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Abstract 18 

Legionella pneumophila causes water-based infections resulting in severe pneumonia. 19 

Recently, we showed that different variable numbers of tandem repeat analysis (MLVA-20 

8) genotypes dominated different sites of a drinking-water distribution system, with a 21 

genotype-related temperature and abundance regime. Here we compare the 22 

pathogenicity potential of different MLVA-8 genotypes of environmental and clinical 23 

strains. The virulence traits studied were hemolytic activity and cytotoxicity towards 24 

amoebae and macrophages. Clinical strains were significantly more hemolytic than 25 

environmental strains, while their cytotoxicity towards amoebae was significantly lower 26 

at 30°C. No significant differences were detected between clinical and environmental 27 

strains in cytotoxicity towards macrophages. Significant differences in virulence were 28 

observed between the environmental genotypes (Gt). Gt15 strain showed a significantly 29 

higher hemolytic activity. In contrast, Gt4 and Gt6 strains were more infective towards 30 

Acanthamoeba castellanii. Moreover, Gt4 strain exhibited increased cytotoxicity 31 

towards macrophages and demonstrated a broader temperature range of amoebal lysis 32 

compared to Gt6 and Gt15. Understanding the virulence traits of Legionella genotypes 33 

may improve the assessment of public health risks of Legionella in drinking water. 34 

Importance 35 

Legionella pneumophila is the causative agent of a severe form of pneumonia. Here we 36 

demonstrate that clinical strains were significantly more cytotoxic towards red blood 37 

cells compared to environmental strains, while their cytotoxicity towards macrophages 38 

was similar. Genotype 4 (Gt4) strains were highly cytotoxic towards amoebae, 39 

macrophages, and lysed amoebae in a broader temperature range, compared to the other 40 

studied genotypes. The results can explain the Gt4 relatively high success in the 41 

environment and in clinical samples; thus Gt4 strains should be considered as a main 42 
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factor for the assessment of public health risks of Legionella in drinking water. Our 43 

findings shed light on the ecology, virulence, and pathogenicity potential of different L. 44 

pneumophila genotypes that can be a valuable parameter for future modelling and 45 

Quantitative Microbial Risk Assessment of Legionella in drinking water systems. 46 

 47 

Keywords: Virulence, pathogenicity, hemolysis, cytotoxicity, amoeba, macrophages, 48 

Legionella pneumophila, MLVA-8 genotyping  49 
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Introduction 50 

Legionella pneumophila, the causative agent of Legionellosis, is a relevant bacterial 51 

pathogen in developed countries (1–3). The genus Legionella inhabit both natural and 52 

man-made freshwater environments around the globe (1, 4–6). The transfer of L. 53 

pneumophila from these environmental reservoirs to humans via inhalation of 54 

contaminated water aerosols is considered the major source of infection (5, 7). The 55 

abundance of man-made freshwater reservoirs and the resulting increase in distribution 56 

of their water via aerosols, has led to increased human exposure to Legionella and 57 

increased infection rates compared to past decades (7). Since 2013, about 5,000 sporadic 58 

cases of Legionellosis and at least 20 outbreaks were reported annually to the Centers 59 

for Disease Control and Prevention in the United-States (8). By contrast, only one case 60 

of person-to-person transmission has been documented; therefore, human infection is 61 

considered a dead end for L. pneumophila transmission (9, 10). 62 

Rowbotham (11) described the ability of L. pneumophila to multiply intracellularly 63 

within freshwater protozoa. Since then, a broad set of protozoan species have been 64 

described as hosts of this species (12, 13). Understanding this host-parasite interaction 65 

from protozoa to macrophages is important for understanding both the pathogenesis and 66 

the ecology of L. pneumophila (14, 15). Upon reaching the lungs, L. pneumophila 67 

infects and proliferates within the immune system's macrophages, destroying them in the 68 

process (16). In addition, the pathology of Legionella infections in humans also involves 69 

alveolar cell destruction, and several L. pneumophila effector proteins and mechanisms 70 

are known to contribute to this ability (17–22). The evolution of virulence traits in L. 71 

pneumophila is suggested to result mainly from the microorganism's need to replicate in 72 

a host cell, reprogramming the host cell in favor of its needs for replication and thereby 73 

avoiding predation (23–25). The interaction of L. pneumophila with eukaryotic cells 74 
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(protozoan or macrophages) is therefore a key to understanding the ability of the 75 

pathogen to cause disease (26). Many of the factors that promote its survival and 76 

replication in amoebae are also required for infection and growth in human macrophages 77 

(24, 27–29). It has been suggested that L. pneumophila possesses strain-specific 78 

virulence traits (13, 30, 31). One important virulence factor, of relevance for protozoa 79 

and human cells, is the Dot/Icm type IVB translocation system. Currently, it has been 80 

shown that the Dot/Icm type IVB system is responsible in the strain L. pneumophila 81 

Philadelphia-1 for the translocation of over 330 proteins into the host cell, which 82 

represents over 10% of the proteome of this strain (32). Most of these effectors have 83 

been shown to have functional redundancy (20, 25, 29, 33–36); therefore, the lack of 84 

some of them does not usually decrease or eliminate the virulence of the strain (16, 26, 85 

32). So far, it is not yet completely understood what makes certain strains more 86 

pathogenic than others. 87 

Since L. pneumophila is reaching the human lungs via water aerosols, a thorough 88 

understanding of its ecology outside the human body and especially in drinking water 89 

supply systems is important to enable design of efficient prevention measures (13, 37–90 

40). From an epidemiological point of view, genotyping is important for determining the 91 

sources and the transfer pathway of infections. Moreover, differences in ecological traits 92 

and pathogenicity potential were found for different L. pneumophila genotypes 93 

colonizing drinking-water distribution systems (38, 41–45). Multi-Locus Variable-94 

number of tandem-repeat Analysis (MLVA-8) is a genotyping method based on the 95 

variability found in eight tandemly repeated DNA sequences that represent sources of 96 

genetic polymorphism (minisatellites) (45, 46). Recent work by our group has shown 97 

that different sites of the same water network were dominated by different MLVA-8 98 

genotypes (43). Analysis of the three dominant genotypes, Gt4, Gt6, and Gt15, showed 99 
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that these genotypes had a distinct range for temperature and abundance at their site of 100 

dominance. Therefore, these genotypes can be addressed as different ecotypes, meaning 101 

that each of them is adapted to a specific environmental condition. Gt4 and Gt6 strains 102 

belong to serogroup 1 and correspond to sequence-type 1 (ST1) by sequence-base typing 103 

whereas Gt15 strains belong to serogroup 3 [for more details see Table 6 and Figure 7 in 104 

Rodríguez-Martínez et al. (43)]. Recently, Sharaby et al. (37) demonstrated that the 105 

distribution and temperature preferences of these environmental genotypes were 106 

consistent with their temperature-dependent growth traits. For clinical isolates it was 107 

shown that they had significantly higher growth rates and reached higher maximal cell 108 

densities at 37°C and 42°C than the environmental strains (37). These findings highlight 109 

the importance of studying and characterizing the physiological and virulence traits of 110 

different L. pneumophila genotypes in order to promote our understanding regarding the 111 

hazardous potential of pathogenic strains. 112 

Here we analyzed and compared virulence traits of L. pneumophila MLVA-8 genotypes 113 

isolated from drinking water as well as from clinical sources. We characterized the 114 

bacterial contact-dependent hemolytic activity towards red blood cells (RBC), and their 115 

cytotoxicity towards macrophages and amoebae. Hemolytic activity was assessed as an 116 

indicator of pore-forming activity (17, 47). The results demonstrated significant 117 

differences in the virulence traits between the different genotypes. Furthermore, clinical 118 

strains exhibited significantly higher pore forming activity towards RBC compared to 119 

environmental strains. Our findings demonstrate that it is important to identify L. 120 

pneumophila genotypes in order to assess public health risks of Legionella in drinking 121 

water distribution systems (DWDSs). 122 
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Results 123 

A total of 61 environmental and 12 clinical L. pneumophila strains were studied. The 124 

environmental strains represent a subset of strains belonging to three genotypes that 125 

dominated a water network in northern Israel and belonged to MLVA-8 genotypes 4, 6, 126 

and 15 (43) (Table 1). Six of the clinical strains belonged to Gt4 and Gt6 and the rest 127 

represented a diverse set of genotypes (Gt19, Gt20, Gt22, and Gt24) (37) (Table 1). 128 

Toxicity towards amoebae 129 

Amoebae infection was studied using 20 environmental and 12 clinical L. pneumophila 130 

strains (Table 1). The amoebae survival after 12 and 24 hours exposure to L. 131 

pneumophila strains was compared to the amoebae survival without Legionella infection 132 

(control). Results are summarized in Figure 1 as average percentage of Acanthamoeba 133 

castellanii survival after exposure to multiple strains of the same isolation source 134 

(Figure 1A) and MLVA-8 genotypes (Figure 1B). Detailed data for individual strains is 135 

provided in Table S1. 136 

Clinical vs. Environmental strains 137 

No significant differences were observed between the survival rates of amoebae after 138 

exposure to L. pneumophila strains from clinical and environmental sources at 25°C 139 

(after 12h and 24h infection). At 30°C, amoebae survival rates were significantly higher 140 

after a 24h infection by the clinical strains compared to the environmental strains 141 

(Student's t-test one tail: t30=1.86, p = 0.037). In contrast, amoebae survival rates were 142 

significantly higher after 12h infection by the environmental strains compared to the 143 

clinical strains at 37°C (Student's t-test: t27.04=2.86, p = 0.008). Thus, clinical strains 144 

exhibited a superior cytotoxicity potential towards amoebae at 37°C after a 12h 145 

exposure. However, no significant differences were detected in amoebae survival rates 146 
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after a 24h exposure at 37°C between the environmental and the clinical strains (Figure 147 

1A). 148 

Environmental genotypes 149 

Amoebae survival rates were not significantly different at 25°C, 30°C, and 37°C after 12 150 

hours of incubation with L. pneumophila (Figure 1B). However, amoebae survival rates 151 

varied significantly after 24h incubation with different L. pneumophila genotypes at 152 

25°C, 30°C, and 37°C (One-way ANOVA: F2,17=5.16, p = 0.018; F2,17=8.58, p = 0.003; 153 

F2,17=4.64, p = 0.026, respectively). After a 24-hour incubation period at the lower 154 

temperatures of 25°C and 30°C, amoebae survival rates were similar when exposed to 155 

Gt4 and Gt6 strains and significantly higher when exposed to Gt15 strains (Figure 1B). 156 

In contrast, amoebae survival rates were significantly lower after a 24-hour exposure to 157 

Gt4 and Gt15 strains compared to Gt6 strains at 37°C (Figure 1B). Gt4 strains were able 158 

to significantly reduce amoebae survival rates at all three studied temperatures with 28% 159 

average reduction after 12- and 24-hour exposure periods. Gt6 strains reduced amoebae 160 

survival rates only at the lower temperatures, whereas at 37°C an increase in amoebae 161 

concentrations was observed compared to the control (amoebae without Legionella). 162 

The reversed response to temperature was observed after amoebae were exposed to Gt15 163 

strains. Significant increase in amoebae concentrations was observed compared to the 164 

control at the lower temperatures, whereas at 37°C Gt15 strains significantly reduced 165 

amoebae survival rates compared to Gt6 strains (Figure 1B). 166 

L. pneumophila strains’ ability to decrease amoebae concentrations after 12 and 24 167 

hours of co-culture was highly variable for each genotype, and was correlated with the 168 

strains’ temperature-dependent growth kinetics [the test was performed using yeast 169 
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extract broth (37)]. The highest suppression of amoebae proliferation was observed for 170 

Gt4 environmental strains. This was observed at all studied temperatures. 171 

Environmental Gt4 strains reduced amoebae concentrations at the different temperatures 172 

to lower levels compared to the clinical strains and also compared to the other 173 

environmental genotypes (Gt6 and Gt15) that had a restricted temperature range (Figure 174 

1B). However, the comparison of clinical vs. environmental Gt4 strains showed no 175 

significant differences in cytotoxicity towards A. castellanii at the three studied 176 

temperatures (25°C: t10 = 1.01; 30°C: t10 = 1.33; 37°C: t10 = 1.85; p > 0.05) (cytotoxicity 177 

results of Gt4 clinical and environmental can be found in Table S1). 178 

Toxicity towards macrophages 179 

Cytotoxicity of L. pneumophila strains towards macrophages was studied and compared 180 

using a randomly chosen subset of 15 environmental isolates (five of each of the 181 

genotypes: Gt4, Gt6, and Gt15) and seven clinical isolates (Table 1). The macrophage 182 

infection assays were performed at 37°C with four multiplicities of infection ratios 183 

(MOIs: 10, 25, 50, and 75). The MOI is the ratio between the bacteria and the 184 

macrophage numbers. Results for each of the studied strains are summarized in Figure 2 185 

as the average cytotoxicity percentage after exposure to multiple strains from the same 186 

isolation source (Figure 2A) and MLVA-8 genotypes (Figure 2B). Detailed data for 187 

individual strains is provided in Table S1. 188 

Clinical strains reduced macrophage viability between 37.3±3.3% and 64.8±5.4% on 189 

average (MOI between 25 and 75, respectively). No significant differences in 190 

cytotoxicity were detected between the clinical and the environmental strains (Figure 191 

2A). As expected, the ΔdotA mutant strain exhibited significantly lower cytotoxicity 192 

towards macrophages (48, 49) compared to the environmental and the clinical isolates at 193 
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all MOIs (3.1±1.9% to 4.4±2.6% reduction in macrophage viability at MOI 25 to 75, 194 

respectively) (Figure 2A). 195 

An average reduction of 41.3±3.6% to 73.7±2.9% in the macrophage viability was 196 

observed after their exposure to environmental strains with MOI between 25 and 75. 197 

Cytotoxicity rates were significantly higher after macrophages were exposed to Gt4 198 

strains (56.6–83.2% reduction in THP-1 viability) compared to Gt6 and Gt15. These 199 

results were consistent at all four studied MOIs (ANOSIM: R=0.53, p = 0.002). 200 

Cytotoxicity was the lowest after exposure to Gt6 strains (Figure 2B). The comparison 201 

of clinical vs. environmental Gt4 strains revealed significant differences in cytotoxicity 202 

at all four studied MOIs. Environmental Gt4 strains were significantly more cytotoxic 203 

towards THP-1 macrophages compared to Gt4 strains of clinical origin (MOI 10: t6=3.3, 204 

p = 0.016; MOI 25: t6=3.6, p = 0.011; MOI 50: t6=6.4, p = 0.001; and MOI 75: t6=8.0, p 205 

< 0.001). 206 

Contact-mediated hemolysis 207 

To study the ability of L. pneumophila to cause contact-mediated hemolysis, all isolates 208 

that were used for the amoeba and macrophage cytotoxicity assays (Table 1), and 209 

additional strains isolated from the same sampling campaign (43), were used. A total of 210 

61 environmental strains (Gt4 n=19, Gt6 n=13, Gt15 n=6, and 23 isolates without 211 

genotype identities) and the 12 clinical strains were tested. The results are shown in 212 

Figure 3 and Table S1 as percentages of hemolysis at 37°C (e.g., ability to create pores 213 

in red blood cell membranes compared to the control). Figure 3A shows the average 214 

percentage of hemolysis after exposure to L. pneumophila strains isolated from clinical 215 

and environmental sources. Figure 3B summarizes the average percentage of hemolysis 216 

after red blood cells were exposed to environmental strains belonging to different 217 

MLVA-8 genotypes. Data for the individual strains is provided in Table S1. 218 
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Clinical strains were significantly more hemolytic than ST1 strains isolated from 219 

environmental sources (e.g., environmental Gt4 and Gt6 strains). Although modest, 220 

these differences were observed both at MOI 10 (t52=2.022, p < 0.05) and MOI 25 221 

(t52=2.01, p < 0.05) (Figure 3A). No significant differences in hemolytic activity were 222 

observed when environmental strains originating from water and biofilm were compared 223 

(t38=0.98, p > 0.05). In contrast, one-way ANOVA revealed significant differences in 224 

hemolytic activity between environmental strains from different genotypes (Figure 3B). 225 

Gt15 strains were significantly more hemolytic than environmental Gt4 and Gt6 strains 226 

(One-way ANOVA: F2,37=3.7, p = 0.034). In addition, the majority of Gt15 strains were 227 

more hemolytic than clinical strains at both MOIs (Table S1). No significant differences 228 

were observed between clinical and environmental Gt4 strains both at MOI 10 (t10=1.56, 229 

p = 0.15) and MOI 25 (t25=1.32, p = 0.22). 230 

Virulence characteristics summary 231 

In summary, clinical strains seemed to be significantly more cytotoxic towards amoebae 232 

at 37°C (after 12-hour infection) and significantly more hemolytic compared to 233 

environmental Gt4 and Gt6 strains. On the other hand, no significant differences were 234 

observed between clinical and environmental strains regarding their cytotoxicity towards 235 

macrophages (Figure 2A). 236 

Considering all data, significant differences were detected between the virulence 237 

characteristics of environmental strains belonging to different genotypes (ANOSIM: 238 

R=0.48, p = 0.001). Gt4 strains are significantly more cytotoxic towards amoebae and 239 

macrophages than Gt6 and Gt15 strains (Figures 1B, 2B). Furthermore, each genotype 240 

presented a unique virulence profile with respect to cytotoxicity towards amoebae and 241 

THP-1 monocytes as well as hemolytic activity (Pairwise comparisons: p < 0.01). 242 

Hierarchical agglomerative cluster analysis showed that strains belonging to the same 243 
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genotype clustered together and formed three almost homogenous clusters of strains 244 

with a genotype-dependent virulence profile (Figure 4). 245 

Discussion 246 

L. pneumophila is an opportunistic bacterial pathogen that besides parasitizing their 247 

natural amoebae hosts is also capable of infecting human cells. They do it by using a 248 

large set of effector proteins that have been acquired along their evolution with their 249 

natural amoebae hosts (32, 50). A recent study has compared the genomes of 38 250 

Legionella species and has identified in total nearly 6,000 potential effector proteins 251 

(51). Elucidating the roles that the effectors play in the infection is usually complicated 252 

due to the high redundancy of effector functions (30, 32). Next to highly sophisticated 253 

proteomic analysis, the in vitro infection of host cells is a very useful experimental 254 

approach to assess the virulence phenotype of L. pneumophila strains. Understanding L. 255 

pneumophila pathogenicity has been achieved mostly by the study of clinical isolates. 256 

Nevertheless, the analysis of the pathogenicity of environmental isolates is essential 257 

since environmental strains are considered the primary source of outbreaks as well as 258 

nosocomial and community acquired Legionnaires’ disease (4, 13, 14, 52, 53). 259 

In the current study, an extensive dataset of genotyped isolates was used to determine 260 

potential differences between environmental and clinical isolates in the interaction with 261 

their primary model host systems. Twelve clinical and 61 environmental strains were 262 

used for amoeba and red blood cell assays. In addition, a subset of the strains (15 263 

environmental and seven clinical strains) was used to study and compare their 264 

cytotoxicity towards macrophages. Generally, the degree of virulence of L. pneumophila 265 

strains is determined by studying various traits such as infectivity, intracellular 266 

replication, and cytotoxicity using macrophages. Moreover, specific strains are thought 267 
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to be particularly pathogenic since they are frequently found among clinical isolates, 268 

although it is still not clear which specific factors promote their pathogenicity (23, 30, 269 

31). 270 

The THP-1 human macrophage-like monocyte cell line and A. castellanii were selected 271 

for the cytotoxicity assays due to their extensive use as models for Legionella virulence 272 

(18, 29, 30, 54, 55). Pore-formation is a mechanism that contributes to destruction of 273 

alveolar epithelial cells and macrophages; thus, the strains’ ability to cause pore 274 

formation using RBC (hemolytic activity) was assessed (17, 21, 22, 47, 56, 57). Our 275 

results demonstrated that there were no significant differences in the cytotoxicity 276 

towards macrophages between the clinical and environmental L. pneumophila strains 277 

(Fig. 1A). However, clinical strains exhibited a significantly higher hemolytic activity 278 

towards RBC compared to environmental strains (Fig. 2A). Regarding the MLVA 279 

genotypes, Gt4 strains were significantly more cytotoxic towards amoebae and 280 

macrophages (Figs. 1B, 2B) while Gt15 strains had a higher hemolytic activity (Fig. 281 

3B). 282 

McDade (42) and Mercante and Winchell (58) recommended that pathogenicity and 283 

genotype relevance for public-health should be assessed by isolate-based studies in 284 

macrophage and amoeba cytotoxicity assays. The resolution of MLVA genotyping 285 

applied in this study for L. pneumophila strains allowed the classification and 286 

comparison of the pathogenicity potential of each genotype in order to determine which 287 

genotype poses the greatest risk to public health. MLVA is especially useful because it 288 

allows a good resolution within the highly health-relevant and abundant Sequence Type 289 

1 (ST1) comprising the reference strain L. pneumophila Paris. Our findings suggest that 290 

a high variability exists even among ST1 strains in terms of virulence and pathogenicity. 291 

Both Gt4 and Gt6 strains that were studied here belong to ST1. Gt4 strains were 292 
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significantly more cytotoxic towards amoebae and macrophages, and as such, the 293 

presence of this genotype in DWDSs may pose a much more severe health risk 294 

compared to ST1 strains belonging to Gt6. However, the ability of L. pneumophila to 295 

cause illness in humans is dependent on its ability to multiply intracellularly within 296 

macrophages (4, 5, 32, 50). Thus, in order to have a more definitive answer regarding 297 

the ability of the different genotypes to cause illness in humans, further research is 298 

needed and MLVA genotypes belonging to ST1 strains should be compared with regard 299 

to their ability to grow inside macrophage cells. 300 

With respect to ecophysiological and virulence traits, clinical and environmental strains 301 

differed and showed genotype-dependent characteristics as shown in a recent study (37) 302 

and the current study. Sharaby et al. (37) demonstrated that i) the L. pneumophila strains 303 

(the same isolates as in the current study) showed genotype-specific temperature-304 

dependent growth traits, and ii) clinical and environmental strains possessed 305 

significantly different temperature-dependent growth kinetic traits. In the current study, 306 

clinical strains were significantly more cytotoxic towards amoebae and more hemolytic 307 

compared to environmental strains (Figs. 1A,3A, Table S1). Significant differences were 308 

observed in the virulence of different genotypes and each genotype presented a unique 309 

virulence profile (Fig. 4). 310 

The interactions between L. pneumophila and the amoebae in the DWDS play an 311 

important role in its survival, replication, and stress tolerance (25, 59). Interestingly, 312 

most strains showed amoebal lysis from 25°C to 37°C irrespective of environmental or 313 

clinical origin. Exceptions were the high-temperature adapted genotype Gt15 strains that 314 

failed to lyse amoebae at 25°C, and some strains of GT6 that failed to lyse at 37°C. 315 
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Gt4 showed the widest temperature range for amoebal lysis, i.e., from 25°C to 37°C, the 316 

highest lysis activity, and the most long-lasting reduction of amoebal abundance. Gt4 317 

was also able to reduce amoebae concentrations beyond 12 hours in all temperatures. 318 

This was in contrast to the other environmental or clinical genotypes (Fig. 1B). 319 

Rodríguez-Martínez et al. (43), who isolated and identified the different genotypes that 320 

were examined in the current work, found that Gt4 strains were the most abundant in the 321 

studied drinking water network (43). Moreover, L. pneumophila Paris is an example of a 322 

Gt4 strain (60). Strains closely related to L. pneumophila Paris were isolated from a 323 

broad climatic range from all over Europe, both from water distribution networks as well 324 

as from sporadic and outbreak-related Legionellosis cases (60, 61). The results of the 325 

current study can explain the high abundance in the studied drinking water network (43) 326 

as well as the worldwide occurrence of strains closely related to L. pneumophila Paris 327 

(60) that also belong to Gt4. Gt4 strains have relatively high success in the environment 328 

as they are proliferating within the amoebae with a greater efficiency and in a broader 329 

temperature range compared to other genotypes. For example, Gt4 strains’ growth rates 330 

are superior to those of Gt15 and Gt6 strains at 25°C and 37°C, respectively (37). 331 

In conclusion: Our findings together with that of Sharaby et al. (37) shed light on the 332 

ecology, virulence, and pathogenicity potential of different L. pneumophila MLVA-8 333 

genotypes and may be used for health impact assessments of the risks posed by the 334 

presence of specific genotypes within drinking-water distribution systems. As far as we 335 

know, the current study showed for the first time a genotype-related temperature 336 

dependence of amoebal lysis for L. pneumophila strains. This aspect is of importance for 337 

growth and survival of L. pneumophila genotypes in the environment, and could be a 338 

valuable parameter for future modelling and Quantitative Microbial Risk Assessment. 339 

The current quantitative Legionella risk assessment models and public health impact 340 
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assessments (62, 63) refer to all L. pneumophila serogroup 1 strains as the same in terms 341 

of health risks. The unique ecophysiological and virulence profiles of genotypes 342 

dominating a water network demonstrate the necessity for use of a genotype-related 343 

profile for public health management and risk assessment measures. Further study using 344 

comparative whole genome analysis of these Gt4, Gt6, and Gt15 strains from both 345 

environmental and clinical sources will reveal the unique proliferation traits of Gt4 346 

strains and may result in molecular tools for detecting this specific genotype in both 347 

water distribution systems as well as in clinical specimens. 348 

Methods 349 

L. pneumophila strains 350 

The environmental strains in the current study comprised strains isolated from a small 351 

drinking water system in northern Israel (between coordinates 32º42’43.17”N and 352 

35º6’28.66”E). Briefly, one liter of water sample was filtered through a cellulose nitrate 353 

0.2 mm filter (Sartorius Stedim Biotech, Germany). Two plates of the Legionella 354 

selective media GVPC (Glycine-Vancomycin-Polymyxin-Cycloheximide medium, 355 

Beckton Dickinson GmH, Germany), were plated with 0.5 ml and 0.1 ml of untreated 356 

water. One ml was thermally treated (50°C for 30 min) and 0.5 ml samples were plated 357 

on two GVPC plates. Sterile swabs were used for Legionella isolation from biofilm (for 358 

more details see (43)). All plates were incubated at 37°C. After seven days of 359 

incubation, five colonies of each positive sample were selected and isolated five more 360 

times. Isolates were kept in LB supplemented with 30% glycerol at -80°C. Genotyping 361 

was conducted using Multi-Locus Variable-number of tandem-repeat Analysis (MLVA-362 

8) and most of the strains belonged to three genotypes (Gt4, Gt6, and Gt15) (43). The 363 

clinical strains were isolated from sputum samples of pneumonia patients at Poriya and 364 

Rambam hospitals, northern Israel, and were described in Sharaby et al. (37). Table 1 365 
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describes the details of the environmental and clinical strains that were studied in the 366 

current work (isolation source, MLVA8-genotypes, serogroup, sequence-type, and 367 

growth traits). The genotypes described in Table 1 were studied with respect to their 368 

amoeba and macrophage cytotoxicity and pore-forming capacity. For the hemolytic 369 

assay, a complete set of 61 environmental isolates retrieved in an environmental 370 

sampling campaign (43) were tested [details regarding these isolates can be found in 371 

Table S1 and in Rodríguez-Martínez et al. (43, Table S3)]. Twelve clinical strains from 372 

Israel were included in all assays. 373 

Amoebae infection by L. pneumophila  374 

Twenty environmental and twelve clinical strains (all described in Table 1) were used 375 

for studying the infection kinetics of different L. pneumophila MLVA-8 genotypes 376 

towards amoebae. Amoebae infection assays were performed using A. castellanii 377 

(ATCC
®

 50374) according to the protocol published by Rizzardi et al. (55). A. 378 

castellanii was cultured using proteose-peptone yeast glucose (PYG) medium in 379 

accordance with ATCC protocols (medium 712) and with the addition of 50 ml of 2M 380 

glucose (filter-sterilized) (Sigma, USA). A. castellanii was incubated in PYG medium at 381 

25-30°C for 72 hours. After incubation, cells were washed three times with sterile PYG 382 

and then 5 ml of PYG were added for the detachment of the amoebae from the flask 383 

surface. Amoebae were then counted in a Neubauer microscopy chamber (Bar-Naor, 384 

Israel) and cell concentrations were adjusted to a 1.25×10
4
 cell/ml suspension in PYG. 385 

The amoebae culture was distributed into a 12-well plate (Corning, USA) (2 ml per 386 

well). Plates were centrifuged for 2 minutes at 500xg and then incubated for 3 hours at 387 

30°C in order for cells to adhere properly to the wells’ surfaces. Each L. pneumophila 388 

isolate was inoculated in 15–20 ml of Yeast Extract Broth (YEB) with the initial OD600 389 

of 0.1. YEB medium (×2) recipe was: 10 g of ACES [N-(2-acetamido)-2-390 
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aminoethanesulfonic acid] (Sigma, USA), 10 g of yeast extract (Conda, Spain), 1 g of 391 

ketoglutaric acid (Sigma, USA), 0.4 g of L-cysteine hydrochloride monohydrate (Sigma, 392 

USA), 0.25 g of iron(III) pyrophosphate (Sigma, USA), and 1,000 ml of sterile distilled 393 

water. The medium was sterilized by filtration using a 0.22 m pore-size membrane 394 

(Corning, USA). After sterilization, the pH was adjusted to 6.9. The medium was diluted 395 

1:1 with sterile distilled water before use. Bacterial cultures were incubated at 37°C until 396 

they reached the stationary phase of growth (72h) and then centrifuged at 2500xg for 15 397 

minutes. Supernatants were then discarded and bacterial pellets were washed with PBS 398 

and resuspended in PYG medium to a final OD600 of 0.078 (corresponding to 6.25×10
7
 399 

cfu/ml). The appropriate bacterial volume, which matched a 10:1 bacteria/amoebae ratio 400 

(= MOI 10), was calculated and added to the 12-well plates. Plates were centrifuged for 401 

5 min at 500xg to allow contact between amoebae and Legionella. Each L. pneumophila 402 

isolate was tested in five replicates. Positive controls (only amoebae in PYG medium) 403 

were also tested in five replicates. Negative controls (PYG medium) were performed to 404 

ensure no contaminations occurred. Plates were incubated at different temperatures 405 

(25/30/37°C) for 12h and 24h of infection. Then, plates were placed on ice for 30 406 

minutes for proper detachment of the amoebae from the bottom of the wells. 407 

Suspensions were mixed using a pipette and intact amoebae were counted in Neubauer 408 

chambers. 409 

Post infection, amoebae survival rates were calculated as the ratio of amoebae 410 

concentrations between the experimental wells and the average of the positive controls 411 

for each strain at each temperature. The percentage of amoebae survival was calculated 412 

using the following equation: % amoebae survival=A/B×100 where A was the amoebae 413 

concentration in the experiment (amoebae no./ml) and B was the average amoebae 414 

concentration in the uninfected positive controls (amoebae no./ml). Earlier studies have 415 
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shown that A. castellanii viability is not affected by the experimental conditions (e.g., 416 

temperature and incubation period) that were used in the current study (64, 65). Hence, 417 

the positive uninfected control (only A. castellanii in PYG medium) provided a solid 418 

estimate of the host proliferation rates and allowed the determination of L. pneumophila 419 

cytotoxicity towards A. castellanii. 420 

Macrophage (THP-1) infection by L. pneumophila 421 

A total of 27 L. pneumophila strains (15 environmental strains; 5 from each Gt4, Gt6, 422 

and Gt15 genotypes, and 12 clinical strains) (Table 1) were selected randomly to study 423 

macrophage (THP-1) infection by L. pneumophila. Before the infection experiments, L. 424 

pneumophila strains were grown in 50 ml YEB medium that was diluted 1:2 with sterile 425 

water. Cultures were incubated at 37°C for 48h to ensure that all strains had reached 426 

their stationary phase (time needed for the strains to reach the stationary phase was 427 

determined previously). Bacterial density was assessed by OD600 (OD 0.7 was 428 

equivalent to 10
9
 bacteria/ml). Bacteria were diluted with RPMI-1640 modified medium 429 

(Gibco, Germany) to the specific multiplicity of infection (MOI). THP-1 monocyte cells 430 

(ATCC
®

 TIB-202TM) were maintained in RPMI-1640 modified medium (Gibco, 431 

Germany) containing 10% fetal bovine serum (FBS) (Gibco, Germany) and 2mM L-432 

Glutamine (Gibco, Germany) in a humid atmosphere containing 5% CO2 at 37°C. 433 

Before each infection experiment, exponentially growing THP-1 monocytes were 434 

washed with complete medium, counted, and incubated with phorbol-12-myristate-13-435 

acetate (PMA) (Sigma Aldrich, Germany) at a concentration of 100 ng/ml for 48h in 5% 436 

CO2 at 37°C to induce maturation of 10
9
 monocytes into macrophage-like adherent cells. 437 

Adherent cells were washed three times with PBS prior to infection. Cytotoxicity assays 438 

were carried out by infecting THP-1 monocytes seeded in 96-well plates at a density of 439 

10
5
 cells per well with L. pneumophila strains at different MOIs (MOI 10, MOI 25, MOI 440 
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50, and MOI 75) during 1h at 37°C and 5% CO2. To measure the percentage of viable 441 

monocytes after the infection, a colorimetric assay based on the oxidation-reduction of 442 

resazurin acid (Alamar blue; Sigma Aldrich, Germany) was used. After infection and 443 

washing with PBS, macrophages were incubated with 200 µl of RPMI medium 444 

supplemented with 10% of Alamar blue. Absorbance was measured after 5h at 445 

wavelengths of OD570 and DD600, using a Synergy 2 microplate reader (Biotek, 446 

Germany). 447 

Cytotoxicity of L. pneumophila strains to the monolayers of macrophages was calculated 448 

as the ratio of the absorbance of the reduced Alamar blue of infected monolayers to that 449 

of the uninfected ones (66). Specifically, the percentage of cytotoxicity was calculated 450 

by the formula: {[(O2×A1) – (O1×A2)/(O2×) – (O1×P2)] × 100}. O1 and O2 were the 451 

molar extinction coefficients of oxidized Alamar blue at OD570 and DD600, respectively; 452 

A1 and A2 were the absorbance of infected cells at OD570 and DD600, respectively; and 453 

P1 and P2 were the absorbance of non-infected cells at OD570 and DD600, respectively. 454 

Cytotoxicity of each L. pneumophila strain was measured in triplicates for each MOI. 455 

Icm/Dot deficient mutant (ΔdotA) of the reference strain L. pneumophila Philadelphia-1 456 

(ATCC
®

 33152) was used as a negative control. 457 

Contact-mediated hemolysis assays 458 

Quantification of clinical and environmental isolates’ ability to cause pore formation 459 

was achieved by assessing their hemolytic ability (i.e., their ability to create pores and 460 

lyse red blood cells). Contact-mediated hemolysis assays were performed for 61 461 

environmental and 12 clinical isolates, according to the procedure described by Flieger 462 

et al. (47). The tested strains included all isolates that were used for the amoeba and 463 

macrophage cytotoxicity assays and additional strains isolated in the same sampling 464 

campaign as described by Rodríguez-Martínez et al. (43) [details regarding the 465 
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additional strains can be found in Table S3 in ref. (43)]. Isolates were cultured on 466 

Glycine-Vancomycin-Polymyxin-Cycloheximide buffered charcoal (GVPC) media (BD, 467 

USA) for 72 hours. Sheep red blood cells (RBC) (Hylabs, Rehovot, Israel) were 468 

prepared for the assay. RBC (500 μl) were diluted in 50 ml of Phosphate Buffered Saline 469 

(PBS) (Hylabs, Rehovot, Israel). The cells were then washed three times by 10 min 470 

centrifugation at 2,900xg until the supernatant was colorless. After washing, the RBC 471 

were resuspended in 40 ml PBS and counted using a Neubauer microscopy chamber 472 

(Bar-Naor, Israel). The number of RBC in PBS was adjusted to a concentration of 1×10
8
 473 

and 2×10
8
 cells/ml. Legionella isolates were suspended in 500 μl PBS and Optical 474 

Density was mustered at OD600 using a Synrergy HT Microplate-Reader (BioTek, USA). 475 

Legionella cultures were then adjusted to fit the ratios of 1:10 (MOI 10) and 1:25 (MOI 476 

25) RBC/bacterial cell counts. Bacterial cells were then centrifuged for 2 min at 477 

maximum speed; 1 ml of the RBC (1×10
8
 cells/ml) were added to the bacterial cells, 478 

mixed, and dispensed in 96-well plates with round bottom (Greiner Bio-One, USA) (200 479 

μl in each well, 5 replicates for each isolate at each concentration). Five wells of 200 μl 480 

RBC without the addition of bacteria served as negative controls and five wells of RBC 481 

with the addition of water served as positive controls [100 μl of water + 100 μl of RBC 482 

(1×10
8
 cells/ml)]. Plates were then centrifuged at 3,120xg for 10 minutes followed by 483 

incubation at 37°C for 2h. After incubation, the pellet was resuspended and centrifuged 484 

again (at 3,120xg for 2–5 min). The supernatants were transferred to a 96-well flat-485 

bottom plate (Corning, USA) and OD415 was measured in order to determine the 486 

quantity of lysed RBC. 487 

Statistical analysis 488 

All statistical analysis was performed using IBM SPSS 20® and Primer7 software 489 

(http://www.primer-e.com/index.htm). All tests were applied at a 95% level of 490 
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confidence. Student's t-test was applied to study the differences between the amoebae 491 

survival rates after 12 and 24 hours exposure to clinical (n=12) vs. environmental 492 

(n=20) L. pneumophila strains at three different temperatures (25°C, 30°C, and 37°C). 493 

All groups were normally distributed according to Shapiro-Wilk test (p > 0.05). 494 

Variances were equal between groups at all temperatures (Leven's test: p > 0.05) 495 

except at 37°C, and thus the Student's t-test was conducted while not assuming 496 

equality of variances. One-way Analysis of Variance (ANOVA) was applied to study 497 

the differences between the amoebae survival rates after 12 and 24 hours exposure to 498 

the L. pneumophila different genotypes at three different temperatures (25°C, 30°C, 499 

and 37°C). All groups were normally distributed according to Shapiro-Wilk test (p > 500 

0.05). Variances were equal between groups at all temperatures (Leven's test: p > 0.05) 501 

except at 37°C (12 hours). Analysis Of Similarities (ANOSIM) (67) was used to 502 

compare the isolates’ cytotoxicity rates of the clinical and environmental L. 503 

pneumophila as well as different MLVA-8 genotypes towards A. castellanii. ANOSIM 504 

was applied on the following variables: percentage of amoebae survival relative to 505 

control at different temperatures (25°C, 30°C, and 37°C) and infection durations (12 506 

and 24h). Agglomerative clustering dendrogram (Figure 4) was created using the 507 

Primer7 software in order to study the similarity between virulence characteristics of 508 

L. pneumophila strains belonging to different genotypes (Gt4, Gt6, and Gt15). The 509 

resemblance matrix was calculated using the Bray-Curtis index of association on the 510 

following variables: (i) amoebae survival after exposure to L. pneumophila at different 511 

temperatures (25°C, 30°C, and 37°C) and durations (12 and 24 hours), (ii) THP-1 cell 512 

viability after exposure to L. pneumophila at four MOIs (10 to 75), and (iii) hemolytic 513 

ability at two MOIs (10 and 25). 514 

  515 
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Figure legends 725 

Figure 1. Percentages of live A. castellanii after infection with L. pneumophila strains 726 

(mean ± std. error of intact amoebae cells relative to control) at different temperatures 727 

(25°C, 30°C, and 37°C) and exposure durations (12 and 24 hours). A. Comparison between 728 

environmental (n=20) and clinical (n=12) strains. B. Comparison between different 729 

environmental L. pneumophila genotypes [Gt4 (n=8), Gt6 (n=6), and Gt15 (n=6)]. 730 

Different letters above the columns indicate significant difference between genotypes 731 

tested with one-way ANOVA and Tuckey’s HSD post hoc test with a confidence 732 

interval of 95%; An asterisk (*) indicates significant differences between clinical and 733 

environmental strains according to Student’s t-test. 734 

Please note that in some cases the amoebae cells replicated during the assay so that at the 735 

end of the assay there were more amoeba cells compared to the beginning of the assay. 736 

More details can be found in Table S1. 737 

 738 

Figure 2. L. pneumophila cytotoxicity towards THP-1 macrophage-like cells. A. 739 

Comparison between environmental (n=15) and clinical (n=12) strains and the mutant 740 

strain ΔdotA (L. pneumophila Philadelphia-1 Icm/Dot deficient mutant strain). B. 741 

Comparison between environmental strains of different MLVA-8 genotypes (n=5, for 742 

each genotype). 743 

The percentage of the strain’s cytotoxicity was calculated as the reduction in THP-1 744 

cells’ viability (mean ± std. error) relative to control. Multiplicity Of Infection (MOI) 745 

refers to the ratio between L. pneumophila cells and THP-1 monocytes (e.g., MOI-10 = 746 

10:1 L. pneumophila cells to THP-1 cells). Different letters above the columns indicate 747 
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significant differences between genotypes by one-way ANOVA tests and Tuckey’s HSD 748 

post hoc test with a confidence interval of 95%. 749 

 750 

Figure 3. Hemolytic activity against Red Blood Cells (RBC) of L. pneumophila 751 

clinical and environmental strains. A. Comparison of hemolytic activity towards RBC 752 

between environmental (n=61) and clinical strains (n=12). B. Comparison of hemolytic 753 

activity towards RBC between environmental MLVA-8 genotypes (Gt4 = 19 strains, Gt6 754 

= 13 strains, Gt15 = 6 strains). The hemolysis percentage was calculated compared to 755 

the positive control and was measured at OD415 (mean ± std.error). Multiplicity Of 756 

Infection (MOI) refers to the ratio between L. pneumophila cells and RBC. MOI-10; 757 

10:1 and MOI-25; 25:1 L. pneumophila cells/RBC. 758 

Different letters above the columns indicate significant difference between groups tested 759 

with one-way ANOVA and Tuckey’s HSD post hoc test with a confidence interval of 760 

95%. An asterisk (*) indicates significant differences between clinical and 761 

environmental strains according to Student’s t-test. 762 

 763 

Figure 4. Agglomerative clustering dendrogram representing the percentage of 764 

similarity between virulence characteristics of L. pneumophila strains belonging to 765 

different genotypes (Gt4, Gt6, and Gt15). Resemblance matrix was calculated using 766 

the Bray-Curtis index of association on the following variables: (i) amoebae survival 767 

after exposure to L. pneumophila at different temperatures (25°C, 30°C, and 37°C) and 768 

durations (12 and 24 hours), (ii) THP-1 cells viability after exposure to L. pneumophila 769 

at four MOIs (10 to 75), and (iii) hemolytic ability at two MOIs (10 and 25). 770 
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Table 1. Legionella pneumophila genotypes used in the current study. The table gives 

an overview on the studied genotypes, their Sequence type (ST), Serogroup (Sg), and 

their Temperature-dependent growth kinetics [for more details see Sharaby et al. (37)]. 

The indicated sampling points in the drinking-water network were representative for the 

whole network; flow direction was from sampling point A to point G. Additional 

environmental strains were used for hemolytic activity assessment. Details regarding 

these isolates can also be found in Rodríguez-Martínez et al. (43) Table S3. 

Environmental strains 

Temperature for optimal 

values of growth parameters 

Sampling 

point 

MLVA-8 

Genotypes 

(n) 

*Sequence 

type (ST), 

Serogroup 

(Sg) 

lag phase 

( )** 

max. growth rate 

( m)** 

max. 

density  

(A)** 

Growth 

range 

A Gt15 (6) NA, Sg3 25°C 42°C 37°C <25-45°C 

C, D Gt4 (19) ST1, Sg1 25°C 42°C 25°C <25-42°C 

E, F, G Gt6 (13) ST1, Sg1 25°C 37°C 35°C <25-42°C 

 Clinical strains 

Hospital Gt4 (4) ST1, Sg1 25°C 37°C 37°C <25-42°C 

Hospital Gt6 (2) ST1, Sg1 25°C 37°C 39°C <25-42°C 

Hospital Gt19 (1) ST1, Sg1 25°C 37°C 37°C <25-42°C 

Hospital Gt20 (1) ST1, Sg1 25°C 37°C 37°C <25-42°C 

Hospital Gt22 (2) ST59, Sg1 25°C 37°C 42°C <25-42°C 

Hospital Gt24 (2) ST93, Sg1 25°C 37°C 37°C <25-42°C 

*Sequence types according to Sequence-base typing; **Average of optimal temperature 

for the studied strains 
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