three different confirmatory tests, whose cost is reported in Table
6, were performed. For verification through secondary tests, a total of €70,459 euros were spent: 2.5
euros for each negative samples at the first confirmation test, 10.5 euros for confirmation with
agglutination, and 19 euros for the colonies identified by PCR. The average cost for confirming

suspicious Legionella colonies was € 9.8 per colony (€70,459/7,156). Therefore, the subculture
12
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expenditure amounted to only €17,890, while the secondary agglutination and PCR tests brought an
additional cost of €52,569. However, subculture alone would have led to false positive results,
causing unnecessary disinfection procedures for around €2,000 per 100-bed HCF (i.e., €14,000 for 7
HCFs with Legionella values exceeding the limits established by Italian guideline). Agglutination
and PCR provided better detection performances than the simple subculture suggested by ISO

11731:2017, even though at a slightly higher cost (around €38,500 more).

Discussion

Correct Legionella detection and enumeration in water samples is of paramount importance
for reliable risk assessment. The plate culture method is the gold standard technique to identify
Legionella and is normally performed in accordance with ISO 11731:2017, an updated norm that
replaces both ISO 11731:1998 and ISO 11731-2:2004. This revised edition was validated by a
intralaboratory trial which took place at Vitens laboratory (the Netherlands) and validation results are
reported in Annex H of ISO 11731:2017. However, each laboratory following the guidelines of the
ISO 11731:2017 standard should carry out a secondary confirmatory test to determine its own
performance characteristics.

In our laboratory, we were able to generate performance data similar to those obtained in the
primary characterization, with the exception of the FPR and FNR (Table 1 vs Table 2c). These
dissimilarities may be due to a different expertise in differentiating typical from atypical Legionella
colonies. Indeed, owing to the presence of 71 different species, it is possible to come across
Legionella colonies with very different morphologies from each other (e.g., L. pneumophila vs L.
non-pneumophila species). According to ISO 13843, the “characterization is an exploratory process
with the aim of establishing the likely set of performance characteristics of a new, modified or
otherwise inadequately characterized method. It should result in numerical and descriptive

specifications for the performance and include a detailed and unambiguous description of the target

13
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of interest (such as positive colony, tube or plaque)”. Nevertheless, on a closer look, the description
of the colonies of Legionella provided by ISO 11731 appears to be quite ambiguous. Indeed, the ISO
11731 norm states that the typical Legionella colonies are “white-grey in general but can also appear
in other colors. They are smooth with an entire edge and exhibit a characteristic ground-glass
appearance”, even though “new species of Legionella might possess characteristics different from
those described above”, which is what we routinely check during our laboratory practice. Moreover,
it should be taken into account that the isolation procedure used by the Vitens laboratory to
differentiate typical from atypical colonies growing on the first inoculated medium was different from
ours. In this regard, the Vitens laboratory states that the small differences in the identification process
(subculture and PCR) were likely caused by target and non-target colonies that were overgrowing
each other. This did not occur in our laboratory because we only worked on the pure growth of
colonies subcultured on growth media (BCYE and BA), from which we extracted the DNA for PCR
confirmation.

To confirm presumptive colonies of Legionella 11731:2017 suggests a comparative analysis
of Legionella colonies growing on BCYE vs BCYE-cys agar. Streaking colonies from one medium
type to the other without subsequent techniques, such as PCR, is relatively simple and inexpensive.
This saves time and money.

Despite the ISO 11731:2017 instructions, our lab has continued to analyze water samples
according to the ISO 11731:1998 guidelines, which recommend to confirm by serology the identity
of those colonies which grow on BCYE but not on BCYE-cys agar. Accordingly, we checked all
presumptive colonies that were negative on medium without cysteine (blood agar) by performing a
secondary confirmation procedure (i.e., latex agglutination and PCR test).

Our analysis of routinely analyzed samples (7156 presumptive colonies of Legionella) shows
that 114 colonies confirmed to be Legionella by subculture were in fact negative after agglutination
and PCR testing, which corresponds to a 2.1% FPR. This means that PCR identified fewer positive

water samples than those detected by culturing specimens on BCYE agar and BA (5271 vs 5344),
14
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besides yielding significantly lower Legionella counts in 35 water samples. Therefore, in spite of an
excellent agreement between the two confirmation methods (concordance = 0.984; Cohen’s K =
0.959), the aforementioned small difference in confirmation results has a negative impact on the
overall monitoring outcome. This is in good agreement with Eble et al. (Eble er al. 2021), who
demonstrated that the subculture method yields a higher proportion of false positive results than those
generated by the PCR method. This previous study had shown that a variety of bacterial genera can
grow on BCYE-cys (Bradyrhizobium spp. Mycobacterium spp., Acinetobacter). Other colleagues
have found that sometimes the growth of Leifsonia shinshuensis or Xanthobacter agilis in the BCYE
may require L-cys, thus leading to a false positive result, which could only be corrected by PCR
identification (unpublished data).

Correct detection and enumeration of Legionella in water samples is crucial to conduct a
truthful risk assessment and devise the most appropriate corrective actions on the source of infection
(e.g., water systems, cooling towers, dental units etc.). Each national legislation (Conseil National de
pilotage des Agences Régionales de Santé. 2010; Ministero della Salute 2015; European Study Group
for Legionella Prevention 2017; Centers for Disease Control and Prevention) defines the maximum
legal value of CFU 1! of Legionella in water samples: values exceeding the limits established by
national guidelines/legislation make it mandatory to carry out water system disinfection and repeat
Legionella analysis after remediation, to demonstrate conformity with the standards required by law.
As the aforementioned Legionella remediation efforts can be quite expensive, HCF should check
that laboratories where legionella analysis are performed use secondary test to adequate identify
legionella in water samples. Avoiding unnecessary water system remediation would in fact bring
great benefits in terms of time and money savings to HCFs conducting intensive Legionella
monitoring.

Systemic disinfection of the entire water distribution system may be conducted by thermal
eradication (superheat and flush) or with several chemical products, mostly chlorine-based. Chlorine

is widely used due to its effectiveness and low cost. The estimated expenditure for a single
15
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hyperchlorination amounts to €1,000-1,500 per water system, but some additional costs for
environmental sampling, testing following disinfection and possible system breakdown repairing
should be also considered for a correct computation. In fact pipe corrosion is a frequently encountered
issue when dealing with chlorine-based disinfection systems, any maintenance costs of chlorine-
stressed water systems should also be added to the total cost. Finally, for HCFs planning to organize
water system disinfection, it is sometimes necessary to install point-of-use filters to prevent HCF-
acquired Legionnaires’ disease. This filter costs around €40 and must be regularly replaced after 30-
60 days depending on the manufacturer.

Last but not least, performing unnecessary disinfections may lead to environmental damage
due to the discharge of chlorine into the sewage system and consumption of water discharged after
chlorination and flushed to rinse the water system.

This 1s the first large-scale study comparing the effectiveness of the ISO 11731:2017
subculture method in identifying presumptive Legionella colonies to that of a combined approach
(i.e., subculture plus agglutination and PCR). The confirmation step based on the failure of Legionella
presumptive colonies to grow on BCYE-cys agar is error-prone, and our results quantify this error in
terms of false positive samples. Even though the ISO 11731:2017 norm discloses this error, also
confirmed by the characterization carried out in our laboratory, we propose that any laboratory
involved in Legionella analysis should declare its own FPR and disclose to the customer the
limitations of using a method without proper confirmation. Indeed, the adoption of a protocol not
entailing a secondary confirmation step can result in further, indirect costs for the customers (e.g.,
unnecessary disinfection of the water systems). Thus, to adopt a strategy aimed at obtaining the best
result in terms of diagnostic performance , the identification—by serology and other procedures—of
presumptive Legionella colonies that grow on BCYE agar but fail to grow on BA, should be routinely
implemented in all laboratories conducting Legionella monitoring, even though this would mean

withstanding higher costs (in our laboratory routine, around € 9.8 per colony altogether).
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Each laboratory, carrying out the isolation and enumeration of Legionella in water samples,
in order to overcome the problem of false positive, could decide its own workflow for the
confirmation of typical colonies based on the customer's requests: 1) culture + agglutination + PCR;
i1) culture + PCR; iii) PCR directly from typical colonies - in this case, it would be necessary to use
a multiplex PCR that enables to check simultaneously for Legionella spp. and L. pneumophila.

Finding out which particular strain is present in an environment might be at least as important
as knowing the legionellae counts (Harrison et al. 2009; Ditommaso ef al. 2014). It is clear that each
strain differs in its capacity to cause disease. L. pneumophila serogroup 1 is the most common cause
of legionellosis, a sporadic and endemic disease that may be acquired from different environmental
sources (plumbing system, cooling tower, spa pools, thermal pools, humidifiers, springs and potting
mixes) (Borchardt, Helbig and Liick 2008; Chasqueira et al. 2009). Identifying L. pneumophila sg 1
strains may help assess the risk associated with contaminated environmental reservoirs. HCFs
colonized by more virulent strains should be advised to increase their case monitoring efforts and
implement more effective contamination control strategies. Better characterization of the strains that
cause the majority of diseases would allow for more targeted intervention measures (Helbig et al.
1997; Ditommaso et al. 2014).

Given the epidemiological frame of Legionella, systematic cost-effectiveness analyses are
warranted to assess whether benefits from more accurate Legionella detection may outweigh

remediation costs.
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503 Table 1 Performance characteristics of the intralaboratory trial (Vitens Laboratory).

504
Confirmation by subculturing Confirmation
on BCYE agar and BCYE-cys by PCR
Sensitivity 99.0% 98.6%
Specificity 95.3% 97.5%
False-positive rate 3.3% 1.8%
False-negative rate 1.4% 2.1%
Selectivity 57.2% 58.1%
Efficiency 97.5% 98.1%
505 Source: ISO 11731:2017 (Table H.1).
506

507



508 Table 2. Frequency tables of categories identified through different diagnostic procedures and

509 relevant performance measures.

510 (a) Confirmation by subculture on BCYE agar and BA.

Presumptive Colonies

Typical colonies Atypical colonies Total
Subculture confirmed colonies 325 3 328
Subculture non-confirmed colonies 13 261 274
Total 338 264 602
511 Sensitivity 99.1%; Specificity 95.3%; FPR 3.9%; FNR 1.1%; Selectivity 54.0%; Efficiency 97.3%.

512  (b) Confirmation by agglutination test

Presumptive colonies

Typical colonies Atypical colonies Total
Agglutination confirmed colonies 225 0 225
Agglutination non-confirmed colonies 113 264 377
Total 338 264 602
513 Sensitivity 100%; Specificity 70.0%; FPR 33.4%; FNR n.a.; Selectivity 37.4%; Efficiency 81.2%.

514  (c) Confirmation by PCR test

Presumptive colonies

Typical colonies  Atypical colonies Total
PCR confirmed colonies 325 0 325
PCR non-confirmed colonies 13 264 2717
Total 338 264 602
515 Sensitivity 100%; Specificity 95.3%; FPR 3.9%; FNR n.a; Selectivity 54.0%; Efficiency 97.8%.

516
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517 Table 3 Performance characteristics in our laboratory verification.

518
Confirmation by subculturing Confirmation by PCR
on BCYE and BA

Sensitivity 99.1% 100%
Specificity 95.3% 95.3%
False positive rate 3.9% 3.9%
False negative rate 1.1% 0.0%
Selectivity 54.0 % 54.0%
Efficiency 97.3% 97.8%

519

520



521 Table 4. Confirmation by culture vs PCR

522
Presumptive Colonies
subculture subculture non-
Total
confirmed colonies confirmed colonies
a)
b
confirmation by agglutination/PCR 5230 ) 5230
positive 0
<)
d
confirmation by agglutination/PCR 114 ) 1926
negative 1812%*
Total 5344 1812 7156
523 * These colonies were not confirmed by the second confirmatory test but were considered negative in light
524 of the results of BA subculture testing.
525 Sensitivity 100%; Specificity 94.1%; FPR 2.1%; FNR n.a.; Selectivity 73.4%; Efficiency 98.4%.
526 Agreement = 0.984; Cohen’s k = 0.959
527
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528 Table 5. Comparison between Legionella counts obtained with subculture and PCR

529 confirmatory testing in 35 samples.
530
Legionella concentration Legionella concentration
assigned by subculture CFU I! assigned by PCR CFU I'!
Geometric mean 1.1-10° 4.5 -10?
Median 1.0+ 103 3.0 - 10?
Interquartile range (Q1 - Q3) 3.0-102-3.5-103 13-102-1.2- 103
Range (min — max) 50-10'-3.3-10% 50-10'-2.5-10*
531
532

533



534

535

536

537

538

Table 6. Comparison of two different approaches to Legionella investigation (estimated costs

expressed in €).

Estimated costs of the laboratory investigation

(complete identification)

Estimated costs of the laboratory investigation (confirmation by

subculturing), control and management of Legionella in HCFs

Unit cost N. test Total Unit cost N. test Total
N. HCF
Subculture in BCYE 1,5 10734 10,734 | Subculture in BCYE 1,5 10734 10734
Subculture on BA 1 7156 7,156 Subculture on BA 1 7156 7156
Agglutination 8 5344 42,752 | Water system disinfection 2,000 7 14,000
PCR 8.5 1155 9,817
Total 70,459 | Total 31,890
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545

Figure 1. Laboratory workflow with results obtained during the study.

Figure 2. Probable scenario for environmental management of Legionella contamination in HCFs in

the absence of confirmatory PCR testing
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