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ABSTRACT

Legionella pneumophila proliferates in freshwater environments at temperatures ranging from 25 to 45°C. To investigate the
preference of different sequence types (ST) for a specific temperature range, growth of L. pneumophila serogroup 1 (SG1) ST1
(environmental strains), ST47, and ST62 (disease-associated strains) was measured in buffered yeast extract broth (BYEB) and
biofilms grown on plasticized polyvinyl chloride in flowing heated drinking water originating from a groundwater supply. The
optimum growth temperatures in BYEB were approximately 37°C (ST1), 39°C (ST47), and 41°C (ST62), with maximum growth
temperatures of 42°C (ST1) and 43°C (ST47 and ST62). In the biofilm at 38°C, the ST47 and ST62 strains multiplied equally well
compared to growth of the environmental ST1 strain and an indigenous L. pneumophila non-SG1 strain, all attaining a concen-
tration of approximately 107 CFU/cm�2. Raising the temperature to 41°C did not impact these levels within 4 weeks, but the col-
ony counts of all strains tested declined (at a specific decline rate of 0.14 to 0.41 day�1) when the temperature was raised to 42°C.
At this temperature, the concentration of Vermamoeba vermiformis in the biofilm, determined with quantitative PCR (qPCR),
was about 2 log units lower than the concentration at 38°C. In columns operated at a constant temperature, ranging from 38 to
41°C, none of the tested strains multiplied in the biofilm at 41°C, in which also V. vermiformis was not detected. These observa-
tions suggest that strains of ST47 and ST62 did not multiply in the biofilm at a temperature of >41°C because of the absence of a
thermotolerant host.

IMPORTANCE

Growth of Legionella pneumophila in tap water installations is a serious public health concern. The organism includes more
than 2,100 varieties (sequence types). More than 50% of the reported cases of Legionnaires’ disease are caused by a few sequence
types which are very rarely detected in the environment. Strains of selected virulent sequence types proliferated in biofilms on
surfaces exposed to warm (38°C) tap water to the same level as environmental varieties and multiplied well as pure culture in a
nutrient-rich medium at temperatures of 42 and 43°C. However, these organisms did not grow in the biofilms at temperatures of
>41°C. Typical host amoebae also did not multiply at these temperatures. Apparently, proliferation of thermotolerant host
amoebae is needed to enable multiplication of the virulent L. pneumophila strains in the environment at elevated temperatures.
The detection of these amoebae in water installations therefore is a scientific challenge with practical implications.

The genus Legionella currently includes ca. 63 (sub)species
(https://www.dsmz.de), at least 20 of which have been impli-

cated in legionellosis (1). Legionella pneumophila is responsible for
more than 90% of the reported cases of Legionnaires’ disease (LD)
in Europe (2), the United States (3), Canada (4), and Japan (5).
This species includes 15 polyclonal serogroups (SGs). Most of the
clinical isolates represent SG1, which is present worldwide and is
also the most commonly cultured SG from environmental sam-
ples (6, 7, 8, 9, 10, 11). The use of monoclonal antibodies (MAbs)
revealed more heterogeneity in L. pneumophila, and nine phenons
reacting with different MAbs have been defined within SG1 (12).
A vast majority of clinical SG1 isolates are MAb3/1 positive, but
this type is significantly less frequently isolated from environ-
mental samples (7, 8, 10, 12, 13). The introduction of molecu-
lar methods enabled a further refinement of the classification of
representatives of L. pneumophila. Currently, multilocus se-
quence-based typing is used for this purpose (14), and in August
2016 more than 2,100 sequence types (STs) of L. pneumophila
had been registered (http://bioinformatics.phe.org.uk/legionella
/legionella_sbt/php/sbt_homepage.php). L. pneumophila SG1
strains identified as ST37, ST47, and ST62 accounted for nearly

half of 167 unrelated clinical isolates in the United Kingdom and
Wales, collected in the period 2000 to 2008 (8). ST47 also is a
predominant ST in clinical samples in the Netherlands (15),
France (16), and Belgium (17). The large outbreak of LD at a
flower show in the Netherlands in 1999 (18) was caused by ST62.
This ST is also responsible for the cooling tower-associated out-
breaks in Ulm, Germany (19), and Quebec, Canada (20). The
relatively high case fatality rates in these outbreaks underline the
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high virulence of ST62. However, of the three STs most frequently
observed in clinical samples in the United Kingdom and Wales,
only one strain (ST47) was isolated once from an outbreak-unre-
lated environmental sample (8). Also in France (21), the Nether-
lands (15, 22), the United States (13), and Canada (4), ST47 and
ST62 were not or were only incidentally observed in environmen-
tal samples. Contrastingly, L. pneumophila SG1 ST1, the most fre-
quently isolated environmental ST, accounts for a relatively small
proportion of the clinical isolates (8, 13, 15), suggesting that ST1
strains are less virulent than strains of ST47, ST62, and a number
of other STs. Possible explanations for the apparent absence of the
clinically most significant STs in environmental samples include
(i) their presence in low numbers compared to numbers of other
STs, in particular ST1, (ii) a less efficient recovery in standard
culture-based detection procedures than environmental strains,
and (iii) a higher susceptibility to control measures, e.g., disinfec-
tants and heat (8).

A temperature range of 25 to 45°C is given for growth of L.
pneumophila, with an optimum of 36 � 1°C (23). Growth of L.
pneumophila in pure culture has been observed at 15°C (24), but it
is generally accepted that temperatures of �25°C are required for
its growth in freshwater environments (1, 25, 26). This notion is
supported by observations that at temperatures of �20°C, L.
pneumophila SG1 is digested by amoebae serving as its host at an
elevated temperature (24, 27, 28). L. pneumophila SG1 multiplied
at 42°C in a batch test with Vermamoeba vermiformis, previously
named Hartmannella vermiformis (29), but not at 43°C (24).
Konoshi et al. (30) observed growth of pure cultures of L. pneu-
mophila SG1 strains at 43°C and not at 44°C, but growth of L.
pneumophila SG1 (Philadelphia strain 1) has been observed in a
chemostat at 44°C (31). Clinical isolates of L. pneumophila SG1
and SG6, respectively, showed more growth in pure culture at
44°C and 45°C than two environmental isolates of these SGs al-
though they showed clearly less growth than at 37°C (32). Further-
more, growth of an environmental strain of L. pneumophila SG1 at
45°C in coculture with a cyanobacterium (Fischerella sp.) and as-
sociated microbiota has been reported (33).

These observations indicate that the maximum growth tem-
perature of L. pneumophila is not clearly defined and may differ for
different SGs and STs. Furthermore, the influence of temperature
on a pure culture may differ from the influence on growth in
association with a protozoan host (24). The ability to multiply at a
temperature above 37°C is a prerequisite for a microorganism to
thrive in the human body when temperature rises in response to
infection. Therefore, it is hypothesized that virulent L. pneumo-
phila STs may have higher optimum and maximum growth tem-
peratures than environmental STs. The objectives of our study
were the following: (i) to establish the influence of temperature on
the growth of L. pneumophila SG1 isolates belonging to ST1, ST47,
and ST62 in a culture medium; (ii) to determine the ability of
isolates of ST47 and ST62 to multiply at 38°C in a biofilm exposed
to flowing tap water in comparison to growth of ST1 isolates; and
(iii) to assess the ability of these organisms to multiply in a biofilm
at temperatures of �40°C.

MATERIALS AND METHODS
Strains. The L. pneumophila strains used in the experiments are listed in
Table 1, with information about their identities and origins.

Culture media. Buffered charcoal yeast extract (BCYE) agar with an-
tibiotics was used for determining the colony counts of Legionella spp.

(34). Buffered yeast extract broth (BYEB) was used for testing the influ-
ence of temperature on the growth of the L. pneumophila strains. BYEB
was prepared by adding yeast extract (10 g), ACES [N-(2-acetamido)-2-
aminoethanesulfonic acid] buffer (10 g), and 50 ml 1 M KOH to 920 ml of
demineralized water. After this solution was sterilized (15 min at 121 �
3°C) and cooled down to room temperature, 10 ml of membrane-steril-
ized (0.2-�m pore size) demineralized water with 0.6 g of L-cysteine-HCl,
10 ml of membrane-sterilized demineralized water with 0.37 g of iron(III)
pyrophosphate, and 10 ml of membrane-sterilized demineralized water
with 1.5 g of 2-oxoglutaric acid were added aseptically, and the pH was
adjusted to 6.8 � 0.2 at 25°C.

Growth in BYEB. Colonies of the L. pneumophila strains were col-
lected from BCYE agar and cultured in BYEB for 3 days at 36 � 2°C.
Growth rate measurements in BYEB (20 ml) were conducted in duplicate
or triplicate in sterile Erlenmeyer flasks (250 ml) with side arms, using a
shaking water bath (Thermolab GFL 1083) (temperature constancy,
�0.1°C) at 100 rpm. Growth was recorded by periodic measurement of
the optical density at 600 nm (OD600) of the cultures and the blanks with
a spectrophotometer (Novasopec II). Growth level measurements were
conducted in BYEB (10 ml) in aluminum-capped glass culture tubes (16
by 147 mm) incubated in a water bath (Grant W28 and 150) (temperature
constancy, �0.1°C) containing demineralized water. One day prior to
incubation, the water temperature was determined with a calibrated elec-
tric thermometer (Testo 110), adjusted to the desired value (�0.1°C), and
monitored with a calibrated thermocouple (type Pt100 class B, 1/3 DIN)
placed in a reference tube. Growth in the tubes was recorded at the same
time each day for up to 4 days. At the end of the test, samples from the
tubes were streaked on BCYE agar, BCYE agar without cysteine, and Lab
Lemco broth agar (Oxoid) to check for contamination.

Legionella growth in biofilm. Glass columns (length, 83 cm; inner
diameter [i.d.], 2.5 cm), each containing ca. 40 cylindrical pieces (length,
ca. 2 cm) of plasticized polyvinyl chloride (pPVC) (diameter, 1.8 cm; wall
thickness, 0.2 cm) on top of each other in tap water recirculating via a
stainless steel pipe (100 cm; i.d., 0.95 cm) and Teflon tubing (70 cm; i.d.,
0.95 cm), were used to obtain biofilms growing under controlled condi-
tions. The tap water, originating from a groundwater supply treated with-
out disinfectant (see Table S1 in the supplemental material), was heated
separately in each column by an external metal heating element combined
with a thermocouple-based temperature control (accuracy, �0.5%). The
columns were placed in a dark room to prevent light access. In the first
experiment, comprising nine columns, growth of L. pneumophila strains
LP3 (ST62), LP7 (ST47), LP8 (ST62), and LP25 (ST1) in the biofilm was
tested at 38 � 0.2°C, and subsequently the effect of a temperature increase

TABLE 1 Selected Legionella pneumophila SG1 strains used in this study

L. pneumophila ST Strain codea Origin

1 LP17 Tap water installation
1 LP25 Tap water installation
1 LP26 Tap water installation
1 LP27 Tap water installation
1 NA Tap water installation
1 LP5 Clinical sampleb

47 LP7 EWGLI, 004 Lyon (France)d

47 NA Clinical sampleb

47 NA Clinical sampleb

62 LP3 Whirlpoolc

62 LP8 EWGLI, 010 London (UK)
62 NA Clinical sampleb

62 NA Clinical sampleb

a NA, not applicable.
b Provided by the National Institute for Public Health and the Environment (RIVM),
Bilthoven, the Netherlands.
c Outbreak related.
d EWGLI, European Working Group for Legionella Infections.
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from 38 to 41 and 42°C was determined. To promote biofilm formation
on the pPVC pieces, tap water was recirculated at a flow rate of 150 liter
h�1 at 25°C and at 120 ml min�1 of water replacement, corresponding
with an average retention time of about 4.5 min. One pPVC piece from
each column was investigated at day 7 for the presence of L. pneumophila
by quantitative PCR (qPCR), and the biofilm concentration was deter-
mined using ATP analysis. L. pneumophila was detected in one column,
subsequently labeled column 1. At day 9, the water temperature of all
columns was set at 38 � 0.2°C, and each of the selected L. pneumophila
strains cultured in BYEB at 36 � 2°C for 3 days was inoculated into two
separate columns (labeled columns 2 to 9) by adding 1 ml of BYEB (ap-
proximately 9 � 108 CFU). The presence of L. pneumophila in the inocu-
lated columns was confirmed by qPCR at day 15. Subsequently, water and
pPVC pieces were sampled weekly from each column and analyzed for the
colony count of Legionella and the concentration of ATP. The identity of
the L. pneumophila strain in each of the columns was established with
amplified fragment length polymorphism (AFLP) analysis of colonies
grown on BCYE agar. Water temperature in the odd-numbered columns,
except column 1, was adjusted to 41°C at day 63 and to 42°C at day 84.
Details of the experimental setup are presented in Table S2 in the supple-
mental material.

A second biofilm experiment was designed to test the influence of
temperature on the replication of strains LP3, LP7, LP8, LP25, and also
LP27 (ST1) in the biofilm on pPVC at a range of constant temperatures.
The strains were grown separately in biofilms on pPVC pieces in five
columns operated at 38°C for 42 days, as described for the first experi-
ment. Thereafter, all pPVC pieces were removed from the columns, which
then were flushed with hot (70°C) tap water for 2 h. Subsequently, one
pPVC piece from each of the columns, with an L. pneumophila concen-
tration of 2 � 106 to 3 � 107 CFU cm�2 in the biofilm, was placed at the
bottom of the cleaned columns to achieve a mixed inoculum, and also 30
fresh pPVC pieces were added. On the same day, water temperature in the
columns was fixed at 38, 39, 40, 40.5, and 41°C at a recirculation rate of
150 liter h�1 and a water replacement rate of 120 ml min�1. Temperature
variation in these columns monitored with a calibrated thermocouple for
more than 60 days was less than �0.2°C.

Biofilm analysis. Attached biomass was removed from the pPVC
pieces submerged in 60 ml of autoclaved tap water by using an electric
toothbrush (Braun Oral B), with an autoclaved brush head, for 1 min. The
obtained suspension, contained in a closed vial with the brush head and
the pPVC piece, was treated with high-energy sonication (HES) using a
Branson Sonifier ultrasonic cell disruptor (model W-250D; Branson Ul-
trasonics Corporation, USA) for 1 min at a constant 20-kHz frequency
and an adjusted 90-W power output (45% amplitude). The suspension
was kept on ice during and after HES treatment and subsequently was
analyzed for ATP (35) either by colony counts of Legionella on BCYE agar
by spreading 0.1 ml directly on the plates in triplicate or, less frequently, by
qPCR for L. pneumophila as described previously (36). Incidentally, the
total cell count (TCC) in the biofilm suspension was determined by acri-
dine orange staining and fluorescence microscopy (37), combined with
the heterotrophic plate count (HPC) on R2A agar incubated at 25°C for 10
days. AFLP analysis of selected L. pneumophila colonies and pure cultures
was conducted as described elsewhere (38). The concentrations of V. ver-
miformis and Acanthamoeba spp. in the biofilm suspension were deter-
mined by qPCR as described earlier (39). The carbohydrate (CH) concen-
tration was determined with a colorimetric method (40), and the
concentrations of iron and manganese were determined by standardized
methods (41). All concentrations were expressed in units per square cen-
timeter of pPVC.

Statistics. For statistical analysis of biofilm parameters, Student’s t test
was used on normally distributed data, eventually obtained after log trans-
formation, verified with a Shapiro-Wilk test. The F test was used to test on
equality of variances. Testing was two sided, with 95% confidence.

RESULTS

Growth in BYEB. Characteristically shaped relations between
temperature and growth rate were obtained, which differed for the
tested strains (Fig. 1). The ST1 strains had a maximum specific
growth rate (�max) of ca. 0.40 h�1 (LP26) and 0.45 h�1 (LP25) at
ca. 37°C. The �max of strain LP7 was ca. 0.45 h�1 at ca. 39°C, and
for strain LP8, the �max was ca. 0.53 h�1 at ca. 41°C. At 42°C the
growth rates of strains LP3, LP7, and LP8 were about three to five
times higher than the growth rates of strains LP25 and LP26. At
44°C no growth (OD of �0.1) was observed within 3 days.

Growth tests with these and additional strains were conducted
in BYEB in culture tubes. Figure 2 shows the average level of
growth of the strains belonging to a specific ST recorded after 72 h
(ST47 and ST62) or 96 h(ST1) of incubation. Three ST1 strains,
including LP25 and LP26, did not grow at 42°C (OD of �0.1), but
three other environmental strains, including LP27, showed some
growth (OD of 0.16) at this temperature after 96 h. Strains of ST47
and ST62 multiplied at 43°C, with strongest growth of the ST62
strains, but at 44°C almost no growth (OD of �0.1) was observed.
These observations demonstrate that the temperatures for opti-
mum and maximum growth differ between the tested L. pneumo-
phila STs and possibly within ST1.

FIG 1 Specific growth rates (� h�1) of L. pneumophila SG1 strains in buffered
yeast extract broth at a range of temperatures. (A) Sequence type (ST) 1 strains
LP25 (Œ) and LP26 (�). (B) ST47 strain LP7. (C) ST62 strains LP3 (�) and
LP8 (Œ).
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Biofilm formation on pPVC in flowing tap water. Biofilm de-
veloped within 1 week on pPVC, and maximum ATP concentra-
tions of 20 to 40 ng cm�2 were observed within 1 month (Fig. 3).
After about 3 months, the biofilm concentration declined slowly
to a level of 15 to 20 ng of ATP cm�2. ATP concentrations in the
water from the columns showed a clearer decline after having
reached a maximum level within 3 weeks (Fig. 3). After 2 months
the average concentration in the water stabilized at 5.5 � 1.1 ng
ATP liter�1. After 3 months of operation, the amount of biomass
(nanograms of ATP) attached per square centimeter in the col-
umns at a water temperature of 38°C was 4 to 7.5 times higher than
the suspended-biomass concentration (nanograms of ATP per li-
ter) in the water (Table 2). TCCs in the biofilm at day 112 were
between 5 � 108 and 1.3 � 109 cells cm�2, and the HPCs consti-
tuted about 20% of the TCC values. The different temperature
regimes had no significant effect on the biofilm concentration
(ATP) and the HPC value, but the TCCs at day 112 in the columns
at 42°C were significantly higher than in the columns operated at

38°C (Table 2). The carbohydrate (CH) concentration in the bio-
film at day 165 ranged from 22 to 148 �g cm�2. The average
concentration in the columns operated at 38°C did not differ sig-
nificantly from the concentration in the columns operated at 38 to
42°C, but the concentrations of iron, manganese, and copper were
about 50% less in the columns operated at an elevated tempera-
ture (Table 2).

L. pneumophila in biofilm and water. An indigenous L. pneu-
mophila was observed at a low concentration in the biofilm (25
gene copies cm�2) on day 7 in one of the columns. This column
(column 1) therefore was not inoculated with an L. pneumophila
culture. L. pneumophila was detected by qPCR in the water col-
lected from each of the columns (1.8 � 104 to 1.4 � 107 gene
copies liter�1) at day 15 and was cultured from the biofilm on
pPVC at day 21 in all columns. The L. pneumophila colonies on the
BCYE plates showed uniform morphologies in each of the inocu-
lated columns, and AFLP analysis revealed that the fingerprints of
the bacteria in the inoculated columns were similar to those of the
L. pneumophila strains added to the columns at day 9 (see Fig. S1
in the supplemental material). The indigenous strain in column 1
was identified as L. pneumophila non-SG1, with an allelic profile of
as-yet-undefined ST (see Table S2). A second colony type on the
BCYE plates of column 1 was identified as Legionella anisa. This
organism was present at low numbers in the biofilm and the water
(see Fig. S2). Four weeks after inoculation, L. pneumophila at-
tained a maximum level of approximately 1 � 107 to 2 � 107 CFU
cm�2 in the biofilm in all columns (Fig. 4; see also Fig. S2 and S3 in
the supplemental material). In the columns operated at 38°C, this
level declined by about 50% in the experimental period. The con-
centration of L. pneumophila in the water from the columns was
�103 CFU ml�1 in the first 2 months of operation and declined
thereafter to less than 5 � 102 CFU ml�1 in most cases (Fig. 4; see
also Fig. S2 and S3). Increasing the temperature to 41 � 0.2°C in
the odd-numbered columns (except column 1) did not affect the

FIG 2 Growth (optical density [OD]) of strains of L. pneumophila ST1 (white
bars; n � 6), ST47 (dashed bars; n � 3), and ST62 (black bars; n � 4) in BYEB
after 72 h or 96 h (ST1) of incubation at different temperatures. All strains were
tested only at 37, 42, 43, and 44°C. Bars show the average values � standard
deviations for strains of the indicated STs. The origins of the strains are shown
in Table 1.

FIG 3 Concentration of attached (A and C) and planktonic (B and D) biomass in the columns with pieces of plasticized PVC (pPVC) operated at 38°C (Œ) and
at various temperatures (�), as indicated. Columns were operated at 25°C from day 0 to day 9.
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colony counts of L. pneumophila in the biofilm within 4 weeks
(Fig. 4; see also Fig. S3). Therefore, water temperature in these
columns was further raised to 42 � 0.2°C. At this temperature, a
slow decline of the L. pneumophila colony counts in the biofilm
was observed after about 2 weeks, followed by a more rapid de-
cline resulting in a 3- to 4-log reduction at day 133. The specific
decline rate ranged from 0.14 day�1 (LP3) and 0.28 day�1 (LP8
and LP25) to 0.41 day�1 (LP7). Changing the water temperature
to 40 � 0.2°C at day 135 resulted only in the columns with LP7 and
LP8 in a small increase of the L. pneumophila colony counts within
3 weeks (see Fig. S3 in the supplemental material). The AFLP
patterns of L. pneumophila colonies incubated at day 126 con-
firmed the presence of the inoculated strains, but in column 8,
inoculated with LP7 and operated at 38°C, an L. pneumophila SG1
ST1 strain was present (see Fig. S1). Analysis of five colonies from
column 8 on day 154 confirmed that L. pneumophila SG1 ST1 had
become the predominating L. pneumophila.

The number of gene copies of L. pneumophila in the biofilm
determined at day 43 for each of the columns and on days 112 and
134 for the columns operated at 38°C was (overall) 5.8 � 1.0 times
higher than the colony counts of L. pneumophila (Fig. 4; see also
Fig. S3C in the supplemental material). At day 134, the gene copy
concentrations in the columns operated at 42°C did not show a
clear decline, and the gene copy number/CFU count ratio had
increased to 56 (column 7), 1,500 (column 9), 2 � 104 (column 5),
and 2.6 � 105 (column 3). The concentration of V. vermiformis in
the biofilms at 42°C on day 112, at the onset of the colony count
decline, was significantly lower (P � 0.05) than the concentration
in the columns operated at 38°C (Table 3). Acanthamoeba spp.
were not detected (�5 cell eq cm�2).

The influence of temperature on the replication of L. pneu-
mophila in the biofilm on pPVC was tested in five columns, each
inoculated with a mixture of five L. pneumophila strains represent-
ing three STs grown separately in the biofilm at 38°C. The water
temperature in the columns was maintained at 38, 39, 40, 40.5,
and 41°C, respectively. The biofilm concentrations in these col-
umns were all at the same levels (23 � 6 ng ATP cm�2) (results not
shown). Rapid growth of L. pneumophila was observed in the bio-
film at 38 and 39°C, but the colony counts declined at 41°C (Fig.
5). AFLP analysis of five colonies from each column grown on
BCYE agar on day 37 revealed that L. pneumophila ST62 (strain
LP3 and/or LP8) predominated in the columns operated at 38, 39,
40, and 40.5°C (see Fig. S4 in the supplemental material). The
AFLP patterns of four out of five tested colonies from the column
operated at 41°C were similar to the AFLP pattern of L. pneumo-
phila ST1 (strains LP25 and LP27), and the pattern of one colony
was similar to that of L. pneumophila ST62 (strain LP3 and/or
LP8). The concentration of V. vermiformis in the biofilm at day 24
ranged from 1,110 � 300 cell eq cm�2 (38°C) to 490 � 10 cell eq
cm�2 (39°C), 310 � 60 cell eq cm�2 (40°C), 120 � 20 cell eq cm�2

(40.5°C), and �1 cell eq cm�2 at 41°C and correlated significantly
(P � 0.01) with temperature (see Fig. S5). V. vermiformis was also
detected in the biofilm at day 50, except in the column operated at
41°C. Acanthamoeba spp. were not detected in the biofilm. These
observations demonstrate that none of the tested L. pneumophila
strains or V. vermiformis and Acanthamoeba spp. replicated at
41°C in the biofilm on tap water-exposed pPVC, thus confirming
the colony count decline observed at 42°C in the first biofilm ex-
periment.
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DISCUSSION
Influence of temperature on growth of Legionella spp. in water
systems. A large diversity of Legionella spp., many of which are as
yet uncultured, is ubiquitous in freshwater environments at tem-
peratures of �20°C (36, 42, 43, 44, 45, 46). L. pneumophila is not
cultured or only sporadically cultured from these low-tempera-
ture environments. In drinking water distributed at 21 to 31°C, a
large variety of Legionella spp. was cultured, but L. pneumophila
was not observed (47). In three tropical water supplies (30 to
35°C), L. pneumophila was the predominant cultured Legionella
species in most samples (48). Uncultured Legionella non-pneumo-
phila species predominated in an acidic biofilm community at 30

to 38°C (49). Cultured Legionella non-pneumophila species pre-
dominated in groundwater from a hydrothermal source at ca.
38°C, whereas L. pneumophila predominated in water from a
source at ca. 45°C (50). Elevated L. pneumophila colony counts
were also observed in residential hot water systems at a water
temperature ranging from 35 to 45°C (51). These and other ob-
servations indicate a transition from a large diversity of mostly yet
undefined Legionella spp. at temperatures of �20°C to a diversity
of L. pneumophila SGs and STs at temperatures of �30°C. The
environmental temperature therefore is an essential parameter for
controlling L. pneumophila in engineered water systems, and tem-
perature management, aiming at a cold water temperature of �20

FIG 4 Growth of L. pneumophila ST1 (strain LP25) and ST62 (strain LP3) in the biofilm on pPVC (A and C) and water (B and D) in the columns operated at
38°C (Œ) and in the columns operated at the indicated temperatures (�). The columns were operated at 25°C from day 0 to day 9. The L. pneumophila
concentration determined by qPCR (number of gene copies per square centimeter) is shown for the columns operated at 38°C (o) and the columns operated at
the other indicated temperatures (Œ). Colony counts below the detection level in water (3.3 CFU ml�1) are shown as 1 CFU ml�1.

TABLE 3 Legionella and free-living amoebae in the biofilm on plasticized polyvinyl chloride

Column
no.

L. pneumophila serogroup
or ST (strain)

Temp
(°C)

Legionella concn

V. vermiformis
concn at day 112
(cell eq/cm2)c

Biofilm (CFU/cm2) Water (CFU/ml) Biofilm/water ratio

No. of CFU/pg of
ATP (avg � SD)b

50th
percentile

90th
percentile

50th
percentile

90th
percentile

50th
percentile

90th
percentile

1 L. pneumophila non-SG1 38 1.2 � 107 1.7 � 107 290 8.9 � 103 1.3 � 105 2.1 � 105 431 � 177 (433) 380
2 ST62 (LP8) 38 9.8 � 106 1.7 � 107 720 6.4 � 103 6.9 � 104 1.1 � 105 454 � 150 (405) 1,390
3 ST62 (LP8) 38–42 NAa NA NA NA NA NA NA 6
4 ST1 (LP25) 38 7.7 � 106 1.2 � 107 370 1.5 � 103 1.2 � 104 3.9 � 104 305 � 95 (261) 190
5 ST1 (LP25) 38–42 NA NA NA NA NA NA NA 13
6 ST62 (LP3) 38 5.0 � 106 8.1 � 106 240 1.7 � 103 3.0 � 104 5.8 � 104 263 � 60 (253) 240
7 ST62 (LP3) 38–42 NA NA NA NA NA NA NA 6
8 ST47 (LP7) 38 8.6 � 106 1.4 � 107 740 2.1 � 103 1.3 � 104 2.7 � 104 302 � 199 (322) 450
9 ST47 (LP7) 38–42 NA NA NA NA NA NA NA �3
a NA, not applicable/not analyzed.
b Values in parentheses represent the 50th percentile.
c V. vermiformis concentrations, expressed as cell equivalents (eq), at 38°C differ significantly (P � 0.05) from those in the columns operated at 42°C. Concentrations are means of
duplicate qPCR tests in single samples with a relative standard deviation of 13 to 32%. Acanthamoeba spp. were not detected (�5 cell eq cm�2).
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to 25°C and a hot water temperature of �60°C, is included in
guidelines and national regulations (52, 53, 54, 55). However, the
information about the relationship between the environmental
temperature and the Legionella community composition in natu-
ral and engineered water systems is still fragmented. The lack of
information can be attributed to (i) absence of temperature data
in reports on environmental Legionella surveys, (ii) fluctuations in
the environmental water temperature, including discrepancies
between the temperature of the water sampled and the tempera-
ture at the site of growth, and (iii) difficulties encountered by
collecting quantitative data about the Legionella non-pneumophila
species and the large diversities of L. pneumophila SGs and STs in
these environments. These difficulties are also associated with the
use of culture-independent and culture-based methods. The re-
quirement of specific protozoan hosts for growth (56) may also
complicate the elucidation of temperature effects on growth of L.
pneumophila in water systems.

Growth of L. pneumophila STs in BYEB and biofilms at dif-
ferent temperatures. The �max values of the L. pneumophila
strains in BYEB correspond with minimum generation times of
approximately 1.3 to 1.7 h, which are below the generation time (2
h) observed inside human monocytes at 37°C (57). BYEB obvi-
ously is a well-suited growth medium, even supporting growth at
22°C (Fig. 1). As shown in Fig. 1 and 2, the influence of tempera-
ture on growth in BYEB differs between L. pneumophila STs and
possibly within STs. However, accurate establishment of the opti-
mum growth temperature (�0.5°C) and the maximum growth
rate requires more measurements at temperatures of �35°C. The
optimum growth temperature of the ST1 strains in BYEB was
approximately 37°C. Growth was slow at 42°C (Fig. 1), and a few
environmental isolates did not grow in the tubes at this tempera-
ture, suggesting that ST1 is heterogeneous in terms of temperature
tolerance. Heterogeneity within ST1 has been demonstrated by
monoclonal antibody typing (8, 58, 59) and more recently also by

whole-genome sequencing (60). The ST62 strains, with an opti-
mum temperature of approximately 41°C, multiplied rapidly at
42°C and relatively well at 43°C, but almost no growth (OD of
�0.1) was observed at 44°C (Fig. 1 and 2). Hence, L. pneumophila
ST62, which is associated with LD outbreaks at a high case fatality
rate after exposure to aerosols from whirlpools and cooling towers
(18, 19, 20), is able to multiply at higher temperatures than ST1.

The high biofilm concentration on pPVC and the high colony
counts of L. pneumophila on pPVC are consistent with earlier
findings (61). The strong biofilm formation on pPVC, which is
caused by the release of biodegradable plasticizers, mostly phtha-
late esters (62), makes the material unsuited for application in
plumbing systems. The use of pPVC-based garden hoses may lead
to exposure to elevated numbers of legionellae (63). The CFU/
ATP ratios of the indigenous L. pneumophila non-SG1 and L.
pneumophila ST1, ST47, and ST62 strains in the biofilm on pPVC
at 38°C (Table 3) show that these organisms attained similar levels
of growth in the biofilm at this temperature. These ratios, which
remained fairly constant during the test period, are about two
orders of magnitude higher than those observed at a 10-times-
lower biofilm concentration on cross-linked polyethylene and
stainless steel in a model warm-water installation (35). A high
biofilm concentration therefore may be associated with a high
efficiency of L. pneumophila proliferation. The similarity of the
CFU/ATP ratios as well as the similar ratios of the number of gene
copies and the colony count of L. pneumophila in the biofilm at
38°C indicates that the recovery of the ST47 and ST62 isolates on
the BCYE medium did not differ from the recovery of the ST1
strain and the indigenous L. pneumophila. Therefore, the low iso-
lation frequency of ST47 and ST62 from environmental samples
in comparison to that of ST1 (8, 15) most likely is not caused by a
limited ability to multiply in a biofilm or by a low culturability.
The predominance of ST62 grown in the biofilm in the columns
inoculated with different strains indicates that this organism out-
competed ST1 and ST7 under the experimental conditions at tem-
peratures ranging from 38 to 40.5°C.

Protozoan host. The more rapid growth of the ST62 and ST47
strains than that of ST1 in BYEB at a temperature of �40°C may be
an indication of an environmental niche at elevated temperatures.
However, no growth was observed in the biofilm at 41°C (Fig. 5),
and the colony counts of all the tested strains declined at 42°C (Fig.
4; see also Fig. S3 in the supplemental material). The number of
gene copies of L. pneumophila in the columns operated at 42°C
remained at about the same level as that observed in the columns
at 38°C (Fig. 4; see also Fig. S3). Furthermore, in these columns the
washout rate, estimated from the water replacement rate (120 ml
min�1), and the colony counts in the biofilm and the water were
low (�0.02 day�1), and the biofilm concentration (ATP) did not
decrease after the temperature rise. Hence, the decline of the col-
ony counts of the L. pneumophila STs in the biofilm at 42°C rep-
resents a loss of culturability. The concentration of metals, includ-
ing copper, in the biofilm at this temperature was lower than that
at 38°C (Table 2) and therefore did not cause this loss of cultur-
ability. Culturability loss of L. pneumophila has also been observed
in sterilized water stored at temperatures ranging from 20 to 42°C
and was attributed to starvation (64, 65, 66). Addition of amoebae
resulted in an increase of culturable bacteria by intracellular rep-
lication (64, 67). These observations are consistent with the need
of a protozoan host for replication of the fastidious L. pneumo-
phila in the aquatic environment (1, 68), including biofilms (61,

FIG 5 Colony counts of L. pneumophila in the biofilm on pPVC (A) and in the
water (B) in the columns operated at a constant temperature ranging from
38°C to 41°C. Colony counts below the detection level in water (3.3 CFU ml�1)
are shown as 1 CFU ml�1. Symbols are as follows: Œ, 38°C; �, 39°C; �, 40°C;
�, 40.5°C;o, 41°C.
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69). The culturability loss of L. pneumophila ST47 and ST62 in the
biofilm at 42°C and the inability to grow in the biofilm at 41°C
therefore may be explained by the absence of a protozoan host
proliferating at these temperatures.

V. vermiformis was detected in the biofilm at 38°C, but Acan-
thamoeba spp. were not observed (Table 3), which is consistent
with the inability of most of these species to grow at temperatures
of �37°C (70, 71). A number of observations indicate that V.
vermiformis most likely served as a host for the L. pneumophila
strains in the biofilm on pPVC. First, L. pneumophila did not mul-
tiply in the biofilm grown at 41°C (Fig. 5), in which V. vermiformis
was not detected. Second, the concentration of V. vermiformis in
the columns at 42°C at day 112 at the onset of the colony count
decline of L. pneumophila was about 2 log units lower than the
concentration in the columns operated at 38°C (Table 3). More-
over, V. vermiformis is the most commonly observed host amoeba
for L. pneumophila in tap water (39, 48, 61, 68) and also a predom-
inating amoeba in hot water installations (72, 73).

The description of V. vermiformis strain CDC-19 (ATCC
50237) isolated from water associated with nosocomial legionel-
losis (74) does not provide information about its temperature
range. Buse and Ashbolt (56) reported that this strain multiplied
at 37°C with Escherichia coli as prey but not at 41°C. Furthermore,
no growth or very poor growth of L. pneumophila was observed at
41°C in coculture with two V. vermiformis strains isolated from
tap water installations (75). However, strains of V. vermiformis
that can grow at 44°C have been isolated from hot water installa-
tions together with strains that were unable to multiply at this
temperature (72, 73). The latter type predominated on moist sur-
faces at lower temperatures (72). Apparently, V. vermiformis is
heterogeneous in its ability to grow at an elevated temperature. V.
vermiformis in the biofilms on pPVC probably originated from the
groundwater supply because the organism is ubiquitous in treated
groundwater in temperate climates (76, 77). This V. vermiformis
may be adapted to a relatively low temperature and apparently did
not proliferate at �41°C. The inability of L. pneumophila LP7
(ST47), LP3, and LP8 (both ST62) to replicate in the biofilm at
41°C and their culturability decrease at 42°C, in contrast with
optimal growth in BYEB at these temperatures, therefore most
likely are due to the absence of a thermotolerant host. The signif-
icantly higher TCC values in the biofilm at day 112 in the columns
operated at 42°C than in the columns operated at 38°C (Table 2)
are consistent with reduced protozoan grazing at 42°C.

The experimental observations and literature data suggest a
transition at ca. 40 to 41°C from growth of commonly occurring
free-living amoebae to amoebae adapted to an elevated tempera-
ture. It is hypothesized that growth of the highly virulent L. pneu-
mophila ST62 or ST47 in water systems depends on a combination
of factors, including (i) the presence of these STs, (ii) a tempera-
ture close to their optimum growth temperatures, and (iii) the
presence of a protozoan host with the ability to proliferate at this
temperature. The niche favoring competition of these and other
STs with an optimum growth temperature of �40°C may cover a
temperature range of only a few degrees Celsius because no
growth of the strains was observed at 44°C and because strains of
more commonly observed STs may grow rapidly at a temperature
of �40°C. The public health impact of ST47, ST62, and other
virulent STs warrants further research on their occurrence as well
as on the presence and identity of thermotolerant free-living

amoebae in (water entering) engineered water systems in relation
to water temperature.
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