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Abstract
Wastewater treatment plants are environmental niches for Legionella pneumophila, the most commonly identified causative 
agent of severe pneumonia known as Legionnaire’s disease. In the present study, Legionella pneumophila’s concentra-
tions were monitored in an industrial wastewater treatment plant and environmental isolates were characterized concerning 
their growth kinetics with respect to temperature and their inhibition by organic acids and ammonium. The results of the 
monitoring study showed that Legionella pneumophila occurs in activated sludge tanks operated with very different sludge 
retention times, 2.5 days in a complete-mix reactor, and 10 days in a membrane bioreactor, indicating that this bacterium 
can grow at different rates, despite the same wastewater temperature of 35 °C. The morphology of Legionella cells is differ-
ent in both reactors; in the membrane bioreactor, the bacteria grow in clusters, while in the complete-mix reactor, filaments 
predominate demonstrating a faster growth rate. Legionella pneumophila concentrations in the complete-mix reactor and in 
the membrane bioreactor were within the range 3 × 101 to 4.8 × 103 GU/mL and 3 × 102 to 4.7 × 103 GU/mL, respectively. 
Environmental Legionella pneumophila SG2–14 isolates showed distinct temperature preferences. The lowest growth rate 
was observed at 28 °C, and the highest 0.34 d−1 was obtained at 42 °C. The presence of high concentrations of organic acids 
and ammonium found in anaerobically pre-treated wastewater caused growth inhibition. Despite the increasing research 
efforts, the mechanisms governing the growth of Legionella pneumophila in wastewater treatment plants are still unclear. 
New innovative strategies to prevent the proliferation of this bacterium in wastewater are in demand.
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Introduction

Legionella pneumophila (L. pneumophila) is a pathogenic 
bacteria found in nature as well as in man-made water sys-
tems. L. pneumophila was the first species among the genus 
Legionella to be identified after an outbreak of pneumonia in 

1976 during the American Legion convention in Philadelphia, 
USA (Fields et al. 2002; WHO 2018). Legionellosis is caused 
by the inhalation of contaminated aerosolized water, and it can 
vary from a mild fever flu-like illness called Pontiac fever to a 
sometimes severe form of pneumonia, known as Legionnaires 
disease (LD) (US-EPA 2016). The genus Legionella includes 
nowadays more than 50 species and circa 70 serogroups, from 
which almost half of the species have been identified to be 
pathogenic (Borella et al. 2005; Fields et al. 2002; WHO 
2018). L. pneumophila the most relevant and studied species 
within the genus is divided into 15 serogroups, from which L. 
pneumophila SG1 has been identified as the causative agent 
of more than 90% of confirmed LD outbreaks and sporadic 
cases (ECDC 2015; Fields et al. 2002). The United States 
Environmental Protection Agency (US EPA) has included L. 
pneumophila within the drinking water contaminant candi-
date list and regulatory determination 4 (CCL4) (US EPA 
2016). Other non-L. pneumophila species have also been fre-
quently isolated from infected patients, namely L. micdadei, L. 
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bozemanii, L. dumoffii, and L. longbeachae (US-EPA 2016). 
Particularly, L. longbeachae, which has been mainly isolated 
from compost and potting mixes, is the main epidemic agent 
of Legionnaires disease cases in Australia and New Zealand 
since 1980 (Whiley and Bentham 2011). Legionella are often 
found in water as free-living bacteria or intracellularly inside 
protozoa (Scheikl et al. 2014). They are capable of coloniz-
ing different water systems with varying environmental con-
ditions such as temperature, pH, oxygen concentration, and 
nutrients availability (Borella et al. 2005; Fliermans et al. 
1981; Van Heijnsbergen et al. 2015). According to the lit-
erature, the key factors favouring growth and persistence of 
Legionella in drinking water distribution systems are tem-
perature (25–40 °C) (Ohno et al. 2003), biofilm formation 
(Lau and Ashbolt 2009), and the presence of protozoa (Buse 
et al. 2012). The ability of Legionella to parasite and multiply 
inside several protozoa species including amoeba and cili-
ates is considered as one of the most important strategies to 
survive complex matrixes like biofilms within drinking water 
distribution systems (Buse and Ashbolt 2011; Rowbotham 
1986; Taylor et al. 2009; Wadowsky et al. 1985).

The occurrence of Legionella in municipal and industrial 
wastewater treatment plants (WWTPs) is widespread and has 
been reported in several studies as discussed in the recent 
literature review by Caicedo et al. (2019). Most of the studies 
reported the growth of L. pneumophila in industrial WWTPs 
operating in a temperature range between 30 and 38 °C treat-
ing wastewater from wood production and paper mills (All-
estam et al. 2006; Fykse et al. 2013; Kusnetsov et al. 2010), 
breweries (Maisa et al. 2015; Nogueira et al. 2016), and pet-
rochemicals and food production (Lund et al. 2014; Nguyen 
et al. 2006). In Scandinavian countries, extensive research 
in WWTPs from the paper mill industry has shown that for 
temperatures equal to or higher than 30 °C in the aerobic bio-
logical treatment systems, L. pneumophila was present; oth-
erwise, it could not be detected, showing a clear relationship 
between temperature and the occurrence of L. pneumophila. 
In industrial WWTPs, the combination of anaerobic–aerobic 
treatment processes is widely used. Monitoring of Legionella 
has been mainly done in aeration tanks where these bacteria 
can grow. The pre-anaerobic treatment of wastewater with 
the concomitant production of high concentrations of ammo-
nium and organic acids might influence Legionella’s growth 

in the aerobic post-treatment. Studies on the occurrence of L. 
pneumophila in industrial WWTPs rarely report either on the 
operational conditions in the treatment processes or on the 
presence of high concentrations of specific compounds that 
might interfere with Legionella’s growth. A more comprehen-
sive monitoring programme including microbiological as well 
as physicochemical and operational parameters can shed light 
on Legionella’s growth strategy(-ies) in industrial WWTPs.

Identifying all the relevant factors that condition the 
growth and persistence of L. pneumophila in biological treat-
ment systems is extremely challenging. However, compre-
hensive knowledge of the growth kinetics, inhibiting com-
pounds, and interactions with protozoa are needed for a better 
understanding of L. pneumophila occurrence in WWTPs. 
Hence, this study done from August 2017 until June 2018 in 
Hannover, Germany, aimed to investigate: (1) the occurrence 
of L. pneumophila in an industrial WWTP with a combined 
anaerobic–aerobic treatment processes; (2) the spatial distri-
bution of Legionella and protozoa within aerobic reactors; 
and (3) the growth kinetics L. pneumophila environmental 
isolates at different temperatures and inhibition by organic 
acids and ammonium.

Materials and methods

Sample collection

Samples were collected from an industrial treatment facility 
receiving wastewater from a food-processing industry. The 
industrial plant treats wastewater with a temperature range 
between 30 and 35 °C, an average chemical oxygen demand 
(COD) of 15.8 g/L, and an average total Kjeldahl nitrogen (KN) 
of 555 mg/L. The average sludge-loading rate was 0.65 kg COD 
kg VSS−1 d−1. As depicted in Fig. 1, the industrial wastewater 
(process water), with high nutrient content, is anaerobically pre-
treated and then directed to a membrane bioreactor (MBR) that 
is operated at 2.5 days hydraulic retention time and 8–12 days 
sludge age. As also shown in Fig. 1, 20 − 25% of the process 
water is aerobically treated in a complete-mix reactor (CMR) 
operated at 2–2.5 days hydraulic retention time.

A total of 25 grab samples were collected between 
August and November 2017 from different process steps 

Fig. 1  Simplified diagram of the industrial WWTP
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in the WWTP, namely 5 samples from process water, 10 
samples from the mixed liquor in the CMR, 4 samples 
from the effluent of the anaerobic reactor, and 6 samples 
from the activated sludge tank in the MBR. For the quan-
tification of L. pneumophila by the qPCR method, sam-
ples were collected in polyethylene containers and trans-
ported at room temperature within 24 h to the laboratory.

Quantification of Legionella

The qPCR method was used for the specific detection and 
quantification of L. pneumophila in wastewater and sludge 
samples. For this type of samples, the qPCR method gives 
better results compared to the cultivation method accord-
ing to the literature (Caicedo et al. 2019; Lund et al. 2014; 
Medema et al. 2004). The culture method is considered to 
underestimate Legionella’s concentration in wastewater/
sludge samples because of the overgrowth of Legionella 
by background flora, the sample pre-treatment conditions 
that can affect Legionella’s cultivability, and the limita-
tion to detect viable but non-culturable Legionella.

DNA from the samples was extracted by using the 
extraction kit QIAamp Fast DNA Stool Mini Kit DNA 
(Qiagen, Germany) and stored at − 20 °C for subsequent 
qPCR analysis as described in Caicedo et al. (2016). The 
mericon Quant L. pneumophila Kit (Qiagen) was used 
for the detection and quantification of L. pneumophila 
in water. Specifically, serial dilutions of DNA stand-
ards with a concentration range of 25.000–25 copies 
per reaction were amplified to generate standard curves. 
The obtained standard curves were applied to determine 
the number of copies of the targeted genes in the DNA-
extracted samples. To identify potential qPCR inhibitors 
in the extracted DNA, the mericon PCR assays include 
internal control, which was co-amplified in each qPCR 
reaction with target DNA. qPCR amplification curves 
and L. pneumophila concentrations were calculated by 
the Rotor-Gene Q-series system software version 2.3.1 
(Qiagen). The assay detects 6 GU (genomic units) of L. 
pneumophila DNA in a reaction (limit of detection of the 
qPCR) and 60 GU in 1 mL sample (limit of detection of 
the method including the DNA extraction). The limit of 
quantification of the qPCR is 12 GU in a reaction, and 
the limit of quantification of the method is 120 GU in a 
1 mL sample. The qPCR results are expressed as GU/mL.

Isolation of L. pneumophila from activated sludge

To obtain L. pneumophila environmental isolates from acti-
vated sludge samples taken from the MBR, the standard 
method ISO 11731:2017 “Water quality and Enumeration of 
Legionella” was applied. Samples were pre-treated with HCl 

(pH 2.2) for 5 min and heated up to 50 °C for 30 min to sup-
press the growth of background flora. Afterwards, to isolate 
Legionella, samples were serially diluted and plated on GVPC 
agar (this medium contains the antibiotics glycine, vancomy-
cin, polymyxin B, and cycloheximide). The GVPC agar plates 
were incubated at 37 °C for 7–10 days. Suspected Legionella 
colonies were sub-cultured on blood agar plates. A serogroup 
typing of the isolates that did not grow on blood agar plates 
was done by using the Legionella latex test (Oxoid, UK). This 
test allows the identification of L. pneumophila serogroup 1, 
serogroups 2–14, and Legionella species (Legionella long-
beachae serogroups 1 and 2, Legionella bozemanii serogroup 
1, Legionella dumofii, Legionella gormanii, Legionella jor-
danis, Legionella micdadei, and Legionella anisa.

Fluorescent in situ hybridization (FISH)

Samples from the CMR and MBR were analysed by fluores-
cence in situ hybridization (FISH) with 16S rRNA oligonu-
cleotide probes. The detection of Legionella and protozoa 
was carried out by applying the following 16S rRNA oli-
gonucleotide probes: LEG705 specific for Legionella spp. 
(Manz et al. 1995), LEGPNE specific for L. pneumophila 
(Grimm et al. 1998), EUK516 targeting eukaryotes (Amann 
et al. 1990), HART498 for Hartmanella spp., NAEG1088 
for Naegleria spp., and GSP for Acanthamoeba spp. (Grimm 
2000). The hybridization was done in fixed samples (4% 
paraformaldehyde) according to Manz et al. (1995) and 
Nogueira et al. (2002). Probe-conferred fluorescence was 
detected with a Zeiss observer microscope equipped with 
ApoTome 2. Images were processed with the software ZEN-
Pro delivered with the equipment.

Growth characterization of L. pneumophila 
environmental and clinical isolates

A total of six environmental isolates obtained from activated 
sludge, and two clinical isolates [Legionella longbeachae 
(strain type DSM 25315) and Legionella pneumophila Bell-
ingham (strain type DSM 25214)] were characterized con-
cerning their growth kinetics at six different temperatures: 
28 °C, 30 °C, 32 °C, 35 °C 37 °C, and 42 °C. The clinical 
isolates were obtained from the Leibniz Institute DSMZ—
German Collection of Microorganisms and Cell Cultures.

The growth assays were performed following the method-
ology described by Sharaby et al. (2017). Briefly, all growth 
assays were done with yeast extract broth (YEB) medium 
prepared by adding 10 g of yeast extract (BactoTM 212750), 
10 g of ACES N-(2-acetamido)-2-aminoethanesulfonic acid 
(Sigma A-3594), 0.4 g of cysteine-HCl (Sigma C-7477), and 
0.25 g of Fe-pyrophosphate (Sigma p-6526) into 1000 mL 
of sterile distilled water. The pH of the YEB medium was 
adjusted to 6.9, and afterwards, the medium was sterilized 
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by filtration through a 0.22-μm filter. The YEB medium was 
diluted 1:1 with sterile distilled water and inoculated with 
the environmental and clinical isolates. The initial Legionella 
concentration was adjusted to an optical density  (OD620 nm) of 
0.1, which corresponds to a concentration of approximately 
 107 cells/mL. A volume of 100 μL from each Legionella sus-
pension was added to a sterile flat bottom 96-well microplate 
(3370 Corning USA) and incubated in a microplate reader 
(Infinite F200 Tecan) until all isolates reached the stationary 
phase of growth at all desired temperatures. Each isolate was 
incubated in eight wells for each measurement, and sixteen 
wells with YEB medium without Legionella were incubated 
for blank values and negative controls. No evidence of cross-
contamination was seen in any experiments. Cell growth was 
measured spectrophotometrically at a wavelength of 620 nm.

The obtained data were processed according to Zwietering 
et al. (1990). In brief, average values were calculated for each 
isolate, from which average blank values were subtracted to 
assure that the  OD620 nm obtained corresponded only to bacte-
rial growth. From these values, the natural logarithm of the 
fraction: optical density at the time (Nt) and the optical density 
at an initial time (N0) were calculated. The obtained values 
of ln (Nt/N0) of all environmental isolates were averaged and 
represented in one growth curve for each temperature. Data 
analysis was performed by applying the package Grofit of 
the software R as described by Kahm et al. (2010). Model 
fitting of the measured growth curves was done applying four 
well-known bacterial growth models: Logistic, Gompertz, 
Gompertz exponential, and Richards (Supplementary Mate-
rial Table 1). The obtained models were then fitted to the 
bacterial growth curves using the nonlinear least-square fitting 
method (Sharaby et al. 2017). Lengths of lag phase (λ), maxi-
mal specific growth rates (μ), and maximal cell densities (A) 
were derived from the best-fitted model at each temperature.

Inhibition of L. pneumophila by organic acids 
and ammonium

The influence of ammonium and organic acids on the growth 
of Legionella was evaluated following the aforementioned 
methodology at three different temperatures: 28 °C, 35 °C, 
and 42  °C. The YEB medium was prepared by adding 
15 mg/L ammonium, 2200 mg/L acetic acid, 800 mg/L pro-
pionic acid, 150 mg/L iso-butyric acid, 1200 mg/L butyric 
acid, 100 mg/L iso-valeric acid, 300 mg/L valeric acid, and 
40 mg/L hexanoic acid. This YEB medium with organic acids 
and ammonium will be referred to as supplemented YEB 
medium. The used ammonium and organic acids concentra-
tions were chosen to mimic the concentrations found in anaer-
obically treated wastewater from an industrial WWTP, where 
L. pneumophila was not detected (Data not shown). The pH 
of the YEB medium containing organic acids and ammonium 

was also adjusted to 6.9, and the medium was sterilized by 
filtration through a 0.22-μm pore size filter.

Results and discussion

Monitoring of L. pneumophila occurrence 
in an industrial WWTP

The concentrations of L. pneumophila determined with the 
qPCR method in samples taken from process water, CMR, 
anaerobic reactor, and MBR are depicted in Fig. 2. In 4 out 
of 5 process water samples, the concentration of L. pneu-
mophila was below the LOD, suggesting sporadic contami-
nation. The concentration of L. pneumophila in activated 
sludge samples from the CMR was in the range from < 30 
to 2 × 104 GU/mL, and in the MBR, the concentration varied 
from 3 × 102 to 4 × 103 GU/mL. It is worthy to notice that 
L. pneumophila can grow in aerated reactors operating with 
considerably different sludge retention time (2–2.5 days for 
the CMR and 10–12 days for the MBR) showing the versa-
tility of this bacterium. In 2 out of 4 effluent samples from 
the anaerobic reactor, L. pneumophila’s concentration was 
above the LOD of the qPCR method (9 × 102 and 1 × 103 
GU/mL). This result suggests that the anaerobic reactor does 
not continuously inoculate the MBR with L. pneumophila. 
In an extensive study done in the Netherlands, similar con-
centrations of L. pneumophila  (101 to 4 × 104 GU/mL) have 
been reported in aerobic reactors within industrial WWTPs 
from different industrial sectors (Lund et al. 2014). The 
study of Ma et al. (2015) showed that a MBR treating res-
taurant wastewater could efficiently remove pathogenic 
bacteria including Legionella, as well as their hosts (e.g. 
amoebae) from effluents. However, the application of MBRs 
should also consider that Legionella could accumulate in the 
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Fig. 2  Concentration of L. pneumophila at different sampling points. 
The dashed line represents the limit of detection of the qPCR method 
and the black crosses the measured values
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aerated tanks due to membrane retention, and the generation 
of contaminated aerosols could increase and reach vicinity 
areas. To minimize the risk of Legionella-aerosols disper-
sion, additional measures like covering the aeration tanks, or 
the application of submerged aeration should be considered.

Spatial arrangement of Legionella and protozoa 
in activated sludge flocs

The spatial arrangement of Legionella and protozoa in acti-
vated sludge samples taken from the CMR and MBR was 
investigated by fluorescence in situ hybridization with specific 
16S rRNA oligonucleotide probes for Legionella and proto-
zoa combined with fluorescence microscopy. Legionella were 
mainly detected as clusters in the activated sludge from the 
MBR (Fig. 3a), while in the CMR they appeared mainly in 
form from very long filaments (Fig. 3b). It has been reported 
in the literature that filamentation is a morphological adapta-
tion to environmental stress (Justice et al. 2008; Young 2006). 
The short sludge retention time (2–2.5 days) in the CMR can 
be seen as a stressing factor for Legionella, which in response 
adapted their cellular morphology to facilitate rapid growth, 
preventing washout from the reactor.

Most protozoa detected with the eukaryotes’ specific 
probe were not infected with Legionella in activated sludge 
samples from both reactors. FISH with specific probes for 
Acanthamoeba spp., Hatmanella spp., and Naegleria spp. 
gave positive results; however, these specific protozoa were 
rare in both samples. Similar results have been reported by 
Caicedo et al. (2018). Legionella spp. clusters were also 
detected in association with rotifers (Fig. 3c, d); however, 
it cannot be concluded from the microscopic analysis if 
Legionella were contained intracellularly or attached to 
the surface of the rotifer. The co-occurrence of amoeba, 
rotifers, and Legionella has also been described in biofilms 
from cooling towers by Taylor et al. (2013). The fact that 
several water and wastewater systems have been confirmed 
as sources of Legionella (Van Heijnsbergen et al. 2015) sug-
gests that Legionella can adapt to different host populations, 
from which many are still poorly studied or identified.

Growth kinetics of L. pneumophila environmental 
isolates

The growth curves of six L. pneumophila SG2–14 isolates 
obtained from activated sludge were determined in batch 

Fig. 3  Spatial distribution of Legionella and protozoa in activated 
sludge investigated with FISH with probes for Legionella spp. 
(LEG705) and eukaryotes (EUK516): a Legionella spp. clusters (red) 
and protozoa (green) in MBR; b Legionella spp. forming filaments 

and clusters (red) and protozoa (green) in CMR; c light microscopy 
micrograph showing presumably a rotifer and d rotifer (green) and 
Legionella spp. clusters (red)
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experiments performed at six different temperatures in the 
range of 28–42 °C. The respective kinetic parameters were 
derived from the best-fitted model described in the “Growth 
characterization of L. pneumophila environmental and clini-
cal isolates” section and are depicted in Fig. 4. All isolates 
multiplied at the studied temperatures (Supplementary Mate-
rial, Fig. I and Fig. II), being 0.34 h−1 the highest growth rate 
observed at 42 °C. The length of the lag phase drastically 
decreased from 6.95 to 0.67 h for temperatures above 30 °C. 
The maximal cell density did not differ much between the dif-
ferent temperatures, being the lowest value obtained at 28 °C 
(2.9) and the highest at 35 °C (3.5). The growth curves were 
obtained using a cultivation medium (YEB medium), which 
allows L. pneumophila to multiply and reach a stationary 
phase within 72 h. In activated sludge tanks L. pneumophila 
will probably grow with a lower growth rate due to several 
factors including wastewater composition and the presence 
of other bacteria and protozoa. Thus, further studies aiming 
to determine the growth kinetics of L. pneumophila isolates 
in wastewater, the competition between Legionella and other 
bacteria in the activated sludge and the interaction with pro-
tozoa are necessary for a comprehensive understanding of the 
conditions that support their growth in WWTPs.

The growth kinetic parameters of L. pneumophila Bell-
ingham and L. longbeachae are also depicted in Fig. 4 for 
comparison with the L. pneumophila SG2–14 environmen-
tal isolates. The growth rates of both clinical isolates were 
similar to the median values obtained with the environmen-
tal isolates for temperatures in the range of 28–42 °C. At 
42 °C, L. longbeachae grew faster than the other bacteria. 
A similar decreasing tendency of the length of the lag phase 
with increasing temperature was observed for both clinical 
and environmental isolates. The shortest lag phase obtained 
for L. longbeachae at 30 °C can be considered as an excep-
tion. The maximal cell densities of the clinical isolates were 
equal or below the maximal cell densities of the environmen-
tal isolates (Fig. 4) with two exceptions observed at 28 °C 
and 42 °C. These two clinical isolates were chosen for the 
determination of growth kinetics because they have also 
been reported to be detected in WWTPs. L. pneumophila 
Bellingham was detected in wastewater and sludge samples 
obtained from the biological treatment of paper mill waste-
water with a temperature around 35 °C (Kusnetsov et al. 
2010). L. longbeachae has been mainly isolated from potting 
mixes and compost samples (Whiley and Bentham 2011). 
The study of Lund et al. (2014) showed that L. longbeachae 
also occurred in the biological treatment of petrochemical 
wastewater with a temperature ranging from 25 to 35 °C.

Sharaby et al. (2017) reported that for a temperature below 
30 °C, L. pneumophila environmental isolates, obtained from 
a drinking water distribution system, grew faster than clini-
cal isolates of L. pneumophila. This might be explained by 
physiological differences between clinical and environmental 

isolates. In our study, both types of isolates grew faster at 
higher temperatures, which may be partly by the fact that the 
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environmental isolates were obtained from biological treat-
ment systems operated at a higher temperature.

Inhibition of L. pneumophila growth in the presence 
of organic acids and ammonium

The monitoring results (“Monitoring of L. pneumophila 
occurrence in an industrial WWTP” section) indicate that L. 
pneumophila’s concentration in the effluent of the anaerobic 
treatment is lower than in the CMR. Based on these results, 
we tested the hypothesis that organic acids and ammonium 
produced in the anaerobic treatment can inhibit the growth 
of Legionella. The experimental results clearly showed that 
none of the L. pneumophila SG2–14 environmental isolates 
and clinical isolates could grow in the presence of a mixture 
of organic acids and ammonium at all tested temperatures 
(Supplementary Material Fig. II).

Organic acids have been extensively used in the food 
industry due to their antibacterial and antifungal activities 
(Bushell et al. 2019; Ricke 2003). This antimicrobial activity 
has been in part explained by the diffusion of the undissoci-
ated fraction of the organic acids across the cell membrane 
and dissociation inside the cell with several negative impli-
cations to the cell functioning (Bushell et al. 2019); however, 
the effect of organic acids can vary among bacterial spe-
cies and strains (King et al. 2010). The study of Warren and 
Miller (1979) reported growth inhibition of L. pneumophila 
by several acids, namely acetic, citric, and pyruvic acids. As 
mentioned in the “Inhibition of L. pneumophila by organic 
acids and ammonium” section, the composition and con-
centrations of the mixture of organic acids and ammonium 
tested in the presented study are found in pre-anaerobically 
treated industrial wastewater. To validate the results obtained 
in the present study, further experiments with pre-anaerobi-
cally treated wastewater are needed. Additional experiments 
should also consider different concentrations of organic 
acids and ammonium to determine the minimum inhibitory 
concentrations, inhibition kinetic parameters, and the effect 
of pH on inhibition by different acids.

Conclusion

The monitoring study showed that L. pneumophila occurs 
in the WWTP treating nutrient-rich industrial wastewater, 
whereby the highest concentrations were found in the aer-
ated activated sludge tanks. The morphological characteris-
tics of Legionella’s growth might have been determined by 
the sludge retention time in the aerated tanks. Dense clusters 
of Legionella were detected at a high retention time, while 
long filaments prevailed at short sludge retention time. This 
morphological diversity allows Legionella to grow at very 
different specific growth rates.

The specific growth rate of L. pneumophila SG2–14 envi-
ronmental isolates, obtained from activated sludge, increased 
with temperature in a range from 28 to 42 °C, and the maxi-
mum growth was observed at 42 °C. High concentrations of 
organic acids and ammonium inhibited the growth of this 
bacterium in the temperature range investigated in this study. 
Growth inhibition of L. pneumophila in WWTP is wanted, 
and knowledge about the inhibition kinetics will contribute 
to the development of new strategies to prevent the growth of 
Legionella in WWTPs.

Acknowledgements We thank Mrs. Karen Kock and Dr. Corinna Lorey 
from the Institute for Sanitary Engineering and Waste Management, 
Leibniz University Hannover, for performing the qPCR and FISH 
analyses, respectively. We are grateful to Mrs. Claudia Helle for her 
support during the growth experiments. This work was conducted with 
financial support from the industrial sector (Grant No.: CA-60451429).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

Allestam G, de Jong B, Långmark J (2006) Legionella. Ameri-
can Society of Microbiology, Washington, D.C. https ://doi.
org/10.1128/97815 55815 660

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA 
(1990) Combination of 16S rRNA-targeted oligonucleotide probes 
with flow cytometry for analyzing mixed microbial populations. 
Appl Environ Microbiol 56:1919–1925

Borella P, Guerrieri E, Marchesi I, Bondi M, Messi P (2005) Water 
ecology of Legionella and protozoan: environmental and public 
health perspectives. Biotechnol Annu Rev 11:355–380. https ://
doi.org/10.1016/S1387 -2656(05)11011 -4

Buse HY, Ashbolt NJ (2011) Differential growth of Legionella pneu-
mophila strains within a range of amoebae at various tempera-
tures associated with in-premise plumbing. Lett Appl Microbiol 
53:217–224. https ://doi.org/10.1111/j.1472-765X.2011.03094 .x

Buse HY, Schoen ME, Ashbolt NJ (2012) Legionellae in engineered 
systems and use of quantitative microbial risk assessment to pre-
dict exposure. Water Res 46:921–933. https ://doi.org/10.1016/j.
watre s.2011.12.022

Bushell FML, Tonner PD, Jabbari S, Schmid AK, Lund PA (2019) 
Synergistic impacts of organic acids and pH on growth of Pseu-
domonas aeruginosa: a comparison of parametric and bayes-
ian non-parametric methods to model growth. Front Microbiol 
9:3196. https ://doi.org/10.3389/fmicb .2018.03196 

Caicedo C, Beutel S, Scheper T, Rosenwinkel KH, Nogueira R (2016) 
Occurrence of Legionella in wastewater treatment plants linked to 
wastewater characteristics. Environ Sci Pollut Res Int 23:16873–
16881. https ://doi.org/10.1007/s1135 6-016-7090-6

Caicedo C, Rosenwinkel K-H, Nogueira R (2018) Temperature-driven 
growth of Legionella in lab-scale activated sludge systems and 
interaction with protozoa. Int J Hyg Environ Health 221:315–322. 
https ://doi.org/10.1016/J.IJHEH .2017.12.003

Caicedo C, Rosenwinkel K-H, Exner M, Verstraete W, Suchenwirth 
R, Hartemann P, Nogueira R (2019) Legionella occurrence in 
municipal and industrial wastewater treatment plants and risks of 

https://doi.org/10.1128/9781555815660
https://doi.org/10.1128/9781555815660
https://doi.org/10.1016/S1387-2656(05)11011-4
https://doi.org/10.1016/S1387-2656(05)11011-4
https://doi.org/10.1111/j.1472-765X.2011.03094.x
https://doi.org/10.1016/j.watres.2011.12.022
https://doi.org/10.1016/j.watres.2011.12.022
https://doi.org/10.3389/fmicb.2018.03196
https://doi.org/10.1007/s11356-016-7090-6
https://doi.org/10.1016/J.IJHEH.2017.12.003


632 International Journal of Environmental Science and Technology (2020) 17:625–632

1 3

reclaimed wastewater reuse: review. Water Res 149:21–34. https 
://doi.org/10.1016/J.WATRE S.2018.10.080

ECDC (2015) E.C. for D.P. and C. Annual epidemiological report for 
2015. Stockholm

Fields BS, Benson RF, Besser RE (2002) Legionella and Legionnaires’ 
disease: 25 years of investigation. Clin Microbiol Rev 15:506–
526. https ://doi.org/10.1128/CMR.15.3.506-526.2002

Fliermans CB, Cherry WB, Orrison LH, Smith SJ, Tison DL, Pope DH 
(1981) Ecological distribution of Legionella pneumophila. Appl 
Environ Microbiol 41:9–16

Fykse EM, Aarskaug T, Thrane I, Blatny JM (2013) Legionella and 
non-Legionella bacteria in a biological treatment plant. Can J 
Microbiol 59:102–109. https ://doi.org/10.1139/cjm-2012-0166

Grimm D (2000) Development and evaluation of novel detection sys-
tems specific for legionellae and amoebae and their application in 
ecological studies. Doctoral thesis, Faculty of Biology University 
of Würzburg

Grimm D, Merkert H, Ludwig W, Schleifer KH, Hacker J, Brand BC 
(1998) Specific detection of Legionella pneumophila: construction 
of a new 16S rRNA-targeted oligonucleotide probe. Appl Environ 
Microbiol 64:2686–2690

Justice SS, Hunstad DA, Cegelski L, Hultgren SJ (2008) Morphologi-
cal plasticity as a bacterial survival strategy. Nat Rev Microbiol 
6:162–168. https ://doi.org/10.1038/nrmic ro182 0

Kahm M, Hasenbrink G, Lichtenberg-Fraté H, Ludwig J, Kschischo M 
(2010) Grofit: fitting biological growth curves with R. J Stat Softw 
33:1–21. https ://doi.org/10.18637 /jss.v033.i07

King T, Lucchini S, Hinton JCD, Gobius K (2010) Transcriptomic 
analysis of Escherichia coli O157:H7 and K-12 cultures exposed 
to inorganic and organic acids in stationary phase reveals acidu-
lant- and strain-specific acid tolerance responses. Appl Environ 
Microbiol 76:6514. https ://doi.org/10.1128/AEM.02392 -09

Kusnetsov J, Neuvonen L-K, Korpio T, Uldum SA, Mentula S, Putus 
T, Tran Minh NN, Martimo K-P (2010) Two Legionnaires’ 
disease cases associated with industrial waste water treat-
ment plants: a case report. BMC Infect Dis 10:343. https ://doi.
org/10.1186/1471-2334-10-343

Lau HY, Ashbolt NJ (2009) The role of biofilms and proto-
zoa in Legionella pathogenesis: implications for drinking 
water. J Appl Microbiol 107:368–378. https ://doi.org/10.111
1/j.1365-2672.2009.04208 .x

Lund V, Fonahn W, Pettersen JE, Caugant DA, Ask E, Nysaeter A 
(2014) Detection of Legionella by cultivation and quantitative 
real-time polymerase chain reaction in biological waste water 
treatment plants in Norway. J Water Health 12:543–554. https ://
doi.org/10.2166/wh.2014.063

Ma J, Wang Z, Zang L, Huang J, Wu Z (2015) Occurrence and fate of 
potential pathogenic bacteria as revealed by pyrosequencing in 
a full-scale membrane bioreactor treating restaurant wastewater. 
RSC Adv 5:24469–24478. https ://doi.org/10.1039/C4RA1 0220G 

Maisa A, Brockmann A, Renken F, Lück C, Pleischl S, Exner M, Dan-
iels-Haardt I, Jurke A (2015) Epidemiological investigation and 
case–control study: a Legionnaires’ disease outbreak associated 
with cooling towers in Warstein, Germany, August–September 
2013. Eurosurveillance 20:30064. https ://doi.org/10.2807/1560-
7917.ES.2015.20.46.30064 

Manz W, Amann R, Szewzyk R, Szewzyk U, Stenström TA, Hutzler 
P, Schleifer KH (1995) In situ identification of Legionellaceae 
using 16S rRNA-targeted oligonucleotide probes and confocal 
laser scanning microscopy. Microbiology 141(Pt 1):29–39. https 
://doi.org/10.1099/00221 287-141-1-29

Medema G, Wullings B, Roeleveld P, van der Kooij D (2004) Risk 
assessment of Legionella and enteric pathogens in sewage treat-
ment works. Water Sci Technol Water Supply 4:125–132

Nguyen TMN, Ilef D, Jarraud S, Rouil L, Campese C, Che D, Haeghe-
baert S, Ganiayre F, Marcel F, Etienne J, Desenclos J-C (2006) 

A community-wide outbreak of legionnaires disease linked to 
industrial cooling towers—How far can contaminated aerosols 
spread? J Infect Dis 193:102–111. https ://doi.org/10.1086/49857 5

Nogueira R, Melo LF, Purkhold U, Wuertz S, Wagner M (2002) Nitri-
fying and heterotrophic population dynamics in biofilm reactors: 
effects of hydraulic retention time and the presence of organic 
carbon. Water Res 36:469–481

Nogueira R, Utecht K-U, Exner M, Verstraete W, Rosenwinkel K-H 
(2016) Strategies for the reduction of Legionella in biological 
treatment systems. Water Sci Technol 74:816–823. https ://doi.
org/10.2166/wst.2016.258

Ohno A, Kato N, Yamada K, Yamaguchi K (2003) Factors influencing 
survival of Legionella pneumophila serotype 1 in hot spring water 
and tap water. Appl Environ Microbiol 69:2540–2547. https ://doi.
org/10.1128/AEM.69.5.2540-2547.2003

Ricke S (2003) Perspectives on the use of organic acids and short chain 
fatty acids as antimicrobials. Poult Sci 82:632–639. https ://doi.
org/10.1093/ps/82.4.632

Rowbotham TJ (1986) Current views on the relationships between 
amoebae, legionellae and man. Isr J Med Sci 22:678–689

Scheikl U, Sommer R, Kirschner A, Rameder A, Schrammel B, Zweimül-
ler I, Wesner W, Hinker M, Walochnik J (2014) Free-living amoebae 
(FLA) co-occurring with legionellae in industrial waters. Eur J Protis-
tol 50:422–429. https ://doi.org/10.1016/j.ejop.2014.04.002

Sharaby Y, Rodríguez-Martínez S, Oks O, Pecellin M, Mizrahi H, 
Peretz A, Brettar I, Höfle MG, Halpern M (2017) Tempera-
ture-dependent growth modeling of environmental and clinical 
Legionella pneumophila multilocus variable-number tandem-
repeat analysis (MLVA) genotypes. Appl Environ Microbiol. https 
://doi.org/10.1128/AEM.03295 -16

Taylor M, Ross K, Bentham R (2009) Legionella, protozoa, and bio-
films: interactions within complex microbial systems. Microb 
Ecol 58:538–547. https ://doi.org/10.1007/s0024 8-009-9514-z

Taylor M, Ross K, Bentham R (2013) Spatial arrangement of 
legionella colonies in intact biofilms from a model cooling water 
system. Microbiol Insights 6:49–57. https ://doi.org/10.4137/MBI.
S1219 6

US EPA (2016) Microbial contaminants—contaminant candidate 
list and regulatory determination 4 [WWW document]. https 
://www.epa.gov/ccl/micro bial-conta minan ts-ccl-4. Accessed 5 
Sept 2018

US-EPA (2016) Technologies for legionella control in premise plumbing 
systems: scientific literature review. US-EPA, Washington, D.C.

Van Heijnsbergen E, Schalk JAC, Euser SM, Brandsema PS, Den 
Boer JW, De Roda Husman AM (2015) Confirmed and potential 
sources of Legionella reviewed. Environ Sci Technol 49:4797–
4815. https ://doi.org/10.1021/acs.est.5b001 42

Wadowsky RM, Wolford R, McNamara AM, Yee RB (1985) Effect of 
temperature, pH, and oxygen level on the multiplication of natu-
rally occurring Legionella pneumophila in potable water. Appl 
Environ Microbiol 49:1197–1205

Warren WJ, Miller RD (1979) Growth of Legionnaires disease bacte-
rium (Legionella pneumophila) in chemically defined medium. J 
Clin Microbiol 10:50–55

Whiley H, Bentham R (2011) Legionella longbeachae and legionello-
sis. Emerg Infect Dis 17:579–583. https ://doi.org/10.3201/eid17 
04.10044 6

WHO (2018) W.H.O. Legionellosis [WWW document]. http://www.
who.int/news-room/fact-sheet s/detai l/legio nello sis. Accessed 9 
Oct 2018

Young KD (2006) The selective value of bacterial shape. Microbiol Mol 
Biol Rev 70:660–703. https ://doi.org/10.1128/MMBR.00001 -06

Zwietering MH, Jongenburger I, Rombouts FM, van’t Riet K (1990) 
Modeling of the bacterial growth curve. Appl Environ Microbiol 
56:1875–1881

https://doi.org/10.1016/J.WATRES.2018.10.080
https://doi.org/10.1016/J.WATRES.2018.10.080
https://doi.org/10.1128/CMR.15.3.506-526.2002
https://doi.org/10.1139/cjm-2012-0166
https://doi.org/10.1038/nrmicro1820
https://doi.org/10.18637/jss.v033.i07
https://doi.org/10.1128/AEM.02392-09
https://doi.org/10.1186/1471-2334-10-343
https://doi.org/10.1186/1471-2334-10-343
https://doi.org/10.1111/j.1365-2672.2009.04208.x
https://doi.org/10.1111/j.1365-2672.2009.04208.x
https://doi.org/10.2166/wh.2014.063
https://doi.org/10.2166/wh.2014.063
https://doi.org/10.1039/C4RA10220G
https://doi.org/10.2807/1560-7917.ES.2015.20.46.30064
https://doi.org/10.2807/1560-7917.ES.2015.20.46.30064
https://doi.org/10.1099/00221287-141-1-29
https://doi.org/10.1099/00221287-141-1-29
https://doi.org/10.1086/498575
https://doi.org/10.2166/wst.2016.258
https://doi.org/10.2166/wst.2016.258
https://doi.org/10.1128/AEM.69.5.2540-2547.2003
https://doi.org/10.1128/AEM.69.5.2540-2547.2003
https://doi.org/10.1093/ps/82.4.632
https://doi.org/10.1093/ps/82.4.632
https://doi.org/10.1016/j.ejop.2014.04.002
https://doi.org/10.1128/AEM.03295-16
https://doi.org/10.1128/AEM.03295-16
https://doi.org/10.1007/s00248-009-9514-z
https://doi.org/10.4137/MBI.S12196
https://doi.org/10.4137/MBI.S12196
https://www.epa.gov/ccl/microbial-contaminants-ccl-4
https://www.epa.gov/ccl/microbial-contaminants-ccl-4
https://doi.org/10.1021/acs.est.5b00142
https://doi.org/10.3201/eid1704.100446
https://doi.org/10.3201/eid1704.100446
http://www.who.int/news-room/fact-sheets/detail/legionellosis
http://www.who.int/news-room/fact-sheets/detail/legionellosis
https://doi.org/10.1128/MMBR.00001-06

	Growth kinetics of environmental Legionella pneumophila isolated from industrial wastewater
	Abstract
	Introduction
	Materials and methods
	Sample collection
	Quantification of Legionella
	Isolation of L. pneumophila from activated sludge
	Fluorescent in situ hybridization (FISH)
	Growth characterization of L. pneumophila environmental and clinical isolates
	Inhibition of L. pneumophila by organic acids and ammonium

	Results and discussion
	Monitoring of L. pneumophila occurrence in an industrial WWTP
	Spatial arrangement of Legionella and protozoa in activated sludge flocs
	Growth kinetics of L. pneumophila environmental isolates
	Inhibition of L. pneumophila growth in the presence of organic acids and ammonium

	Conclusion
	Acknowledgements 
	References




