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Legionella species are frequently detected in hot water systems, attached to the surface as a biofilm. In this work, the dynamics of
Legionella spp. and diverse bacteria and eukarya associated together in the biofilm, coming from a pilot scale 1 system simulat-
ing a real hot water system, were investigated throughout 6 months after two successive heat shock treatments followed by three
successive chemical treatments. Community structure was assessed by a fingerprint technique, single-strand conformation poly-
morphism (SSCP). In addition, the diversity and dynamics of Legionella and eukarya were investigated by small-subunit (SSU)
ribosomal cloning and sequencing. Our results showed that pathogenic Legionella species remained after the heat shock and
chemical treatments (Legionella pneumophila and Legionella anisa, respectively). The biofilm was not removed, and the bacte-
rial community structure was transitorily affected by the treatments. Moreover, several amoebae had been detected in the bio-
film before treatments (Thecamoebae sp., Vannella sp., and Hartmanella vermiformis) and after the first heat shock treatment,
but only H. vermiformis remained. However, another protozoan affiliated with Alveolata, which is known as a host cell for Legio-
nella, dominated the eukaryal species after the second heat shock and chemical treatment tests. Therefore, effective Legionella
disinfection may be dependent on the elimination of these important microbial components. We suggest that eradicating Legio-

nella in hot water networks requires better study of bacterial and eukaryal species associated with Legionella in biofilms.

Despite increased monitoring and advances in detection meth-
ods, there is still a lack of knowledge about the microbial
ecology of Legionella and its response to treatment. Therefore,
contamination of hot water systems with Legionella remains a per-
sistent environmental challenge and a threat to public health. In-
halation of aerosols contaminated with Legionella increases the
incidence of legionellosis, a pulmonary infection that is deadly in
15% of cases (19).

Legionella spp. are waterborne gammaproteobacteria that
grow at temperatures ranging from 20°C to 42°C (14, 64). These
bacteria are found in natural environments (streams, rivers, and
lakes) and in soil. However, most cases of legionellosis can be
traced to man-made aquatic environments (shower heads, fau-
cets, water fountains, ice machines, medical devices, air condi-
tioning, hot water systems, and cooling towers) (5, 43, 63, 68),
where hot water systems and cooling towers present the major
sources of contamination.

Legionellae are found normally attached to these systems sur-
faces, associated with other bacteria in an extracellular anionic
matrix known as biofilm (12, 15, 21, 35, 46). The matrix is ex-
tremely hydrated (97% water) and consists mainly of exopolysac-
charides (10, 53, 58), biological macromolecules (proteins, lipids,
DNA, and RNA), nutrients, metabolites, and inorganic com-
pounds and particles, as well as cellular lysis products (53, 58).
Several authors have reported that sessile bacteria (present in the
biofilm) become more resistant to environmental stress (22, 50,
58). By adoption of this sessile lifestyle, legionellae, like other bac-
teria, are far less susceptible to any kind of stress coming from the
outside (6, 48, 65). In addition, these bacteria survive as an intra-
cellular parasite of free-living amoebae (3, 29, 47, 62, 69) and can
interact with other eukaryal species such as Cyclidium spp., Tetra-
hymena pyriformi, Dictyostelium discoideum, fungi, and algae (11,
12, 56, 59).
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So far, various disinfection processes (thermal, chemical, and
physical) have been used to eradicate Legionella (30). Different
authors studied these treatments, and at the end the treatments
were found to be effective (a few hours after treatment) or rapidly
transitorily effective (31, 65, 70) on bacteria in water. However,
most of these studies investigated the treatment effect in water;
only a few of them were done with hot water biofilm, and these
were done by using culture methods.

Most studies concerning Legionella spp. have been done using
culture methods (9, 37, 38, 44). However, it is well known that
only a small portion of bacteria can be cultivated in all environ-
ments (4,41). The remaining portion is composed of microorgan-
isms for which current culture media are not yet adapted or which
are in a viable-but-nonculturable (VBNC) state. In fact, surface-
adherent microorganisms and bacteria living in protozoa are un-
recognized by conventional methods (8). Alleron et al. (2) have
studied the effect of monochloramine on Legionella pneumophila
and demonstrated that this bacterium can persist for long periods
in biofilms in the VBNC state.

Molecular techniques based on the small-subunit (SSU) rRNA
have been demonstrated to be able to characterize the microbial
community structure and activity in natural and artificial envi-
ronments (4, 40, 55). However, only a few studies used the molec-
ular tools to assess the Legionella microflora in order to improve
the detection of these bacteria (24, 70). Therefore, little is known
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about the microbial diversity of in situ biofilm-associated Legion-
ella spp. (12) and the effects of antimicrobial treatments on this
microbial diversity.

In previous studies, we have developed a pilot scale 1 system
simulating a real hot water system and contaminated it with nat-
ural Legionella. We followed Legionella and total flora dynamics in
water and biofilm after applying heat shock and chemical treat-
ments. The quantitative results showed rapid recolonization of the
biofilm and inefficiency against Legionella and total flora as cura-
tive treatments.

The aim of the current work was to investigate the ecology of
Legionella and the bacterial community in the biofilm of a hot
water system. The dynamics of the microbial diversity structure
were studied, and we have produced a qualitative microbial diver-
sity description (SSU ribosomal sequence libraries for Legionella
spp. and eukarya) of the biofilm in hot water systems after apply-
ing heat shock treatment and chemical treatments. In addition,
SSU ribosomal fingerprinting was used to assess the dynamics of
the bacterial diversity structure.

MATERIALS AND METHODS

Pilot scale 1 system design. The present study was performed using a pilot
scale 1 system located at the Scientific and Technical Building Centre
(CSTB), France). This pilot simulates a real hot water distribution system
and consists of two independent stainless steel hot water networks. Farhat
et al. presented a full description of the pilot in 2010 (17). The pilot was
originally contaminated by Marne river water located in Marne-la-Vallée
(France) for over 3 months and was then fed by tap water (17). Through-
out this study, the “control loop” was untreated and the “test loop” was
used to test the anti-Legionella treatments. The water temperatures in the
two loops and the two hot water storage containers were maintained at
35°C and 50°C, respectively. The same water was circulating continuously
in the loops and the water storage container, where the water flow was
settled at 20 liter min~'. Each day, the total volume of water was automat-
ically renewed in each loop and replaced with tap water in order to provide
the network with oxygen and nutrients.

Heat shock treatment. The heat shock treatment was performed twice
in the test loop under the same conditions by increasing the temperature
to 70°C and maintaining it for 30 min. The total volume of the test loop
water was then renewed as recommended by the High Council for Public
Health of France (CSHPEF). Test loop biofilm was sampled before the
treatment (7,) and 24, 48, 72, and 168 h after the treatment. After each
heat shock treatment test, the control and test loops were connected to-
gether for 3 weeks (the period of time was tested) to reinstall a biofilm in
the test loop.

Chemical treatment. The chemical treatment was performed in the
test loop three times under the same conditions. Fifty milliliters of a bio-
dispersant (based on a tensio-active Ferrofos 5260 [BKG Water Solutions,
Diisseldorf, Germany]) was injected at 100 mg liter ' for a period of 24 h,
and then the total volume of the treated water was renewed. Thereafter, 50
ml of biocide (hydrogen peroxide-peracetic acid [Ferrocid 8591; BKG
Water Solutions, Diisseldorf, Germany]) was injected at 1,000 mg liter —*
for a period of 3 to 6 h according to the manufacturer’s instructions, and
the total volume of the test loop water was renewed. The test loop biofilm
was sampled (i) before the biodispersant injection and (ii) before and 24,
48,72,and 168 h after the biocide injection. After each chemical treatment
test, the control and test loops were connected together for 3 weeks to
reinstall a biofilm in the test loop.

Biofilm sample collection. A “biofilm box” system composed of 20
stainless steel coupons (16 cm?” of surface) was installed on the test loop
and used to collect the biofilm (17). A total of 28 biofilm samplings were
performed throughout this study. To recover the biofilm developed on
the coupons, each coupon was placed in a sterile 180-ml plastic bottle
immersed in 100 ml of sterile water and sonicated at 51 W for 4 min
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(Branson 2510) (the sonication time has been tested [data not shown]).
Analyses were performed on the water resulting from sonication. New
stainless steel coupons were cleaned, disinfected, autoclaved (120°C, 20
min), and then installed in the biofilm box after each treatment test.

DNA extraction. Eighty milliliters of water and biofilm samples was
filtered through 0.22-wm polyvinylidene fluoride filters (Millipore), and
the filter was cut in half and stored in 2-ml Eppendorf tubes at —80°C
until DNA extraction. Each stored filter was kept frozen in dry ice and
crushed very well to a powder using a sterile plastic stick. The DNA was
extracted from these debris filters using the High Pure PCR template
preparation kit (Roche Diagnostics, Meylan, France).

SSCP. (i) Amplification of total bacteria. In order to study the total
bacterial diversity, a portion of the 16S rRNA gene, from base 331 to 533
of Escherichia coli, was amplified by PCR. The primers used were w35
(5'-AGGTCCAGACTCCTACGGG) and w34 (5'-TTACCGCGGCTGCT
GGCAC) (70). PCR amplifications were performed with an iCycler (Bio-
Rad). The PCR mixture contained 1X Pfu Turbo polymerase buffer, 0.2
mM deoxynucleoside triphosphates (ANTPs), 1.3 wl of each primer (100
ng), 0.5 U of Pfu Turbo DNA polymerase (2.5 U/pl) (Stratagene, La Jolla,
CA), 1 plof genomic DNA, and sterile water to obtain a final volume of 50
pl. The amplification was carried out under the following conditions:
initial denaturation step of 2 min at 94°C; 25 cycles of (i) denaturation for
30 s at 94°C, (ii) hybridization for 30 s at 61°C, and (ii) elongation for 30
s at 72°C; and a final elongation for 10 min at 72°C. The amplified prod-
ucts were then stored at —80°C until the single-strand conformation poly-
morphism (SSCP) analyses. All the PCR products were checked by aga-
rose gel electrophoresis.

(ii) SSCP electrophoresis. The total bacteria diversity was studied by
SSCP fingerprinting from biofilm samples collected during the heat shock
and the chemical treatment tests. SSCP analyses are used in order to sep-
arate different bacterial species having the same nucleic acid size with
different sequences. A mixture of 1 wl of each SSCP PCR product, 17.7 pl
of formamide, and 0.3 pl of internal size standard Rox 400 HD (Applied
Biosystems, Foster City, CA) was prepared. The samples were placed at
95°C for 5 min, transferred immediately onto ice, and left for 10 min. The
high temperature (95°C) separates the DNA double strands into single
strands, and then the low temperature (0°C) creates different DNA sec-
ondary structures of different DNA sequences. Therefore, DNA sequences
migrate in a nondenaturant polyacrylamide gel with different speeds.

All the SSCP analyses were performed using an ABI 310 Genetic Ana-
lyzer (Applied Biosystems). Electrophoresis was carried out at 15 kV and
32°C for 40 min per sample. Raw SSCP data were analyzed with Genemap-
per v4 software (Applied Biosystems).

Identification of Legionella and eukaryal species by cloning and se-
quencing. Six biofilm samples were chosen to be sequenced (Table 1): (i)
two biofilm samples corresponding to before (T;) and after (72 h) the first
heat shock treatment, (ii) two biofilm samples corresponding to before
(T,) and after (72 h) the second heat shock treatment, and (iii) two bio-
film samples corresponding to before (T,) and after (72 h) the second
chemical treatment. For each of those six samples, two libraries of Legio-
nella 16S rRNA gene sequences and eukaryal 18S rRNA gene sequences
were built. For Legionella species, the primers and the amplification con-
ditions were the same as described above but with 35 cycles instead of 30
cycles. For the eukaryal community, a 554-bp fragment was amplified
using w002 (GNTACCTTGTTACGACTT) and w016 (CTTAATTTGAC
TCAACACGG) (23). A mixture was prepared of 5 ul of 10X AmpliTaq
Gold LD polymerase buffer, 0.2 mM deoxynucleoside triphosphates
(dNTPs), 200 ng of each primer, 1 U of AmpliTaq Gold DNA polymerase
(1 U/pl) (Sigma-Aldrich, St. Louis, MO), 1 pl of genomic DNA, and
sterile water to obtain a final volume of 50 pl. The amplification was
carried out under the following conditions: initial denaturation step of 5
min at 95°C; 35 cycles of (i) denaturation for 15 s at 95°C, (ii) hybridiza-
tion for 15 s at 50°C, and (iii) elongation for 30 s at 72°C; and a final
elongation for 7 min at 72°C. All the PCR products were purified with a
QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to
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TABLE 1 Test loop biofilm sample information

SSCP Bacterial ~ Sequencing
Date analyses diversity  (Legionella
Treatment® (day/mo/yr) Code (bacteria)’ (peakno.) and eukarya)”
Heat shock
1 26/05/08 11 + 13 +
27/05/08 12 + 20 -
28/05/08 13 + 18 -
29/05/08 14 + 11 +
02/06/08 15 + 17 -
2 23/06/08 26 + 11 +
24/06/08 27 + 10 -
25/06/08 28 + 17 -
26/06/08 29 + 11 +
30/06/08 30 + 15 -
Chemical
1 15/07/08 44 + 19 -
16/07/08 45 + 9 -
17/07/08 46 + 15 -
18/07/08 47 + 26 -
19/07/08 48 + 14 —
23/07/08 49 + 16 -
2 06/10/08 69 + 18 +
07/10/08 70 + 19 -
08/10/08 71 + 16 -
09/10/08 72 + 18 -
10/10/08 73 + 14 +
15/10/08 74 + 14 -
3 17/11/08 94 + 17 -
18/11/08 95 + 16 -
19/11/08 96 + 14 -
20/11/08 97 + 15 -
21/11/08 98 + 13 -
25/11/08 9 + 15 -

@ Samples were recontaminated between treatments.
b+, sample analyzed; —, sample not analyzed.

the manufacturer’s instructions. The purified products were then sent to
Millegen (Toulouse, France) for cloning and sequencing.

Each unique sequence was compared using BLASTN (3) and the Ri-
bosomal Database Project II (34). The sequences were clustered into phy-
lotypes using DOTUR software based on at least 99% sequence similarity
of Legionella species. For eukarya, 185 rRNA gene sequence alignment was
performed using Clustal W and DNA matrix construction was carried out
with DNAdist in the Phylip program version 3-68). The sequences were
then clustered into phylotype using DOTUR software based at least at
97% of sequence similarity.

Statistical analysis. Principal-component analysis (PCA) and diver-
sity index determination were performed for SSCP profiles using Statfin-
gerprints software (version 1.2) in order to evaluate relationships between
bacterial populations after each treatment test (36). PCA is a projection
method that permits visualizing a set of data in reduced dimensions. Re-
lationships between the SSCP profiles could be inferred from visual anal-
ysis of the graph plot. The comparison was based on all the points of the
profile (scan) and the height of the points. Subjects consisted of each
biofilm profile, and variables consisted of each of the points (scan). The
first and the second principal component of the PCA plots were chosen
because they represent the two components that best highlight the differ-
ences between the SSCP fingerprints and represent 39% and 26% of the
variability for the first and the second components, respectively.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences of Legionella spp. and the 18S rRNA gene sequences of eukarya
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determined in this study were deposited in the GenBank database under
accession numbers GQ861542 to GQ861583.

RESULTS

A portion of biofilm samples collected from the test loop during
heat shock and chemical treatment tests were chosen and analyzed
for Legionella and eukaryal diversities by SSU ribosomal cloning.
In addition, the dynamics of bacteria diversity structure were as-
sessed by SSCP fingerprinting. Sample information is given in
Table 1.

Spatial variation of the biofilm composition throughout the
biofilm box axis. Before the beginning of the treatment test pe-
riod, the test loop biofilm was sampled from the 10 coupons ex-
tracted from the biofilm box and analyzed by PCR-SSCP after 3
weeks of growth. The water loop was subject to the same condi-
tions as in the period of treatments (water temperature, 35°C;
water flow, 20 liter min~; daily renewal of the total volume of the
water loop). Two of the SSCP profiles are presented in Fig. 1. The
goal was to test the qualitative homogeneity of the biofilm
throughout the biofilm box axis. Based on the peak number and
the peak position, the results showed that the 10 profiles superim-
posed perfectly. Consequently, the microbial populations are dis-
tributed in a homogenous way on the biofilm box axis, and there-
fore the qualitative reproducibility of the analytical methods
(biofilm sampling, DNA extraction, PCR amplification, and SSCP
analysis) used in this study is valid.

Legionella sp. diversity in biofilm before and after treat-
ments. A total of 164 16S rRNA sequences obtained from four
DNA libraries were analyzed in order to characterize the Legionella
diversity in biofilm before (7)) and after (72 h) treatment in order
to evaluate the possible shift of Legionella diversity after the two
heat shock treatments. The 164 sequences were distributed across
four phylotypes on the basis of 99% similarity.

For the first heat shock treatment, four phylotypes were ob-
tained before the treatment (Table 2). The sequences were related
to cultivable Legionella spp. (L. anisa [TO_HS1_£.02], 44% of the
sequences; L. taurinensis [TO_HS1_e.01], 30% of the sequences; L.

FIG 1 Bacterial SSCP fingerprint of the biofilm sampled from 2 of the 10
coupons of the biofilm box.
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TABLE 2 Legionella clones and distribution of operational taxonomic units before and 72 h after the two heat shock treatments and the second

chemical treatment

Operational taxonomic unit

Organism with best-matching sequence

No. of Accession
Test and time point Name clones % Similarity  Affiliation no. Name
First heat shock treatment
Before treatment TO_HS1_g.02 1 96.8 Legionella drancourtii X97366.2 Legionella drancourtii
TO_HS1_f.02 12 99.84 Legionella anisa AY744776.1 Legionella anisa
TO_HS1_f.01 6 99.08 Legionella pneumophila subsp. ~ AE017354.1  Legionella pneumophila subsp.
pneumophila pneumophila
TO_HSI1_e.01 8 100 Legionella taurinensis DQ667196.1  Legionella taurinensis
Total no. 4 27
72 h after treatment 72h_HS1_e.03 30 99.69 Legionella taurinensis DQ667196.1  Legionella taurinensis
Total no. 1 30
Second heat shock treatment
Before treatment TO_HS2_14 23 99.84 Legionella pneumophila EU054324.1  Legionella pneumophila
TO_HS2_12 7 99.08 Legionella taurinensis DQ667196.1  Legionella taurinensis
Total no. 2 30
72 h after treatment 72h_HS2_26 16 99.84 Legionella taurinensis DQ667196.1  Legionella taurinensis
72h_HS2_25 16 99.84 Legionella pneumophila subsp.  AE017354.1  Legionella pneumophila subsp.
pneumophila pneumophila
Total no. 2 32
Second chemical treatment
Before treatment T0_C2_h.04 2 97.11 - EU557015.1 Uncultured bacterium
T0_C2_f.04 2 100 Legionella pneumophila subsp.  AE017354.1  Legionella pneumophila subsp.
pneumophila pneumophila
T0_C2_d.02 11 99.84 Legionella anisa AY744776.1 Legionella anisa
T0_C2_d.01 10 99.84 Legionella pneumophila EU054324.1  Legionella pneumophila
Total no. 4 26
72 h after treatment 72h_C2_e04 19 99.84 Legionella anisa AY744776.1 Legionella anisa
Total no. 1 19

pneumophila [TO_HS1_f.01], 22% of the sequences; and L. dran-
courtii [TO_HS1_g.02], 4% of the sequences). After treatment (72
h), the sequencing results showed a decrease of Legionella diversity
to asingle phylotype related to L. taurinensis (72h_HS1_e.03) (Ta-
ble 2).

For the second heat shock treatment, the same two phylotypes
were found before and after treatment but in different proportions.
Sequences were related to L. taurinensis (TO_HS2_12 [23% of the
sequences] and 72h_HS2_26 [50% of the sequences]) and L. pneu-
mophila (TO_HS2_14 [77% of the sequences] and 72h_HS2_25 [50%
of the sequences]) before and after heat shock treatment, respectively.

In addition, a total of 45 16S rRNA sequences obtained from
two DNA libraries were analyzed in order to study Legionella di-
versity in biofilm before (T;) and after (72 h) chemical treatment
in order to evaluate a possible shift in Legionella diversity. The 45
sequences were distributed across four phylotypes on the basis of
99% similarity.

The results showed four phylotypes before the chemical
treatment, related to L. anisa (T0_C2_d.02 [42% of the se-
quences]), L. pneumophila, (T0_C2_d.01 [38% of the se-
quences] and TO_C2_f.04 [8% of the sequences]), and an un-
cultured bacterium (T0_C2_h.04 [8% of the sequences]). A
decrease of Legionella diversity was observed, and a single
group related to L. anisa (72h_C2_e04) remained at 72 h after
the treatment.

Pathogenic Legionella spp. such as L. pneumophila and L. anisa
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represented the major proportion of the total Legionella popula-
tion and were highly represented before the heat shock and chem-
ical treatments (Table 2).

Dynamics of the bacterial community. The bacterial commu-
nity structures in the biofilm obtained from the heat shock and
chemical treatment tests throughout a period of 6 months were
assessed and compared by SSCP fingerprint analysis in order to
assess possible modifications of bacterial community structure
after treatment.

For all samples of biofilm considered, before or after heat shock
and chemical treatment, a positive response was obtained by PCR.
Table 1 showed that all SSCP profiles displayed complex finger-
print patterns (between 9 and 20 peaks).

Bacterial SSCP fingerprints were also compared by principal-
component analysis (PCA). In addition, bacterial SSCP finger-
prints obtained as described in “Spatial variation of the biofilm
composition throughout the biofilm box axis” above were added
to this statistical analysis in order to take into consideration the
possible error range that could be coming from the coupon posi-
tion on the biofilm box axis (Fig. 2). The PCA plot of SSCP fin-
gerprints showed the regrouping of the majority of the bacterial
communities resulting from the treatment tests and the 10 cou-
pons, which confirms our previous conclusion that the microbial
populations are distributed in a homogenous way on the biofilm
box axis.

The results also showed no important variation in the bacterial
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FIG 2 PCA representing the two principal-component axes of SSCP finger-
prints obtained from (i) bacteria during the first and second heat shock treat-
ment tests and the first, second, and third chemical treatment tests (codes 11 to
99) and (ii) bacteria sampled from the 10 coupons of the biofilm box before the
treatments test period (A to J).

community after treatments, as bacterial profiles remained in one
large group except for a few points.

The first heat shock treatment had no effect on the bacterial
diversity, as all bacterial profiles (samples 11 to 15) remained in
the same group. For the second heat shock treatment, samples 26,
28, and 30 had the same bacterial diversity as the major profiles
and were grouped with the main group. However, two profiles
(samples 27 and 29, corresponding to the biofilm sampled at 24 h
and 72 h, respectively) were located away from the major PCA
plots.

For the chemical treatment, the major bacterial diversity at the
different sampling times of the three chemical tests remained un-
changed, and the profiles were distributed in the large main group.
However, this treatment led, in some cases, to different profiles at
48 h (sample 47) after the first chemical treatment, 168 h (sample
74) after the second chemical treatment, and 48 h (sample 97)
after the third chemical treatment.

Diversity of the eukaryotic population. A total of 161 18S
rRNA gene sequences obtained from six DNA libraries were ana-
lyzed in order to study the eukaryal diversity in the biofilm. In
particular, the presence of amoebae was studied before and 72 h
after the two heat shock treatments and the second chemical treat-
ment (Table 3). These sequences were distributed across 10 phy-
lotypes on the basis of 97% similarity.

Before the first heat shock treatment, the eukaryal library was
dominated by sequences close to Alveolata (protozoa) that repre-
sent 78% of the sequences (TO_HS1_a.02). Sequences belonging
to Amoebae were also detected: TO_HS1_g.02 and TO_HS1_b.01,
which are close to Thecamoebae sp. and Vannella sp., respectively.
After the first heat shock, sequencing results showed a decrease of
the eukarya diversity, where two phylotypes close to Hart-
manella vermiformis (72h_HS1_1d.02 and 72h_HS1_a.02) re-
mained. However, after the second heat shock treatment, two
eukaryal species disappeared (Thecamoeba sp. [TO_HS2_28]
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and an uncultured eukaryote [t0_HS2_21]), and two other
species belonging to Alveolata remained after treatment
(72h_HS2_32 and 72h_HS2_19).

The second chemical treatment reduced the initial eukaryal
diversity to four phylotypes belonging to (i) two flagellates (22%
of the sequences belonged to Neobodo curvifilus [72h_C2_g.01]
and 11% of the sequences to Bodonidae sp. [72h_C2_d.01]) and
(ii) two Alveolata (72h_C2_c.02 [59% of the sequences] and
72h_C2_d.02 [7% of the sequences]).

DISCUSSION

This work gives an overall description of the microbial dynamics
in biofilm after heat shock and chemical treatment tests. Legionella
and eukaryal diversities were assessed using molecular tools (16S
rRNA cloning and sequencing). SSCP fingerprint analyses were
also performed for bacteria.

A study by Parthuisot and coworkers in 2010 (42) examined
how the diversity and the dynamics of Legionella species along a
French river are affected by environmental and anthropogenic
factors. This research concluded that dominant Legionella clusters
identified by 16S rRNA gene sequencing were most closely related
to uncultured bacteria. These findings highlight the importance of
using molecular tools in order to better understand Legionella
diversity and dynamics in our case. Therefore, the powerful mo-
lecular tools used in this project provided us a real picture of
Legionella spp. and their biofilm microbial communities.

Few researchers have studied Legionella in hot water networks.
Those studies were done by using real hot water networks or lab-
oratory-scale equipment, yet none of them studied Legionella’s
biofilm in a pilot scale 1 system simulating a real hot water net-
work and by using molecular techniques. Here, for the first time,
Legionella diversity in hot water biofilm was assessed in situ by 16S
rRNA sequencing.

To our knowledge, the only previous study examining Legion-
ella diversity in hot aquatic biofilm was carried out at Yellowstone
National Park with the same approach (52). Three different spe-
cies belonging to Legionella group were found to be related to L.
sainthelensi and L. micdadei, and one was related to a Legionella-
like amoebal pathogen (LLAP). Our results showed that of the 56
cultured species of Legionella, four Legionella spp. were associated
with the treated biofilm, i.e., L. drancourtii, L. anisa, L. pneumo-
phila, and L. taurinensis, where L. taurinensis is the only nonpatho-
gen species (32). The three other species are implicated in Legion-
naires’ diseases. According to our findings, biofilm in a hot water
system is colonized by Legionella and is a major source of such
species in water. Therefore, biofilm elimination in such an envi-
ronment is a necessary step to effectively reduce the risk caused by
Legionella. Other studies have examined Legionella diversity in
water and have shown the presence of L. pneumophila and L. anisa
in a hospital hot water system (60, 61) and the presence of L.
fallonii, L. pneumophila, L. lytica, and several uncultured Legion-
ella spp. in cooling tower water (70).

Heat shock was the first treatment applied. It is very often
applied to disinfect hot water systems in hospitals and is recom-
mended by the High Council for Public Health of France
(CSHPF). The second treatment was a combination of a biodis-
persant and a biocide often applied in cooling towers. Legionella
spp. were found in all biofilm samples before and after the two
treatments, which means that Legionella spp. were not eliminated.
On the other hand, treatment impacted Legionella diversity, where
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TABLE 3 Eukaryotic clones and distribution of operational taxonomic units before and 72 h after the two heat shock and the second chemical

treatments.

Operational taxonomic unit

Organism with best-matching sequence

No. of Accession
Test and time point Name clones % Similarity Affiliation no. Name
First heat shock treatment
Before treatment TO_HS1_g.03 2 96.03 Alveolata AJ130869.1  Unidentified eukaryote
TO_HS1_g02 1 100 Fungi, Vuilleminia comedens AF518594.1  Vuilleminia comedens
TO_HS1_d.02 1 98.31 Unidentified eukaryote AY919786.1 Uncultured freshwater eukaryote
TO_HS1_d.01 2 92.90 Amoebae, Thecamoeba sp. EF455775.1 = Thecamoeba sp.
TO_HSI_c.02 1 98.99 Viridiplantae, Pinus luchuensis DQ430719.1 Uncultured eukaryote clone biogas
TO_HS1_b.01 1 98.85 Amoebae, Vannella sp. AY929912.1 Vannella sp.
TO_HS1_a.02 21 95.75 Alveolata AJ130869.1  Unidentified eukaryote
Total no. 7 27
72 h after treatment 72h_HS1_d.02 11 100 Amoebae, Hartmannella vermiformis AY680840.1 Hartmannella vermiformis
72h-HS1 a.02 14 99.67 Amoebae, Hartmannella vermiformis AY680840.1 Hartmannella vermiformis
Total no. 2 25
Second heat shock treatment
Before treatment TO_HS2_4 20 95.75 Alveolata AJ130869.1  Unidentified eukaryote
TO_HS2_28 3 93.03 Amoebae EF455775.1  Thecamoeba sp.
TO_HS2_22 1 96.03 Alveolata AJ130869.1  Unidentified eukaryote
TO_HS2_21 1 98.92 Unidentified eukaryote AY919786.1 Uncultured freshwater eukaryote
Total no. 4 25
72 h after treatment 72h_HS2_32 25 95.75 Alveolata AJ130869.1  Unidentified eukaryote
72h_HS2_19 2 96.03 Alveolata AJ130869.1  Unidentified eukaryote
Total no. 2 27
Second chemical treatment
Before treatment T0_C2_h.04 13 95.75 Alveolata AJ130869.1  Unidentified eukaryote
T0_C2_g.03 1 100 Fungi, Davidiella tassiana EU343116.1 Davidiella tassiana
T0_C2_f.04 1 100 Euglenozoa, Neobodo curvifilus DQ207577.1 Neobodo curvifilus
T0_C2_e.01 1 95.84 Alveolata, unidentified eukaryote DQ104583.1 Uncultured eukaryote
T0o_C2_d.04 2 98.92 Unidentified eukaryote AY919786.1 Uncultured freshwater eukaryote
T0_C2_c.03 4 96.03 Alveolata AJ130869.1  Unidentified eukaryote
T0_C2_b.03 6 95.36 Alveolata AJ130869.1  Unidentified eukaryote
TO0_C2_b.01 1 93.03 Amoebae, Thecamoeba sp. EF455775.1  Thecamoeba sp.
T0_C2_a.03 1 99.83 Amoebae, Hartmannella vermiformis AY502961.1 Hartmannella vermiformis
Total no. 9 30
72 h after treatment 72h_C2_g.01 6 100 Euglenozoa, Neobodo curvifilus DQ207577.1 Neobodo curvifilus
72h_C2_d.02 2 96.03 Alveolata AJ130869.1  Unidentified eukaryote
72h_C2_d.01 3 100 Euglenozoa, Bodonidae sp. AY753624.1 Bodonidae sp.
72h_C2_c.02 16 95.75 Alveolata AJ130869.1  Unidentified eukaryote
Total no. 4 27

some modifications were observed. The number of phylotypes
related to Legionella spp. decreased after the first heat shock and
the chemical treatment (from four and three, respectively, to one
phylotype in each case) and remained the same (two phylotypes)
after the second heat shock treatment.

Two of the different resilient Legionella species that remained
in biofilm after the second heat shock treatment (Legionella pneu-
mophila) and the second chemical treatment (Legionella anisa) are
the most frequent pathogen species of Legionella detected in water
distribution systems and constitute an indicator of water contam-
ination (60, 66, 67). Although Legionella pneumophila was not
detected by sequencing after the first heat shock, our previous
quantitative PCR data showed the presence of L. pneumophila at
1 X 10* genome equivalents (GE)/liter (17). In fact, molecular
inventories show dominant species in the microbial ecosystems,
so the disappearance of such species in our inventory may be due
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to their minor presence in the treated biofilm compared to other
species. The second heat shock treatment appeared to be totally inef-
fective. Our previous quantitative data (GVPC counts and quantita-
tive PCR counts) also showed that both total bacteria flora and total
and cultivable Legionella spp. were detected at almost the same initial
concentrations in the biofilm after treatment (17), which seems to
show the rapid transient effect of the heat shock treatment. Indeed, it
has been demonstrated that L. pneumophila colonizes biofilms in less
than 2 h (13, 39).

Combining a biodispersant and a biocide also had a transient
effect on Legionella species in biofilm as showed by our cloning
and sequencing results. Although Legionella sp. diversity de-
creased after the chemical treatment, the resilient species L. anisa
is a pathogen used as an indicator of water contamination by
Legionella (67). Quantitative PCR counts results done by Farhat
and coworkers in 2011 showed that the total Legionella sp. con-
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centration decreased between one and two log units from 24 to 72
h after the biocide injection in the three treatment tests. Therefore,
the results in this paper complete the data previously presented by
Farhat et al. (16, 17). Our findings here are in perfect agreement
with our previous results.

Different studies have evaluated Legionella treatments in water
(37, 38, 57), and a few have evaluated treatment in biofilm (49).
Most of the studies demonstrated a transient effect on Legionella,
where the initial levels were quickly recovered (49, 62, 69).

Moreover, our current findings along with previously pub-
lished studies have shown that Legionella spp. seem to resist and
proliferate in spite of the different treatment procedures applied.
In fact, Legionella spp. can withstand temperatures of 5.0°C to
63°C and a pH range of 5.0 to 9.2. Sheehan and colleagues (52)
detected at least four Legionella spp. in an extremely acidic biofilm
community. In addition, these bacteria have many strategies al-
lowing their survival under different stress conditions, e.g., pro-
tection in biofilms (12, 39) or in phagosomes of amoebae and
other eukarya (13, 25, 45) and motility. Consequently, under-
standing Legionella ecology in relation to biofilm communities is
of primary importance for controlling Legionella risk.

We assessed the bacterial diversity before and after two treat-
ments. Our SSCP fingerprint comparison by PCA analysis showed
that the bacterial community was highly diverse in biofilm and that
different bacterial profiles after each treatment were present in one
main group, with a transitory effect observed after each treatment.

Based on the PCA plots, bacterial diversity profiles were close,
and therefore no persistent change in the bacterial community
structure was observed, which means that the initial biofilm was
not removed after the two treatments. Murga and coworkers in
2001 (39) studied the role of biofilms in the survival of L. pneu-
mophila in a potable water model system. They demonstrated that
the presence of biofilms in potable and health care facility water
systems could provide a means for L. pneumophila survival and
dissemination. Therefore, in our case, the biofilm presence even
after treatments seems to be one of the important reasons for the
prevention of Legionella elimination.

Legionella protection against disinfection inside amoebae is
well known (1). To our knowledge, this study is the first one to
explore amoebae in hot water biofilm after anti-Legionella treat-
ments. Therefore, our results were completed by 18S rRNA gene
sequence analyses for the Eukarya domain. Although eukaryal di-
versity decreased after the heat shock treatment to two sequences
close to Hartmannella vermiformis, this species is a thermotolerant
amoeba isolated from hot water networks (61), and its protection
of Legionella is well documented (7). However, after the second
heat shock treatment, the two remained eukaryal species belonged
to a group of ciliated protozoa (Alveolata) known as a host cell for
Legionella (20, 56, 59), and the closest corresponding sequence in
the database came from a continuous culture inoculated with Lake
Ketelmeer water (The Netherlands). Indeed, Fields and colleagues
in 1984 (20) showed the ingestion and survival of Legionella pneu-
mophila phagosomes in Tetrahymena pyriphormis, a ciliated pro-
tozoan affiliated with the Alveolata. Subsequent studies have
shown that Legionella may infect several species of these protozoa,
and some of them are thermophilic (T. thermophila, T. vorax, and
T. tropicalis) (18, 28, 54).

The euglenozoan species (Neobodo curvifilus and Bodonidae
sp.) detected after our chemical treatment are two unicellular flag-
ellates often identified in marine and freshwater sites (51). The
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heat shock and chemical treatment comparison revealed that Al-
veolata dominated all eukaryal species before treatments. These
ciliated protozoa remained as dominant eukarya after the second
heat shock treatment and the chemical treatment, unlike after the
first heat shock. On the other hand, an unidentified eukaryal spe-
cies detected before the heat shock treatment and the chemical
treatment was eliminated after each treatment. Thus, we may ask
here if a succession of heat shock treatments selects eukaryal spe-
cies that could ensure protection of Legionella against treatment.

In conclusion, the aim of this work was to study how Legionella
spp. and diverse bacteria and eukarya associated together in bio-
film are impacted by various disinfection strategies. Our results
showed that although Legionella diversity was reduced, patho-
genic Legionella species (Legionella pneumophila and Legionella
anisa) remained after the heat shock and chemical treatments,
respectively. The biofilm was not removed, and the bacterial com-
munity structure was transitorily affected by the treatments.
Moreover, several amoebae were detected in the biofilm before
treatments (Thecamoebae sp., Vannella sp., and Hartmanella ver-
miformis). However, know Legionella eukaryotic hosts (Alveolata)
dominated the eukaryal species after the second heat shock treat-
ment and the chemical treatment.

Finally, we suggest that eradication of Legionella requires a bet-
ter understanding of the ecology of bacterial and eukaryal species
associated with Legionella-containing biofilms.
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