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Figure 7. (A) Dendrogram showing group average hierarchical clustering of MLVA-8(12) genotypes.
(B) Principal component analysis (PCA) of MLVA-8(12) genotypes showing the effect of biological and
physicochemical parameters. Light green ellipses represent the log normal distributions of principal
component values for genotype groups. Genotype groups were suggested as pertaining to the same
niche. The resulting niches are A (green), niche B (red), niche C (blue). Niches A and C are consistent
with the calculated grouping A and C; the calculated group B1 was enlarged to include two more
genotypes in a suggested group B resulting in an enlarged niche B. Niches are generally considered as
larger than the calculated genotype groups. Legend: Ratio, Ca:Mg ratio; Leg. count, Legionella plate
counts in water samples; TDS, total dissolved solids; Turb, turbidity; Ca, Calcium; Mg, Magnesium;
SO4, Sulfate.

The environment of these three groups could be characterized by the respective parameters in
summary and assigns distinct niches to the three groups. The characterization of the three groups by
the individual parameters is given in Table 3. While a comprehensive and stable distinction is shown
for the sum of the parameters, many of the individual parameters also allow a distinction between two
or three groups.
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The three groups of genotypes were considered to co-occur in their respective environment
as described by the above-mentioned parameters. The respective habitats as described by these
environmental parameters for the three groups of genotypes could be considered as their “niche”.
This means that to each niche three to four genotypes were assigned. More genotypes may be sharing
these niches, but they were not included in the analysis due to the low number of strains per genotype.

4. Discussion

4.1. Legionella Abundance in Water and Biofilm

The number of culturable L. pneumophila was surprisingly low in the drinking water of the eight
sampling sites in hospitals of the West Bank, with only three positive sites out of eight and a low
average abundance (mean values for the three positive sites: 8–150 CFU/L). Hot water followed this
trend and did not show higher concentrations than cold water. Using L. pneumophila-specific PCR,
L. pneumophila was detected at all sampling sites except for site E. PCR-based detection was thus
more sensitive with a broad range of site specific variability from 0 to 100% of water samples being
positive on average per site. In biofilm, culturable L. pneumophila was detected at all sites, but with
high sampling site specific variability. The incidence rate of culturable L. pneumophila in biofilm ranged
on average per site from 3 to 30%, whereas L. pneumophila-specific PCR was positive on average for 40
to 93% of the biofilm samples per site. Due to the rare incidence of non-L. pneumophila colonies on agar
media, Legionella counts on agar media will be addressed in the discussion as the culturable fraction of
L. pneumophila in water and biofilm.

Culture-based detection was always lower compared to L. pneumophila-specific PCR detection in
bulk water, but culture-based data were consistent with PCR-based data, i.e., PCR-based detection
was always positive when cultivation was successful. This higher sensitivity of the PCR-based
detection compared to cultivation was valid for water and biofilm, an observation often reported [29].
Bonetta et al. [30] suggested the viable-but-not-culturable state and the PCR detection of DNA of dead
Legionella cells as reasons for the higher PCR detection.

Culture-based detection in biofilm was far more successful than in water. Culturable L. pneumophila
was only detected in water when about 50% of the biofilm samples of the respective site and sampling
were positive. This is consistent with observations in other studies showing that a major fraction of the
microbial biomass in a DWDS is found in the biofilms attached to the pipe walls presumably due to
improved nutrient conditions and shelter from stressing agents [31].

Compared to an annual study in a comparable climatic region, i.e., a water network at an
university campus (Oranim) close to Haifa, Israel, much higher Legionella counts in drinking water
were observed [13]. The level of culturable Legionella in water at Oranim campus was in the range of
10 to 5800 CFU/L, with more than 60% positive water samples. In the Oranim study, samples with
culturable L. pneumophila in water usually showed culture positive biofilm samples, as it was the case
in the West Bank study.

With respect to Mediterranean climate, there were several drinking water studies performed in
buildings in Italy including hospitals and hot water systems [32,33]. Leoni et al. reported an incidence
of 93.7% in hospital water in Bologna with average Legionella counts of 2400 CFU/L [32]. Borella et al.
report for 60% of the water samples sampled in hotels across Italy a contamination of >1000 CFU/L,
with 20% exceeding even 10,000 CFU/L [33]. Based on an extensive study of the drinking water supply
system of a city in Northwestern France (Rennes), Sobral et al. (2011) reported an abundance of
culturable Legionella of 50–200,000 CFU/L with a mean of 800 CFU/L for hot water systems [12].

Compared to the above-mentioned studies, the drinking water in the West Bank seemed to have a
relatively low contamination with culturable Legionella despite a set of risk factors, such as frequent
water supply interruption and storage in containers, raising the question for the drivers behind this
unexpected observation.
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4.2. Seasonal Dynamics of L. pneumophila

The seasonal dynamics of L. pneumophila abundance was not strongly pronounced and showed a
different pattern for water and biofilm. Abundance in water had a maximum in summer, and thus
followed the temperature regime over the year. Abundance in biofilm increased from spring to autumn,
indicating a maximum of L. pneumophila prevalence in biofilm in autumn. These seasonal patterns
of water and biofilm were better observed by culture-based analyses than by L. pneumophila-specific
PCR. The observation that in biofilm the ratio of culturable L. pneumophila vs. PCR-based detection
approximately doubled from spring to autumn, may have contributed to the better detection of this
seasonal trend by culture-based analysis. The weak seasonal dynamics of Legionella abundance may
have been due to the site-dependent variability of the temperature regime. In addition, there was a
lack of correlation between temperature and Legionella abundance by culture and PCR (Table S1).

In contrast, maxima in spring and summer of culturable Legionella for both water and biofilm
were observed in the water network of a campus close to Haifa [13]. Reasons for these divergent
observations might be manifold. A main difference was the presence of water reservoirs in the West
Bank hospitals. Depending on size and management, reservoirs may serve as a buffer for water
temperature and thus may change seasonal effects on L. pneumophila in water and biofilm.

4.3. Influence of Physico-Chemical and Bacteriological Factors on Legionella Abundance

To determine factors that influence the prevalence of L. pneumophila at the different sampling sites
a set of physico-chemical and bacteriological parameters was analysed with respect to their relationship
with Legionella abundance in water and biofilm of the eight sampling sites. In addition, the abundance
of relevant L. pneumophila MLVA-genotypes was included in this analysis.

In terms of physico-chemical parameters, only the magnesium concentration showed a
significant negative correlation with Legionella abundance in water and biofilm (Figures 4 and 5).
Magnesium concentration showed a very close negative correlation with the Ca/Mg ratio but was not
correlated with the calcium concentration. Moreover, the calcium concentration did not correlate with
Legionella abundance. Due to this Mg vs. Ca/Mg relationship, Legionella abundance showed a positive
correlation with the Ca/Mg ratio. Therefore, we hypothesize that either Mg, the Ca/Mg ratio or a
factor closely related to Mg had an influence on Legionella abundance in the drinking water of the West
Bank. In terms of bacteriological factors, there was no correlation of Legionella abundance in water and
biofilm with heterotrophic plate counts, but with the prevalence of specific L. pneumophila genotypes
and their clonal complexes. The magnesium concentration also showed a negative correlation with the
respective specific genotypes and clonal complexes of L. pneumophila (Supplementary Table S1).

The magnesium concentrations for all sampling sites were rather high ranging from 21 to
40 mg/L. High magnesium concentrations were observed in a hydrological study of spring and ground
water in the West Bank with especially high values in the Eastern part of the West Bank [34]. To the
best of our knowledge, no study on Legionella abundance in drinking water is available that deals
with drinking water with magnesium concentrations of this high level which is due to the specific
geological conditions.

In general, an impact of magnesium on Legionella abundance has not yet been demonstrated so far.
There were large-scale investigations in residential drinking water distribution systems (DWDS) that
included magnesium in the overall analysis of environmental drivers for Legionella abundance [35,36].
However, due to low magnesium concentrations in these DWDS (<3 mg/L), an effect of magnesium
was not observed. On the other hand, some L. pneumophila studies in drinking water provide data on
higher magnesium concentrations [32,33]. Borella et al. showed in the Italian hotel study that samples
with no culturable Legionella had the highest Mg concentrations (mean 19 mg/L) [33]. Leoni et al.
(2005) found in their study of buildings in Bologna based on the same public water supply, that
absence of culturable Legionella significantly correlated with a higher Mg content of 16 mg/L vs. 11
mg/L for their presence [32]. The smaller the studied hot water systems were, the lower the Legionella
counts presumably due to water softening devices in larger hot water systems. The observation of
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reduced Legionella abundance at sites with higher Mg concentrations may indicate that Mg may also
have played a role at the Italian sites at low concentrations, in comparison to the West Bank study.
However, the aspect of Mg impact on Legionella was not further studied, nor was there an analysis of
L. pneumophila genotypes for these studies.

In summary, there are quite a few indications that Mg could play a role for suppression of
L. pneumophila abundance. However, future more detailed studies including growth studies with Mg
using a set of different genotypes of L. pneumophila are needed to elucidate this aspect in more detail.

4.4. Biogeography of L. pneumophila Genotype Prevalence

A large set of 27 MLVA-genotypes was retrieved from 180 L. pneumophila isolates with most isolates
obtained from biofilm due to the low abundance of culturable L. pneumophila strains in the bulk water.
Only five strains were obtained from water, assigned to four different genotypes (Table 2) that were
frequently isolated from biofilm. As shown in detail by Zayed et al. [20], the L. pneumophila population
had a high uniqueness, i.e., the major fraction of the MLVA-genotypes (20 out of 27 genotypes) has
been described so far only for the West Bank. In addition, the distribution of genotypes among the
four clonal clusters (VACC) indicates a high genetic diversity of the whole strain set.

The prevalence of the genotypes in the West Bank showed a site-specific regional diversity
(Figure 6). Moreover, a large fraction of the genotypes unique for the West Bank occurred only in one
site. Zayed et al. [20] suggested that the site-specific groundwater-based individual water sources may
have contributed to the differences among the different sites.

As an index of genotype diversity per sampling site, the ratio of the number of genotypes vs.
the number of strains retrieved from the respective site was used. A correlation analysis showed that
sites where high numbers of strains were isolated had a low genotype diversity compared to sites
with low isolate numbers (Supplementary Table S2, Supplementary Figure S4). Only from sites with
low genotype diversity were isolates obtained from water. This may indicate that higher numbers
of L. pneumophila in the bulk water reduce the diversity in biofilm, or, that high L. pneumophila
counts in water are often due to a rather restricted number of genotypes or even a single genotype.
The observations in the water network near Haifa support the hypothesis that a single/few specific
genotype(s) may cause high abundance in drinking water and biofilm [13].

On the other hand, this aspect could also have contributed to the obtained diversity of genotypes
in the West Bank: the low abundance of L. pneumophila in the drinking water may have supported or
conserved a larger diversity in the biofilms.

4.5. Environmental Drivers of Genotype Consortia or Do L. pneumophila Genotypes Prefer Specific Niches?

MLVA-genotypes with more than three representatives were analyzed by average hierarchical
cluster analysis and PCA with respect to their co-occurrence and positioning in the frame of
bacteriological and physico-chemical parameters. Both statistical analyses showed comparable
groupings of the genotypes in three groups characterized by a distinct set of environmental parameters
describing the niche of each group (Figure 7, Table 3).

The highest abundance of culturable Legionella in water was associated with group A, comprising
two VACC11-genotypes (Gt 10(93), Gt 10(141)) and one VACC2-genotype (Gt 64(74)). This group
was also characterized by low chloride and low magnesium concentrations compared to the other
two groups. Group B comprised four genotypes: two of VACC1, the highly abundant Gt 4(17) and
Gt 63(83), one genotype of VACC2 (Gt 13(72)), and one of VACC11 (Gt 9(93)). This group was distinct
from groups A and C with respect to most parameters but was with most parameters in between the
other two groups. Groups B and C had higher average Mg concentrations. This may indicate that
these genotypes are more tolerant towards Mg. Group C comprised the VACC1-genotype Gt 6(18) and
the VACC5-genotypes Gt 16(1) and Gt 40(47) that had a high prevalence in Hebron in the South of the
West Bank. The environmental parameters of this group were characterized by high sulphate, chloride,
and calcium concentrations and a resulting high content of TDS.

193



Pathogens 2020, 9, 1012

The impact of the environment in DWDS on L. pneumophila was usually analyzed with respect to
the species level or to the serogroup (Sg) level [32,33]. Borella et al. (2005) showed evidence that hard
water selected against Sg 1, but in favor of Sg 2-14 [33]. These observations are not supported by our
study, where sites with the highest hardness were inhabited by group B and C, that both comprised
members of Sg 1 and Sg 6 (Tables 2 and 3); group A inhabiting the softest water comprised only
members of Sg 6. However, all of these sites of the West Bank had relatively hard water, and the high
Mg concentrations may have had an additional impact.

On the MLVA-genotype level, Rodriguez-Martinez et al. showed for the first time-distinct niche
preferences for L. pneumophila genotypes most pronounced with respect to temperature in a campus
water network (Haifa, Israel) [13]. Niche preferences were previously shown for many aquatic bacterial
species with a few studies tackling the subspecies or clonal level [37,38]. For L. pneumophila, this is the
first assessment of niching of its genotypes as characterized by a set of environmental parameters in
drinking water systems of a larger region such as the West Bank. We think that the information on
niche preferences in combination with a genotyping at an adequate resolution (such as MLVA with 8
to 13 loci) could be helpful in order to better understand and model abundance of L. pneumophila in
DWDS. These genotypic groups occupying environmental niches could be considered as ecotypes,
i.e., a set of strains of a bacterial species inhabiting the same niche [38].

Though a broad set of environmental factors were analyzed for describing the niches of
L. pneumophila genotypes, more studies including more conceivable factors are needed to complement
the niche understanding, e.g., the abundance of protozoa and their species composition and their
interaction with drinking water bacteria and especially the different genotypes of L. pneumophila could
be of high relevance [6]. As shown by Sharaby et al. [39], the interaction of L. pneumophila with protozoa
may be genotype-dependent in addition to being temperature-dependent in a genotype-dependent way.

Studies on physiological and autecological traits of the relevant genotypes are considered crucial to
allow better predictions and modeling [39]. Overall, we observed a correlation of specific genotypes with
specific environmental niches which might be stemming from the different types of local groundwater
used as source water for the respective drinking water.

4.6. Relevance of the Observed Genotypes for Human Health and Environmental Issues in the West Bank
and Worldwide

MLVA-genotyping of L. pneumophila can be considered as an economic genotyping method that has
a good level of resolution for addressing clinical and environmental aspects [20]. MLVA-genotyping was
shown to be comparable to sequenced-based typing (SBT) but has a higher resolution, which is especially
of relevance for a better resolution of the highly important large STs such as ST1. Comparability and
the increased resolution was shown for the method analyzing 8 loci (MLVA-8) as for the here used
MLVA-8(12) using 13 loci [12,19,20,27] Using 13 loci increased the resolution compared to eight loci
significantly; however, the used nomenclature allows a direct comparison of MLVA-8 with MLVA-8(12):
the genotype indicated before brackets indicates the genotype according to MLVA-8, while the number
in brackets refers to the genotype obtained from MLVA-12. Compared to SBT, MLVA subdivided
strains from the West Bank of the larger STs into several MLVA-genotypes) [20].

Based on the International MLVA data base and larger studies [12,16,27], the worldwide distribution
and relevance for health and environment of the strains from the West Bank were estimated [20].
Most of the genotypes (20 out of 27) were considered as unique for the West Bank. Having high
relevance worldwide as clinical and environmental MLVA-genotypes, Gt 4(17) and Gt 64(74) can be
regarded as having MLVA-profiles identical to L. pneumophila strain Paris and strain Philadelphia-1,
respectively. In Israel, Gt 6(18) played an eminent role as clinical and environmental genotype in
addition to GT 4(17). For more details on the occurrence of the remaining genotypes not exclusive to
the West Bank see Zayed et al. [20].

More specifically for the West Bank, some of the highly abundant MLVA-genotypes can be of
special health relevance. PCR-based direct analysis of the sequence types in respiratory specimens of
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pneumonia patients of the West Bank revealed that genotypes belonging to ST1 and ST461 were present
in half of the L. pneumophila positive clinical specimens [40]. We assume that the highly abundant
representatives of these sequence types of our study are the relevant pathogenic genotypes (Table 2),
meaning that Gt 4(17) may have been relevant for the detected ST1 infections, and the highly abundant
genotypes in the South of the West Bank, i.e., Gt 9(92), Gt 10(93), and Gt 10(141), may have been
responsible for the ST461 infections [18].

The highly abundant MLVA-genotypes Gt 4(17) and Gt 6(18) from the West Bank were also of high
relevance in drinking water distribution systems and clinical isolates in Israel [13,14,39]. In contrast to
observations in the West Bank, Gt 4(17) and Gt 6(18) had a high abundance in water and biofilm of a
campus drinking water network in Northern Israel. The presence of Gt 4 was associated with average
Legionella counts in water of 2500 CFU/L at an average water temperature of 20.6 ◦C. The presence of Gt
6 was associated with average Legionella counts in water of 240 CFU/L at an average water temperature
of 27.9 ◦C. In the West Bank, Gt 4(17) was only detected in biofilm with no detection of culturable
Legionella in bulk water; Gt 6(18) was endemic at one site, isolated regularly from biofilm and only
once from water.

Rodriguez-Martinez et al. [13] concluded that the presence of Gt 4 could be considered as an
indicator of high Legionella presence in drinking water, and they suggested Gt 4 as indicator genotype.
Based on the observations in the West Bank where Gt 4 was very frequently observed in biofilms
in the Northern part without co-occurrence of high Legionella counts in water, we suggest that the
presence in biofilm might be not an indicator for high Legionella counts in water [13]. Due to the
worldwide occurrence of Gt 4 and the observations in Israel and the West Bank, we suggest that Gt 4
may be regarded as an indicator of high Legionella abundance when showing up in the water phase.
Furthermore, the presence of Gt 4 in biofilm might be considered as warning that, if conditions change,
a “Legionella bloom” may be at risk.

4.7. Relevance of the Findings of this Study for Drinking Water Management Strategies

L. pneumophila is a major water-based pathogen, and its high abundance in drinking water
is therefore a significant health risk. On the other hand, there are substantial uncertainties in the
assessment of this risk [41,42]. Our study revealed that L. pneumophila populations in drinking
water are composed of a set of genotypes sharing similar niche characteristics. Physico-chemical
factors seemed to determine these niches and may also have shaped the L. pneumophila community,
i.e., consortia of genotypes. The response of specific MLVA-genotypes to the environmental factors
seemed to determine the abundance of Legionella in drinking water. Understanding the relationship
between L. pneumophila genotypes and their environmental drivers might be crucial for understanding
L. pneumophila abundance and the design of management concepts. If there are generally important
genotypes (such as Gt 4(17)) and environmental drivers (such as Mg) or if there is a high individuality
between the drinking water sites, future studies have to elucidate for a broad set of climatic regions and
in more detail. Furthermore, a broader set of conceivable niche-relevant parameters and environmental
drivers should be included in future studies. The overall finding of our study is that a genotype-based
ecology for understanding L. pneumophila abundance in artificial drinking water distribution systems
can be considered as of high relevance for their management and to this end also to human health.
Therefore, we emphasize the need of a genotype-based ecology for L. pneumophila enabling the definition
of niches for specific genotypes, their co-occurrence, and interactions.

5. Conclusions

- Analysis of L. pneumophila ecology at the genotype level allows a better insight into the
environmental drivers triggering their abundance. The study analyzed the environmental
drivers determining the niches of abundant MLVA-genotypes. This may be in support of better
prediction and management of L. pneumophila abundance. However, more studies at sites differing
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with respect to climate and water quality are needed to provide a more thorough insight into
environmental drivers relevant for different L. pneumophila ecotypes.

- Magnesium was observed as an environmental factor correlating with low L. pneumophila abundance at
high concentrations (> 30 mg/L). If and how Mg has a suppressing effect on L. pneumophila abundance
needs further detailed studies, e.g., for other regions, site-specific inhibiting Mg concentrations may
vary depending on the susceptibility of the present L. pneumophila genotypes.

- The diversity of L. pneumophila genotypes and L. pneumophila abundance showed an inverse
correlation. It is hypothesized that “blooms” of L. pneumophila are caused by a few or even
a single well-adapted genotype (e.g., Gt 4, L. pneumophila Paris). Thus, the diversity and/or
presence of a specific genotype may indicate if high Legionella abundance is at risk, e.g., if relevant
environmental drivers will change. More studies are needed to investigate the value of potential
indicator genotypes for L. pneumophila blooms.

- In summary, the diversity of L. pneumophila in DWDS on the subspecies/clonal level is considered
too high to not be included in studies on drinking water. An ecology on the genotype level is
needed to get insight into L. pneumophila “behavior” in DWDS providing the basis for better
modeling and prediction.
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samples and vs. culture-based positive biofilm swabs; Figure S3: Correlation of Legionella plate counts of cold
versus hot water; Figure S4: MLVA 8(12)-genotype diversity (number of genotypes/number of strains retrieved per
sampling site) vs. the average percentage of Legionella positive biofilm swabs (by cultivation) per sampling site.

Author Contributions: A.R.Z. performed sample acquisition and analyses, strain isolation, data analyses and
contributed to drafting of the manuscript. D.M.B.; M.S.; I.B.; and M.G.H. designed the work, contributed to data
evaluation and drafting of the manuscript. S.B.; M.P.; A.S. and H.A. contributed to sampling, and sample and
strain analyses. All authors read and agreed to the published version of the manuscript.

Funding: This work was supported by DFG grants (HO 930/5-1; HO 930/5-2) and the Hildegard-Elisabeth-Foundation.

Acknowledgments: We thank the administration of the hospitals for allowing us to collect the samples. We thank the
Palestinian Water Authority (PWA) for helpful support, information, and data. We are grateful to Dalia Abu Hilal,
Verena Maiberg and Josefin Koch for technical assistance. Christian Lück and the National Consulting Laboratory
for Legionella kindly provided the Sequence Types of the isolates.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lück, P.C.; Fry, N.K.; Helbig, J.H.; Jarraud, S.; Harrison, T.G. Typing Methods for Legionella. Methods Mol. Biol.
2012, 954, 119–148. [CrossRef]

2. Steinert, M.; Hentschel, U.; Hacker, J. Legionella pneumophila: An aquatic microbe goes astray. FEMS Microbiol. Rev.
2002, 26, 149–162. [CrossRef]

3. Mercante, J.W.; Winchell, J.M. Current and Emerging Legionella Diagnostics for Laboratory and Outbreak
Investigations. Clin. Microbiol. Rev. 2015, 28, 95–133. [CrossRef]

4. Kirschner, A.K.; Rameder, A.; Schrammel, B.; Indra, A.; Farnleitner, A.H.; Sommer, R. Development of a
new CARD-FISH protocol for quantification of Legionella pneumophila and its application in two hospital
cooling towers. J. Appl. Microbiol. 2012, 112, 1244–1256. [CrossRef] [PubMed]

5. Mizrahi, H.; Peretz, A.; Lesnik, R.; Aizenberg-Gershtein, Y.; Rodríguez-Martínez, S.; Sharaby, Y.; Pastukh, N.;
Brettar, I.; Höfle, M.G.; Halpern, M. Comparison of sputum microbiome of legionellosis-associated patients
and other pneumonia patients: Indications for polybacterial infections. Sci. Rep. 2017, 7, 40114. [CrossRef]
[PubMed]

6. Delafont, V.; Brouke, A.; Bouchon, D.; Moulin, L.; Héchard, Y. Microbiome of free-living amoebae isolated
from drinking water. Water Res. 2013, 47, 6958–6965. [CrossRef] [PubMed]

196



Pathogens 2020, 9, 1012

7. Phin, N.; Parry-Ford, F.; Harrison, T.; Stagg, H.R.; Zhang, N.; Kumar, K.; Lortholary, O.; Zumla, A.; Abubakar, I.
Epidemiology and clinical management of Legionnaires’ disease. Lancet Infect. Dis. 2014, 14, 1011–1021.
[CrossRef]

8. Palestinian Water Authority (PWA). Status report of water sources in the occupied state of Palestine.
Annual Water Resources Status Report 2012. 1. 18. 2013. Available online: http://www.pwa.ps/userfiles/
file/ ���� ����	/
���
����%201/WR%20STATUS%20Report-final%20draft%202014-04-01.pdf (accessed on 15 October 2016).

9. Bargellini, A.; Marchesi, I.; Righi, E.; Ferrari, A.; Cencetti, S.; Borella, P.; Rovesti, S. Parameters predictive of
Legionella contamination in hot water systems: Association with trace elements and heterotrophic plate
counts. Water Res. 2011, 45, 2315–2321. [CrossRef]
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Abstract: Testing drinking water systems for the presence of Legionella colonization is a proactive
approach to assess and reduce the risk of Legionnaires’ disease. Previous studies suggest that there
may be a link between Legionella positivity in the hot water return line or certain water quality
parameters (temperature, free chlorine residual, etc.) with distal site Legionella positivity. It has been
suggested that these measurements could be used as a surrogate for testing for Legionella in building
water systems. We evaluated the relationship between hot water return line Legionella positivity and
other water quality parameters and Legionella colonization in premise plumbing systems by testing 269
samples from domestic cold and hot water samples in 28 buildings. The hot water return line Legionella
positivity and distal site positivity only demonstrated a 77.8% concordance rate. Hot water return
line Legionella positivity compared to distal site positivity had a sensitivity of 55% and a specificity of
96%. There was poor correlation and a low positive predictive value between the hot water return
line and distal outlet positivity. There was no correlation between Legionella distal site positivity and
total bacteria (heterotrophic plate count), pH, free chlorine, calcium, magnesium, zinc, manganese,
copper, temperature, total organic carbon, or incoming cold-water chlorine concentration. These
findings suggest that hot water return line Legionella positivity and other water quality parameters
are not predictive of distal site positivity and should not be used alone to determine the building’s
Legionella colonization rate and effectiveness of water management programs.

Keywords: Legionella; distal site positivity; hot water return line; chlorine; HPC; temperature;
water management

1. Introduction

Legionella is considered an opportunistic human pathogen and these bacteria have been found in
up to 70% of building water systems [1]. In recent molecular studies, Legionella pneumophila was isolated
from 38% of buildings sampled including 42% of residences and 35% of office buildings [2], and in 47%
of all taps in a study of buildings and homes in the United States [3]. Legionella colonization of potable
water systems can pose a public health risk, especially for immunocompromised individuals [1,4].

Several organizations including ASHRAE (formerly known as the American Society of Heating,
Refrigerating and Air-Conditioning Engineers), the World Health Organization, the American Industrial
Hygiene Association, and the Centers for Disease Control and Prevention recommend the creation
of water management programs aimed at preventing the growth and spread of Legionella and other
waterborne pathogens [5–8].
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Testing water for the presence of Legionella is the most direct means of determining whether the
building water system is colonized by Legionella [9,10] and its usefulness has been discussed in multiple
technical guidelines [7,11,12]. The correlation with disease risk has been well established in healthcare
facilities [13–16], but risk has also been demonstrated in hotels and other commercial properties.
Rather than recommend testing for the bacteria, some guidelines and standards have suggested that
building design or physical and chemical properties of the water can be used as predictors of risk or to
demonstrate that water management programs have effectively controlled the growth and spread of
Legionella [5,8].

For example, ASHRAE selected certain physical properties of buildings as requisite characteristics
for requiring a water management program [5]. This included building height (greater than 10 stories
including below grade), which had previously been found to have an increased presence of Legionella
in the buildings’ water heaters [17,18]. The Centers for Disease Control and Prevention (CDC) and
the Centers for Medicare and Medicaid Services (CMS) recommend that temperature, pH, and free
chlorine be tested at numerous outlets when doing a Legionella risk assessment [8,19]. Others have
suggested that the temperature of the hot water in the recirculation line of a building [20] or other
water quality parameters could predict the presence or absence of Legionella at the distal outlets (faucets
and showers) [20–23].

There is a problem with these recommendations. There is little data to support them. If such
monitoring is to be performed and relied upon as part of risk assessments and water management
programs, the expectation is that this information will have some relationship to either the presence or
absence of Legionella.

It is important that we better understand these assumptions. Therefore, we performed a large-scale
field investigation to evaluate the presence of Legionella in premise plumbing systems in 28 buildings
in New York City, San Francisco, and New Jersey. The objective of the study was to (1) evaluate the
potential of using hot water return line Legionella positivity as an indicator of distal site Legionella
colonization risk in these buildings and (2) evaluate the correlation between water quality parameters
and the presence of Legionella in water systems.

2. Results

2.1. Legionella Positivity Correlation

A total of 269 samples were cultured for Legionella from domestic cold and hot water samples in
28 different buildings and from 45 recirculating hot water systems. Legionella was cultured from 65/269
(24.2%) samples from 15/28 (53.6%) buildings sampled. The hot water return line sample was positive
in 12/45 (26.7%) systems (Figure 1). Positive distal sites (faucets) were observed in 20/45 (44.4%) of the
hot water systems. L. pneumophila was the only species of Legionella isolated from these water samples.
There was a trend towards larger buildings having more distal site positivity, however this was not
statistically significant (p = 0.06).
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Figure 1. Percent Legionella positivity and concentration was highest in distal site hot water and hot water
return lines. The bars represent the standard error of the mean for the average Legionella concentration.

Legionella was isolated from at least one distal site in 91.7% (11/12) of the hot water systems that
also had Legionella isolated from the hot water return line, with an average distal site positivity of 83.3%
± 8.7% (Figure 2). Legionella was isolated from at least one distal site in 27.3% (9/33) of the hot water
systems with a Legionella negative hot water return line, with an average distal site positivity of 13.1%
± 4.3% (Figure 2). In 35 of the 45 sampled hot water systems, there was agreement between Legionella
distal site positivity and hot water return line Legionella positivity, resulting in a 77.8% concordance rate.

We then analyzed if hot water return line Legionella positivity was able to correctly predict whether
the distal sites would be positive or negative for Legionella. Hot water return line positivity was related
to distal site positivity (p = 0.002), with a sensitivity of only 55% (11/20) and a specificity of 96%
(24/25). However, when hot water return line positivity was used as a screening tool for distal site
positivity, the positive predictive value was 91.7% and the negative predictive value was only 72.7%.
The average distal site concentration of Legionella in systems with a positive hot water return was
483.5 ± 147.4 CFU/mL, versus 20.7 ± 8.4 CFU/mL in negative hot water returns (p < 0.003) (Figure 2).
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Figure 2. Legionella distal site positivity and concentration was highest for hot water systems with
Legionella positive hot water return lines. The bars represent the standard error of the mean for average
Legionella concentration.

2.2. Heterotrophic Plate Count (HPC) and Chemical Parameter Correlation

All samples collected were also cultured for heterotrophic plate count (HPC) bacteria (Table 1).
HPC concentrations in hot water samples ranged from 3 CFU/mL to 2,100,000 CFU/mL. Statistical
analysis showed no correlation between distal site HPC concentration and Legionella distal site positivity
(p = 0.788) (Figure 3). The best-fit linear regression line demonstrates that HPC concentration explains
only 0.68% of the variance in Legionella distal site positivity (R2 = 0.0068).

Table 1. Average concentrations (±standard deviation) of total bacteria (heterotrophic plate count—HPC)
and physicochemical parameters.

Incoming Cold Water Storage Tank Cold Water Hot Water Return Distal Site Hot Water

HPC (CFU/mL) 18,954 ± 71,478.3 7254 ± 20,138.3 11,360.4 ± 25,094.9 92,125.4 ± 221,547.2
Temperature (◦F, 30 s flush) NT NT NT 109.36 ± 21.85

Temperature (◦F, 1 min flush) 63.12 ± 9.22 62.66 ± 9.76 122.80 ± 17.85 119.95 ± 73.22
pH 7.29 ± 0.78 7.17 ± 0.69 6.97 ± 0.67 6.93 ± 0.63

Free Cl (mg/L) 0.34 ± 0.24 0.23 ± 0.16 0.07 ± 0.13 0.05 ± 0.09
Fe (mg/L) NA NA NA NA
Ca (mg/L) 7.16 ± 4.41 6.56 ± 1.58 6.39 ± 1.19 6.61 ± 3.09
Mg (mg/L) 1.66 ± 1.09 1.46 ± 0.46 1.72 ± 1.80 1.79 ± 1.81
Zn (mg/L) 0.03 ± 0.04 0.02 ± 0.03 0.05 ± 0.09 0.04 ± 0.06
Pb (mg/L) NA NA NA NA
Mn (mg/L) 0.02 ± 0.03 0.02 ± 0.02 0.03 ± 0.12 0.03 ± 0.11
Cu (mg/L) 0.09 ± 0.20 0.05 ± 0.06 0.30 ± 0.51 0.19 ± 0.23

TOC (mg/L) NT NT 1.85 ± 0.26 NT

NA: 48.7% samples were with Fe concentration below detection limit of 0.03 mg/L, detectable Fe concentration
ranged from 0.03 to 4.6 mg/L; 76.2% samples were with Pb concentration below detection limit of 0.001 mg/L; Pb
concentrations in detectable samples ranged from 0.001 to 0.63 mg/L. NT: not tested. TOC = Total Organic Carbon.
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Figure 3. Legionella distal site positivity and average distal site HPC concentration are not significantly
associated. Average HPC concentration is represented on a logarithmic scale x-axis. A line of best fit
has been added to show the relationship between HPC concentration and distal site positivity.

The water from distal outlets was analyzed for pH, free chlorine, calcium (Ca), magnesium (Mg),
zinc (Zn), manganese (Mn), copper (Cu), and TOC. These results were analyzed for correlation with
distal site positivity (Table 1). None of the measured parameters were shown to have a correlation
with Legionella distal site positivity (p values > 0.05). Hot water return line pH, free chlorine, calcium,
magnesium, zinc, manganese, and copper also were not correlated with Legionella distal site positivity
(p values > 0.05). No comparisons could be made between either distal site or hot water return line
iron (Fe) or lead (Pb) concentrations and Legionella distal site positivity because the concentrations
were below the lower detection limit of the test method in 49% and 77% of samples for iron and
lead, respectively.

2.3. Temperature Correlation

Distal site temperatures averaged 119.95 ◦F after a 1-min flush. Distal site temperature was not
statistically related to the distal site Legionella positivity (p = 0.170). Distal sites with no Legionella
recovered trended towards higher hot water return temperatures, with an average 9.7 ◦F higher
temperature. However, this was not statistically significant (p = 0.0687).

When using 124 ◦F, the minimum recommended return circulation temperature [24], as a threshold
for Legionella distal site positivity, there was an association between the two values (p = 0.013) (Figure 4).
This hot water return temperature threshold value had a sensitivity of 65% (13/20) and a specificity
of 72% (18/25) for determining the Legionella distal site positivity. However, the positive predictive
value was only 65% (13/20) and the negative predictive value was 72% (18/25). This recommended
temperature threshold is a poor screening test for distal site positivity (receiver operating characteristic
(ROC) curve area = 0.68). In the buildings with a hot water return temperature > 124 ◦F, 28% (7/25)
were still positive for Legionella in distal sites.
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Figure 4. Legionella distal site positivity was seen in systems with hot water return line temperatures
above and below the recommended threshold. The red vertical line represents the 124 ◦F threshold value.

2.4. Incoming Cold-Water Chlorine Concentration

Incoming cold-water chlorine concentration was analyzed to determine if the concentration could
be used as a predictor of Legionella distal site positivity. Incoming cold-water chlorine measurements
were available from 20 buildings. Using 0.5 mg/L as the threshold for the acceptable level of free
residual chlorine found in drinking water [25], there was no correlation between incoming chlorine
concentration and Legionella positivity (p = 0.582) (Figure 5). This 0.5 mg/L incoming chlorine threshold
fails as a screening tool for Legionella distal site positivity (ROC curve area = 0.47).

 

Figure 5. Legionella distal site positivity was seen in buildings with incoming cold-water free
chlorine above and below the recommended threshold. The red vertical line represents the 0.5 mg/L
threshold value.
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3. Discussion

Public health agencies and some guidance documents recommend monitoring temperature and
water quality parameters as part of Legionella risk assessments and water management programs.
A reasonable assumption in following these recommendations is that there is some relationship to
Legionella presence or absence.

However, few studies have been conducted to evaluate these relationships and to determine if any
of these surrogate measurements can substitute for Legionella sampling in assessing risk or effectiveness
of control measures [20–23] and there is a growing interest for a more efficient sampling approach for
water system Legionella testing [20,26]. In this study we measured Legionella positivity, heterotrophic
plate count bacteria, and other water physicochemical parameters, including temperature, free chlorine
concentration, pH, calcium, magnesium, total organic carbon, iron, zinc, lead, manganese, and copper
concentrations. We also evaluated the correlation between hot water return line Legionella positivity
or these other water quality parameters to determine if any of these relationships were predictive of
Legionella distal site positivity.

Our analysis showed that the concordance rate between hot water return line Legionella positivity
and distal site Legionella positivity was 77.8%. This was similar to a previous report of 79% concordance
between the hot water recirculation loop and distal sites [20]. In the current study, we further
determined the sensitivity and specificity of using hot water return line Legionella positivity as a
screening tool to predict distal site Legionella positivity. The low sensitivity (55%) indicates a low
probability of finding distal site Legionella colonization based on the hot water return line Legionella
positivity alone. In many cases, hot water return lines that yielded no Legionella had positive distal
sites in that system.

Studies have linked the presence of Legionella in building water systems to water physicochemical
parameters such as trace elements concentration, pH, and temperature. A significant association
between Legionella presence and concentrations of Mn, Zn, and Fe was reported previously [22].
In another report, iron was significantly higher (average 1.43 mg/L) in Legionella positive public building
water samples compared to Legionella negative samples (average 0.09 mg/L) [27]. This association was
also seen with residential water systems [28]. In the present study, statistical analysis of the correlation
between Legionella positivity and Fe as well as Pb concentration was not possible, because 49% and
77% of total samples had Fe and Pb concentrations lower than the lower detection limit (0.06 and
0.002 mg/L, respectively). Copper concentrations of > 0.05 mg/L have been associated with a lower
risk of Legionella colonization [29].

We observed no statistically significant correlation between distal site Legionella positivity and
HPC, temperature, pH, free chlorine (incoming cold water and distal site), Ca, Mg, Zn, Mn, Cu, and
hot water return TOC. We found HPC concentration to be a poor predictor of Legionella positivity. HPC
concentration was only able to explain 0.68% of the variation in Legionella distal site positivity. These
results are consistent with a previous report that also showed the lack of correlation between total
bacterial counts, measured by HPC, and Legionella colonization [23].

Legionella negative hot water systems trended towards higher temperature, Ca concentration, and
lower hot water return TOC concentration, however, these were not statistically significant. In contrast
to one other study, we found no correlation between Legionella colonization and manganese in building
water systems [30]. Legionella positive systems trended towards higher Mn concentration on average,
although this relationship was also not statistically significant.

From our experience, buildings > 10 stories high often have multiple centralized hot water systems
installed to serve different building zones. The complexity of these centralized hot water systems lead to
favorable environments for Legionella colonization, such as increased water age, favorable temperatures,
and a lack of disinfectant residual [2,18,27,31,32]. Previous studies have shown a correlation between
the building size and Legionella growth. These studies have indicated that larger buildings (>10 stories)
and those with centralized hot water systems are more likely to support Legionella growth [17,18].
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We did not see a statistical relationship in our study, between building size and Legionella positivity,
however our data suggest the need for further investigation with larger data sets.

The risk of acquiring Legionnaires’ disease has been previously associated with high levels of
distal site Legionella positivity (>30%) [1,9,13–15]. Localized Legionella colonization at the point-of-use
such as faucets and shower heads had been frequently observed and linked to the risk of susceptible
individuals [33–35] and would serve as a patient–water system interaction point. Monitoring a facility’s
water system for Legionella colonization involves sampling distal hot water outlets regularly, which may
necessitate the collection of numerous samples, especially for large facilities with multiple hot water
systems [6,20].

Based on our study, sampling and culturing only the hot water return lines for Legionella presence
demonstrates a low sensitivity of identifying Legionella colonization and therefore Legionnaires’ disease
risk. Similarly, the measured water quality parameters were not predictors of Legionella distal site
positivity. Hot water temperature or incoming cold-water chlorine thresholds, 124 ◦F and 0.5 mg/L,
respectively, also did not serve as good screening tools for Legionella colonization. In facilities with high
risk residents, such as hospitals and long-term care facilities, a more conservative approach of direct
sampling of at least 10 distal sites is recommended [9,36,37]. Based on our results, we recommend
that in lower risk facilities, such as commercial or administrative buildings, sampling at least three
distal sites and the hot water return should be done for routine surveillance in each hot water system.
If positive samples are found, a more thorough examination of the extent and location of colonization
may be warranted especially in office buildings where Legionella has been found to persist regardless
of building age [2]. In ASHRAE Standard 188, an important part of any water management program is
to ensure that there is validation of the program’s efficacy. This is to ensure the water management
program is controlling identified hazardous conditions, specifically the risk of Legionella growth and
spread. Our results demonstrate that these surrogate measurements cannot be used to validate the
control of Legionella risk at a facility because they are not predictive of the presence or absence of
Legionella species.

4. Materials and Methods

4.1. Sample Collection and Onsite Water Quality Parameter Measurements

Bulk water samples were collected from 28 buildings in New York City (25 buildings), San Francisco
(two buildings), and New Jersey (one building) from March to September 2015. The sampled buildings
included commercial buildings ranging from 5 to 57 floors. Samples were collected from the incoming
cold-water per building, cold-water storage tank per cold water system, three hot water distal outlets
per hot water system (near, mid and far), and the hot water return line from each hot water system.

Cold water and hot water return line samples were collected after a 1-min flush. A 1 L sample
with sodium thiosulfate for microbiological analyses and a 250 mL sample preserved with nitric
acid for metal analyses (iron (Fe), copper (Cu), lead (Pb), zinc (Zn), calcium (Ca), magnesium (Mg),
and manganese (Mn)) were collected. Hot water distal outlet samples were collected and treated as
above, but the 1 L microbiological sample was taken prior to flushing. Additionally, for hot water
return line samples, two 50 mL vials with hydrochloric acid preservative were collected for total
organic carbon (TOC) testing. Measurements for temperature, pH, and free chlorine were conducted
onsite after sample collection.

Temperature, pH, and free chlorine residual concentration were measured on-site at the time of
sample collection using a digital thermometer, portable Hach 900 colorimeter, and Oakton Acorn pH
meter following the manufacturer’s protocols. Samples for microbiological analyses were shipped on
ice overnight to Special Pathogens Laboratory (Pittsburgh, PA, USA) and samples for metal analyses
and total organic carbon testing were shipped to ALS Environmental (Middletown, PA, USA).
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4.2. Microbiological Analyses

Legionella culture was conducted using buffered charcoal yeast extract agar (BCYE) (Remel, Lenexa,
KS, USA) and selective media supplemented with glycine, vancomycin, and polymyxin B (DGVP) [38]
using a modified ISO method [39,40]. Heterotrophic plate count (HPC) bacteria culture was performed
using R2A agar (Remel, Lenexa, KS, USA) following standard method 9215B [41]. Culture media
plates were prepared in-house with dehydrated media as noted above.

4.3. Statistical Analyses

For categorical data (building size, dichotomized threshold variables) Legionella positivity was
compared using the Chi square test. Logistic models were used to evaluate Legionella positivity
(presence/absence) and continuous variables (HPC, temperature, pH, free chlorine, calcium, magnesium,
zinc, manganese, copper, and total organic carbon). A receiver operating characteristic (ROC) curve
and the area under the curve (AUC) were generated to evaluate the utility of hot water return line
temperature (dichotomized by recommended threshold) for predicting Legionella positivity. All statistics
were performed using Stata version 13.0 (Stata Corp, College Station, TX, USA). A linear regression,
and resulting R2 value, was generated to evaluate the utility of HPC concentration for predicting
Legionella positivity using Microsoft Excel.

5. Conclusions

Water quality measurements, including hot water return line Legionella positivity, total bacterial
counts, temperature, and other physicochemical parameters, have previously been sought or suggested
as alternative approaches to determine the Legionella risk for a building’s water system instead of
directly culturing the system. We found a concordance rate of only 77.8% between hot water return
Legionella positivity and distal site Legionella positivity. Additionally, using hot water return line
positivity as a predictor for Legionella distal site positivity had a sensitivity of only 55% and a specificity
of 96%. There was no significant correlation between Legionella positivity and any water quality
parameter (HPC, temperature, incoming cold-water chlorine, or physicochemical concentrations)
tested. Neither hot water return line Legionella positivity nor other water quality parameters are
suitable as a surrogate or stand-alone replacement for sampling and culturing distal sites for Legionella
colonization in building water systems, especially in facilities with higher-risk populations.
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Abstract: Legionella spp are the causative agents of Legionnaires’ diseases, which is a pneumonia of
important public health concern. Ubiquitous freshwater and soil inhabitants can reach man-made
water systems and cause illness. Legionella enumeration and quantification in water systems is
crucial for risk assessment and culture examination is the gold standard method. In this study,
Legionella recovery from potable water samples, at presumably a low concentration of interfering
microorganisms, was compared by plating on buffered charcoal yeast extract (BCYE) and glycine,
vancomycin, polymyxin B, cycloheximide (GVPC) Legionella agar media, according to the International
Standard Organization (ISO) 11731: 2017. Overall, 556 potable water samples were analyzed and 151
(27.1%) were positive for Legionella. Legionella grew on both BCYE and GVPC agar plates in 85/151
(56.3%) water samples, in 65/151 (43%) on only GVPC agar plates, and in 1/151 (0.7%) on only BCYE
agar plates. In addition, GVPC medium identified Legionella species other than pneumophila in six
more samples as compared with the culture on BCYE. Although the medians of colony forming
units per liter (CFU/L) detected on the BCYE and GVPC agar plates were 2500 and 1350, respectively
(p-value < 0.0001), the difference did not exceed one logarithm, and therefore is not relevant for
Legionella risk assessment. These results make questionable the need to utilize BCYE agar plates to
analyze potable water samples.

Keywords: Legionella; Legionnaires’ disease; culture; BCYE and GVPC media

1. Introduction

Legionella is a water-born pathogen widely spread in man-made water systems, responsible for
a severe pneumonia and a flu-like illness, named Legionnaires’ disease (LD) and the Pontiac fever,
respectively. Overall, at the present time, 62 Legionella spp. have been identified and less than a half
were pathogenic, however, Legionella pneumophila was surely the most frequently found in LD cases.
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After its first isolation following the large outbreak in Philadelphia in 1976, Legionella has become an
opportunistic pathogen of major concern, because of a worldwide increasing number of both sporadic
cases and outbreak events [1–4]. Outbreak investigations have widely demonstrated that the most
frequent sources of infection are water systems of different buildings, such as hotels or hospitals and,
specifically, showers, cooling towers, and spa pools [5,6].

The timely identification of the source of an infection is of great importance to prevent clusters
or outbreaks and culture examination is the gold standard for the analyses of water samples.
Although molecular methods have been demonstrated to be highly sensitive and specific, as well as
able to detect all Legionella species and serogroups, they remain impracticable for Legionella enumeration
because they detect DNA of both living and dead bacteria [7,8].

The Legionella laboratory isolation is of great relevance for further deeper molecular investigations,
in order to characterize clinical and environmental strains and identify the source of infection [9].
Furthermore, according to the European guidelines for Legionella [10], a quantitative evaluation of the
contamination of water systems due to Legionella can be determined only by a culture, even though a
culture has been demonstrated to have some drawbacks [11]. The counting of colony forming units
per liter (CFU/L) is a crucial step for risk assessment and, as a consequence, to decide the right control
measures to be adopted. The fastidious growth requirements of Legionella, the overgrowth of other
bacteria, as well as the medium required by the specifically adopted culture method can affect the
results of the analysis and determine a variable range of Legionella concentrations.

Culture methods are generally performed according to standards, such as the international
standard organization (ISO), recognized by each country’s accreditation body [12]. In particular,
the ISO 11731 is the most used and it has recently been updated, replacing the previous ones published
in 1998 and 2004 (ISO 11731: 2017). Chemical formulation of culture media, as well as the acid and heat
treatments, required by the ISO 11731 for the enumeration of Legionella in water samples, may have
different effects on the recovery of Legionella, independent of the manufacturer of the commercially
available media [13,14].

The updated ISO 11731 introduced the utilization of the following three media: the buffered
charcoal yeast extract (BCYE) agar; the BCYE with selective supplements (BCYE + AB), containing
polymixin B, sodium cefazolin, and pimaricin; and the highly selective Modified Wadowsky Yee
(MWY) agar or, as an alternative, the glycine, vancomycin, polymyxin B, cycloheximide (GVPC) agar.
The choice of the selective medium to be used is linked to the specific potential bacterial contamination
of water samples. Potable waters and any other water samples with background microorganisms must
be analyzed using selective media, with the capability of reducing background microorganisms. In the
ISO 11731: 2017, GVPC and MWY are both considered to be equally efficient for Legionella recovery.
It has been demonstrated that MWY was the best medium for isolating Legionella pneumophila from
potable water samples and GVPC was the most effective for reducing additional microbial flora [15,16].
According to ISO 11731: 2017, the decision matrix in Annex J shows that plating on BCYE agar is
specifically required for potable water samples when the enumeration of Legionella is determined by
the following methods: (i) direct plating without any concentration and treatment, (ii) membrane
filtration and direct placing of the membrane filter on culture media, and (iii) membrane filtration
followed by washing procedure.

In this study, the Legionella recovery from potable water samples, concentrated by filtration with
washing procedure, was determined and the recovery after plating on BCYE and GVPC agar plates
was compared.

2. Material and Methods

2.1. Water Samples and Culture

Overall, 556 water samples were collected from accommodation sites, hospitals, and private
homes and, according to the ISO 11731: 2017, they were classified as belonging to the identified Matrix
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A, being water samples expected at low concentration of interfering microorganisms. Sampling was
performed at different sampling points (shower, faucet, boiler, etc.) of accommodation sites and
hospitals according to protocols reported in Italian guidelines [17]. Briefly, an instant water sample
was collected to simulate exposure by a user, without flaming and disinfecting the outlet, and without
running water. The temperature was measured immediately before filling the one-liter bottle.

The BCYE and GVPC (Oxoid, Thermo Fisher Diagnostics Limited, Cheshire, UK) agar plates and
reagents were prepared according to ISO 11731: 2017. Legionella CYE agar base, BCYE-α growth
supplement, and GVPC selective supplement were purchased from Oxoid, Thermo Fisher Diagnostics
Limited, Cheshire, UK. For each lot of both media, a quality control was carried out according to ISO
11133: 2014 [18]. The reference material Easy-tab Reference Material (LGC, Bury, UK) was utilized for
performance testing of the two media, and always resulted within the declared range. Selectivity of
GVPC was qualitative determined according to ISO 11133: 2014. Ringer solution was used to wash
polycarbonate membranes using a vortex mixer.

For each sample, a volume of one liter was collected and it was concentrated 200 times by
filtration, using 0.22 μm polycarbonate membrane, followed by the washing procedure of the filter.
After filtration the membrane was placed in a screw cap sterile container with 5 mL of diluted Ringer’s
solution. The membrane was washed by shaking vigorously for at least 2 min using a vortex mixer.
The concentrated sample was divided into the following three aliquots, according to ISO 11731: 2017:
one ml was heat treated, one ml was acid treated, and the remaining 3 mL were untreated. Then, one
hundred μL of each aliquot were placed on both BCYE and GVPC agar plates and incubated at 37 ◦C,
for ten days. The plates were checked after four or five days, and after 10 days. According to the
concentration procedure, the detection limit of our method was 50 CFU/L.

The laboratory that analyzed the samples is accredited for the detection and enumeration of
Legionella according to ISO 11731: 2017, by the Italian national accreditation body (Accredia).

2.2. Statistical Analysis

The McNemar’s test was used to compare frequency on paired data. The concordance between
media was evaluated using the Kappa test (K< 0.20= “poor”, 0.20–0.40= “fair”, 0.40–0.60= “moderate”,
0.60–0.80 = “good”, and 0.80–1.00 = “very good”). Specificity and sensitivity, as well positive and
negative predictive values (PPV and NPV, respectively), and 95% confidence intervals (CI) for both
media were calculated, considering the BCYE as a reference medium.

All statistical analyses were performed by Stata software version 11.2 (Stata Corp,
College Station, TX, USA).

3. Results

All of the 556 water samples were analyzed by culture and, overall, 151 (27.1%) were positive for
Legionella, of which 65 (43%) grew on only GVPC, 85 (56.3%) grew on both GVPC and BCYE, and one
(0.7%) grew on only BCYE. (Table 1). The difference of the results obtained analyzing the samples by
the two media was significant (McNemar’s test, p < 0.0001).

Table 1. Recovery of Legionella by using buffered charcoal yeast extract (BCYE) and glycine, vancomycin,
polymyxin B, cycloheximide (GVPC) media.

GVPC

BCYE

Negative Positive Total

Negative 405 65 470
Positive 1 85 86

Total 406 150 556

McNemar’s test p-value <0.0001.

215



Pathogens 2020, 9, 757

The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)
of GVPC vs. BCYE media are shown in Table 2. GVPC demonstrated a greater sensitivity and a good
specificity as compared with BCYE medium. The Cohen’s Kappa coefficient calculated on these data
provided a value of 0.65, indicating a good quality of agreement (p < 0.0001) (Table 2).

Table 2. GVPC vs. BCYE sensitivity, specificity, positive predictive value (PPV), negative predictive
value (NPV), concordance, Kappa value, and p-value.

Comparison % (95% CI)

Sensitivity 98.8 (97.9–99.7)
Specificity 86.2 (83.3–89.0)

PPV 56.7 (52.5–60.8)
NPV 99.7 (99.3–100.2)

Concordance 88.1
Kappa value (p-value) 0.65 (<0.0001)

CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.

Considering the 85 samples that were positive on both GVPC and BCYE media, 11 samples showed
fewer colony forming units per liter (CFU/L) on GVPC than on BCYE (Table 3). However, the differences
of CFU/L found between the two media were never higher than 1 log (p-value = 0.0388).

Table 3. Legionella CFU/L range detected on samples positive on both BCYE and GVPC media.

GVPC Total
CFU/L 50–1000 1050–10,000 >10,000

BCYE

50–1000 30 3 0 33
1050–10,000 5 33 0 38
>10,000 0 6 8 14

Total 35 42 8 85

Figure 1 shows the distribution of L. pneumophila serogroups and Legionella species found on GVPC
and BCYE agar plates. Legionella species were detected in 19 samples by GVPC and in 13 samples
by BCYE. Considering the range of the colony forming unit (CFU)/L detected, the data proved that,
among the 65 samples positive on only GVPC, there were 51 samples (78.4%) showing a range between
50 and 1000, highlighting the high efficiency of GVPC in isolating low bacterial counts. The calculated
medians of CFU/L detected on BCYE and GVPC plates were equal to 2500 (interquartile range = 5500)
on BCYE and 1350 (interquartile range = 3950) on GVPC, and the difference between the two media
was significant (p-value < 0.0001).
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Figure 1. Distribution of Legionella pneumophila serogroups and Legionella species (BCYE n = 86 vs.
GVPC n = 150).
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4. Discussion

In this study, potable water samples were analyzed according to the ISO1173: 2017, in order to
compare the Legionella recovery obtained by plating on BCYE and GVPC agar plates. We observed
that GVPC was more efficient in detecting Legionella than BCYE medium. Indeed, 43% of the overall
positive samples were detected on only GVPC agar plates and, in addition, the positivity of water
samples at low bacterial counts, corresponding to 78.4% of the total positive samples, was determined
only by using this medium. This finding has significant relevance especially when, in specific water
systems as hospital wards or thermal waters, the absence or a strong containment of Legionella
contamination must be guaranteed, due to possible exposure by people at increased risk of acquiring
LD. In a previous study, it was demonstrated that a much greater yield of Legionella spp. was obtained
by plating on BCYE than on MWY agar plates, and a significantly higher number of CFU of both
Legionella pneumophila and non-pneumophila was counted on BCYE as compared with MWY [19].
On the contrary, Leoni et al. demonstrated the significantly higher yield on GVPC and MWY than on
BCYE medium, in combination with the technique used of direct inoculum or pretreatment with acid or
heat [18]. Furthermore, other studies have shown no statistically significant differences between BCYE
and GVPC media in recovering Legionella in water samples [14,20]. In this study, Legionella recovery
was determined by comparing the CFU/L counted in BCYE and GVPC, and although significantly
higher CFU/L were found in BCYE than in GVPC agar plates, the difference did not exceed one log.
Therefore, it was not relevant for Legionella risk assessment of drinking water systems.

Furthermore, the possibility of improving the isolation of Legionella non-pneumophila species
by plating the water samples on BCYE was not confirmed. Indeed, Legionella species other than
pneumophila were detected more on GVPC than on BCYE.

In conclusion, these results cast doubt on the advantages of analyzing water samples using only
BCYE, as required by ISO 11731: 2017. Further investigations by analyzing a larger number of water
samples should be conducted to confirm these data, which, if confirmed, would bring enormous
benefits, saving time and money, especially for laboratories that carry out monitoring activities and
analyze hundreds of samples daily.
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Abstract: The quality control of culture media used for Legionella spp. isolation and enumeration is
paramount to achieve a satisfactory degree of comparability among water testing results from
different laboratories. Here, we report on a comparative assessment of the sensitivity and
selectivity of MWY and BCYEα media supplied by two different manufacturers (i.e., Xebios
Diagnostics GmbH and Oxoid Ltd) for the detection of Legionella spp. from environmental
water samples. Even though our analysis showed an excellent agreement between the recovery
rates of the four media tested (90.5%), the quantitative recovery of Legionella spp. colonies
using Xebios media was significantly greater than that achieved by Oxoid media (P = 0.0054).
Furthermore, the sensitivity of detection was significantly higher when samples were plated on
MWY Xebios agar (P = 0.0442), while the selectivity of MWY appeared to be the same regardless
of the manufacturer. Furthermore, MWYXebios agar favored the growth of much larger colonies
compared to those observed on MWYOxoid agar. Finally, MWYXebios medium enhanced the recovery
of non-pneumophila Legionella species. Collectively, our findings demonstrate that quality control
is crucial to ensure high selectivity and sensitivity of the culture media used for the detection and
enumeration of Legionella spp. from environmental water resources. As water remediation measures
strictly depend on Legionella spp. recovery, culture protocol standardization, as well as quality control
of the culture media, is essential to achieve intra- and interlaboratory reproducibility and accuracy.

Keywords: Legionella spp.; culture media; environmental monitoring; quality control

1. Introduction

The most common protocol for environmental surveillance of Legionella spp. involves the
use of buffered charcoal yeast extract agar enriched with 1 g/L alpha-ketoglutarate agar (BCYEα).
Although this method has a proven record of effectively isolating and enumerating Legionella species
from environmental or clinical specimens, its sensitivity and selectivity are often hampered by
the presence of contaminating flora in the water samples, which may influence the final count of
Legionella spp. due to overgrowth or inhibition. Therefore, culture on selective agar media—i.e., BCYEα
supplemented with glycine, vancomycin, polymyxin B, cycloheximide (GVPC) or with glycine,
polymyxin B, vancomycin, anisomycin, bromothymol blue, and bromocresol purple (MWY)—that is
capable of inhibiting most non-Legionellaceae bacteria is the preferred solution to isolate Legionella spp.
from environmental specimens [1–3].

Given that the recovery of Legionella spp. strictly depends on the type of agar being used,
quality-assured culture media for water testing are key to consumer safety. However, the overall
performance of commercially available nonselective (BCYEα) and selective (MWY and GVPC) media
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for Legionella spp. isolation has only been partially addressed. In this regard, the last studies on the
quality assurance of these media date back to 2004 [4] and 2010 [5].

According to the literature, these types of media are very difficult to prepare, store, and test
as minor differences in pH, cation content, and agar composition can heavily influence growth
rates, plating efficiency, and colony formation [6–8]. Thus, the quality control of culture media used
for Legionella spp. detection is now, more than ever, essential to achieve a satisfactory degree of
comparability among water-testing results from different laboratories.

For over two decades, our group has been conducting Legionella spp. testing in numerous hospitals
and health facilities in the Piedmont region of Italy. Furthermore, since 2007, our laboratory has been a
permanent member of the External Quality Assessment (EQA) scheme for Legionella spp. isolation
from water, which relies on the use of the BCYEα and MWY media manufactured by Oxoid Ltd.
(Basingstoke, UK), with satisfactory z-scores of performance throughout. In particular, by conducting
parallel seeding experiments, we have previously found that BCYEα allows a higher yield and recovery
rate of Legionella spp. positive samples (93%) compared to that obtained with MWY (78%). Based on
these findings, we were the first in 2011 [9] to recommend the use of BCYEα as a nonselective medium,
in addition to MWY or GVPC, for optimal detection of Legionella spp. in environmental water samples.
The combined use of one selective and one nonselective media for improved Legionella spp. detection
was later on incorporated in the second edition of ISO 11731 [10].

Besides the recovery rate, we have also been actively involved in evaluating the sensitivity and
selectivity of nonselective vs. selective media for the isolation and enumeration of Legionella spp.,
an investigation that has been more recently extended to BCYEα-AB media (Ditommaso et al.,
unpublished data).

In this study, we report on a comparative assessment between the sensitivity and selectivity
of the aforementioned media from Oxoid Ltd. (Basingstoke, UK) and the corresponding media
manufactured by Xebios Diagnostics GmbH (Düsseldorf, Germany) for the detection of Legionella spp.
from environmental water samples.

2. Results

2.1. Overall Results

A total of 148 water samples were cultured on MWY and BCYEα agar produced by two different
manufacturers (i.e., Xebios and Oxoid). Bacteria were isolated from 70/148 samples (47.3%) using either
type of medium, showing comparable levels of Legionella spp. detection. Specifically, we detected
64 (43.2%) and 62 (41.9%) positive cultures using Xebios and Oxoid mediums, respectively, with excellent
agreement between the two brands (90.5%; κ = 0.807).

According to the Wilcoxon test analysis performed on 148 results obtained with each medium,
the detection sensitivity increased when the samples were plated on Xebios medium (P = 0.0054,
median difference between log-counts: Δ = 0.192, CI95%: 0.055, 0.394). Consistently, the 56 concordant
positive samples also displayed the highest counts on Xebios agar plates (P = 0.0006, Δ = 0.159,
CI95%: 0.068, 0.295).

2.2. Results Relative to Medium Type

To further investigate the differences in the recovery of Legionella spp., we assessed the sensitivity
and selectivity of Oxoid vs. Xebios alpha-ketoglutarate agar (BCYEα) and bromocresol purple (MWY)
in detecting Legionella spp. from 148 environmental water samples (Table 1).
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Table 1. Relative sensitivity and selectivity of BCYEα and MWY media from Xebios or Oxoid for
Legionella spp. isolation.

BCYEα Oxoid MWY Oxoid BCYEα Xebios MWY Xebios

Number (%) plates growing Legionella 44 (29.7) 52 (35.1) 49 (33.1) 62 (41.9)
Sensitivity a (63) (74) (70) (78)

Number (%) plates growing
microorganism other than Legionella 21 (14.2) 70 (47.3) 18 (12.2) 70 (47.3)

Selectivity b (14) (47) (12) (47)
a Sensitivity was calculated by comparing the number of positive plates for a given medium with the cumulative
yield of Legionella spp. from all four media (n = 70). b Selectivity for each media was defined as the number of plates
suppressing the growth of organisms that were not Legionella spp. over the total number of plates (n = 148).

The detection sensitivity was significantly higher in samples plated on MWYXebios agar compared
to that of samples grown on MWYOxoid agar (McNemar test: P = 0.0042). No difference was found
between BCYEαOxoid and BCYEαXebios media (McNemar test: P= 0.03588); no difference in suppressing
non-Legionella bacteria (i.e., selectivity) was found between the two brands of MWY agar.

A Wilcoxon signed-rank test comparison (Table 2) revealed a significant difference in the number
of Legionella spp. colonies, not only between BCYEαXebios and MWYXebios media but also between
MWYOxoid and MWYXebios media. In either case, the recovery of Legionella spp. was significantly
higher when the samples were plated on MWYXebios agar.

Table 2. Wilcoxon signed-rank test analysis of Legionella spp. counts (CFU/L) obtained with four
different types of mediums.

Xebios Media vs. Oxoid Media P-Value Δ (CI95%)

(a) BCYEα Oxoid MWY Oxoid 0.476
(b) BCYEα Xebios MWY Xebios 0.0005 Δ = 0.515 (CI95%: 0.182, 1.023) [MWY > BCYE]
(c) BCYEα Oxoid BCYEα Xebios 0.0905
(d) MWY Oxoid MWY Xebios 0.0014 Δ = 0.618 (CI95%: 0.268, 0.981) [Xebios > Oxoid]

Comparison between corresponding media from the two companies (a,b) and between different types of medium
from each company (c,d). Δ is the median of the differences of log-counts, where the left column is the reference.

All data were disaggregated according to medium and manufacturer. Table 3 classifies the samples
according to the presence or absence of Legionella spp. in MWY and BCYE media from Oxoid (Table 3a)
or Xebios (Table 3b). There is a greater agreement between the two Xebios media (47/49) in comparison
with that between the two Oxoid media (34/44).

Table 3. Assessment of Legionella spp. recovery according to culture medium and manufacturer.

(a) OXOID (b) XEBIOS
(c) EXPECTED XEBIOS

[from (a) with Deming-Stephan Method]

BCYEα BCYEα BCYEα

MWY

Pos
(n)

Neg
(n)

Total
Pos
(n)

Neg
(n)

Total
Pos
(n)

Neg
(n)

Total

Pos
(n)

34 18 52 Pos
(n)

47 15 62 Pos
(n)

40.22 21.78 62

Neg
(n)

10 86 96 Neg
(n)

2 84 86 Neg
(n)

8.78 77.22 86

Total 44 104 148 Total 49 99 148 Total 49 99 148

Pos = positive, Neg = negative Agreement = 81.1%; κ = 0.57 Agreement = 88.5%; κ = 0.757.

Pearson’s chi-squared test comparison between Oxoid and Xebios results, after a Deming–Stephan
adjustment, revealed a statistically significant difference between the two brands (χ2 = 9.0824,
P = 0.0026; Table 3c).
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The number of Legionella spp. colonies (CFU/L) growing or not on BCYEα and MWY is shown in
Tables 4 and 5.

Table 4. Number of Legionella spp. colonies (CFU/L) appearing on different plates: BCYEα positive
results vs. MWY negative results.

Oxoid Xebios

Samples BCYEα MWY L. spp.
B. Flora

on
BCYEα

B. Flora
on

MWY
Samples BCYEα MWY L. spp.

B. Flora
on

BCYEα

B. Flora
on

MWY

1 50 0 Lp3 1+ 0 1 50 0 Lp3 0 /
2 50 0 Lp1 1+ 0 2 500 0 Lp1 1+ /
3 150 0 Lp6 1+ 0
4 200 0 L.spp 0 0
5 400 0 L.spp 0 0
6 600 0 L.spp 1+ 0
7 1050 0 L.spp 0 0
8 2200 0 L.spp 2+ 0
9 2350 0 L.spp 0 0
10 3400 0 L.spp 0 0

Background (B.) flora was measured by semiquantitative counting: four categories were determined according
to the visual density of colonies spread onto the plate, where zero is no background flora and 3+ is massive
contamination (see supplementary materials). Lp 1 = L. pneumophila serogroups 1; Lp 3 = L. pneumophila serogroups 3;
Lp 6 = L. pneumophila serogroups 6; L.spp. = Legionella spp. non-pneumophila.

Table 5. Number of Legionella spp. colonies (CFU/L) appearing on different plates: BCYEα negative
results vs. MWY positive results.

Oxoid Xebios

Samples BCYEα MWY L. spp.
B. Flora

on
BCYEα

B. Flora
on

MWY
Samples BCYEα MWY L. spp.

B. Flora
on

BCYEα

B. Flora
on

MWY

1 0 50 Lp6 3+ 0 1 0 50 Lp6 3+ 0
2 0 50 L.spp 2+ 0 2 0 50 Lp3, L.spp 1+ 1+
3 0 50 Lp6 1+ 0 3 0 50 L.spp 1+ 0
4 0 50 Lp6 3+ 0 4 0 50 Lp6 3+ 0
5 0 50 Lp6 3+ 0 5 0 100 Lp6 2+ 0
6 0 100 Lp1 1+ 0 6 0 500 Lp7-14 3+ 0
7 0 150 Lp6 2+ 0 7 0 500 Lp7-14 3+ 0
8 0 200 Lp7-14 3+ 0 8 0 800 Lp6, L.spp 2+ 0
9 0 300 Lp7-14 3+ 0 9 0 1200 Lp7-14 3+ 1+

10 0 300 Lp714 3+ 0 10 0 1300 Lp714 3+ 1+
11 0 300 Lp7-14 3+ 0 11 0 1500 Lp7-14 3+ 1+
12 0 300 Lp6 3+ 0 12 0 1700 Lp6, L.spp 3+ 0
13 0 300 Lp6 3+ 0 13 0 2150 Lp3, Lp6 3+ 1+
14 0 500 Lp7-14 3+ 0 14 0 7700 Lp6 3+ 1+
15 0 600 Lp7-14 3+ 0 15 0 8300 Lp6 3+ 0
16 0 1500 Lp3, Lp6 3+ 0
17 0 4800 Lp2-14 3+ 0
18 0 15000 Lp6 3+ 3+

Background (B.) flora was measured by semiquantitative counting: four categories were determined according
to the visual density of colonies spread onto the plate, where zero is no background flora and 3+ is massive
contamination (see supplementary materials). Lp 1 = L. pneumophila serogroups 1; Lp 3 = L. pneumophila
serogroups 3; Lp 6 = L. pneumophila serogroups 6; Lp 2–14= L. pneumophila serogroups 2–14; Lp 7–14= L. pneumophila
serogroups 7–14; L.spp = Legionella spp. non-pneumophila.

The observation that some water samples were Legionella spp. positive on BCYEα medium but
negative on MWY agar (7/10 cultures, samples 4–10, Table 4) indicates that the use of selective medium
can affect the recovery of non-Legionella pneumophila species. Cell concentrations from these water
samples ranged from 2.0 × 102 to 3.4 × 103 CFU/L. These results only refer to samples cultured on
Oxoid media (Table 4).

Table 5 shows that high levels of background flora can challenge the results: on BCYEα agar,
the results were affected by the presence of concomitant background flora that prevented the growth or
masked the observation of Legionella colonies in BCYEα agar from both manufacturers. No qualitative
data are available for these aquatic bacteria. Contaminating non-Legionella bacteria were rarely
recovered on MWY agar from either manufacturer.

222



Pathogens 2020, 9, 523

The influence of the media on the detection time was also assessed. Typically, antibiotics added to
the selective media suppress the accompanying flora but at the same time slow down the growth of
the target organism. The average colony size of Legionella spp. cultured on Xebios media was greater
than that of Legionella spp. plated on Oxoid medium, especially for bacteria plated onto MWY agar.
With regard to colony count, the number of Legionella spp. was higher on MWYXebios agar compared
to MWYOxoid. As for the Oxoid media, even though the supplemented antibiotics suppressed the
accompanying flora, it slowed down excessively the growth of the target organisms. No particular
differences in colony size or count were observed between the two brands of BCYEα agar, as already
shown in Table 2 (see also the supplementary materials).

3. Discussion

Several factors may hinder exact Legionella spp. quantification in environmental samples:
(i) differences in the polycarbonate membrane characteristics (e.g., pore size, batches, fragility, crinkling
and electrostatic interactions), (ii) different washing procedures to remove trapped bacteria from the
membrane (e.g., shaker/vortex, ultrasound, finger and thumb scraping, or heat or acid treatment),
which favor the detection of the microorganism but at the same time may reduce its concentration,
and (iii) the choice of the culture medium [11–14].

As for the latter, the parameters affecting its quality are the following: (1) type and quantity of
nutrients, (2) redox potential (Eh)—both after preparation and during incubation, (3) initial pH and
buffering capacity, (4) water activity, and (5) type and activity of the antimicrobial agents—these can
either be supplemented, already be present in the medium components, or accidentally form due to
preparation errors, such as excessive heating [6,15]. Further evidence has highlighted several other
deficiencies of those selective media that rely on a delicate balance between productive and selective
mechanisms [4,8,16,17].

The quality of culture media has a dramatic effect on Legionella spp. recovery and counts.
To evaluate the contribution of culture media, we checked relative recoveries of Legionella spp. from
148 environmental water samples because the response obtained from media plated with collection
strains (i.e., quality control protocol) may vary when wild bacterial strains are present. It is known,
for example, that virulent L. pneumophila are especially salt-sensitive, and that spontaneous mutations
in stock strains may result in salt resistance [18]. Consequently, testing culture media using stock
strains of bacteria may not always be a valid approach [5].

Although several different medium formulations are routinely used to detect Legionella spp. from
environmental samples [10], there is paucity of studies assessing and comparing their abilities in
growing Legionella spp. [4,5,9]. Since the quality of the culture medium strongly influences Legionella spp.
detection and enumeration due to the presence of contaminating flora, here, we have assessed the
recovery rates of Legionella spp. from hospital water samples using two different brands (i.e., Xebios
and Oxoid) of either nonselective BCYEα or selective MWY medium.

Our analysis shows an excellent agreement between the recovery rates of the media from both
companies (90.5%). Nonetheless, the quantitative recovery of Legionella colonies using Xebios media is
significantly greater than that achieved by Oxoid media. Furthermore, the sensitivity of detection is
significantly higher when samples are plated on MWY Xebios agar, while the selectivity of MWY appears
to be the same regardless of the manufacturer. Moreover, there is a greater agreement between the two
Xebios media compared to that between the two Oxoid media. Additionally, differences in colony size
were apparent for the different agars (see supplementary materials). Specifically, the MWYXebios agar
favored the growth of much larger colonies compared to MWYOxoid, and enhanced the recovery of
non-Legionella pneumophila species.

As we used four different batches over a one-year period of study, it is highly unlikely that
batch-to-batch variability may have played a role in the performance differences that we observed.
We hypothesize that other factors such as the presence in the medium of toxic compounds (e.g., metals),
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growth-promoting factors, or high gel strengths may have influenced the growth and colony size on
different types of medium, as previously shown for L. pneumophila on BCYEα agar [19].

Collectively, these results highlight significant differences between the performances of media
from different manufacturers. Despite generating the same number of positive cultures, the Xebios
media generally yielded greater numbers of Legionella spp. and larger colony sizes, allowing easier
detection. Thus, the use of Xebios culture media is indicated to achieve the highest sensitivity and
selectivity when detecting environmentally sampled L. pneumophila.

4. Methods

4.1. Water Samples

Media were tested using environmental samples obtained from hospital building waterlines.
One liter of sample was collected from each site in sterile one-liter plastic bottles. A sodium thiosulphate
(100 mg/L) solution was added to the samples to neutralize free chlorine in treated water supplies.

4.2. Culture Media

To distinguish between Legionella spp. and non-Legionella bacteria, two different media were
used: 0.1% BCYEα agar and BCYEα agar supplemented with 3 g/L glycine, 50,000 IU of polymyxin B,
0.001 g/L of vancomycin, 0.08 g/L of anisomycin, 0.01 g/L of bromothymol blue, and 0.01 g/L of
bromocresol purple (MWY). The formulations of both media conform to ISO 11731 [10].

Commercially available agar plates were purchased by Oxoid Ltd. (Basingstoke, UK) or Xebios
Diagnostics GmbH (Düsseldorf, Germany). For each batch supplied, each manufacturer provided us
with detailed quality control information (e.g., type of bacteria, pH, colony morphology, selectivity,
recovery and expected results). The microbiological performance test was carried out in accordance
with ISO 11133:2014 requirements [20]: for BCYEα agar, colony count of positive strains was ≥70% for
each inoculum (i.e., productivity); for MWY agar, colony count of positive strains was ≥50% for each
inoculum (i.e., selectivity).

4.3. Laboratory Procedure

Briefly, the water samples were concentrated 100-fold by filtration through a 0.2-μm polycarbonate
filter (Millipore, Billerica, MA, USA). The filter membrane was aseptically placed in one of the bottom
corners inside the stomacher bag and rubbed with the finger and thumb of one hand for 1 min with
10 mL Page solution (pH 6.8) to detach the bacteria. A 0.2-mL volume of the concentrated sample was
spread on duplicate plates of MWY or BCYEα agar. The plates were incubated at 36 ◦C in a humid 2.5%
CO2 chamber and examined after 3, 6, and 10 days of incubation. Suspected colonies were subcultured
on blood and BCYEα agar.

4.4. Identification of Legionella spp.

The presence of background flora was measured through semiquantitative counting. According to
the visual density of the colonies spread onto the plate, four categories were determined, where zero
represented no background flora and 3+ massive contamination (see supplementary materials).
Colonies grown on MWY or BCYEα agar were subsequently identified by agglutination test (Legionella
latex test; Oxoid). This test allows the separate identification of L. pneumophila Serogroup 1 and
Serogroups 2 to 14 and detection of seven other species of Legionella (polyvalent). Colonies identified
as L. pneumophila Serogroup 2 to 14 were further tested with Legionella agglutination latex reagents
(Pro-Lab Diagnostics, Richmond Hill, Canada), which are intended for the identification of a single
L. pneumophila sero group. Colonies not identified by the agglutination test were tested by polymerase
chain reaction (in-house PCR) for the detection of the genus Legionella. This PCR assay utilizes specific
primers to amplify the 16S rRNA gene of Legionella spp. [21]. The plate showing the highest number of
confirmed colonies was used to estimate the number of Legionella spp. in the original sample (report).
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Concentrations of Legionella spp. in water samples are expressed as colony forming units per liter
(CFU/l). According to this method, the lower limit of detection (LOD) is 50 CFU/L.

4.5. Statistical Analysis

Agreement between the final reports (i.e., Oxoid and Xebios) and the two media (i.e., MWY
and BCYEα) was assessed by two-by-two contingency tables, through Cohen’s κ coefficient.
Comparison between Legionella spp. counts obtained by Xebios and Oxoid media was performed by a
Wilcoxon signed-rank test.

To quantify the difference between counts on different media, our analyses took into account the
decimal logarithm of counts observed. The median difference was chosen as the estimator of the actual
difference for each comparison, as indicated by Wilcoxon’s nonparametric analysis.

The two 2 × 2 tables were compared using the Deming–Stephan method [22,23].
Specifically, the first table (Oxoid counts, see Table 3a) was transformed through the algorithm developed
by Mosteller et al. [24] in order to obtain another table (Table 3c). These could be considered as the
expected values for the Xebios table according to the results of the Oxoid count. Therefore, values in
Table 4c were compared to the actual observed Xebios counts (Table 3b), with Pearson’s chi-squared test.

The sensitivity of Legionella spp. detection was calculated by comparing the number of positive
plates for a given medium with the cumulative yield of Legionella spp. from all four media. Selectivity for
each method was defined as the number of plates that suppressed the growth of organisms that were
not Legionella spp. Sensitivity and selectivity were compared using the exact McNemar test.

All statistical analyses were performed using the statistical software R (“stats” package,
version 3.6.3) [25]. For all analyses, the level of significance was set at α = 0.05.

5. Conclusions

In conclusion, our data demonstrate that the quality of culture media is crucial in determining
the level of Legionella spp. colonization in hospital water systems. As water remediation measures
are based on quantitative Legionella spp. data obtained by culturing environmental samples, culture
protocol standardization, as well as accurate quality control of the culture media, is essential to achieve
intra- and interlaboratory reproducibility and accuracy.

Given the public health risk from Legionella spp., it is important that all water-testing laboratories
carefully consider the following aspects: (1) there can be variability in Legionella spp. detection due to
different types and brands of medium—of note, this variation can also be observed among different
batches from the same supplier; (2) the medium should be purchased from a reputable company and
fully validated in-house, with the inclusion of appropriate controls; (3) when switching to a different
medium manufacturer, extensive validation should be performed in order to determine whether the
new medium is “fit for purpose”.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/7/523/s1.
File: images of plate with background flora; paired images (BCYEα and MWY agar by two manufacturers) obtained
during incubation period of inoculated plates.
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Abstract: Detection and enumeration of Legionella in water samples is of great importance for
risk assessment analysis. The plate culture method is the gold standard, but has received several
well-known criticisms, which have induced researchers to develop alternative methods. The purpose
of this study was to compare Legionella counts obtained by the analysis of potable water samples
through the plate culture method and through the IDEXX liquid culture Legiolert method. Legionella
plate culture, according to ISO 11731:1998, was performed using 1 L of water. Legiolert was performed
using both the 10 mL and 100 mL Legiolert protocols. Overall, 123 potable water samples were
analyzed. Thirty-seven (30%) of them, positive for L. pneumophila, serogroups 1 or 2–14 by plate
culture, were used for comparison with the Legiolert results. The Legiolert 10 mL test detected
34 positive samples (27.6%) and the Legiolert 100 mL test detected 37 positive samples, 27.6% and 30%
respectively, out of the total samples analyzed. No significant difference was found between either
the Legiolert 10 mL and Legiolert 100 mL vs. the plate culture (p = 0.9 and p = 0.3, respectively) or
between the Legiolert 10 mL and Legiolert 100 mL tests (p = 0.83). This study confirms the reliability
of the IDEXX Legiolert test for Legionella pneumophila detection and enumeration, as already shown
in similar studies. Like the plate culture method, the Legiolert assay is also suitable for obtaining
isolates for typing purposes, relevant for epidemiological investigations.

Keywords: Legionella; Legiolert; ISO 11731; plate culture; potable water samples

1. Introduction

Legionella is a genus consisting of fastidious waterborne pathogens responsible for a severe form
of pneumonia named Legionnaires’ disease (LD) and for a flu-like infection known as Pontiac fever
(PF) [1]. Legionella is widespread in natural freshwater environments, where it can be found free-living
or intracellularly in hosts such as amoebae [2]. Among the 62 species known to date, L. pneumophila is
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the species most frequently found in cases of infection, amounting in 2018 to approximately 94.1% of
the culture-confirmed LD cases in notified in EU/EEA (European Legionnaires’ disease Surveillance
Network annual meeting 2019, unpublished data). However, just under half of the known species
cause illness and, in several countries such as New Zealand, soil-born L. longbeachae is the primary
cause of LD [1]. Infection is acquired through inhalation of contaminated aerosols produced by various
man-made water systems, such as showers, spa pools, fountains and cooling towers of air conditioning
systems [3]. When Legionella colonizes the water systems, it often finds favorable conditions for growth,
such as temperatures between 25 ◦C and 45 ◦C or the presence of biofilm, reaching high concentrations
and becoming a serious risk for human health. After the first LD outbreak occurred in Philadelphia in
1976, numerous other outbreaks and sporadic cases have been reported worldwide [4–10]. In Italy
in 2018, the incidence of Legionnaires’ disease was 4.9 cases per million inhabitants, 2964 notified
cases [11], and in the European network for Legionnaires’ disease surveillance, Italy ranked first in
terms of the number of reported cases [12]. In addition, in 2018 two important outbreaks occurred in
Italy that required increased environmental monitoring ([13]; data unpublished).

Most European countries have adopted a preventive approach, implementing actions for
prevention and control of Legionella contamination. Monitoring Legionella contamination of potable
water systems is of paramount importance for risk assessment. To this end, the plate culture method,
performed using specific media (buffered charcoal yeast extract, BCYE), usually supplemented with
different combinations of antimicrobial selective substances, is considered the gold standard for
detection and enumeration of Legionella in water samples [14]. Culture can also be performed in
accordance with ISO 11731:2017, an updated norm which replaced both ISO 11731:1998 (used in
this study) and ISO 11731-2:2004. [15–17]. Although plate culture methods are specific for Legionella,
they have high variability in enumeration, are time-consuming and require significant experience in
recognizing Legionella colonies [18]. In addition, the enumeration of a Legionella concentration may be
under-estimated due to the inability to detect viable but not-culturable bacteria or Legionella within
amoebae [1]. Molecular methods based on the detection of Legionella DNA have been demonstrated
to be highly specific and sensitive, are able to discriminate between species and serogroup and can
detect viable but nonculturable bacteria, but are not considered fully suitable to enumerate Legionella
in water samples because they are unable to reliably discriminate whether DNA detected is from live
or dead organisms [19,20]. A promising alternative method is the Legiolert test (IDEXX Laboratories,
Westbrook, ME, USA), a liquid culture method based on bacterial enzyme detection technology, which
determines the most probable number (MPN) of exclusively L. pneumophila species present in water
samples. The presence of L. pneumophila is visualized through the utilization of a substrate present in
the Legiolert reagent. In published studies, Legiolert has shown equal performance to traditional plate
culture methods, providing results in seven days with simplified sample preparation and analysis [21].

In this study, the detection and enumeration of L. pneumophila were determined in both 10 mL
and 100 mL of potable water samples using the Legiolert method. Data obtained were compared with
those obtained by the traditional plate culture method, performed according to the ISO 11731:1998
using 1 L of potable water, in order to evaluate the possibility of using the Legiolert method as a valid
alternative to traditional plate culture. The results of this study are encouraging for the adoption of the
Legiolert method for L. pneumophila enumeration in water samples.

2. Results

Overall, 123 potable water samples were analyzed. Fifty-one of them were positive by plate
culture. Among these, 37 (30%) were L. pneumophila, typed as serogroups 1 or 2–14 positive, 14 (11.4%)
were Legionella non-pneumophila and 58.6% were negative. Since the Legiolert test is designed for
specificity for L. pneumophila only, the 14 samples that were positive with non-pneumophila Legionella
species samples were excluded from further statistical comparisons with Legiolert results.

Legiolert test results derived from 10 mL water samples showed that 34/123 (27.6%) samples
were positive for L. pneumophila, whereas results from 100 mL water samples detected 37/123 (30%)
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positive samples, consistent with plate culture results. Among the 37 plate culture positive samples,
four showed very low Legionella concentrations (50, 150, 300 and 600 CFU/L) and these were found
negative by the Legiolert test in both 10 and 100 mL water samples.

As per ISO 17994:2014 [22], eight samples that were positive with the Legiolert 100 mL test and
exceeded the MPN count by Legiolert (too numerous to count, TNTC) were excluded from calculations.
Thus, Legiolert data were analyzed for each of the 28 or 33 positive samples from the 100 mL and
10 mL tests, respectively, and were compared with plate culture data. Data analysis did not show
significant differences in Legionella pneumophila detection between the two Legiolert protocols (p = 0.83),
or between either Legiolert test (Legiolert 10 mL, p = 0.82; Legiolert 100 mL, p = 0.2) and the plate
culture method performed according to ISO 11731:1998 (Table 1).

Table 1. Comparison of Legiolert 10 mL and Legiolert 100 mL tests and plate culture according to
ISO 17994:2014.

Comparison Mean Relative Difference 95% CI N. Mean ± SD p-Value

Legiolert 10 mL
0.13 −0.59 0.33 22

6.97 ± 2.10
0.8322vs.

Legiolert 100 mL 7.10 ± 1.79

Legiolert 10 mL
−0.11 −1.58 1.35 33

6.94 ± 3.57
0.9042vs.

Plate Culture 7.05 ± 3.94

Legiolert 100 mL
−0.73 −1.86 0.39 28

5.86 ± 3.02
0.3528vs.

Plate Culture 6.59 ± 2.83

3. Discussion

Legiolert is characterized by very easy and rapid sample preparation, with the additional
advantages of avoiding the need for large sampling volumes, membrane filtration, treatments, plating,
colony isolation and additional confirmation or identification. Furthermore, the Legiolert test reduces
the time required to obtain confirmed results (seven days, rather than 10 or more days required by the
plate culture method). In this study, potable water samples were analyzed by both plate culture and
Legiolert methods and no significant differences were found when comparing results. Furthermore,
the results of the analyses carried out using only 10 mL of water samples showed that the Legiolert test
was equally reliable using 10 mL of water as using 100 mL.

Although the plate culture method is the gold standard for the detection and enumeration of
Legionella in water samples, different laboratories may choose to follow different procedures, depending
on the expected Legionella concentration in the samples they process, or even for economic reasons,
affecting the reliability of the data when the same sample is analyzed by different laboratories. The plate
culture method should be performed by accredited laboratories, according to norms recognized by
the country’s accreditation body. Among the methods, there are the ISO 11731:1998 method or the
ISO 11731-2:2004 method (both of which have since been replaced by ISO 11731:2017); the 2007
American public health association (APHA) method; the Association Française de Normalisation
(AFNOR) method NF T90-431:2018; or the U.S. Centers for Disease Control and Prevention (CDC)
method [23–25]. For ISO 11731:2017 [15], depending on the matrix to be analyzed, the user may
select from four methods, four treatments and four selective culture media, for a total of 14 possible
procedural scenarios. Regardless of the method used, plate culture involves many steps and significant
time requirements. Legionella monitoring, as part of the risk assessment analysis, concerns many
different buildings such as hospitals, hotels, public offices and, in the near future, according to the
revision of the European directive concerning potable water requirements, every potable water system.
In this study, although we analyzed potable water samples according to ISO 11731:1998, the differences
between this method and ISO 11731:2017 did not affect the recovery of Legionella pneumophila, since the
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plating of the samples on BCYE medium, as suggested by ISO 11731:2017, would only improve the
recovery of Legionella non-pneumophila species, which were excluded from this investigation. The MWY
medium, although not included in ISO 11731:1998, is suggested by ISO11731:2017, and was adopted
for this study because it has been known for many years to be the best for the recovery of Legionella
from drinking water samples [26].

The newly drafted European Drinking Water Directive seems to have taken into consideration
the emergence of many of these newer methods in Annex III part A, leaving to the national bodies
the opportunity to choose the methods they find most appropriate for the purposes they specify [27].
In addition, the Legiolert method has recently been NF (Norme Francaise)validated by AFNOR
certification and also included in the UK’s Blue Book of validated test methods [28]. For many
laboratories, the inclusion of testing in the Drinking Water Directive might lead to a large amount of
work, time and financial expense. The Legiolert method may positively affect some of these difficulties,
as well as those linked to the management of large volumes of water samples required for analysis by
plate culture methods.

This study represents a confirmation of the reliability of the Legiolert method compared with the
plate culture method, supporting conclusions from previous studies that documented the consistency
of Legiolert for potable and non-potable water samples, analyzed according to ISO 11731:2004, which
employs the filtration of 100 mL of water and the acid-treatment of filters which are directly placed on
selective agar plates [16,29,30].

One limitation of the Legiolert method is that it is designed to detect only Legionella pneumophila,
whereas other species remain undetectable. Legionella pneumophila is the most common species
responsible for LD cases in Europe and, for this reason, in a few regions, such as France, Belgium, and
the province of Quebec, Canada, it was decided to monitor only Legionella pneumophila, whereas in
other countries, there is still a great debate on this matter.

Three fundamental factors can be identified in favor of monitoring exclusively for Legionella
pneumophila. The first is risk—L. pneumophila is the species almost always cited in clinical cases and
outbreaks and is the species most commonly found in the environment; the second is that laboratories
may save time, human resources and money, and they can employ those saved resources to analyzing
additional samples or locations, instead of identifying other Legionella species, which represent a much
lower health risk; the third is that routinely monitoring only for the most pathogenic species of a
bacteria is already an established practice. For example, Pseudomonas aeruginosa is routinely monitored,
rather than all species of Pseudomonas.

At the same time, it is well known that other Legionella species are pathogenic to humans, although
they represent a fraction of infections, with the exception of Legionella longbeachae, which is found in
soil, rather than water, and is mostly detected in Australia and New Zealand. However Legionella
longbeachae is beginning to be isolated also in EU/EEA, representing the 2.5% of isolated species in
2018 while other known and unknown species of Legionella were detected only in 3.3% of notified
cases (European Legionnaires’ disease Surveillance Network annual meeting 2019, unpublished data).
It should be noted that the identification of species other than L. pneumophila suffers from extensive
use of the urinary antigen, which exclusively detects Legionella pneumophila serogroup 1, and from
the medium used for the isolation of Legionella, which has historically been optimized for Legionella
pneumophila. Therefore, many cases caused by other species might not be detected even by culture
for this reason. Until a suitable medium for growing other Legionella species is developed, a routine
PCR test in diagnosing human specimens, capable of distinguishing between Legionella pneumophila
and other species, should be adopted in order to identify the real burden of Legionnaires’ disease, as
already demonstrated in a few countries [31–37]. The results of these studies will be able to confirm the
real incidence of infections caused by other Legionella species and consequently to address the choices
on what should be the focus of monitoring in the environment.

The imminent introduction of the new drinking water legislation concerning the monitoring of
an increasing number of water systems, however, will probably lead to streamlined choices aimed
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at reducing health risk by researching the most pathogenic and prevalent species present in the
environment. Despite this, it must still be considered that for specific countries where other species
of Legionella, such as Legionella longbeachae, are the prevalent in specific non-water matrices such as
compost, and are an increasing cause of LD cases, Legiolert should not be utilized [1,31,35,37].

Concerning the enumeration of Legionella pneumophila, in this study, the most probable number did
not provide any count in four of the 123 water samples, which instead tested positive by plate culture,
though they were at lower concentrations of 50, 150, 300 and 650 CFU/L, respectively. For any Legiolert
test, the limit of detection is 1 MPN, independent of the analyzed volume—a limit low enough to
theoretically match that of plate culture. During this study, we used 100 CFU/L as the limit of detection
for plate culture. We therefore suppose that the four samples which were negative in Legiolert but
positive in plate culture could potentially be due to experimental errors. They could be, for example,
faint colors of the wells not recognized as positive by the users. Unfortunately, these samples or isolates
could not be tested again, as Legionella colonies were not kept for further investigations for detectability
using the Legiolert test. The same bias can be considered for the eight TNTC samples tested by the
100 mL Legiolert protocol, which could have been included in the analysis if the original sample had
been diluted or run with the 10 mL Legiolert protocol. No samples were found positive by Legiolert
and negative by plate culture.

Although the data obtained showed that the two methods were comparable, a higher number of
water samples at low Legionella pneumophila concentrations should perhaps be analyzed in order to
assess any possible limitations with the Legiolert test.

In conclusion, Legiolert may be considered a valuable test for the detection and enumeration of
Legionella pneumophila in potable water samples, and it can be used as a valid alternative to the traditional
plate culture methods, especially considering the simplified protocol and the ability to employ smaller
sample volumes to obtain the same quantification. Finally, it can be extremely useful when it is known
that there is a prevalence of Legionella pneumophila in the water system under investigation.

4. Material and Methods

Over a 4-month period, 123 potable water samples were collected from hospitals, health care
facilities for elderly people and industries located in 8 cities of the northern and central regions of Italy.

4.1. Enumeration of Legionella pneumophila and Legionella Spp. by ISO 11731:1998

Water samples were collected in 2-L bottles (1.5 L collected) and, after proper mixing, 1L of each
sample was analyzed by the culture method according to ISO 11731:1998. Water samples were collected
according to the protocol contained in the Italian guidelines for Legionella [38] and were stored at 5 ◦C
± 3 ◦C until they were delivered (within 24 h) to the Italian reference laboratory for Legionella, where
all samples were analyzed.

The sample was filtered through 0.2-μm polycarbonate membranes and the membranes were
transferred to 10 mL of the same sampled water and were solubilized by vortexing. From the concentrate,
three MWY (Modified Wadowsky-Yee, Oxoid, Thermo Fisher Diagnostics Limited, Cheshire, UK) agar
plates were inoculated by spread plating: one plate with 0.2 mL of the concentrated sample, one with
0.2 mL of the concentrated sample pre-treated with acid and one with 0.2 mL of the concentrated
sample pre-treated by heating to 50 ◦C ± 1 ◦C for X 30 ± 2 min in a water bath. All the plates were then
incubated at 36 ◦C ± 1 ◦C, with 2.5% CO2 for ten days. Presumptive Legionella colonies were confirmed
by sub-culturing at least five colonies on BCYE agar plates with and without L-cysteine. The latex
agglutination test (DR0800, Oxoid, Thermo Fisher Diagnostics Limited, Cheshire, UK) was utilized to
obtain species information.

This study was carried out prior to the publication of the revision of the ISO 11731:2017 norm
and the ISO 11731:1998 procedure was therefore applied. Regardless, the ISO 11731:1998 procedure
adopted is still included in the new ISO 11731:2017 and is applicable for use with potable water samples,
particularly when no information about the range of the Legionella concentration is known.
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4.2. Enumeration of L. pneumophila by Legiolert/Quanti-Tray/Legiolert

The Legiolert test detects Legionella pneumophila through bacterial enzyme detection technology,
which utilizes a substrate present in the Legiolert reagent in a liquid culture to reveal the presence
of L. pneumophila. Generally, 100 mL of the culture is analyzed and results are received in 7 days.
Any turbidity and/or brown color greater than the negative control indicates positivity. Enumeration is
based on MPN. In this study Legiolert was performed using both 100 mL and 10 mL of the original 1.5 L
water sample collected. Each aliquot was processed and analyzed following the procedure outlined in
the Legiolert instructions, using the Quanti-tray/Legiolert device. Quanti-trays were incubated for
7 days at 39 ◦C +/−0.5 ◦C in a humidified environment.

4.3. Statistical Analyses

Data from plate culture and Legiolert testing were statistically analyzed by using Student’s t-test
and with relative difference according to ISO 17994:2014 [22].
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Abstract: Legionella pneumophila is an opportunistic waterborne pathogen of public health concern. It is
the causative agent of Legionnaires’ disease (LD) and Pontiac fever and is ubiquitous in manufactured
water systems, where protozoan hosts and complex microbial communities provide protection
from disinfection procedures. This review collates the literature describing interactions between
L. pneumophila and protozoan hosts in hospital and municipal potable water distribution systems.
The effectiveness of currently available water disinfection protocols to control L. pneumophila and its
protozoan hosts is explored. The studies identified in this systematic literature review demonstrated
the failure of common disinfection procedures to achieve long term elimination of L. pneumophila
and protozoan hosts from potable water. It has been demonstrated that protozoan hosts facilitate
the intracellular replication and packaging of viable L. pneumophila in infectious vesicles; whereas,
cyst-forming protozoans provide protection from prolonged environmental stress. Disinfection
procedures and protozoan hosts also facilitate biogenesis of viable but non-culturable (VBNC)
L. pneumophila which have been shown to be highly resistant to many water disinfection protocols.
In conclusion, a better understanding of L. pneumophila-protozoan interactions and the structure
of complex microbial biofilms is required for the improved management of L. pneumophila and the
prevention of LD.

Keywords: Legionella pneumophila; protozoa; Vermamoeba; Acanthamoeba; potable water; hospital
water; water disinfection; legionellosis

1. Introduction

Legionella pneumophila is an opportunistic pathogen associated with community-acquired and
nosocomial infections. It is the causative agent of legionellosis, which includes Legionnaires’ disease
(LD), a severe atypical pneumonia infection, and Pontiac fever, an acute “flu-like” illness [1]. Globally,
the incidence of LD has been increasing. In Europe, the number of notified cases increased from 4921
in 2011 to 11,343 in 2018 [2]. In the US, the number of notified LD cases has increased from 2301 in
2005 [3] to 7104 in 2018 [4], a 300% increase. Globally, the fatality rate of LD ranges from 2.2–10.3%,
with the lowest in Singapore and the highest in European countries [5]. In nosocomial outbreaks the
fatality rate can reach up to 48% [6–8].

The genus Legionella is comprised of 60 species and 80 distinct serogroups [9]. Globally,
L. pneumophila is the primary aetiological agent of LD. In Europe and the US, L. pneumophila serogroup
(SG1) is responsible for 70–92% reported cases [8]. According to WHO, 20–30% infections are caused
by other L. pneumophila serogroups and only 5–10% are caused by other Legionella species (L. micdadei,
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L. bozemanii, L. dumoffii and L. longbeachae) [10]. However, unlike rest of the world, in Australia and
New Zealand, L. longbeachae is associated with ≈ 50% reported cases of legionellosis [11,12].

L. pneumophila is ubiquitous in manufactured water systems [10] and in the USA has been
identified as the primary cause of all potable water related outbreaks [13]. Manufactured water
systems, building plumbing systems, recreational water, cooling towers and humidifiers are major
sources of L. pneumophila [10]. Inside these plumbing structures, Legionella and protozoan hosts are
incorporated within biofilms. Factors like water stagnation, higher levels of organic carbon and
moderate temperatures can increase the rate of biofilm formation [14,15]. Transmission occurs through
inhalation or aspiration of contaminated aerosols or water [16]. L. pneumophila maintains long term
contamination of manufactured water systems through its growth within protozoan hosts, association
with biofilms and disinfectant resistance or tolerance [17,18]. Freshwater amoebae are the natural
eukaryotic hosts of Legionella; whereas, humans are considered accidental hosts [19]. In the human
body, Legionella–contaminated aerosols are inhaled into the lungs and phagocytosed by alveolar
macrophages. The alveolar macrophages behave like amoebae hosts and facilitate the intracellular
division and propagation of Legionella, resulting in LD [20,21].

Understanding the interactions between L. pneumophila and protozoan hosts is essential to inform
water treatment and risk management strategies for the prevention of LD. Protozoan hosts play an
important role in the ability of L. pneumophila to survive exposure to physiochemical and environmental
stresses. Protozoans facilitate the intracellular replication and packaging of live bacterial cells in the
stress resistant membrane bound infectious export vesicles [22,23]. The cysts of cyst-forming amoebae
provide a protective shelter from prolonged environmental stress [24]. There are numerous reports
describing existence of L. pneumophila harboring within protozoans from thermally-, chemically-,
and UV radiation-treated potable water supplies and storage reservoirs [25]. Protozoan hosts and
environmental stress may facilitate the genesis of highly resistant and potentially infectious viable but
non-culturable (VBNC) L. pneumophila [26,27]. Importantly, water storage facilities and distribution
networks of many countries have been shown to be highly contaminated with protozoans that may act
as hosts for L. pneumophila (>0–4500 cell/L cell density) [28].

This systematic literature review collated studies which detected L. pneumophila in association/connection
with protozoan hosts from hospital or municipal potable water distribution systems and discusses this
relationship under diverse environmental conditions. The effectiveness of different physical and chemical
water treatment methods to control the L. pneumophila and its protozoan hosts is described and implications
for the control and management of these water distribution systems is explored.

2. Results

One thousand two hundred and seventy abstracts were obtained from the Web of Science and
SCOPUS. After applying the described criteria (see Figure 1 and the Materials and Methods section),
29 research manuscripts discussing L. pneumophila and its protozoan hosts in hospital and potable
water systems were included in the study (Table 1). Potential protozoan hosts playing crucial role(s) in
the L. pneumophila life-cycle and living in both types of water systems are compiled in Table 2. These
protozoan hosts have the potential to provide an appropriate habitat for replication and survival of
L. pneumophila.

The articles from hospital settings showed that L. pneumophila Serogroup 1 (hereafter SG1) is the most
common serogroup causing infection in USA and European countries. Globally, SG1 is also associated
with community acquired legionellosis [29,30]. However, a limitation was that most municipal potable
water supply studies did not characterize the L. pneumophila serogroups. To investigate the different
L. pneumophila-protozoan interactions, some studies used co-isolation and co-culturing techniques
or PCR. Other approaches included techniques like scanning electron microscopy or DVC-FISH to
demonstrate the fate of internalized bacteria. The electron microscope studies conducted in hospital
settings found that L. pneumophila SG1 is able to multiply inside Echinamoeba exudans [31] and Vermamoeba
vermiformis (formerly Hartmannella vermiformis) [32]. Likewise, PCR-based examination of potable
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water also demonstrated the presence of L. pneumophila inside V. vermiformis [33]. Another study
used DVC-FISH to detect intracellular L. pneumophila inside Acanthamoeba and V. vermiformis from a
potable water supply [34]. Other studies (mentioned in the Table 1), demonstrated the co-existence of
free-living L. pneumophila and protozoan hosts, but did not characterize the specific interaction or fate of
internalized bacteria. The systematic literature review identified a more diverse number of potential
protozoan hosts from hospitals compared with municipal potable water systems. This could be due
to the more diverse dynamics of hospital water distributions systems (Table 2). The hosts identified
in the hospital settings consisted of three phyla, five classes and twelve genera, whereas the hosts
isolated from potable water consisted of only two phyla, three classes and five genera. Two genera of
Amoebozoa namely, Vermamoeba and Acanthamoeba, are frequently reported from both types of facilities
as potential hosts. Available literature demonstrated that non-cyst-forming and ciliated protozoans can
also be potential hosts for L. pneumophila. Most of the studies were designed specifically to explore the
interactions between L. pneumophila - Vermamoeba/Acanthamoeba, and the diversity and the role of other
possible protozoans were not investigated.

 

Records identified through databases Scopus and Web of Science. Keyword search: 

(“Legionella pneumophila” OR “L. pneumophila”) AND (Acanthamoeba OR Vermamoeba 

OR Hartmannella OR Dictyostelium OR Naegleria OR Tetrahymena OR Echinamoeba OR 

Paramecium OR Balamuthia OR Oxytricha OR Stylonychia OR Diphylleia OR Stenamoeba 

OR Singhamoeba OR Filamoeba OR Protozoa OR Protozoan OR Amoeba) and written 

in English (Scopus n= 918) (Web of Science n = 1237), review articles excluded 

(Scopus n = 798) (Web of Science n = 1037) 
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Figure 1. Overview of search methods and articles inclusion and exclusion criteria.
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Table 2. Taxonomic description of potential protozoan hosts.

Hospital Settings Potable Water System

Phylum: Amoebozoa

Class: Tubulinea
Genera: Vermamoeba, Echinamoeba, Hartmannella, Filamoeba

Class: Discosea
Genera: Acanthamoeba, Comandonia, Mayorella, Vannella

Class: Heterolobosea
Genera: Vahlkampfia, Paravahlkampfia

Phylum: Percolozoa

Class: Heterolobosea
Genus: Naegleria

Phylum: Ciliophora

Class: Oligohymenophorea
Genus: Tetrahymena

Phylum: Amoebozoa

Class: Tubulinea
Genera: Vermamoeba, Echinamoeba

Class: Discosea
Genera: Acanthamoeba, Neoparamoeba

Phylum: Percolozoa

Class: Heterolobosea
Genus: Naegleria

In the studies identified, diverse physical and chemicals methods were used to disinfect the
hospital and municipal potable water systems. Chlorination (<0.05–<4 mg/L) using different chlorine
compounds was frequently reported as being used in both settings. Protozoans and L. pneumophila
could still be isolated from both hospital and municipal potable water systems despite chlorination
(<0.05–<4 mg/L), and/or ozonisation and thermal (<50–70 ◦C) disinfection protocols being in place.
Importantly, several studies from hospital settings reported regular outbreaks of legionellosis. This
represents a failure of existing disinfection protocols. The systematic literature review revealed that
L. pneumophila–Acanthamoeba/Vermamoeba were extensively co-isolated from chlorinated and thermally
treated water. This demonstrates the potential tolerance of L. pneumophila and protozoan hosts to
survive under a wide range of disinfection conditions.

3. Discussion

The studies identified in this review have demonstrated the failure of many common disinfection
protocols to achieve long term elimination of L. pneumophila from hospital and potable water supplies
when protozoan hosts are present [35,38] (as mentioned in Table 1). This long term survival could be
attributed to association with biofilms, inherent tolerance of L. pneumophila to high temperature and
chemical disinfectants, and constant reseeding from source water [59]. However, perhaps the most
interesting and undervalued relationship is the interactions with protozoan hosts. The studies identified
(Table 1) are from 14 different countries, which demonstrates the need for further research to understand
the L. pneumophila–protozoan interaction under different environmental conditions found globally.
Proper management of legionellosis requires a better understanding of L. pneumophila–protozoan
interaction, the diversity of protozoan hosts in hospital and potable water systems and the role of the
host in bacterial survival under different environmental conditions.

3.1. Implications for the Control of L. pneumophila

Numerous studies have demonstrated the presence of L. pneumophila in disinfected water
supplies [60,61]. An important factor enabling L. pneumophila survival in the built environment is
its interaction with a protozoan host [62–64] (as mentioned in Table 3). Thermal treatment is one of
the most common methods used to disinfect hospitals and building water supplies. In the USA [35],
Germany [38] and Slovakia [41], thermal disinfection was adopted for management of nosocomial
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outbreaks of legionellosis. This strategy was unable to maintain water control for a long period of
time [35,38] (as mentioned in Table 1). Rhoads et al. [64] reported that L. pneumophila associated with
V. vermiformis can tolerate thermal (58 ◦C) treatment, and this disinfection protocol is unable to reduce
microbial load in water. Published evidence suggests Legionella associated with Acanthamoeba are more
thermos-tolerant and can survive at even higher temperatures ranging from 68–93 ◦C [63]. According
to Steinert et al. [38] members of L. pneumophila SG1 are more thermo-tolerant than SG2. This is
significant given the high number of legionellosis cases associated with L. pneumophila SG1.

As per WHO guidelines [65], 0.2 mg/L of free residual chlorine at point of delivery is recommended
in potable water for disinfection. A pilot scale study conducted by Muraca et al. [66] demonstrated
that 4 to 6 mg/L chlorine treatment for 6 h resulted in 5–6 log reduction of L. pneumophila. It was
also observed that the efficacy of chlorine against Legionella was enhanced at 43 ◦C. However, at high
temperatures a continuous flow of chlorine was required to overcome thermal decomposition. In vitro
studies demonstrated higher level of tolerance to free chlorine (up to >50 mg/L) when bacteria are
associated with host Acanthamoeba cysts [67]. According to Kool et al. [68], water disinfection with
monochloramine resulted in a reduction of nosocomial LD outbreaks in USA. However, other studies
have shown that some strains of L. pneumophila can tolerate high levels of monochloramine disinfection
(17 mg-min/L for 3 log reduction) [69]. Donlan et al. [70] reported that L. pneumophila associated with
amoebae in biofilm are less susceptible to chlorine and monochloramine treatment. It is also reported
that monochloramine disinfection in hospital settings results in transformation of L. pneumophila
vegetative cells to VBNC state [27].

According to Walker et al. [71] chlorine dioxide can effectively control L. pneumophila from
hospital water system. In vitro studies demonstrated that 0.4 mg-min/L residual chlorine dioxide
achieved a 3 log reduction of L. pneumophila. However, this procedure was not effective for amoebae
associated L. pneumophila [69]. According to Schwartz et al. [72] Legionella biofilms on polyvinyl chloride,
polyethylene and stainless steel materials can tolerate chlorine dioxide treatment. Muraca et al. [66]
conducted a pilot scale study and reported that 1–2 mg/L residual concentration O3 treatment for
5 h resulted in 5 log reduction of L. pneumophila. However, half-life of ozone in water is very short,
so it is difficult to maintain residual concentration in water supplies. According to Wang et al. [54],
if chlorination and ozonisation is used in combination, it can target both L. pneumophila and its host
protozoans effectively. In combination both treatments effectively eliminated planktonic L. pneumophila
and free living Naegleria from water, whereas this combination could only reduce the population of
Acanthamoeba (≈0.9 log10 gene copies/g). In comparison to chlorination alone, this combination method
significantly reduced the population of L. pneumophila (≈3 log10 gene copies/g) and host amoebae
(≈3 log10 Naegleria gene copies/g and ≈6.1 log10 Acanthamoeba gene copies/g) co-existing in biofilms.

UV irradiation is another method of disinfection. These radiations harbor strong genotoxic
attributes. Cervero-Arago et al. [73] demonstrated that 5–6 mJ/cm2 UV dose was sufficient to achieve 4
log reduction L. pneumophila population. According to Muraca et al. [66] 30 mJ/cm2 UV rays treatment
for 20 min resulted in 5 log reduction of L. pneumophila. However, continued exposure to same fluence
rate for 6 h unable to eliminate all culturable L. pneumophila (1–2 × 102 CFU/mL). Schwartz et al. [72]
reported that Legionella biofilms on stainless steel, polyvinyl chloride and polyethylene surfaces can
tolerate UV treatment. It was also reported that amoebae associated L. pneumophila can tolerate much
higher doses of UV rays [73].

3.2. Protozoan Host Control Strategies

Protozoans present in water supplies play an important role in L. pneumophila survival
and resistance against disinfection protocols. Interesting, it has also been suggested that some
protozoans infected by L. pneumophila have increased resistance to disinfection procedures compared
to those uninfected [74]. As such, an understanding of protozoan disinfectant resistance and
L.pneuophila–protozoan interactions is essential for the improved management of manufactured
water systems. According to Loret et al. [75], common water chemical disinfection protocols, i.e.,
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ozonisation (0.5 mg/L), chlorination (free chlorine 2 mg/L), electro-chlorination (free chlorine 2 mg/L),
monochloramine (free chlorine 2 mg/L), chlorine dioxide (0.5 mg/L) and Cu+/Ag+ ions (0.5/0.001 mg/L)
treatments, are unable to completely eliminate amoebae cysts hosting Legionella from water supplies
(Table 3). These methods appear to be only effective against the free living amoebae population, as
they are not feasible for targeting biofilm-associated amoebae [76]. The non-standardized approach to
evaluating disinfection limits is one of the gaps in knowledge raised in the discussion section.

In vitro studies have shown 1 mg/L chlorine is sufficient to inhibit the growth of Acanthamoeba,
Vermamoeba and Vahlkampfia trophozoites. Importantly, after two hours exposure, chlorine produced
complete die-off of trophozoites [77]. According to Kuchta et al. [78] 2–4 mg/L chlorine treatment for
30 min can completely inactivate Vermamoeba trophozoites. Whereas, trophozoites of some strains of
Hartmannella required 15 mg-min/L chlorine treatment for only 2 log reduction [79]. Mogoa et al. [80]
reported that Acanthamoeba trophozoites exposed to 5 mg/L chlorine for 30 s resulted in a 3 log population
reduction. It was also demonstrated that in Acanthamoeba, chlorination induces various cellular changes
including reduction in cell size and alterations in cellular permeability. Dupuy et al. [79] noticed that
Acanthamoeba trophozoites treated with 28 mg/L chlorine for 1 min only resulted in a 2 log reduction.
In comparison with uninfected Acanthamoeba trophozoites, L. pneumophila infected Acanthamoeba
trophozoites were more resistant against sodium hypochlorite (1024 mg/L) treatment [74].

Generally, inactivation of Acanthamoeba and Vermamoeba cysts required 5 mg/L chlorine, whereas
for Vahlkampfia 2 mg/L chlorine treatment. It is important to note that cysts of Acanthamoeba were
found highly resistant and only a 2 log reduction was noticed after eight hours exposure [77]. It was
also reported that Acanthamoeba cysts can tolerate 100 mg/L of chlorine for 10 min [81]. According to
Dupuy et al. [79] treatment of Acanthamoeba cysts with 856 mg-min/L results in only 2 log reduction.
Loret et al. [82] reported that to achieve 4 log reduction for Acanthamoeba polyphaga cysts 3500 mg-min/L
chlorine treatment is required. Likewise certain strains of Hartmannella cysts can tolerate high dose of
chlorine (2 log reduction by 156 mg-min/L) [79]. Exposure of Vermamoeba cysts to 15 mg/L of chlorine
for 10 min was lethal and resulted in complete inactivation [83].

Unlike Acanthamoeba and Vermamoeba, trophozoites and cysts of Naegleria were found sensitive to
available disinfection protocols. Naegleria trophozoites were sensitive to 0.79 mg/L chlorine treatment
for 30 min [84], whereas cysts were inactivated after exposure to 1.5 mg/L chlorine for 1 h [85].
Dupuy et al. [79] reported that chlorine treatment of Naegleria trophozoites with 5 mg-min/L resulted
in only 2 log reduction and cysts can tolerate much higher levels of chlorine (29 mg-min/L for 2 log
reduction). In potable water Naegleria fowleri associated with biofilms was able to tolerate 20 mg/L
chlorine for 3 h [86].

In comparison to chlorine, chloramine is regarded as more stable disinfectant and capable to
penetrate complex biofilms [68]. Dupuy et al. [79] suggested that instead of chlorine, monochloramine
is effective chemical disinfectants against trophozoites and cysts of Acanthamoeba, Vermamoeba and
Naegleria. It is possible that monochloramine harbors greater penetrating power than chlorine and
easily enter in trophozoites and cysts. According to Mogoa et al. [87] monochloramine specifically
targets the cell surface of Acanthamoeba. Dupuy et al. [79] identified that 352 mg-min/L monochloramine
exposure resulted in 2 log reduction of Acanthamoeba cysts. Goudot et al. [88] noticed that 4–17 mg/L
monochloramine exposure for 1 min only resulted in 2 log reduction of both planktonic and biofilm
associated Naegleria. According to Dupuy et al. [79] to achieve 2 log reduction of Hartmannella
trophozoites and cysts 12 mg-min/L and 34 mg-min/L monochloramine dose is required, respectively.
Although in vitro studies demonstrate that higher concentration of chlorine-based disinfectants can
inhibit the proliferation of protozoans; however, it can corrode the plumbing system pipes.

Chlorine dioxide has been shown to easily penetrate into amoeba trophozoites and cysts and
specifically promotes cytoplasmic vacuolization in Acanthamoeba [87]. However the efficacy of
chlorine dioxide varies from amoeba strains. The cyst form of some Acanthamoeba strains have
been demonstrated to be highly tolerant to chlorine dioxide (35 mg-min/L for 2 log reduction) [79].
Loret et al. [82] demonstrated that an 80 mg-min/L dose of chlorine dioxide is required to achieve 4 log
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reduction of Acanthamoeba polyphaga cysts. Importantly, most studies were designed to investigate the
effect of disinfection procedures on amoeba and there are limited studies on L. pneumophila-amoebae
interactions during disinfection.

Ozonisation is an effective method of water disinfection. According to Cursons et al. [84], a dose
of ozone 6.75 mg/L (0.08 mg/L residual level after 30 min) was sufficient to kill 99.9% (3 log reduction)
trophozoites of Acanthamoeba and Naegleria. However, biofilm associated Acanthamoeba, Hartmannella,
and Vahlkampfia were always found resistant to such treatments [76]. Loret et al. [82] demonstrated
that 10 mg-min/L ozone dose resulted in 3 log reduction of Acanthamoeba trophozoites, however cysts
retained viability.

Thermal treatment is a common physical disinfection protocol used for potable water supplies.
According to Chang [89] trophozoites of Naegleria can survive at 55 ◦C for 15 min, whereas cysts
can tolerate 65 ◦C for 3 min. Vermamoeba trophozoites and cysts have been shown to be completely
inactivated by exposure to 60 ◦C for 30 min [78,83]. Thermal treatment of Acanthamoeba trophozoites
and cysts at 65 ◦C for 10 min resulted in full inactivation [90]. Loret et al. [82] demonstrated that
thermal treatment of Acanthamoeba polyphaga cysts at 65 ◦C for 120 min resulted in 5 log reduction.
However, Storey et al. [81] reported that Acanthamoeba castellanii cysts are thermally stable and retain
viability at 80 ◦C for 10 min. It has also been reported that thermal treatment can enhance the efficiency
of chlorination. Although at high temperature (50 ◦C) the solubility of chlorine gas in water decreases
significantly and very corrosive to pipe work, but its amoebicidal activity increases slightly [69].

UV treatment is another method of disinfection recommended by WHO. As per recommendation
in 10 mJ/cm2 dose is sufficient for 99.9% (3 log) inactivation of protozoans like Giardia and
Cryptosporidium [65]. According to Cervero-Arago et al. [73] to achieve 3 log reduction of V. vermiformis
trophozoites 26 mJ/cm2 UV dose was required, whereas 76.2 mJ/cm2 for cysts. It was also noticed
that exposure to 72.2 mJ/cm2 irradiance resulted in 3 log reduction of Acanthamoeba trophozoites [73].
Aksozek et al. [91] reported viability of Acanthamoeba castellanii cysts after exposure to high doses of UV
rays (800 mJ/cm2). According to Sarkar and Gerba [92] to achieve 4 log reduction of Naegleria fowleri
trophozoites and cysts 24 mJ/cm2 and 121 mJ/cm2 UV irradiance is required, respectively. A pilot scale
study conducted by Langmark et al. [93] demonstrated inability of UV irradiation to reduce biofilm
associated amoebae. In contrast with other protozoans, members of the Acanthamoeba genera are more
resistant to both chemical and physical disinfection protocols.

As per water quality guidelines of WHO [65], 41 mg-min/L chlorine at 25 ◦C OR 1000 mg-min/L
monochloramine at 15 ◦C OR 7.3 mg-min/L chlorine dioxide 25 ◦C OR 0.63 mg-min/L O3 at 15 ◦C
OR 10 mJ/cm2 UV rays, treatments are required for inactivation of pathogenic protozoan (reference
protozoa Giardia), as mentioned earlier in this section protozoans facilitating growth of L. pneumophila
can thrive in these conditions (Table 3).

So far, studies have investigated the efficacy of water disinfection protocols against Acanthamoeba,
Hartmannella, Naegleria and Vermamoeba. However, there are numerous other waterborne cyst-forming,
non-cyst forming and ciliated protozoans which support the proliferation of L. pneumophila. Therefore,
there is a need for more research and a standardized approach to evaluating disinfection protocol(s)
that target both L. pneumophila and potential protozoan hosts. According to our literature survey,
the effectiveness of available disinfection protocols depends upon the species, strain and cellular state
of protozoans, as well as the type of disinfection technique and exposure time.

3.3. Detection Methods

The most commonly used methods to investigate potential L. pneumophila protozoan hosts are
co-culture and co-isolation assays [19]. The co-culture assay is widely used in the laboratory to
study Legionella-protozoan interactions. In this method, Legionella is allowed to grow in a protozoan
host and fate of bacterium is determined microscopically [94]. In vitro laboratory studies showed
that Acanthamoeba [95] and Tetrahymena [96] allow intracellular replication and packaging of live
L. pneumophila into export vesicles. Other protozoan genera; Balamuthia [97], Dictyostelium [98],
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Echinamoeba [31], Naegleria [99], Paramecium [100], and Vermamoeba [32], facilitate intracellular replication
of L. pneumophila. The second method is used to detect naturally co-existing Legionella-protozoans
from environment, but microscopically it is very difficult to find protozoans containing Legionella in
the natural environment [101]. As an alternative approach, a sample is screened for the presence of
both Legionella and protozoan hosts. Generally, samples are screened by PCR [102,103], fluorescence
in situ hybridization [104], classical culturing techniques and microscopy [105,106]. These methods
are good for screening environmental samples but are unable to delineate the underlying interactions
between Legionella and host protozoans. Nowadays, PCR based protocols are widely used to detect
L. pneumophila and protozoan hosts from engineered water systems. In comparison to classical
culturing methods, these protocols are rapid and highly sensitive. However, most of the nucleic
acid-based protocols are unable to differentiate viable and dead organisms. Propidium monoazide-PCR
or ethidium monoazide-PCR are modified nucleic acid detection protocols to enumerate the live
bacteria [107,108] and protozoan hosts [109,110]. To estimate burden of L. pneumophila and protozoan
hosts in water distribution system, it is necessary to measure the quantity of alive and dead organisms
regularly. This literature review demonstrates that Vermamoeba and Acanthamoeba are predominant
hosts of L. pneumophila in the context of hospital and potable water systems. Many cyst-forming,
non-cyst forming and ciliated protozoans have been found associated with L. pneumophila and are
identified as potential hosts; however, in vitro co-culture assays and microscopic studies are required
for confirmation and characterization of this interaction.

During stress (i.e., thermal, nutrient, chemical and radiation), L. pneumophila can enter into a VBNC
state. After the end of such a stress period, in presence of a suitable host or favorable environmental
conditions, the VBNC state can transform back into metabolically active cellular state [111]. Importantly,
the underlying mechanisms of resuscitation from VBNC are not yet well understood. However, as the
VBNC form is by definition a non-culturable state, classical microbiology culturing techniques cannot
be used to monitor viability. Thus, in vitro co-culture assays can be used to resuscitate VBNC in the
laboratory [74]. Alternative approaches to analyze VBNC are the analysis of membrane integrity and
molecular screening [112]. There are also studies that have shown that intracellular replication of
L. pneumophila induces VBNC state. According to Buse et al. [26] transformation of V. vermiformis
trophozoites into cysts promotes biogenesis of VBNC L. pneumophila. Therefore, the interaction with
protozoan hosts may also affect the ability to monitor the efficacy of disinfection protocols against
L. pneumophila, because the bacteria may be in the VBNC form. Available literature only discusses
disinfection protocols, which target culturable L. pneumophila. To our knowledge, there are limited
studies investigating the effectiveness of disinfection protocols to eliminate VBNC L. pneumophila. It is
our suggestion to adopt membrane integrity and in vitro co-culture assays to evaluate the disinfection
procedure against VBNC L. pneumophila.
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4. Materials and Methods

The databases Scopus and Web of Science were searched for articles written in English containing
the keywords (“Legionella pneumophila” OR “L. pneumophila”) AND (Acanthamoeba OR Vermamoeba
OR Hartmannella OR Dictyostelium OR Naegleria OR Tetrahymena OR Echinamoeba OR Paramecium OR
Balamuthia OR Oxytricha OR Stylonychia OR Diphylleia OR Stenamoeba OR Singhamoeba OR Filamoeba
OR Protozoa OR Protozoan OR Amoeba). The above search terms were modified from the review
conducted by Boamah et al. [19]. Figure 1 presents the systematic approach to article inclusion or
exclusion. Articles were screened by reading the titles and abstracts and initially excluded if they did
not refer to a study that detected L. pneumophila and a potential protozoan host from a hospital or
potable/drinking water source. Articles were then read in full and excluded if they only described
laboratory based simulated or pilot-scale experiments on registered bacterial and protozoan strains.

5. Conclusions

Protozoans present in potable water play an important role in L. pneumophila survival. Further
research is needed to better understand L. pneumophila-protozoan interactions and the implications
for the prevention of Legionnaires’ disease. To achieve long term disinfection of a water system the
control protocols need to be effective against potential hosts harboring L. pneumophila. Additionally,
an understanding of the mechanisms of VBNC state transformation, and the role of protozoans in this,
is needed to effectively evaluate the efficacy of disinfection techniques.
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Abstract: Legionella pneumophila is a facultative intracellular pathogen found in aquatic environments
as planktonic cells within biofilms and as intracellular parasites of free-living amoebae such as
Acanthamoeba castellanii. This pathogen bypasses the elimination mechanism to replicate within
amoebae; however, not all amoeba species support the growth of L. pneumophila. Willaertia magna C2c
Maky, a non-pathogenic amoeba, was previously demonstrated to possess the ability to eliminate the
L. pneumophila strain Paris. Here, we study the intracellular behaviour of three L. pneumophila strains
(Paris, Philadelphia, and Lens) within W. magna C2c Maky and compare this strain to A. castellanii
and W. magna Z503, which are used as controls. We observe the intracellular growth of strain Lens
within W. magna Z503 and A. castellanii at 22 ◦C and 37 ◦C. Strain Paris grows within A. castellanii at
any temperature, while it only grows at 22 ◦C within W. magna Z503. Strain Philadelphia proliferates
only within A. castellanii at 37 ◦C. Within W. magna C2c Maky, none of the three legionella strains
exhibit intracellular growth. Additionally, the ability of W. magna C2c Maky to decrease the number
of internalized L. pneumophila is confirmed. These results support the idea that W. magna C2c Maky
possesses unique behaviour in regard to L. pneumophila strains.

Keywords: free-living amoebae; Legionella; biological biocide; cooling towers

1. Introduction

Legionella pneumophila is an aerobic, Gram-negative bacterium that causes Legionellosis, a severe
form of pneumonia, following inoculation with contaminated aerosol [1]. This bacterial infection
manifests as two clinical forms that include Legionnaires’ disease, which is a life-threatening
respiratory disease, and Pontiac fever, a milder self-limiting illness [2,3]. Among the sixteen currently
identified serogroups of L. pneumophila, serogroup 1 is involved in the majority of infections [4,5].
This microorganism is ubiquitous throughout natural and artificial aquatic environments [6].
Legionellosis outbreaks are frequently related to contaminated water systems that produce aerosols,
which occurs primarily within cooling towers [7]. Indeed, cooling towers provide ideal conditions for
pathogen growth, as they frequently possess temperatures above 20 ◦C, at which L. pneumophila can
proliferate [8–10].

Free-living amoebae (FLA) are ubiquitous protozoa that inhabit common aquatic environments
and are frequently co-isolated with L. pneumophila in water cooling towers [11,12]. FLA are predatory
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and consume bacteria to facilitate their growth [13,14]; however, some bacteria such as L. pneumophila
have evolved to avoid the phagolysosome fusion and can multiply within FLA, ultimately killing these
amoebae before disseminating into the environment [9,15–17]. Furthermore, amoeba cysts can provide
L. pneumophila with protection against unfavourable conditions and chemical treatments. Therefore,
the association between FLA and this pathogen makes the control and monitoring of water-cooling
towers difficult and makes eradication of L. pneumophila almost impossible [18,19].

Previous studies, however, have demonstrated that all FLAs do not exhibit the same behaviours
when they come into contact with L. pneumophila strains. While Acanthamoeba sp. and Vermamoeba
(formerly Hartmannella) vermiformis support the intracellular growth of L. pneumophila, the Willaertia
magna strain C2c Maky has been demonstrated to eliminate the L. pneumophila serogroup 1 strain Paris
ATCC 33152 [20], which is a virulent pathogen strain responsible for severe legionellosis epidemics
in France [21]. W. magna C2c Maky is a free-living amoeba that is a member of the Vahlkampfiidae
family [22]. This amoeba is a thermophilic FLA that is isolated from the water of thermal swimming
pools (http://www.amoeba-biocide.com/en/page/learn-more-about-willaertia-magna-c2c-maky), and it
has the capacity to grow at high temperatures (up to 44 ◦C) in xenic or axenic media. The living forms
of this amoeba include a large trophozoite (50–100 μm) and a cyst (18–21 μm) form, and it can produce
temporary flagella [22,23]. The lack of pathogenicity of this amoeba was demonstrated by cytotoxicity
testing on human cells and was confirmed by genomic analysis [24]. According to these findings, the
Amoéba company developed a natural biocide using W. magna C2c Maky to eliminate L. pneumophila as
an alternative to chemical biocides (http://www.amoeba-biocide.com/en/page/revolutionary-biocide).
The present study is performed to verify the elimination and the absence of the reservoir effect.
Specifically, the decrease in the number of internal L. pneumophila and the absence of internal
L. pneumophila multiplication within W. magna C2c Maky, when both microorganisms are co-cultured,
is confirmed. The assay is performed by examining adhesion (the usual way of life for free-living
amoeba) with three strains of L. pneumophila to assess the consistency of amoeba behaviour toward
legionella strains. The assay lasts for one week and includes a daily count of intracellular L. pneumophila
and amoebas by culture and Trypan blue staining, respectively. The behaviour of W. magna C2c
Maky is compared to that of W. magna Z503 to determine if two amoeba strains of the same species
have the same behavior. Moreover, it is compared to A. castellanii, an amoeba known to multiply
amoeba-resistant bacteria such as the three L. pneumophila strains studied.

2. Results

2.1. L. pneumophila Survival in Coculture Medium

The survival of the three L. pneumophila strains in the calf serum-casein-yeast extract medium
(SCYEM) was evaluated at 22 ◦C and 37 ◦C (Figure 1a,b). The survival of L. pneumophila Lens
decreased to 2 × 104 CFU/mL and to 40 CFU/mL in SCYEM medium within 96 h at 22 ◦C and 37 ◦C,
respectively. The survival of L. pneumophila Paris decreased to 7 × 103 CFU/mL and to 1 CFU/mL in
SCYEM medium within 96 h at 22 ◦C and 37 ◦C, respectively. Finally, the survival of L. pneumophila
Philadelphia decreased to 3 × 103 CFU/mL and to 2 CFU/mL in SCYEM medium within 96 h at 22 ◦C
and 37 ◦C, respectively.
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Figure 1. L. pneumophila survival in coculture medium at 22 ◦C (a) and 37 ◦C (b). Results are expressed
as the mean +/− 95% CI (Confidence Interval based on the standard error of the mean).

2.2. Amoeba Survival in coculture Medium

Survival of the three amoebas in the presence or in absence of bacteria was evaluated over 96 h at
22 ◦C and 37 ◦C in coculture medium (Figure 2a,b). The three amoeba strains could be maintained in
SCYEM medium for 96 h in the presence or absence of bacteria at 22 ◦C and 37 ◦C with the exception
of A. castellanii when co-cultivated with L. pneumophila strains. Found at the end of the experiment, the
control condition of A. castellanii in the absence of bacteria was maintained at 2 × 105 cells/mL, while in
the presence of L. pneumophila Lens, Paris, and Philadelphia, the amoeba number decreased to 556, 444
and 2333 cells/mL, respectively (Figure 2b). A. castellanii could not survive in the presence of the three
L. pneumophila strains at 37 ◦C.

Figure 2. Amoeba survival at 22 ◦C (a) and 37 ◦C (b) in coculture medium in the presence or absence
of the three L. pneumophila strains (Lens, Paris, and Philadelphia). The red bar is the detection limit of
the Malassez cell counting. Results are expressed as the mean +/− 95% CI (Confidence Interval based
on the standard error of the mean).
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2.3. Co-Culture Experiments

2.3.1. L. pneumophila Lens co-cultivated with Amoeba Strains

The mean initial amount of amoeba-internalized bacteria at 22 ◦C was 16 ± 0.5% (16% in
A. castellanii, 15% in W. magna C2c Maky, and 16% in W. magna Z503). Seen at 37 ◦C, a mean bacterial
uptake of 20 ± 5.5% was observed (15% in A. castellanii, 26% in W. magna C2c Maky, and 18% in
W. magna Z503).

A significant decrease (p < 0.05) in the number of intracellular L. pneumophila Lens per W. magna
C2c Maky cell was observed after 24 h (5-fold and 10-fold reduction at 22 ◦C and 37 ◦C, respectively),
while the level remained nearly constant for A. castellanii at 22 ◦C and 37 ◦C and for W. magna Z503
at 22 ◦C with no significant difference between T0 and T0 + 24 h (p > 0.05) (Figure 3). Occurring
at T0 + 96 h (Figure 3), the percentage of intracellular L. pneumophila Lens per W. magna C2c Maky
cell was reduced by 48 ± 0.3% at 22 ◦C and 77 ± 1.2% at 37 ◦C, and an increase was observed for
W. magna Z503 (9-fold at 22 ◦C and 5-fold at 37 ◦C) and A. castellanii (19-fold at 22 ◦C and 50,000-fold at
37 ◦C). Observed at 37 ◦C, a small number of A. castellanii cells were still alive (5.6 × 102 ± 5.9 × 102

amoebas/mL), demonstrating that amoeba cell lysis occurred following the intracellular multiplication
of L. pneumophila Lens.

 

Figure 3. Comparison of the evolution of the number of intracellular L. pneumophila cells (Lens, Paris,
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and Philadelphia) per amoeba cell (A. castellanii, W. magna C2c Maky, and W. magna Z503). Results
are expressed as the mean +/− 95% CI (Confidence Interval based on the standard error of the mean).
(a) L. pneumophila number per A. castellanii cell at 22 ◦C (n = 9 for Lp Lens and Paris, n = 15 for Lp
Philadelphia); (b) L. pneumophila number per A. castellanii cell at 37 ◦C (n = 9); (c) L. pneumophila number
per W. magna cell (C2c and Z503) at 22 ◦C (n = 9 for Lp Lens and Paris, n = 15 for Lp Philadelphia);
(d) L. pneumophila number per W. magna cell (C2c and Z503) at 37 ◦C (n = 9).

Considering the number of L. pneumophila Lens at 22 ◦C and 37 ◦C, a significant increase (p < 0.05)
was obtained when the bacterium was co-cultivated with W. magna Z503 and A. castellanii, and this
was not observed when L. pneumophila Lens was cultivated alone or in the presence of W. magna C2c
Maky (Figure 4a,b), demonstrating an intracellular multiplication of L. pneumophila Lens in W. magna
Z503 and A. castellanii as the bacterium was unable to multiply by itself in the coculture medium
(Figure 1a,b).

Figure 4. Cont.
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Figure 4. Comparison of the evolution of the number of L. pneumophila cells in the presence or absence
of amoeba cells (alone, or in presence of A. castellanii, W. magna C2c Maky, or W. magna Z503). Results
are expressed as the mean +/− 95% CI (Confidence Interval based on the standard error of the mean).
(a) L. pneumophila Lens at 22 ◦C (n = 9); (b) L. pneumophila Lens at 37 ◦C (n = 9); (c) L. pneumophila
Paris at 22 ◦C (n = 9); (d) L. pneumophila Paris at 37 ◦C (n = 9); (e) L. pneumophila Philadelphia at 22 ◦C
(n = 15); (f) L. pneumophila Philadelphia at 37 ◦C (n = 9).

2.3.2. L. pneumophila Paris Co-Cultivated with Amoeba Strains

Occurring at 22 ◦C, we reported a mean L. pneumophila Paris uptake by amoebas of 24 ± 1.5% (25%
in A. castellanii, 23% in W. magna C2c Maky, and 23% in W. magna Z503). The initial mean amount of
cells internalized by amoebas decreased to 14 ± 5.0% at 37 ◦C (9% in A. castellanii, 19% in W. magna C2c
Maky and 13% in W. magna Z503).

A significant decrease of the number of intracellular L. pneumophila Paris per amoeba cell (p < 0.05)
first was observed in the three amoebas after 24 h, with the exception of A. castellanii at 37 ◦C (8-fold
for W. magna C2c Maky, 3-fold for W. magna Z503, and 9-fold for A. castellanii at 22 ◦C and 19-fold for
W. magna C2c Maky, 11-fold for W. magna Z503, and 2-fold for A. castellanii at 37 ◦C) (Figure 3). This
decrease was maintained until the end of the experiment (T0 + 96 h) only by W. magna C2c Maky, and
the percentage of intracellular L. pneumophila Paris per amoeba cell was reduced by 79 ± 2% at 22 ◦C
and 98 ± 0.1% at 37 ◦C (p < 0.05). The opposite was observed for W. magna Z503 and A. castellanii at
22 ◦C and 37 ◦C, as the decrease measured after 24 h was not maintained. Seen at 48 h, the level of
intracellular L. pneumophila Paris per amoeba cell began to increase until it reached 4-fold and 3-fold
more bacteria per amoeba cell than that observed at T0 for W. magna Z503 and A. castellanii, respectively
at 22 ◦C. Observed at 37 ◦C for W. magna Z503, the number of intracellular L. pneumophila Paris per
amoeba cell at T0 + 96 h was 5-fold the ratio observed at 24 h, but it did not reach the initial ratio.
Regarding A. castellanii, a strong increase was observed at both temperatures, and the initial ratio was
slightly increased by 3-fold at 22 ◦C (p > 0.05) and strongly increased by 60,000-fold at 37 ◦C (p < 0.05).
Furthermore, the correlation between the increase in L. pneumophila Paris and the low concentration
of viable A. castellanii (5.6 × 102 ± 5.9 × 102 cells/mL) after 96 h indicated that a high intracellular
multiplication of L. pneumophila Paris occurred that was followed by a release of bacteria in the medium
after A. castellanii death.

Considering the number of L. pneumophila Paris at 22 ◦C, a significant increase (p < 0.05) was
obtained when the bacterium was co-cultured with W. magna Z503 and A. castellanii, and this was not
observed when L. pneumophila Paris was cultured alone or in the presence of W. magna Z503 at 37 ◦C and
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W. magna C2c Maky at both 22 ◦C and 37 ◦C (Figure 4c,d), demonstrating an intracellular multiplication
of L. pneumophila Paris in W. magna Z503 and A. castellanii at 22 ◦C and only in A. castellanii at 37 ◦C as
the bacterium was unable to multiply by itself in the coculture medium (Figure 1a,b).

2.3.3. L. pneumophila Philadelphia Co-Cultivated with Amoeba Strains

The mean bacterial internalization by amoebas was 9 ± 1.1% (9% in A. castellanii, 10% in W. magna
C2c Maky, and 7% in W. magna Z503) at 22 ◦C, and the initial amount of internalized cells by amoebas
increased to 17 ± 3.8% (19% in A. castellanii, 20% in W. magna C2c Maky, and 13% in W. magna Z503).

Occurring at 22 ◦C, a rapid and significant (p < 0.05) decrease in the number of intracellular
L. pneumophila per amoeba cell was observed within 24 h (20-fold for A. castellanii, 11-fold for W.
magna C2c Maky, and 10-fold for W. magna Z503) in the three amoebas (Figure 3). Then, a slow but
significant (p < 0.05) decrease continued until the death of more than 99% of intracellular L. pneumophila
Philadelphia in all cases. Even if this decrease could be attributed to the bacterial death in the coculture
medium, the experiment demonstrated the absence of intra-amoeba multiplication of L. pneumophila
Philadelphia necessary for survival at 22 ◦C.

Occurring at 37 ◦C, a similar rapid decrease in the number of intracellular L. pneumophila per
amoeba was observed within 24 h for all three amoebas (20-fold for A. castellanii, 10-fold for W. magna
C2c Maky, and 92-fold for W. magna Z503). Then, differential behaviours were observed depending
on the amoeba strains. Regarding W. magna C2c Maky, the significant decrease (p < 0.05) continued
until the death of more than 99.99% of the intracellular L. pneumophila Philadelphia per amoeba cell
(Figure 3d). Concerning W. magna Z503, a decrease also was observed up to 97% elimination of
intracellular L. pneumophila Philadelphia per amoeba cell after 96 h (p < 0.05) (Figure 3d). To contrast,
for A. castellanii, a significant increase (p < 0.05) in intracellular L. pneumophila Philadelphia per amoeba
cell appeared after 48 h, demonstrating an intra-amoeba multiplication up to 2600-fold at the end point
(Figure 3c).

Considering the number of L. pneumophila Philadelphia at 22 ◦C, a significant decrease (p < 0.05)
was obtained in all cases (Figure 4e), while at 37 ◦C, a significant increase (p < 0.05) was observed when
L. pneumophila Philadelphia was cultured in the presence of A. castellanii (Figure 4f). This demonstrated
an intracellular multiplication of L. pneumophila Philadelphia A. castellanii at 37 ◦C, as the bacterium
was unable to multiply by itself in SCYEM medium (Figure 1a,b).

2.4. Microscopic Observations of Intracellular L. pneumophila Philadelphia at 37 ◦C

Microscopic observations were performed at T0, T0 + 48 h, and T0 + 96 h. Occurring at T0,

excess intracellular L. pneumophila Philadelphia bacteria were observed in the presence of the three
amoebas (Figure 5A,D,G). Regarding A. castellanii at 48 h, a strong bacterial multiplication was observed
(Figure 5B) which was not observed for both W. magna strains (Figure 5E,H). Occurring at 96 h, lysis
of A. castellanii after intracellular bacterial multiplication was clearly evident (Figure 5C), and only a
small amount of amoeba lysis could be observed for both W. magna strains (Figure 5F,I).

2.5. Statistical Comparison of Amoeba Behavior

Analysis of variance tests (ANOVA) were performed to determine if W. magna C2c Maky
interacted with L. pneumophila in a significantly different manner compared to interactions with the
two other amoebas.

Concerning the three bacterial strains, T0 data obtained in the presence of the three amoebas were
not statistically different at 22 ◦C (p > 0.05); however, at 37 ◦C, a significant difference in behaviour
(p < 0.05) was detected at T0.

Pairwise comparisons (Dunn test) established that at 72 h and 96 h at both temperatures and
with the three legionella strains, W. magna C2c Maky behaviour was statistically different from that
of the two other amoeba strains (Table 1). This significant difference was observed even after 24 h
with strain Paris at both temperatures, and at 22 ◦C for strain Lens. Statistical tests provided evidence
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that W. magna C2c Maky behaved differently compared to W. magna Z503 and A. castellanii cells in the
presence of Legionella strains.

Figure 5. Optical microscopy observation using Gimenez staining of A. castellanii (A–C), W. magna C2c
Maky (D–F), and W. magna Z503 (G–I) infected with L. pneumophila Philadelphia at 37 ◦C. Photos of the
co-cultures were acquired at T0 (A,D,G), T0 + 48 h (B,E,H), and T0 + 96 h (C,F,I).

Table 1. Statistical analysis of the behaviour of the three amoeba strains in the presence of the three
Legionella strains at 22 ◦C and 37 ◦C. Significant differences for W. magna C2c Maky are highlighted
in yellow.

22 ◦C 37 ◦C
L. pneumophila Lens T0 24 h 48 h 72 h 96 h T0 24 h 48 h 72 h 96 h

With A. castellanii A A A A A A A A A A
With W. magna Z503 A A A A A AB AB A A A

With W. magna C2c Maky A B B B B A B B C B
L. pneumophila Paris T0 24 h 48 h 72 h 96 h T0 24 h 48 h 72 h 96 h

With A. castellanii A A A A A C A A A A
With W. magna Z503 A A A A A B A B B B

With W. magna C2c Maky A B B B B A B C C C
L. pneumophila Philadelphia T0 24 h 48 h 72 h 96 h T0 24 h 48 h 72 h 96 h

With A. castellanii A A A AB AB AB A A AB AB
With W. magna Z503 A A A A A B B B A A

With W. magna C2c Maky A A A B B A A B C C

3. Discussion

This work explores the permissiveness of three amoeba strains regarding the intracellular
multiplication of three pathogenic L. pneumophila strains under two temperature conditions (22 ◦C and
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37 ◦C) that correspond to temperatures found in cooling towers in which L. pneumophila are known
to replicate within certain strains of amoebae [10,25]. It is important to demonstrate that W. magna
C2c Maky does not multiply L. pneumophila as we aim to propose it as a natural biocide to treat
cooling towers.

The three L. pneumophila strains are a representative set of L. pneumophila serogroup 1 that is
responsible for 95% of the legionellosis disease world-wide [5]. Strain Philadelphia is a clinical
isolate that is historically responsible for the very first outbreak. It possesses gene traits that allow for
multiplication in a number of hosts such as peripheral blood mononuclear cells, peritoneal macrophages,
and A. castellanii, A. polyphaga, or A. lenticulate [26–29]. The Philadelphia strain is, according to the EN
13623 European standard, the only strain for which testing is required to validate a disinfectant against
Legionella in Europe. L. pneumophila Lens was chosen because it was responsible for an outbreak in the
north of France between November 2003 and January 2004 where 86 confirmed cases resulted in 17
deaths [30]. L. pneumophila Paris was chosen because, among the endemic strains of L. pneumophila
serogroup 1, sequence type 1 (ST1) strains are among the most prevalent, particularly the ST1/Paris
pulsotype. This endemic type was responsible for 8.2% of French culture-proven cases of Legionnaire’s
disease from 1995 through 2006. ST1/Paris pulsotype isolates also have been detected in clinical and
environmental samples taken from several other countries around the world, including Switzerland,
Italy, Spain, Sweden, the United States, Japan, Senegal, and Canada [21,30].

Our experiments demonstrate differential behaviours among amoeba species infected by the
pathogenic bacteria. Compared to A. castellanii and W. magna Z503, the intracellular L. pneumophila are
efficiently eliminated by W. magna C2c Maky at 22 ◦C and 37 ◦C. Indeed, the experiments report not
only a non-replication, but also an elimination of the intracellular strains Lens, Paris and Philadelphia
within W. magna C2c Maky. Furthermore, the coculture medium used in the survey is not adapted to
the survival of the legionella bacteria, and they, therefore, must parasitize the amoebae to facilitate
their own growth. Indeed, the experiments demonstrate that the three legionella strains were unable
to remain at the inoculation level and began to die after 24 h (Figure 1). Although the medium is
not adapted to L. pneumophila strains, it was chosen for the co-culture study because an increase of
the bacterial number during the co-culture experiment necessarily indicates that the multiplication
occurred within amoeba. The bacterial multiplication is observed both in A. castellanii and W. magna
Z503, and it is not observed in W. magna C2c Maky. The assays reveal a multiplication of all legionella
strains within A. castellanii at 37 ◦C and the intracellular multiplication of strain Lens and Paris at
22 ◦C. Indeed, the strain Philadelphia grows at 37 ◦C (Figure 3c) and does not multiply at 22 ◦C
(Figure 3a) within A. castellanii. Based on this, these results suggest a behaviour that is influenced
by the temperature conditions. Several previous studies revealed the effect of temperature on the
relationship between L. pneumophila and free-living amoeba (FLA) [9,31,32]. L. pneumophila serogroup
1, for example, replicated in A. castellanii at 25 ◦C but were digested at temperatures below 20 ◦C [25].
Dupuy et al. assessed the ability of 12 amoeba strains of Naegleria sp., Acanthamoeba sp., and Vermamoeba
sp. to support the multiplication of L. pneumophila Lens at various temperatures (25 ◦C, 30 ◦C and
40 ◦C), and they revealed a more efficient intracellular proliferation with increasing temperatures [33].
Additionally, we did not observe the same behaviour according to the different bacteria and amoeba
strains used during our experiments. Indeed, the strain Lens replicates at 37 ◦C within W. magna
strain Z503, but not in W. magna C2c Maky (Figure 3d). The co-culture at 22 ◦C of W. magna Z503
with L. pneumophila strain Paris and strain Lens reveals a multiplication of the bacteria; however,
no replication is observed during co-culture with strain Philadelphia (Figure 3b). The difference in
amoeba permissiveness has been highlighted previously, especially in regard to Naegleria, Acanthamoeba,
Vermamoeba and Micriamoeba tesseris [9,34]. The non-replication of legionella within W. magna C2c Maky
was previously observed with strain Paris [20]. Our study confirms this result, as the resistance of W.
magna C2c Maky towards L. pneumophila Paris is illustrated by the observed significant decrease in
the bacterial concentration after 4 days of co-culture at 22 ◦C and 37 ◦C (Figure 4c,d). Dey et al. [20],
however, reported a moderate increase in strains Philadelphia and Lens within W. magna C2c at 37
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◦C while in our study the intracellular bacterial concentration significantly decreased in culture with
W. magna C2c Maky at 22 ◦C and 37 ◦C. These differences can be explained by the protocol parameters
used in the former study, particularly regarding the culture medium and elimination of extracellular
bacteria. The authors used serum casein glucose yeast extract medium (SCGYEM) that was favourable
to L. pneumophila survival, so bacteria were not forced to multiply into amoeba to survive. Additionally,
Dey and co-workers did not eliminate extracellular bacteria by centrifugation, and the observed
increase could be due to extracellular bacterial replication, such as that resulting from necrotrophic
growth as previously demonstrated [35].

W. magna C2c Maky is demonstrated to possess a high efficiency for digesting the intracellular
L. pneumophila cells in all strains used in this survey. The growth of L. pneumophila within amoebas is
known to enhance the pathogenicity and invasion of L. pneumophila [15,36]; however, no intracellular
bacterial replication is observed when we infect W. magna C2c Maky with L. pneumophila strains derived
from a first co-culture that was thought to be more virulent (unpublished data).

The action on different L. pneumophila strains and the absence of internal proliferation support the
fact that W. magna C2c Maky could be used as a biocide to combat L. pneumophila proliferation in cooling
tower water. This observation is consistent with the control of legionella by W. magna C2c Maky observed
in real conditions during field trials in functioning cooling towers (http://www.amoeba-biocide.com/
sites/default/files/180711_cp_amoeba_us_positive_efficacy_field_test_en_vedf_0.pdf). The traditional
method to control bacterial growth in cooling tower water is primarily based on the use of chemical
biocides [37,38]. Indeed, the oxidizing agent chlorine is the most used product for cooling tower
treatment [39]. The chemical biocide is efficient to prevent L. pneumophila proliferation, although
some previous studies reported incomplete eradication of legionella from installations and progressive
re-colonization within these systems within weeks or months [40,41]. Moreover, these chemical
biocides are dangerous to the environment, they degrade the installation systems, and they require the
application of other products such as anti-corrosive agents [42,43]. Described by Iervolino, treatment
with another oxidizing agent (H2O2/Ag) was inadequate for legionella control, and, instead, it caused
a rapid increase of one logarithmic unit [44]. Chemical biocide action also is not completely efficient
against biofilms and amoeba cysts that can provide protection against disinfection treatment [16,17,45].
Finally, chemical biocides used in cooling towers can select L. pneumophila populations, and chemical
biocides can promote resistance to biocides and to human health antibiotics [46,47].

To conclude, W. magna C2c Maky is not associated with any human or animal infection, and this
is in agreement with the lack of pathogenicity demonstrated in vivo and suggested by genomic
analysis [24,48]. This organism is likely a safe and efficient candidate for legionella control in cooling
towers and could provide an alternative solution to chemical biocides.

4. Materials and Methods

4.1. Free-Living Amoebae Culture

Willaertia magna C2c Maky (ATCC® PTA-7824), Willaertia magna Z503 (ATCC® 50035),
and Acanthamoeba castellanii (ATCC® 30010) were purchased from ATCC and cultivated according
to their recommendation into 10 mL of modified PYNFH medium (ATCC medium 1034) in a T-25
tissue culture flask. Amoebae were then grown in cell factories in serum casein yeast extract medium
(SCYEM) at 30 ◦C. SCYEM medium is derived from serum casein glucose yeast extract medium
(SCGYEM) medium [49] and contained 10 g·L−1 casein, 5 g·L−1 yeast extract, 10% foetal calf Serum,
1.325 g·L−1 Na2HPO4, and 0.8 g·L−1 KH2PO4. After 72 h (during exponential phase), the cell factories
were gently shaken, and the amoeba suspensions were transferred to 50 mL Falcon® tubes. Amoeba
populations were then quantified using a Malassez haemocytometer cell counting chamber method
(Thermo Fisher Scientific, France) with Trypan blue by mixing 100 μL of Trypan blue with 100 μL
of amoeba sample. According to the results, the amoebae concentration in Falcon® tubes was then
adjusted to 3 × 105 cells/mL by the addition of SCYEM. The amoebas were then washed twice in
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SCYEM using centrifugation at 3000× g for 10 min, and the supernatants were then discarded. Amoeba
populations were then re-quantified, and the amoeba suspensions were finally adjusted to 3 × 105

cells/mL in 100 mL of SCYEM. A final quantification was performed to verify the concentration.
Each final solution of W. magna C2c Maky, W. magna Z503, and A. castellanii corresponded to

working suspensions that were named AWSC2C, AWSZ503, and AWSAC, respectively (Table 2).

Table 2. Preparation of the co-cultures.

Co-Culture AWS 1 Volume BWS 2 Volume

L.p. Philadelphia +W. magna C2c Maky 10 mL AWSC2C 0.1 mL BWSPhila
L.p. Philadelphia +W. magna Z503 10 mL AWSZ503 0.1 mL BWSPhila
L.p. Philadelphia + A. castellanii. 10 mL AWSAC 0.1 mL BWSPhila
L.p. Paris +W. magna C2c Maky 10 mL AWSC2C 0.1 mL BWSParis

L.p. Paris +W. magna Z503 10 mL AWSZ503 0.1 mL BWSParis
L.p. Paris + A. castellanii. 10 mL AWSAC 0.1 mL BWSParis

L.p. Lens +W. magna C2c Maky 10 mL AWSC2C 0.1 mL BWSLens
L.p. Lens +W. magna Z503 10 mL AWSZ503 0.1 mL BWSLens
L.p. Lens + A. castellanii. 10 mL AWSAC 0.1 mL BWSLens
Control L.p. Philadelphia 10 mL SCYEM 0.1 mL BWSPhila

Control L.p. Paris 10 mL SCYEM 0.1 mL BWSParis
Control L.p. Lens 10 mL SCYEM 0.1 mL BWSLens

Control W. magna C2c Maky 10 mL AWSC2C 0 mL
Control W. magna Z503 10 mL AWSZ503 0 mL

Control A. castellanii 10 mL AWSAC 0 mL
1 AWS: Amoeba Working Solution at 3 × 105 cells /mL; 2 BWS: Bacteria Working Solution at 3 × 107 CFU /mL.

4.2. Legionella Pneumophila Cultures

L. pneumophila strain Philadelphia (ATCC 33152), L. pneumophila strain Lens (CIP 108280),
and L. pneumophila strain Paris (CIP 107629) were grown on buffered charcoal yeast extract (BCYE) agar
plates (Thermo Fisher Scientific, Dardilly, France) at 36 ◦C for 72 hours and then harvested by scraping,
suspended in phosphate-buffered saline (PBS), centrifuged at 9500 xg for 10 min, and washed once in
PBS. The supernatants were then discarded. The L. pneumophila suspensions were then diluted in PBS
to obtain 3 × 107 bacteria/mL.

The legionella final suspensions represented the bacterial stock working suspensions, and they
were identified as BWSPhila, BWSParis, and BWSLens (Table 2).

4.3. Bacterial Survival in the Coculture Medium (Control)

The three control bacterial conditions were prepared as described in Table 2 by adding 10 mL of
SCYEM to the 0.1 mL bacteria working solutions (BWSPhila, BWSParis, or BWSLens) in 25 cm3 flasks
(Dutscher, Brumath, France) and incubated at 22 ◦C or 37 ◦C. This operation corresponded to the T0

time point of the bacterial controls. Occurring at T0, T0 + 24 h, T0 + 48 h, T0 + 72 h, and T0 + 96 h, 1 mL
was sampled in each flask and then serially 10-fold diluted in SCYEM and plated on buffered charcoal
yeast extract plates (BCYE) in triplicate. BCYE plates were incubated at 36 ◦C, and colony forming
units (CFU) were counted after 5 days. Each condition was performed for three independent replicates
and repeated three times (n = 9).

4.4. Amoeba Survival in the coculture Medium (Control)

The three amoeba working solutions (AWSC2C, AWSZ503, or AWSAC) were prepared as described
in Table 2 (10 mL of working solutions) and incubated at 22 ◦C or 37 ◦C in 25 cm3 flasks. Occurring at
T0, T0 + 24 h, T0 + 48 h, T0 + 72 h, and T0 + 96 h, the flasks were gently shaken, and the numbers of
amoeba cells were quantified using a haemocytometer cell counting chamber method with Trypan
blue. Each condition was performed for three independent replicates and repeated three times (n = 9).
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4.5. Co-Culture Assays

Amoeba and bacterial working solutions were mixed in 25 cm3 flasks by adding the required
volume according to Table 1. To provide an example, 10 mL of W. magna C2c Maky at 3 × 105 cells/mL
was mixed with 0.1 mL of L. pneumophila Lens at 3 × 107 CFU /mL. All flasks were left to stand for
2 h at 22 ◦C ± 2 ◦C or at 37 ◦C ± 2 ◦C to allow for amoebae/bacteria contact and the internalization
of L. pneumophila into amoebae. After the 2-h contact process, each flask was gently shaken 10 times,
and the suspension was transferred into a 15 mL Flacon® tube and centrifuged at 3000× g for 5 min.
This step allowed for the removal of non-internalized (i.e., extracellular) L. pneumophila from the
co-culture suspensions. The pellet was resuspended in 10 mL of sterile SCYEM, and the suspension
was poured into a new 25 cm3 flask and incubated at 22 ◦C ± 2 ◦C or at 37 ◦C ± 2 ◦C. This time point
corresponded to the T0 time point of the assay. Each condition was performed for three independent
replicates and repeated three times (n = 9), with the exception of the co-culture with strain Philadelphia
that was repeated four times at 22 ◦C (n = 15).

4.6. L. pneumophila and Amoeba Quantifications in Co-Culture Assays from T0 to T0 + 96 h

Occurring at T0, T0 + 24 h, T0 + 48 h, T0 + 72 h, and T0 + 96 h, a washing step was performed.
The culture supernatant was removed from each flask and replaced by 10 mL of sterile SCYEM. This
step was intended to remove extracellular L. pneumophila to allow for the detection of only intracellular
bacteria. Each flask was gently shaken 10 times and an aliquot of 1 mL was sampled. Quantification
of amoeba populations was performed using 0.1 mL of each aliquot utilizing a haemocytometer
cell counting chamber method with Trypan blue. The remaining 0.9 mL were treated with Triton™
X-100 [31] at 0.02% v/v (final concentration) for 2 min to lyse amoebas and to recover the internal
L. pneumophila. The sample was then serially 10-fold diluted in SCYEM and plated on BCYE plates
in triplicate, with the exception of the undiluted conditions that were spread onto five plates when
the number of L. pneumophila was intended to decrease below the detection limit. BCYE plates were
incubated at 36 ◦C, and CFU were counted after 5 days.

4.7. Microscopic Observations in Co-Culture with L. pneumophila Philadelphia at 37 ◦C

Co-cultures of L. pneumophila Philadelphia using the three amoeba strains at 37 ◦C were sampled
from running experiments and stained by the Gimenez technique [50,51] at T0, T0 + 48 h, and T0 + 96
h. Co-cultures (0.1 mL) were deposited onto glass slides by using a Shandon Cytospin 4 cytocentrifuge
(Thermo Scientific, Illkirch-France) at 800× g for 10 min and then stained using the Gimenez technique.
Briefly, each of the glass slides were stained with fuchsin solution for 3 min and washed with water.
Then, the glass slides were stained with malachite green for 5–10 s and washed, and this step was
repeated twice. Finally, the glass slides were allowed to dry at room temperature.

The observations were performed using a LEICA DM 2500 LED microscope (Leica Microsystemes
SAS, Nanterre-France) under an ×100 oil immersion objective.

4.8. Statistical Analyses

Statistical significance of co-culture studies was determined for 22 ◦C and 37 ◦C conditions through
the use of analysis of variance (ANOVA) (Kruskal–Wallis test and multiple pair-wise comparison
Dunn test).

Author Contributions: Conceptualization, S.D. and J.-B.E.; methodology, I.H., A.J., A.C., B.Q.; formal analysis, I.H.
and S.D.; writing—original draft preparation; I.H., S.D. and J.-B.E.; writing—review and editing, S.D.; supervision,
S.D. and O.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the French Government under the “Investissements d’avenir” (Investments
for the Future) program managed by the Agence Nationale de la Recherche (ANR, French National Agency for
Research), (reference: Méditerranée Infection 10-IAHU-03), by Région Provence-Alpes-Côte d’Azur and European
funding FEDER PRIMI.

272



Pathogens 2020, 9, 105

Acknowledgments: We are very grateful to B. La Scola for his advice throughout the completion of this study
and for reviewing this article prior to publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Stout, J.E.; Yu, V.L. Legionellosis. N. Engl. J. Med. 1997, 337, 682–687. [CrossRef] [PubMed]
2. Fraser, D.W.; Tsai, T.R.; Orenstein, W.; Parkin, W.E.; Beecham, H.J.; Sharrar, R.G.; Harris, J.; Mallison, G.F.;

Martin, S.M.; McDade, J.E.; et al. Legionnaires’ Disease. N. Engl. J. Med. 1977, 297, 1189–1197. [CrossRef]
[PubMed]

3. Kaufmann, A.F.; McDade, J.E.; Patton, C.M.; Bennett, J.V.; Skaliy, P.; Feeley, J.C.; Anderson, D.C.; Potter, M.E.;
Newhouse, V.F.; Gregg, M.B.; et al. Pontiac Fever: Isolation of the etiologic agent (legionella pneumophila)
and demonstration of its mode of transmission. Am. J. Epidemiol. 1981, 114, 337–347. [CrossRef] [PubMed]

4. Benson, R.F.; Fields, B.S. Classification of the genus Legionella. Semin. Respir. Infect. 1998, 13, 90–99.
5. Phin, N.; Parry-Ford, F.; Harrison, T.; Stagg, H.R.; Zhang, N.; Kumar, K.; Lortholary, O.; ZumLa, A.;

Abubakar, I. Epidemiology and clinical management of Legionnaires’ disease. Lancet Infect. Dis. 2014, 14,
1011–1021. [CrossRef]

6. Borella, P.; Guerrieri, E.; Marchesi, I.; Bondi, M.; Messi, P. Water ecology of Legionella and protozoan:
Environmental and public health perspectives. Biotechnol. Annu. Rev. 2005, 11, 355–380.

7. Hamilton, K.A.; Prussin, A.J.; Ahmed, W.; Haas, C.N. Outbreaks of Legionnaires’ Disease and Pontiac Fever
2006–2017. Curr. Environ. Health Rep. 2018, 5, 263–271. [CrossRef]

8. Pine, L.; George, J.R.; Reeves, M.W.; Harrell, W.K. Development of a chemically defined liquid medium for
growth of Legionella pneumophila. J. Clin. Microbiol. 1979, 9, 615–626.

9. Rowbotham, T.J. Preliminary report on the pathogenicity of Legionella pneumophila for freshwater and soil
amoebae. J. Clin. Pathol. 1980, 33, 1179–1183. [CrossRef]

10. Yamamoto, H.; Sugiura, M.; Kusunoki, S.; Ezaki, T.; Ikedo, M.; Yabuuchi, E. Factors stimulating propagation
of legionellae in cooling tower water. Appl. Environ. Microbiol. 1992, 58, 1394–1397. [CrossRef]

11. Barbaree, J.M.; Fields, B.S.; Feeley, J.C.; Gorman, G.W.; Martin, W.T. Isolation of protozoa from water
associated with a legionellosis outbreak and demonstration of intracellular multiplication of Legionella
pneumophila. Appl. Environ. Microbiol. 1986, 51, 422–424. [CrossRef] [PubMed]

12. Scheikl, U.; Sommer, R.; Kirschner, A.; Rameder, A.; Schrammel, B.; Zweimüller, I.; Wesner, W.; Hinker, M.;
Walochnik, J. Free-living amoebae (FLA) co-occurring with legionellae in industrial waters. Eur. J. Protistol.
2014, 50, 422–429. [CrossRef] [PubMed]

13. Clarholm, M. Protozoan grazing of bacteria in soil—impact and importance. Microb. Ecol. 1981, 7, 343–350.
[CrossRef] [PubMed]

14. Rodríguez-Zaragoza, S. Ecology of Free-Living Amoebae. Crit. Rev. Microbiol. 1994, 20, 225–241. [CrossRef]
15. Cirillo, J.D.; Falkow, S.; Tompkins, L.S. Growth of Legionella pneumophila in Acanthamoeba castellanii

enhances invasion. Infect. Immun. 1994, 62, 3254–3261. [CrossRef]
16. Greub, G.; Raoult, D. Microorganisms Resistant to Free-Living Amoebae. Clin. Microbiol. Rev. 2004, 17,

413–433. [CrossRef]
17. Rowbotham, T.J. Isolation of Legionella pneumophila from clinical specimens via amoebae, and the interaction

of those and other isolates with amoebae. J. Clin. Pathol. 1983, 36, 978–986. [CrossRef]
18. Kilvington, S.; Price, J. Survival of Legionella pneumophila within cysts of Acanthamoeba polyphaga

following chlorine exposure. J. Appl. Bacteriol. 1990, 68, 519–525. [CrossRef]
19. Linder, J.W.-K. Ewert Free-living Amoebae Protecting Legionella in Water: The Tip of an Iceberg? Scand. J.

Infect. Dis. 1999, 31, 383–385. [CrossRef]
20. Dey, R.; Bodennec, J.; Mameri, M.O.; Pernin, P. Free-living freshwater amoebae differ in their susceptibility to

the pathogenic bacterium Legionella pneumophila. FEMS Microbiol. Lett. 2009, 290, 10–17. [CrossRef]
21. Aurell, H.; Etienne, J.; Forey, F.; Reyrolle, M.; Girardo, P.; Farge, P.; Decludt, B.; Campese, C.; Vandenesch, F.;

Jarraud, S. Legionella pneumophila Serogroup 1 Strain Paris: Endemic Distribution throughout France.
J. Clin. Microbiol. 2003, 41, 3320–3322. [CrossRef] [PubMed]

273



Pathogens 2020, 9, 105

22. De Jonckheere, J.F.; Dive, D.G.; Pussard, M.; Vickerman, K. Willaertia Magna gen. nov. sp. nov.
(Vahlkampfiidae), a Thermophilic Amoeba Found in Different Habitats. Available online: https:
//eurekamag.com/research/001/281/001281223.php (accessed on 6 February 2019).

23. Robinson, B.S.; Christy, P.E.; De Jonckheere, J.F. A temporary flagellate (mastigote) stage in the vahlkampfiid
amoeba Willaertia magna and its possible evolutionary significance. Biosystems 1989, 23, 75–86. [CrossRef]

24. Hasni, I.; Chelkha, N.; Baptiste, E.; Mameri, M.R.; Lachuer, J.; Plasson, F.; Colson, P.; La Scola, B. Investigation
of potential pathogenicity of Willaertia magna by investigating the transfer of bacteria pathogenicity genes
into its genome. Sci. Rep. 2019, 9, 18318. [CrossRef] [PubMed]

25. Ohno, A.; Kato, N.; Sakamoto, R.; Kimura, S.; Yamaguchi, K. Temperature-Dependent Parasitic Relationship
between Legionella pneumophila and a Free-Living Amoeba (Acanthamoeba castellanii). Appl. Environ.
Microbiol. 2008, 74, 4585–4588. [CrossRef]

26. Casini, B.; Baggiani, A.; Totaro, M.; Mansi, A.; Costa, A.L.; Aquino, F.; Miccoli, M.; Valentini, P.; Bruschi, F.;
Lopalco, P.L.; et al. Detection of viable but non-culturable legionella in hospital water network following
monochloramine disinfection. J. Hosp. Infect. 2018, 98, 46–52. [CrossRef]
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Abstract: Legionella pneumophila is a human pathogen responsible for a severe form of pneumonia
named Legionnaire disease. Its natural habitat is aquatic environments, being in a free state or
intracellular parasites of free-living amoebae, such as Acanthamoeba castellanii. This pathogen is able to
replicate within some amoebae. Willaertia magna C2c Maky, a non-pathogenic amoeba, was previously
demonstrated to resist to L. pneumophila and even to be able to eliminate the L. pneumophila strains
Philadelphia, Lens, and Paris. Here, we studied the induction of seven virulence genes of three
L. pneumophila strains (Paris, Philadelphia, and Lens) within W. magna C2c Maky in comparison
within A. castellanii and with the gene expression level of L. pneumophila strains alone used as controls.
We defined a gene expression-based virulence index to compare easily and without bias the transcript
levels in different conditions and demonstrated that W. magna C2c Maky did not increase the virulence
of L. pneumophila strains in contrast to A. castellanii. These results confirmed the non-permissiveness
of W. magna C2c Maky toward L. pneumophila strains.

Keywords: free-living amoebae (FLA); Legionella pneumophila; virulence genes; Willaertia magna
C2c Maky

1. Introduction

The genus Legionella includes more than 60 species, but human infections that progress to a severe
pneumonia, known as Legionnaires’ disease, are most often caused by Legionella pneumophila [1,2].
This Gram-negative bacterium especially affects immunocompromised individuals after inhalation of
Legionella-contaminated aerosols. L. pneumophila invades and replicates within alveolar macrophages
and epithelial cells of the lungs, inducing a severe respiratory infection [1,3].

L. pneumophila is ubiquitous in natural, artificial, and industrial aquatic environments and is mostly
nested in intracellular hosts, such as free-living amoebae (FLA). In 1980, Rowbotham first demonstrated
the intracellular multiplication of L. pneumophila within Acanthamoeba spp. and Naegleria spp. [4].
Following this study, several reports described the replication of Legionella isolates from clinical
samples within protozoa isolated from the presumed source of infection. Intracellular growth within
protozoa was shown to increase the ability of L. pneumophila to infect human monocytes and to resist to
chemical disinfectants, biocides, and antibiotics [5–7]. Inhalation of legionellae packaged in amoebae
is associated with the induction of more severe clinical cases of legionellosis. The speculated link
between the homing of legionella in amoebae and the increased virulence of legionella is supported
by the publication of a mouse model of co-inhalation of L. pneumophila and Hartmannella vermiformis.
It was shown to significantly enhance the intrapulmonary growth of L. pneumophila, with a greater
mortality than that observed from inhalation of legionellae alone [8]. The intra-amoebae growth was
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demonstrated to enhance the ability of L. pneumophila to infect epithelial cells (100- to 1000-fold), murine
macrophages (10- to 100-fold), human monocytes (100- to 1000-fold), and Acanthamoeba castellanii
(10- to 100-fold) [9]. Moreover, L. pneumophila grown in A. castellanii displays enhanced infection in
monocytes compared to buffered charcoal yeast extract (BCYE)-grown bacteria [10]. Within FLA and
human macrophages, L. pneumophila cells are able to reroute the phagosome thanks to a functional
Dot/Icm type 4 secretion system (T4SS) and the approximately 300 proteins it secretes and to induce
the biogenesis of a legionella-containing vacuole (LCV) [11,12]. Bacterial replication occurs in LCV,
evades fusion with lysosomes, and associates intimately with the host endoplasmic reticulum (ER),
inducing the lysis of the host cells. The induction of apoptosis in the host cell is induced by a type
IV-like secretion machinery [13]. The internalization of L. pneumophila into host cells, such as FLA,
promotes not only its ability to survive and multiply but also to acquire and increase its virulence [14].
The L. pneumophila Dot/Icm-secreted effector PlcC/CegC1 was demonstrated to promote virulence [15],
and the translocated Dot/Icm type IVB secretion system effector SdhA was demonstrated to be of
crucial importance in infection processes [16].

Genes of the T4SS system have also been identified, with several other genes, as being responsible
for the increased virulence in L. pneumophila once internalized by FLA, such as A. castellanii and
Vermamoeba vermiformis [17]. In two studies from NJ Ashbolt’s laboratory, about 30 transcripts of genes
involved in bacterial metabolism, replication, and virulence have been investigated using reverse
transcription quantitative polymerase chain reaction (RT-qPCR) in L. pneumophila Philadelphia after
exposure to CuO nanoparticles (CuO-NPs) or synthetic gray water (Gw) for a period ranging from 3 to
48 h [18,19].

Here, we investigated the expression level by RT-qPCR of 7 genes (htpX, icmE, lirR, ccmF, gacA,
tatB, and lvrE) that we have shown to be expressed by all three reference strains, L. pneumophila Paris,
Philadelphia, and Lens, after co-incubation with two FLA: A. castellanii known to be permissive to
the legionella multiplication [10], and Willaertia magna C2c Maky considered as non-permissive to
the legionella multiplication [20]. We also evaluated transcript levels of these genes in L. pneumophila
cultivated alone and harvested at the end of the growth exponential phase corresponding to the end of
the replicative phase and the beginning of the virulence phase. The aim of this work was to evaluate
the evolution of virulence of L. pneumophila strains after internalization into a non-permissive amoeba,
such as W. magna C2c Maky. To facilitate the interpretation and comparison of gene expression, a GENE
EXPRESSION-based index was developed.

2. Results

2.1. Virulence Gene Selection

Virulence genes of interest were selected based on previous studies [18,19] that investigated the
potential increase in virulence gene expression in L. pneumophila Philadelphia exposed to CuO-NPs
or synthetic Gw (Table S1). As our objective was to assess virulence gene expression in L. pneumophila
internalized for three days in amoebae, we focused on genes whose expression was increased after
24–48 h of environmental exposure to CuO-NPs (dotA, enhC, htpX, icmE, and pvcA) or synthetic Gw
(lirR, ccmF, gacA, tatB, lvrB, and lvrE). We excluded the genes cegC1 and sidF displaying conflicting
variations between the two environmental conditions (Table S1).

Among the 11 genes selected, we were not able to amplify pvcA cDNA in L. pneumophila
Philadelphia using published primers [19]. We thus ran qPCR for the other 10 genes, using the primers
listed in Table 1.
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Table 1. The sequences of primer pairs used for qPCR amplification, the slope “a” of the calibration
curve: Cq = a × Log[DNA]i + b and the efficiency “E” of the qPCR are given for the targeted cDNAs.

Gene ID Size (bp) Forward Primer (5′->3′) Reverse Primer (5′->3′) a E

ccmF 149 TGA ATA CAC AGG GCC GTG ATC TGA ACT GGT TTC TAC TTT CCC TGC CCA −3.369 1.98
dotA 81 CTG AGA TGG ATA GGT GGT AGT C TCT TAC TCT ACC TTT GGC TTC CTC −3.473 1.94
enhC 438 AAT GCT TTG TAT GCC CTC GG CAT ATC AGC GCT TTG GCC ATC −3.401 1.97
gacA 120 TTT AAA CGA CGC GTC ACT TCC CAC TGC AGA TGC TGA AAG TGG TGA GCA −3.386 1.97
htpX 196 ATT GAC TCT CAT GGT TGC CGT GCT AGC CAT GTA TTC TCT GGT TCG GCT −3.330 2.00
icmE 200 GCT CAA ATC AAA GCT GCT CAG GCA CCT GCG TTT GCT AAA TCC GCA TCA −3.331 2.00
lirR 124 CCA TGC TTA ATG CTC TCT ACC A GGG TTG CTC CGC AAT TAA AC −3.541 1.92
lvrB 99 CAT TGG TGT ACT CTC GGT CTT C AGC ACC ATG CAG AGC ATA C −3.385 1.97
lvrE 128 CCG TAA CAA GTG GGT GAT TCT CAT TGC CCA ACA AAC CAT AGA C −3.330 2.00
rpsL 132 GAA AGC CTC GTG TGG ACG TA CAA CCT TAC GCA TAG CTG AGT TA −3.340 1.99
tatB 115 ATT GTG TTT GGG CCA TCA AAG CAT TGA GTT GTT GCT GCC AAA −3.484 1.94

As expected, these primers allowed high quality amplification of the targeted cDNAs in
L. pneumophila Philadelphia cultured for three days in BCYE plates, with the exception of dotA
and enhC cDNAs. Indeed, the amplification of these two amplicons did not reach satisfactory criteria
for either the melt curve analysis or the agarose gel electrophoresis of the end products, for the three
L. pneumophila strains. We thus excluded these two genes from the final analysis. The primers used
for the eight remaining genes produced good amplifications, with end products of the expected size
(Figure 1). However, the expression of lvrB in L. pneumophila Paris was not detected in all conditions
tested. It is possible that the lvrB gene differs in L. pneumophila Paris from the two other strains, in
regions recognized by the primers used. To avoid any bias when comparing the three strains, lvrB was
not included in the final list of the seven selected transcripts.

Figure 1. Amplicon size verification on 2% agarose gel for the three L. pneumophila strains. bp: base
pair; P: strain Paris; H: strain Philadelphia; L: strain Lens; w: water. The ladder is the MassRuler
Low Range DNA Ladder (Thermo Fisher Scientific, Lyon, France SM0383); the 100 and 200 bp bands
are indicated.

2.2. Validation of rpsL as a Non-Acceptable Housekeeping Gene, in Which Transcript Level Should Be Stable
between the Different Tested Conditions

While real-time PCR is a quantitative method with high sensitivity and great reproducibility,
to measure targeted DNAs over a wide range of concentrations, the RT of biological sample
RNAs is a reaction that is difficult to calibrate. To normalize differences in RT efficiency across
samples, the transcript level of a gene, mostly a housekeeping gene, is used as an internal control,
whose expression is supposed to be invariant between various treatments or conditions. The ribosomal
gene rpsL is a housekeeping gene commonly used for phylogenic analysis of Legionella [21] and has
been used to normalize the reverse transcription of RNA extracted from L. pneumophila exposed to
Cuo-NPs nanoparticles or synthetic Gw [18,19]. An alternative way to normalize the RT reaction
between the different samples is to use a known quantity of synthetic RNA, added directly to the
reaction mix, thereby allowing the same number of copies of this synthetic RNA to be added across all
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samples. As an external control, we used the so-called synthetic non-homologous standard mRNA
(SmRNA) [22], of which we ensured that the primers used for the amplification of its cDNA do not
amplify DNA sequences resulting from the RT of the endogenous RNAs of L. pneumophila.

Thus, using SmRNA as an external control, the expression of rpsL could be examined by RT-qPCR
like any other gene. Using a graphical representation with an ordinate axis on a linear scale, we show
that there is a high variability in the rpsL mRNA level, in particular in L. pneumophila Paris and
L. pneumophila Lens (Figure S1). In a logarithmic representation of the ordinate axis, one can note
that the rpsL mRNA level was almost identical between the three Legionella strains under the T′0
control condition. In addition, the rpsL mRNA level in the L. pneumophila Philadelphia strain remained
unchanged under the various conditions tested. On the other hand, the maintenance for three days
of the incubation of the L. pneumophila Paris and L. pneumophila Lens strains in the liquid medium
(3D-FREE) caused an increase in the rpsL mRNA level, which was significant compared to the T′0
control in L. pneumophila Lens. The internalization of L. pneumophila Paris and L. pneumophila Lens in
A. castellanii was also followed by a strong and significant increase in the rpsL mRNA level, not only
compared to the T′0 condition but also compared to the T3D-FREE condition (A. castellanii only).
Finally, the internalization of the three strains in W. magna C2c Maky did not lead to a significant
increase in the rpsL mRNA level (Figure 2).

Figure 2. Level of rpsL transcript in the different conditions, expressed as the number of copies in 1× 106

L. pneumophila (Lp) ± SD and displayed using a log scale. Abbreviations: FREE: L. pneumophila strains
alone; WILL: L. pneumophila strains cocultured with W. magna C2c Maky; ACANTH: L. pneumophila
strains cocultured with A. castellanii; T′0: reference transcript level; 3D: transcript level after 3 days.
ANOVA 2: Factor 1: “L. pneumophila strain”, p < 0.0001; Factor 2: “culture conditioned”, p < 0.0001;
Interaction Factor 1 × Factor 2, p < 0.0001.

Given that rpsL is not a gene whose expression is invariant under the conditions tested, we did not
use it for the normalization of the RT reaction and instead used the SmRNA for all of the targeted genes.

2.3. Definition of a Gene Expression-Based Virulence Index

Studies aimed at investigating virulence gene expression usually analyze each gene separately,
making it difficult to draw clear conclusions, especially when expression increases for some genes,
decreases for others, and finally remains stable for the latest.
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Since qPCR makes it possible to quantify cDNA copies in a sample, we eluded the above-mentioned
issue by defining for each sample a virulence index, which is the sum of all virulence cDNAs quantified
by qPCR.

However, in the calculation of the virulence index, we paid attention to avoid masking important
variations for genes expressed at low levels in basal conditions by genes initially expressed at high
levels. To this end, for each transcript, the cDNA copy number contained in a given sample has been
expressed as a percentage of the averaged copy number measured in all samples.

2.4. Comparison of the Virulence Index of three L. pneumophila Strains

Firstly, we evaluated the “Gene Expression-based” virulence index of three strains of L. pneumophila
after coincubation for three days within two amoebic species: W. magna C2c Maky and A. castellanii,
(Figure 3A), based on the measurements of the transcript levels of the seven virulence genes selected:
ccmF (Figure S2), gacA (Figure S3), htpX (Figure S4), icmE (Figure S5), lirR (Figure S6), lvrE (Figure S7),
and tatB (Figure S8). These measures were performed after three days of coculture when the amount
of intracellular Legionella was not significantly different between W. magna C2c Maky and A. castellanii.

Figure 3. Measurement of the virulence index. (A) After 3 days in liquid medium; (B) after 3 days in
liquid medium plus 3 days on buffered charcoal yeast extract (BCYE) plates. FREE: L. pneumophila strains
alone; WILL: L. pneumophila strains cocultured with W. magna C2c Maky; ACANTH: L. pneumophila
strains cocultured with A. castellanii; T′0: reference virulence index; T3D: virulence index after 3 days;
T6D: virulence index after 6 days, 3 days in liquid medium, and 3 days on BCYE plates.

Secondly, after Day 3, every condition (L. pneumophila alone, L. pneumophila strains co-incubated
with W. magna C2c Maky, and L. pneumophila strains co-incubated with A. castellanii) was seeded on
BCYE plates for three additional days (until Day 6) to remove all amoeba traces, because amoebae
are not able to survive on a BCYE plate, and to evaluate the fate of the virulence of L. pneumophila
after their release from amoebae. Once L. pneumophila had grown on the BCYE plates, bacteria were
harvested, and the virulence index was evaluated (Figure 3B) as above, based on the measurements
of the transcript levels of the seven virulence genes selected: ccmF (Figure S9A), gacA (Figure S9B),
htpX (Figure S10A), icmE (Figure S10B), lirR (Figure S11A), lvrE (Figure S11B), and tatB (Figure S12).
As expected, the transcript levels varied differently between the different genes selected, making it
difficult to draw a clear conclusion (Figures S2–S12).

A virulence index was thus calculated for each condition, and an ANOVA 2 revealed for Steps 1
and 2 (Figure S13A,B) that the three L. pneumophila strains behaved in the same way under all tested
conditions. Their results were then pooled and averaged (Figure 3).
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ANOVA 2 also revealed a statistical difference between culture conditions (p< 0.0001), and post-hoc
analysis (Tukey’s HSD test) showed a significant increase of the virulence genes after the internalization
of L. pneumophila in A. castellanii compared to the controls containing L. pneumophila alone at Day 0 and
Day 3 (Figure 3A). Conversely, a tendency (not significant) to decrease the level of virulence of the
three L. pneumophila strains within W. magna C2c Maky was observed when compared to L. pneumophila
alone (control) at Day 0 and Day 3 (Figure 3A). L. pneumophila strains internalized within W. magna
C2c Maky exhibit a virulence index that is not statistically different from the controls at T’0 and T3D,
demonstrating that W. magna C2c Maky did not increase the virulence of L. pneumophila strains in
contrast to A. castellanii.

3. Discussion

These experiments brought evidence of a different behavior between L. pneumophila strains
internalized by W. magna C2c Maky and strains internalized by A. castellanii. Indeed, the expression
of virulence genes is reduced in L. pneumophila internalized into W. magna C2c Maky cells, while it is
significantly increased in L. pneumophila internalized into A. castellanii.

These results confirm the non-permissiveness observed in W. magna C2c Maky towards
L. pneumophila. Unlike A. castellanii, W. magna C2c Maky is able to internalize and digest L. pneumophila
by phagocytosis [20,23]. These data suggest that L. pneumophila strains were unable to use their T4SS
system to deflect the cellular machinery of W. magna C2c Maky. As a consequence, the phago-lysosomal
fusion could happen and LCV could not be created, leading to the intracellular destruction of bacteria.

Considering FLA known to be permissive to L. pneumophila multiplication, such as A. castellanii,
Buse et al. reported that the Dot/Icm T4SS system was responsible for the translocation of a large
number of Legionella effectors in the host cells to promote infectivity [18]. These translocated effector
genes are located in a hypervariable region of the L. pneumophila genome, and the plasminogen activator
homologue of L. pneumophila, was strongly involved in A. castellanii intracellular growth [24,25].
The virulence associated genes lvrB and lvrE were also shown to be involved in the T4SS [21,26].
Another effector of the Dot/Icm substrate, SidF, was shown to be involved in the inhibition of
programmed cell death in the host and anchoring of binding effectors to bacterial phagosomes [27,28].
However, Legionella vir homologues were shown to be not required for intracellular replication in
amoeba or macrophage [21].

Surprisingly, L. pneumophila strains cultivated alone in liquid medium for three days and then
incubated for three additional days on BCYE plates exhibit a great increase of the virulence index
(Figure 3B), demonstrating an induction of the expression of virulence genes. ANOVA 2 revealed
a statistical difference between culture conditions (p < 0.0001). Post-hoc analysis (Tukey’s HSD
test) showed a tendency of the virulence index to increase from Day 0 to Day 3 under the control
conditions (not significant, p = 0.898) and a clear statistical difference from other conditions (Figure 3B),
i.e., the control at Day 6, and the L. pneumophila strains internalized within W. magna C2c Maky and
A. castellanii at Day 6 (p = 0.023). No statistical difference was observed at Day 6 between the control
condition and the L. pneumophila strains co-cultivated with both amoebae. It seems that cultivation
on BCYE plates erased the virulence index acquired during internalization in amoebae to confer a
virulence index specific to BCYE culturing. Bacteria cultivated on BCYE plates were shown to be
virulent, even if some isolates transiently lost their flagella. Indeed, some isolates characterized as
aflagellate when harvested from BCYE agar were shown to be able to multiply in amoebae, and flagella
were subsequently detectable by immunologic methods [29]. Moreover, Nowicki et al. have concluded
that infection with aerosols of L. pneumophila coming from cultures on BCYE plates causes mortality
in guinea pigs, showing that BCYE-cultivated Legionella are indeed virulent [30]. Consequently,
the virulence index can only be assessed in conditions of liquid culture without sub-culturing on
BCYE plates.

To conclude, we developed a tool that can be named the “GENE EXPRESSION-based Virulence
Index” based on the quantitative measurement of cDNAs of 7 virulence genes (ccmF, gacA, htpX, icmE,
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lirR, lvrE, and tatB) using a calibrated RT and real-time PCR. Virulence genes were expressed at low
levels in the three strains of L. pneumophila in the absence of amoebae, making it possible to determine
a “GENE EXPRESSION-based Virulence Index” both at T0 and after 3 days in a liquid medium.

L. pneumophila strains followed a similar trend, since the “GENE EXPRESSION-based Virulence
Index” between the three strains was not statistically different. After internalization in W. magna C2c
Maky, there was no increase in the “GENE EXPRESSION-based Virulence Index” compared to the
control conditions, since no statistical difference between the index determined after internalization in
W. magna C2c Maky and the index determined in control L. pneumophila was observed for the three
L. pneumophila strains. A huge and significant increase in “GENE EXPRESSION-based Virulence
Index” was observed in the three tested L. pneumophila strains internalized in A. castellanii compared to
W. magna C2c Maky, with a fold difference between the two amoebae reaching 9.4 (Virulence Index
was 185 ± 44 in WILL condition and 1745 ± 257 in ACANTH condition). These data confirmed that
W. magna C2c Maky cells resist Legionella strains, are able to phagocyte Legionella strains, and do not
increase their virulence after internalization.

This index synthesized the expression of all the genes in one data for each condition, rendering
the comparison easier. Moreover, a particular attention was brought to the genes that were expressed
at low level by expressing the cDNA copy number contained in a given sample in percent of the
averaged copy number measured in all samples. This GENE EXPRESSION-based Virulence Index
could be used in many studies that focus on the variation of gene expression in a given function (here
virulence, elsewhere inflammation, development, cell death, etc.) where many transcripts are analyzed.
When different genes associated with the same function are compiled or integrated in the form of an
index, it makes it easier to conclude about the overall evolution of these genes, a conclusion often
made difficult when the individual variations do not always point in the same direction.

4. Materials and Methods

4.1. L. pneumophila Cultures

The three strains of L. pneumophila serogroup 1, Lens CIP 108 286, Paris CIP 107 629T,
and Philadelphia ATCC 33152, were cultured at 36 ◦C for 3 days on buffered charcoal yeast extract (BCYE)
agar plates (Thermo Fisher Scientific, Dardilly, France) before coculture experiments. Quantification of
L. pneumophila was performed via Real-time qPCR using Biorad kits (Biorad, Hercules, CA, USA). Briefly,
aliquots of cell suspension were sampled, and genomic DNA was extracted using the AquadienTM DNA
extraction kit. L. pneumophila was quantified using the iQ-CheckTM L. pneumophila Real-time qPCR kit
and a CFX96 Biorad thermocycler. The data were analyzed using the Bio-Rad CFX Manager Industrial
Diagnostic Edition software (version 2.2). The whole procedure was designed for quantification of
L. pneumophila, including intra-amoebic bacteria, and has been validated by AFNOR (Agence Française
de Normalisation, the French standardization authority).

4.2. FLA Culture

The amoebae used in this study were W. magna C2c Maky ATCC PTA-7824 and A. castellanii
ATCC 30010. Amoebae were grown at 30 ◦C for 3 days using adhesion culture on CF4 with serum
casein glucose yeast extract medium (SCGYEM) [31]. Amoeba cells were maintained in the exponential
growth phase by subculturing every 3 days. Quantification of amoeba populations was performed
using 0.1 mL of each aliquot utilizing a hemocytometer cell counting chamber method with Trypan blue.

4.3. Coculture of L. pneumophila with Amoebae

Tubes containing 5 mL of Peptone Yeast Extract Glucose Broth (PYG) [32] were seeded with 5 × 105

W. magna C2c Maky or A. castellanii cells. At Day 0, the different strains of L. pneumophila, grown
on BCYE plates, were suspended in sterile distilled water at 2.5 × 108 cells/mL, and inoculated into
the amoebic cultures at a multiplicity of infection (MOI) of 50. Low-speed centrifugation (30 min at
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1000× g) was used to initiate physical interaction between bacteria and amoebae, and then incubated
at 36 ◦C for 1 h. To eliminate extracellular legionella, cocultures were treated for 2 h at 30 ◦C with
0.5 mg/mL of Penicillin and Streptomycin. Cells were then washed twice by, first, centrifuging assay
tubes for 10 min at 1000× g, second, removing the supernatant, and, finally, adding 5 mL of fresh PYG
medium preheated at room temperature. After the second wash, cocultures were incubated at 30 ◦C in
PYG medium for 3 days (Figure S13A).

In a second step, coculture solutions were submitted to a mechanical cell lysis using a FastPrep®-24
instrument (MP Biomedicals, Illkirch-Graffenstaden, France) for 2 × 30 s at a speed of 5.0 in order to
release legionella from the amoebae. Afterward, 100 μL of each treated coculture were deposited onto
BCYE plates and incubated for 3 days at 36 ◦C (Figure S13B).

Control conditions consisted in legionella cultured in PYG medium in the absence of amoebae
(FREE condition) for 3 days; for the second step, 100 μL of the latter culture were deposited onto BCYE
plates for 3 additional days (Day 6), as described above.

4.4. Preservation of RNA Samples

Free legionella and cocultures (amoebae with internalized legionella) in liquid medium,
or legionella colonies on BCYE plates were collected, rinsed in sterile osmosed water, and centrifuged
for 5 min at 4 ◦C at 6000× g. The TRIzol® Max™ Bacterial RNA Isolation Kit (Thermo Fisher Scientific,
Lyon, France) was used to improve the isolation of intact total RNA. The kit utilizes both the Max™
Bacterial Enhancement Reagent and TRIzol® Reagent to inactivate endogenous RNases and promote
protein denaturing, improving RNA quality and integrity. After removal of the supernatant, 200 μL of
pre-heated (95 ◦C) Max Bacterial Enhancement Reagent buffer was added on the pelleted cells and
incubated for 5 min at 95 ◦C. Afterward, 1 mL of TRIzol Reagent was added, and the tubes were frozen
in dry ice before being stored at −80 ◦C.

4.5. Total RNA Extraction

Biological material in TRIzol® was used for total RNA extraction according to the manufacturer’s
instruction and MIQE guidelines [33]. Total nucleic acid extracted was treated with Turbo DNA-free
DNAse (Thermo Fisher Scientific, Lyon, France) as recommended by the manufacturer, to remove
genomic DNA. Total RNA was then transferred into a nuclease-free tube and stored at −80 ◦C after the
concentration was measured using a Biodrop spectrophotometer (Biodrop, Cambridge, UK).

4.6. Calibrated Reverse Transcription (cRT)

Briefly, 180 ng of purified total RNAs were used for cRT using random hexamers and Multiscribe™
reverse trancriptase in the presence of RNAse inhibitor (Thermo Fisher Scientific). A synthetic external
and non-homologous Standard RNA (SmRNA) was used to control the quality of the RT and to
normalize the reverse transcription of mRNAs of biological samples [34]. At the end of the RT, cDNAs
were stored at −20 ◦C until further use. It should be noted that the Multiscribe® reverse transcriptase
was not added in the RT master mix as recommended by the manufacturer. Indeed, thanks to the
data obtained for the SmRNA, we discerned that the enzyme was rapidly altered in the master mix,
thus significantly affecting the efficiency of reverse transcription across samples. This problem was
resolved by preparing a master mix without the enzyme and then by adding the enzyme directly in
each individual reaction tube.

4.7. Quantitative PCR (qPCR)

qPCR was performed using a Rotorgene Q (Qiagen, Courtaboeuf, France) and the Rotor-Gene
SYBR Green PCR kit (Qiagen). All qPCR assays were run under the following conditions: 95 ◦C for
5 min, followed by 40 cycles of 5 s at 95 ◦C and 20–45 s (depending on the size of the amplicons) at 60 ◦C.
The melting curve analysis was performed to evaluate the specificity of the DNA amplified during
the PCR. The cycle of quantification Cq was determined at the intersection between the threshold
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line and the amplification curves when data were displayed as semi-logarithmic representation of the
accumulated fluorescence versus cycle number. Cq was then transformed into a number of cDNA
copies, according to standard curves composed of standards with known copies of cDNAs (1 to
108 copies). These standard curves reliably indicated the method’s detection sensitivity to targeted
cDNAs (1 copy detected in 25% of cases) and the linear range of the quantification (from 10 to 108 copies).
Primer sequences, the slope of the standard curve established between the Cq and the initial cDNA
concentration, as well as the efficiency of the qPCR of each targeted cDNAs, are presented in Table 1.

4.8. Calculation of the Virulence Index

As mentioned above (Section 2.3), the cDNA copy number contained in a given sample has been
expressed in percent of the averaged copy number measured in all samples: 36 samples in each series
of Task-1 (Lp Paris + Lp Philadelphia + Lp Lens) and 30 samples in Task-2 (Lp Paris + Lp Lens).
Thus, at the end of each experiment series, and for each gene, the averaged “balanced” cDNA copy
number calculated from all samples equaled 100. Finally, for a given sample, Gene expression-based
Virulence Index was calculated as follows:

Virulence− Index for sample A =
7∑

n=1

(
cDNA copy nbr for gene(n)

)
in sample A × 100

average cDNA copy nbr for gene(n) in all samples

4.9. Data and Statistical Analysis

For each group of the first step, experiments were replicated once with n = 3 in each replicate,
and the data obtained in each replicate were pooled; therefore, n = 6 in each group. For the
second step, experiments were performed once with n = 3 in each group. For each group, data are
expressed as mean ± SD of either the number of copies of the different cDNAs analyzed or the
“gene expression”-based virulence index. Statistical significance for within-group comparisons was
calculated by a two-way analysis of variance (ANOVA 2) with Tukey’s post hoc test, using XLSTAT
Software (version 19.4). The p value of 0.05 defined the significance cut-off.

When the p value for Factor 1 was below 0.05, meaning that differences between L. pneumophila
strains were not statistically different, data for L. pneumophila strains were pooled together with
“n = n L. pneumophila Paris + n L. pneumophila Philadelphia + n L. pneumophila Lens.”

For the first step, Factor 1 equals “L. pneumophila strain (Paris, Philadelphia, and Lens)” and Factor
2 equals “culture condition (T′0, T3D-FREE, T3D-WILL, T3D-ACANTH).” For the virulence index,
because ANOVA 2 showed no statistical difference between the three strains (p = 0.832), values for the
three strains were pooled together (n = 18).

For the second step, Factor 1 equals “L. pneumophila strain (Paris and Lens)” and Factor 2 equals
“culture condition (T′0, T3D-FREE, T6D-FREE, T6D-WILL, T6D-ACANTH).” Strain Philadelphia was
not analyzed in this second step because after internalization into both amoebae, it did not grow on
BCYE plates in 2 out of 3 samples; because n = 1 for this condition, data from strain Philadelphia were
not considered for the statistical analysis. Because ANOVA 2 showed no statistical difference between
the two other strains (p = 0.566), values for both strains were pooled together (n = 6).

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/6/447/s1,
Figure S1: Level of rspL transcript in the different conditions, expressed as the number of copies in 106 L. pneumophila
(Lp) ± SD, Figure S2: ccmF cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S3: gacA cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S4: htpX cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S5: icmE cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S6: lirR cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S7: lvrE cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S8: tatB cDNA copy number measured in 106 L. pneumophila for each strain and each culture
condition, Figure S9: ccmF and gacA cDNA copy number measured in 106 L. pneumophila for each strain and each

285



Pathogens 2020, 9, 447

culture condition, Figure S10: htpX and icmE cDNA copy number measured in 106 L. pneumophila for each strain
and each culture condition, Figure S11: lirR and lvrE cDNA copy number measured in 106 L. pneumophila for each
strain and each culture condition, Figure S12: tatB cDNA copy number measured in 106 L. pneumophila for each
strain and each culture condition, Figure S13: Synoptic diagram of the experiments, Table S1: Fold changes of
gene expression after 3-48h exposure of L. pneumophila Philadelphia to CuO nanoparticles (CuO-NPs) or synthetic
Gray water (Gw).

Author Contributions: Conceptualization, R.M.M., J.B. and L.B.; methodology, R.M.M.; formal analysis, L.B.;
writing—original draft preparation; R.M.M., S.D., and L.B.; writing—review and editing, S.D. and L.B.; supervision,
L.B.; L.B. and S.D. contributed equally to the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to Florian Lanet, Béatrice Georges and Florian Bénitière for their
technical assistance in RT-qPCR and to Benjamin Quelard for his technical assistance for the coculture experiments

Conflicts of Interest: J.B. is the co-founder of Amoeba SA.

References

1. Cunha, C.B.; Cunha, B.A. Legionnaire’s Disease Since Philadelphia. Infect. Dis. Clin. N. Am. 2017, 31, 1–5.
[CrossRef] [PubMed]

2. Khodr, A.; Kay, E.; Gomez-Valero, L.; Ginevra, C.; Doublet, P.; Buchrieser, C.; Jarraud, S. Molecular
epidemiology, phylogeny and evolution of Legionella. Infect. Genet. Evol. 2016, 43, 108–122. [CrossRef]
[PubMed]

3. Rossier, O.; Starkenburg, S.R.; Cianciotto, N.P. Legionella pneumophila Type II Protein Secretion Promotes
Virulence in the A/J Mouse Model of Legionnaires’ Disease Pneumonia. Infect. Immun. 2004, 72, 310–321.
[CrossRef] [PubMed]

4. Rowbotham, T.J. Preliminary report on the pathogenicity of Legionella pneumophila for freshwater and soil
amoebae. J. Clin. Pathol. 1980, 33, 1179–1183. [CrossRef]

5. Balczun, C.; Scheid, P. Free-Living Amoebae as Hosts for and Vectors of Intracellular Microorganisms with
Public Health Significance. Viruses 2017, 9, 65. [CrossRef] [PubMed]

6. Berjeaud, J.-M.; Chevalier, S.; Schlusselhuber, M.; Portier, E.; Loiseau, C.; Aucher, W.; Lesouhaitier, O.;
Verdon, J. Legionella pneumophila: The Paradox of a Highly Sensitive Opportunistic Waterborne Pathogen
Able to Persist in the Environment. Front. Microbiol. 2016, 7, 21660. [CrossRef] [PubMed]

7. Borella, P.; Guerrieri, E.; Marchesi, I.; Bondi, M.; Messi, P. Water ecology of Legionella and protozoan:
Environmental and public health perspectives. Biotechnol. Annu. Rev. 2005, 11, 355–380. [CrossRef]

8. Neumeister, B.; Reiff, G.; Faigle, M.; Dietz, K.; Northoff, H.; Lang, F. Influence of Acanthamoeba castellanii
on Intracellular Growth of Different Legionella Species in Human Monocytes. Appl. Environ. Microbiol. 2000,
66, 914–919. [CrossRef]

9. Cirillo, J.D.; Falkow, S.; Tompkins, L.S. Growth of Legionella pneumophila in Acanthamoeba castellanii
enhances invasion. Infect. Immun. 1994, 62, 3254–3261. [CrossRef]

10. Cirillo, J.D.; Cirillo, S.L.G.; Yan, L.; Bermudez, L.E.; Falkow, S.; Tompkins, L.S. Intracellular Growth in
Acanthamoeba castellanii Affects Monocyte Entry Mechanisms and Enhances Virulence of Legionella
pneumophila. Infect. Immun. 1999, 67, 4427–4434. [CrossRef]

11. Michard, C.; Doublet, P. Post-translational modifications are key players of the Legionella pneumophila
infection strategy. Front. Microbiol. 2015, 6, 87. [CrossRef] [PubMed]

12. Prashar, A.; Terebiznik, M.R. Legionella pneumophila: Homeward bound away from the phagosome.
Curr. Opin. Microbiol. 2015, 23, 86–93. [CrossRef] [PubMed]

13. Zink, S.; Pedersen, L.; Cianciotto, N.P.; Abu Kwaik, Y. The Dot/Icm Type IV Secretion System of Legionella
pneumophila Is Essential for the Induction of Apoptosis in Human Macrophages. Infect. Immun. 2002, 70,
1657–1663. [CrossRef] [PubMed]

14. Gomes, T.S.; Gjiknuri, J.; Magnet, A.; Vaccaro, L.; Ollero, D.; Izquierdo, F.; Fenoy, S.; Hurtado, C.; Del Águila, C.
The Influence of Acanthamoeba–Legionella Interaction in the Virulence of Two Different Legionella Species.
Front. Microbiol. 2018, 9, 2962. [CrossRef] [PubMed]

15. Aurass, P.; Schlegel, M.; Metwally, O.; Harding, C.R.; Schroeder, G.; Frankel, G.; Flieger, A. The Legionella
pneumophila Dot/Icm-secreted Effector PlcC/CegC1 Together with PlcA and PlcB Promotes Virulence and

286



Pathogens 2020, 9, 447

Belongs to a Novel Zinc Metallophospholipase C Family Present in Bacteria and Fungi. J. Boil. Chem. 2013,
288, 11080–11092. [CrossRef] [PubMed]

16. Harding, C.R.; Stoneham, C.; Schuelein, R.; Newton, H.J.; Oates, C.V.; Hartland, E.L.; Schroeder, G.; Frankel, G.
The Dot/Icm Effector SdhA Is Necessary for Virulence of Legionella pneumophila in Galleria mellonella and
A/J Mice. Infect. Immun. 2013, 81, 2598–2605. [CrossRef] [PubMed]

17. Fontana, M.F.; Banga, S.; Barry, K.; Shen, X.; Tan, Y.; Luo, Z.-Q.; E Vance, R. Secreted Bacterial Effectors
That Inhibit Host Protein Synthesis Are Critical for Induction of the Innate Immune Response to Virulent
Legionella pneumophila. PLoS Pathog. 2011, 7, e1001289. [CrossRef]

18. Buse, H.Y.; Lu, J.; Ashbolt, N.J. Exposure to Synthetic Gray Water Inhibits Amoeba Encystation and Alters
Expression of Legionella pneumophila Virulence Genes. Appl. Environ. Microbiol. 2015, 81, 630–639.
[CrossRef]

19. Lu, J.; Struewing, I.; Buse, H.Y.; Kou, J.; Shuman, H.A.; Faucher, S.P.; Ashbolt, N.J. Legionella pneumophila
Transcriptional Response following Exposure to CuO Nanoparticles. Appl. Environ. Microbiol. 2013, 79,
2713–2720. [CrossRef]

20. Hasni, I.; Jarry, A.; Quelard, B.; Carlino, A.; Eberst, J.-B.; Abbe, O.; Demanèche, S. Intracellular Behaviour of
Three Legionella pneumophila Strains within Three Amoeba Strains, Including Willaertia magna C2c Maky.
Pathogens 2020, 9, 105. [CrossRef]

21. Schroeder, G.; Petty, N.K.; Mousnier, A.; Harding, C.R.; Vogrin, A.J.; Wee, B.; Fry, N.K.; Harrison, T.G.;
Newton, H.J.; Thomson, N.R.; et al. Legionella pneumophila Strain 130b Possesses a Unique Combination
of Type IV Secretion Systems and Novel Dot/Icm Secretion System Effector Proteins. J. Bacteriol. 2010, 192,
6001–6016. [CrossRef] [PubMed]

22. Xuereb, B.; Bezin, L.; Chaumot, A.; Budzinski, H.; Augagneur, S.; Tutundjian, R.; Garric, J.; Geffard, O.
Vitellogenin-like gene expression in freshwater amphipod Gammarus fossarum (Koch, 1835): Functional
characterization in females and potential for use as an endocrine disruption biomarker in males. Ecotoxicology
2011, 20, 1286–1299. [CrossRef] [PubMed]

23. Dey, R.; Bodennec, J.; Mameri, M.O.; Pernin, P. Free-living freshwater amoebae differ in their susceptibility
to the pathogenic bacteriumLegionella pneumophila. FEMS Microbiol. Lett. 2009, 290, 10–17. [CrossRef]
[PubMed]

24. Vranckx, L.; De Buck, E.; Anné, J.; Lammertyn, E. Legionella pneumophila exhibits plasminogen activator
activity. Microbiology 2007, 153, 3757–3765. [CrossRef]

25. Zusman, T.; Degtyar, E.; Segal, G. Identification of a Hypervariable Region Containing New Legionella
pneumophila Icm/Dot Translocated Substrates by Using the Conserved icmQ Regulatory Signature.
Infect. Immun. 2008, 76, 4581–4591. [CrossRef]

26. Cianciotto, N.P. Many substrates and functions of type II secretion: Lessons learned fromLegionella
pneumophila. Futur. Microbiol. 2009, 4, 797–805. [CrossRef]

27. Banga, S.; Gao, P.; Shen, X.; Fiscus, V.; Zong, W.-X.; Chen, L.; Luo, Z.-Q. Legionella pneumophila inhibits
macrophage apoptosis by targeting pro-death members of the Bcl2 protein family. Proc. Natl. Acad. Sci. USA
2007, 104, 5121–5126. [CrossRef]

28. Hsu, F.; Zhu, W.; Brennan, L.; Tao, L.; Luo, Z.-Q.; Mao, Y. Structural basis for substrate recognition by a unique
Legionella phosphoinositide phosphatase. Proc. Natl. Acad. Sci. USA 2012, 109, 13567–13572. [CrossRef]

29. Bosshardt, S.C.; Benson, R.F.; Fields, B.S. Flagella are a positive predictor for virulence inLegionella.
Microb. Pathog. 1997, 23, 107–112. [CrossRef]

30. Nowicki, M.; Bornstein, N.; Paucod, J.; Binder, P.; Fleurette, J. Effect of Culture Medium on Morphology
and Virulence of Legionella pneumophila Serogroup 1. Zent. Bakteriol. Mikrobiol. Hyg. 1987, 264, 167–177.
[CrossRef]

31. De Jonckheere, J. Use of an axenic medium for differentiation between pathogenic and nonpathogenic
Naegleria fowleri isolates. Appl. Environ. Microbiol. 1977, 33, 751–757. [CrossRef] [PubMed]

32. Laskowski-Arce, M.A.; Orth, K. Acanthamoeba castellanii Promotes the Survival of Vibrio parahaemolyticus.
Appl. Environ. Microbiol. 2008, 74, 7183–7188. [CrossRef] [PubMed]

33. Bustin, S.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.F.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.;
Shipley, G.L.; et al. The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time
PCR Experiments. Clin. Chem. 2009, 55, 611–622. [CrossRef] [PubMed]

287



Pathogens 2020, 9, 447

34. Bezin, L.; Morales, A. Method of Calibration of Reverse Transcription Using a Synthetic Messenger RNA
(SmRNA) as an Internal Control. Patent WO20044092414, 28 October 2004.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

288



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Pathogens Editorial Office
E-mail: pathogens@mdpi.com

www.mdpi.com/journal/pathogens





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-0695-1 


