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Two unchlorinated drinking water supplies were investigated to assess the potential of water treatment and
distribution systems to support the growth of Legionella spp. The treatment plant for supply A distributed
treated groundwater with a low concentration (<0.5 ppm of C) of natural organic matter (NOM), and the
treatment plant for supply B distributed treated groundwater with a high NOM concentration (8 ppm of C).
In both supplies, the water temperature ranged from about 10°C after treatment to 18°C during distribution.
The concentrations of Legionella spp. in distributed water, analyzed with quantitative PCR (Q-PCR), averaged
2.9 (£ 1.9) x 10 cells liter " in supply A and 2.5 (£ 1.6) x 10> cells liter " in supply B. No Legionella was
observed with the culture method. A total of 346 clones (96 operational taxonomical units [OTUs] with =97%
sequence similarity) were retrieved from water and biofilms of supply A and 251 (43 OTUs) from supply B. The
estimation of the average value of total species richness (Chaol) in supply A (153) was clearly higher than that
for supply B (58). In each supply, about 77% of the sequences showed <97% similarity to described species.
Sequences related to L. pneumophila were only incidentally observed. The Legionella populations of the two
supplies are divided into two distinct clusters based on distances in the phylogenetic tree as fractions of the
branch length. Thus, a large variety of mostly yet-undescribed Legionella spp. proliferates in unchlorinated
water supplies at temperatures below 18°C. The lowest concentration and greatest diversity were observed in

the supply with the low NOM concentration.

About 6,000 cases of Legionnaires’ disease (LD) have been
reported annually in Europe in recent years (19). The bacte-
rium Legionella pneumophila is the causative agent in more
than 90% of the LD cases (13, 19, 20). This organism is capable
of thriving in a wide variety of natural freshwater habitats and
in man-made water systems, including cooling towers, whirl-
pools, and installations for warm tap water (4, 5, 13, 14, 29, 34,
37). Currently, the genus Legionella comprises about 52 de-
scribed species, and this number continues to increase (22, 23,
30). In recent years, cultivation-independent techniques re-
vealed the presence of a large variety of Legionella (sequence)
types in water (5, 8, 40). Most of these Legionella types have
not been cultured and were identified by PCR and sequence
analysis. Water temperature may be an important selective
condition for the occurrence of these Legionella spp. in the
environment (40).

In 1999, a large LD outbreak occurred among visitors to a
flower show in the Netherlands (10). An unchlorinated whirl-
pool on display at the entrance of the show was identified as
the source of amplification and exposure. This outbreak and
observations of Legionella in water installations led to the ini-
tiation of investigations to determine the role of drinking water
in disseminating these bacteria. A previous study using quan-
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titative PCR (Q-PCR) revealed that treated groundwater and
treated surface water contained a large variety of uncultured
Legionella spp. in concentrations ranging from 1.1 X 10° to
7.8 X 10° cells liter ' (40). The concentration of Legionella
spp. in treated surface water was significantly higher than that
in treated groundwater.

Sources for the drinking water supply in the Netherlands are
groundwater (two-thirds) and surface water. Multiple barriers
are applied in the treatment of surface water to remove con-
taminants, pathogenic microorganisms, and biodegradable or-
ganic compounds to achieve safe and biologically stable drink-
ing water (39). Nevertheless, the concentrations of natural
organic matter (NOM) in treated water vary extensively among
different types of drinking water, with levels ranging from less
than 0.5 ppm of C to about 8 ppm of C.

The objective of this study was to assess the potential of
water supply systems to support the growth of Legionella by
determining the concentrations and diversity of Legionella spp.
in treated water and in the distribution systems of two ground-
water treatment systems. Both systems distributed unchlori-
nated water, one with a low and one with a high concentration
of NOM.

MATERIALS AND METHODS

Selected water supplies. Two groundwater supplies were selected for the
study, supply A, with an annual production of 5.6 X 10° m? of drinking water, and
supply B, with a production of 2.4 X 107 m>. For supply A, aerobic groundwater
(oxygen concentration, 6.5 mg liter ') with low concentrations of NOM (<0.5
ppm of C), methane (<0.01 mg liter '), ammonia (<0.05 mg liter '), iron (0.3
mg liter '), and manganese (0.5 mg liter ") is treated by aeration and limestone
filtration for removal of CO,. For supply B, anaerobic groundwater (oxygen
concentration, < 0.5 mg liter ') with relatively high concentrations of NOM (8
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ppm of C), methane (39 mg liter™'), ammonia (3.4 mg liter™!), iron (11.8 mg
liter '), and manganese (0.5 mg liter ') is abstracted. Water treatment consists
of intensive aeration, rapid sand filtration, and dosing with NaOH, followed by
pellet softening, aeration, and a second stage of rapid sand filtration. The treated
water of both treatment facilities is distributed without a disinfectant.

Sampling sites. Raw-water samples of supply A were collected from four main
wells feeding the treatment plant. The water was collected directly after abstrac-
tion and before it was transported to the treatment plant. Anaerobic groundwa-
ter of supply B was collected from the raw-water pipe before entering the
treatment plant. Water samples were also collected after each treatment step.
Treated water from both supplies was collected six times in the period from
February until October to be analyzed for seasonal effects. Segments (about 30
cm) of unplasticized polyvinyl chloride (PVC) pipes (diameter, 110 mm) were
taken from the distribution systems at various distances from the treatment
facilities for biofilm analysis. A total of seven segments were removed from
distribution system A and eight from distribution system B. Before being re-
moved, the external surface of each segment was thoroughly cleaned, and the
segment was subsequently placed in a plastic container filled with drinking water
and transported to the laboratory. At the selected locations, water samples (2
liters) were collected in sterile glass containers. These samples were stored on ice
and transported to the laboratory.

Sample processing. The water samples were processed within 24 h as previ-
ously described (40). A volume of about 500 ml of each water sample was filtered.
An area of approximately 10 cm? of the inner surface of each pipe segment was
thoroughly swept with three sterile cotton swabs, which were subsequently placed
in 10 ml of phosphate-buffered saline. Biomass was suspended by four low-
energy sonification cycles of 2 min each in separate 10-ml volumes, yielding 40 ml
of a suspension for further analysis. For the extraction of DNA, 20 ml of the
suspension was concentrated by filtration (0.2 wm) and processed. The efficien-
cies of the filtration and DNA extraction and the inhibition of the PCR were
analyzed by spiking an additional sample of each water and biofilm sample with
1.98 x 10* L. pneumophila cells. The cell suspension used for spiking was
enumerated using acridine orange staining and fluorescence microscopy. Total
concentrations of active biomass (ATP) in water and biofilm samples, represent-
ing the active microbial biomass, were determined by ATP analysis as described
previously (26).

Detection of Legionella. BCYE medium was used to detect culturable Legion-
ella bacteria (11, 17). Sample concentrates without and with heat treatment (30
min at 50°C) were incubated on BCYE medium. DNA of Legionella spp. was
detected by applying the primers LEG-225 and LEG-858, which amplify approx-
imately 654 bp of the 16S rRNA gene (27). L. pneumophila was detected using
a newly developed real-time TagMan PCR assay with primers LpneuF (5'-CC
GATGCCACATCATTAGC-3") and LpneuR (5'-CCAATTGAGCGCCACTC
ATAG-3") and a TagMan probe, LpneuP (5'- 6-carboxyfluorescein [FAM]-
TGCCTTTAGCCATTGCTTCCG-BHQI1-3"), which target the mip gene. The
amplification mixture for the detection of Legionella spp. consisted of 25 ul of iQ
SYBR green supermix (Bio-Rad Laboratories B.V., Veenendaal, Netherlands),
0.4 mg ml~! of bovine serum albumin (BSA; PCR grade; Roche Diagnostics,
Almere, Netherlands), 0.2 uM each primer, and 10 pl of DNA template in a total
reaction volume of 50 pl. The amplification mixture for the detection of L.
pneumophila using primers LpneuF and LpneuR and the probe LpneuP con-
sisted of 25 pl of iQ supermix (Bio-Rad Laboratories B.V., Veenendaal, Neth-
erlands), 0.4 mg ml~" BSA, and 0.2 uM each primer and probe. The undiluted
sample and a 10-fold dilution of each sample were analyzed in duplicate by
Q-PCR. The concentrations of Legionella spp. or L. pneumophila DNA in water
and biofilm were determined using a calibration curve obtained with known
concentrations of L. pneumophila cells. The results of L. pneumophila detection
in the spiked sample were used to calculate the percentages of spiked L. pneu-
mophila cells recovered. The spiked samples were extracted in the same exper-
iment, and the DNA of the reference suspension was used to calculate the
calibration curve. Detection by Q-PCR and data analysis were performed with an
iCycler iQ real-time PCR detection system (Bio-Rad Laboratories B.V.,
Veenendaal, Netherlands).

Cloning and sequence analysis. The product of PCR using primers LEG 225
and LEG 858 on the undiluted DNA sample of the Legionella spp. was cloned
into a pGEM-T Easy vector system (Promega, Leiden, Netherlands) according to
the instructions of the manufacturer. Clone libraries were constructed for sam-
ples of aerobic groundwater and treated water of supply A, for samples of treated
water of supply B, and for selected biofilm samples from both distribution
systems. The clone libraries of groundwater of supply A were constructed using
the Legionella PCR product amplified with DNA extracted from a 2-liter water
sample. Clone inserts were sequenced in both forward and reverse directions
with the primers T7 and SP6 (BaseClear, Leiden, Netherlands). The forward and
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TABLE 1. Quality characteristics of treated water at the treatment
plants of supply A and supply B*

Mean values (range) for Mean values (range) for

Parameter treated water supply A treated water supply B
Temp (°C) 10.0 (9.5-11.5) 11.5 (10.0-13.5)
pH 7.8 (7.2-8.2) 7.6 (7.4-8.1)
O, concn (mg liter ') 6.4 (5.6-7.8) 5.9 (3.9-8.3)
HCO; concn (mg 98 (92-124) 282 (273-308)
liter ')
Cl concn (mg liter ™) 13 (11-14) 28 (27-31)
Ca concn (mg liter ') 35.4 (32.9-39.6) 32.7(25.7-52.8)
Mg concn (mg liter ') 2.4 (2.1-2.7) 9.7 (8.4-10.9)
Total hardness (mmol 1.0 (0.9-1.1) 1.2 (1.0-1.7)
liter ')
Fe concn (pg liter™!) <20 (<20-<20) 25 (<20-73)

Mn conen (g liter ') <10 (<10-<10) <10 (<10-<10)

SO, concn (mg 16 (13-19) <10 (<10-<10)
liter ')

NH, concn (mg <0.05 (<0.05-<0.05) <0.05 (<0.05-<0.05)
liter ')

NPOC conen (mg C 0.33 (<0.3-0.49) 7.9 (7.6-8.3)
liter ')

“ Values are based on routine monitoring over the period of a year.

reverse sequences of each analyzed cloned 16S rRNA gene were assembled and
edited by using the software package Lasergene SeqMan II (DNAStar Inc.,
Madison, WI). The vector sequences were removed at both sides of the clone
sequences, resulting in a final sequence of approximately 614 bp.

Sequence data analysis. A BLASTN search (1) was performed to analyze the
similarity of the clone sequences to all deposited 16S rRNA gene sequences. All
sequences were included in the database of the ARB software package (25) and
optimally aligned using the fast-aligner module. The number of operational
taxonomical units (OTUs) and the total species richness (Chaol) (6) were de-
termined using the software program DOTUR (33). OTUs were defined as
sequences with at least 97% similarity (36).

The UniFrac program (24) was applied to measure the phylogenetic distances
between the Legionella populations in the phylogenetic tree as fractions of the
branch length of the tree. The Legionella populations were clustered by hier-
archical clustering analysis (unweighted pair group method with arithmetic mean
[UPGMAY) of the populations based on a distance matrix. For this purpose, a de
novo parsimony tree was calculated in ARB with 82 full-length 16S rRNA gene
sequences of 46 different Legionella species (>1,400 bp) and three out-group
sequences (Piscirickettsia salmonis, Wolbachia persica, and Coxiella burnetii). The
parsimony tree was calculated with the gamma_1_rr5_dec04 filter included in the
ARB package, using positions 1106 to 42627. With the “quick add” option, all
retrieved and analyzed Legionella clone sequences were added to the tree with-
out a filter. Subsequently, all Legionella reference sequences were removed from
the tree, leaving the clone sequences and the out-group sequences. This tree was
imported into the UniFrac program. An environmental file in which each clone
sequence was linked to the original sample from which it was isolated was
created. These two files were used in the UniFrac program to cluster the clones
of each environment. Jackknife values were calculated to determine how the
numbers and evenness of sequences in the different samples affected the hier-
archical clustering analysis. The values were calculated using 100 permutations
and a minimum set of 46 sequences.

Nucleotide sequence accession numbers. All partial 16S rRNA gene sequences
determined in this study have been deposited in GenBank under accession
numbers HQ111557 to HQ1112153.

RESULTS

Water temperature and active biomass. Throughout the
year, the temperature of treated groundwater ranged from 9.5
to 11.5°C in supply A and from 10.0 to 13.5°C in supply B
(Table 1). The water temperatures at the sampling locations in
the distribution systems were slightly higher in July, viz., 14.8 =
2.3°C in supply A and 13.6 = 1.5°C in supply B. Total ATP
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FIG. 1. Concentrations of Legionella spp. in water and in biofilms
in two groundwater supplies. (A) Supply A (treated aerobic ground-
water). (B) Supply B (treated anaerobic groundwater). Abbreviations:
W1, W2, W3, and W4, raw-water wells; RW, raw water (combined); A,
aeration; RSF, rapid sand filtration; PS, pellet softening; TW, treated
water; D, water and biofilm sampled from distribution system. Bars
show concentrations with standard deviations in duplicate samples,
and for TW, with standard deviations in 8 (A) and 6 (B) samples
collected over a period of 9 months. Open bars, water samples; solid
bars, biofilm samples; stars, Legionella concentrations below the de-
tection limit in water and in biofilm (D2).

concentrations in treated water and in distributed water of
supply A were all below the detection limit of 1 ATP ng liter .
In supply B, the ATP concentrations in treated water were
10.6 = 4.9 ATP ng liter !, and in distributed water, 4.7 = 1.2
ng ATP liter .

Concentrations of Legionella spp. in water and biofilm. Cul-
tivable Legionella spp. were not observed in any of the water
samples (<50 CFU liter ') nor in the biofilm (<6 CFU cm ™ ?).
With Q-PCR, Legionella spp. were detected at concentrations
ranging from 7.6 X 10! = 1.2 X 10" to 3.9 X 10* = 2.5 X 10?
cells liter ™! in three of four samples of aerobic groundwater
collected from different wells for supply A (Fig. 1A). Lime-
stone filtration caused a clear increase in the concentration of
Legionella spp. in the treated water. No seasonal effect on the
Legionella concentration was observed. L. pneumophila was
not detected (detection limit, 1.7 X 10* cells liter™*) in any of
the samples of groundwater and treated water of supply A.
Legionella spp. were detected in six of seven biofilm samples
from pipe segments removed from the distribution system of
supply A at concentrations ranging from 1.8 = 1.7 t0 9.4 = 4.2
cells cm ™2 (average concentration, 5.2 = 2.6 cells cm™2). Legion-
ella concentrations in the water sampled at these locations
ranged from 1.3 X 10? to 4.9 X 10? cells liter ! (average, 2.9
[+ 1.9] X 10? cells liter '). The average concentration in
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distributed water was significantly lower than the average con-
centration in treated water (P < 0.05). L. pneumophila was
detected in one biofilm sample, at a concentration of 5.9 cells
cm~? (detection limit, 1 cells cm~2), but was below the detec-
tion limit in all water samples collected from the distribution
system (<2.0 X 10" cells liter ).

Legionella spp. were not detected in the anaerobic ground-
water entering treatment plant B nor in the water sampled
directly after aeration (Fig. 1B). The concentration of 2.2 X
10* = 8.2 X 10° cells liter—* of Legionella spp. observed in
water directly after rapid sand filtration indicates that Legion-
ella spp. multiplied in the filter bed. Further treatment steps
(softening and a second rapid sand filtration) had no clear
effect on the concentration of Legionella spp. in the water.
Seasonal fluctuations of the Legionella concentration were not
observed in the treated water of supply B. Furthermore, the
concentration of L. pneumophila was below the detection limit
(<2.0 x 10" cells liter ') in water during and after treatment.

Legionella spp. were detected in all eight biofilm samples
from the distribution system of supply B at concentrations
ranging from 4.6 to 3.9 X 10? cells cm ™2 In water samples
collected from the distribution system, concentrations of Le-
gionella spp. ranged from 5.7 X 10% to 5.7 X 10° cells liter ?,
and the average concentration (2.5 [+ 1.6] X 10° cells liter ")
was significantly lower (P < 0.05) than the average concentra-
tion in treated water. L. pneumophila was detected in seven of
eight biofilm samples at concentrations ranging from 9.2 cells
cm~Z (in one of the duplicate samples) to 4.9 X 10* = 2.0 cells
cm ™ ? but in none of the water samples (detection limit, 1.3 X
107 cells liter ). Also in supply B, no cultivable Legionella spp.
were observed in any of the samples of water (<50 CFU
liter ') and biofilm (<6 CFU cm?).

Recovery of the spiked L. pneumophila cells ranged from 32
to 61% for groundwater to 55% = 15% for the treated water
of supply A. The efficiency of the analysis for raw groundwater
of supply B was 14% and for aerated water only 2%, suggesting
a substantial inhibition of the PCR. Recovery ranged from 12
to 28% for the samples of supply B taken after each treatment
step to 32% = 11% for the samples of treated water. Recovery
was relatively high in the biofilm samples from the distribution
systems of supplies A and B and slightly above 100% in three
samples, possibly due to experimental variation.

Identification of Legionella spp. in water and in biofilm.
Analysis of clones retrieved from supply A resulted in 346 16S
rRNA gene sequences (Table 2), and 251 sequences were
obtained from supply B. All these sequences exhibited the
highest levels of similarity to 16S rRNA sequences of Legion-
ella spp. present in the GenBank database (Table 3). The clone
sequences obtained from supply A were identified either to the
species level (22%) or to previously defined OTUs (38%) (40)
(Table 2; see the supplemental material). Sequences related to
L. bozemanae predominated in clone libraries retrieved from
the biofilm. Sequences related to L. pneumophila were found
in both samples of untreated aerobic groundwater (eight
clones) and also in the biofilm (three clones).

The clones obtained from supply B could be identified either
as a described species (25%) or as a previously defined OTU
(50%) (Table 3; see details in the supplemental material). A
total of 47 clones (49%) isolated from treated water and 1
clone from the biofilm showed =97% sequence similarity to



Vou. 77, 2011 UNCULTURED LEGIONELLA SPP. IN DRINKING WATER SUPPLIES 637

TABLE 2. Identification of OTUs obtained from water supply A“

No. of sequences obtained from:

Total no.
Species or type (GenBank accession no.)” Raw water Raw water Treated (%) of
from well from well water Biofilm T Biofilm 1T Biofilm III sequences
I 11
L. bozemanae 1 10 15 26 (7.5)
Tag 1-4 (AY924177) 5 8 6 19 (5.5)
Tang 7-4 (AY924082) 3 11 1 15 (4.3)
Tag 3-4 (AY924175) 9 3 1 1 14 (4.0)
L. pneumophila 2 6¢ 1 2 11 (3.2)
Tang 2-1 (AY924013) 6 1 2 9(2.6)
L. donaldsonii 2 3 2 7 (2.0)
L. yabuuchiae 6 1 7 (2.0)
Sb 1-5 (AY924101) 2 4 1 7 (2.0)
Tang 9-3 (AY924090) 2 3 2 7 (2.0)
Tag 5-3 (AY924184) 1 5 6 (1.7)
Tsw 1-2 (AY923986) 5 1 6 (1.7)
S 7-9 (AY924171) 5 5(1.4)
Tag 5-4 (AY924185) 1 3 1 5(1.4)
Tag 6-1 (AY924186) 1 1 3 5(1.4)
Tang 10-4 (AY924095) 3 2 5(1.4)
L. anisa 3 1 4(1.2)
L. tica 4 4(1.2)
Tsw 7-4 (AY924046) 1 1 1 1 4(1.2)
Sum of OTUs with <1% of total sequences® 6 8 4 7 10 9 44 (12.7)
Total no. of isolated clones 48 46 94 54 49 55 346
Total no. (%) of clones identified 27 (56.3) 31(67.4) 41 (43.6) 32(59.3) 42 (85.7) 37 (67.3) 210 (60.7)
Total no. of OTUs 23 1 25 25 23 20¢

“ OTUs were defined as sequences with at least 97% similarity. The table is arranged with OTUs in decreasing order of occurrence.

b Sequence types identified as Tag (treated aerobic/oxic groundwater), Tang (treated anaerobic/anoxic groundwater), Tsw (treated surface water), S (surface water),
and Sb (surface water basin) were isolated in a previous study (40).

¢ One clone sequence showed a sequence similarity of 99% to sequence Tag 4-3 (AY924179).

4 See the supplemental material for details.

¢ Sequence similarity of 98%.

clone type Tang 5-5, previously isolated from treated water of L. pneumophila were found in all libraries in numbers ranging
a similar groundwater supply (40). Sequence type Tsw 3-3, from two to five clones.

isolated from treated surface water, predominated in the clone All L. pneumophila-related sequences (>97%) were added
library of biofilm I with 27 (54%) clones. Sequences related to to a de novo phylogenetic tree calculated with 82 complete 16S

TABLE 3. Identification of OTUs obtained from water supply B¢

No. of sequences obtained from:

. Total no.
Species or type (GenBank accession no. . . %) of
P P ( ) T;Zi;id Biofilm T Biofilm 1T Bl?lfilm se(quc))nces
Tang 5-5 (AY924055) 47 1 48 (19.1)
Tsw 3-3 (AY924006) 27 5 5 37 (14.7)
L. worsleiensis 14 2 4 20 (8.0)
L. pneumophila 5 5 3 2 15 (6.0)
L. anisa 5 7 2 14 (5.6)
Tang 3-1 (AY924018) 12 12 (4.8)
Sb 2-1 (AY924107) 11 1 12 (4.8)
L. bozemanae 4 2 1 1 8(3.2)
Tsw 8-5 (AY924059) 3 1 4 (1.6)
LLAP 11 1 1 1 3(1.2)
L. adelaidensis 1 2 3(1.2)
Sum of OTUs with <1% of total no. of sequences® 1 1 1 9 12 (4.8)
Total no. of isolated clones 96 50 53 52 251
Total no. (%) of clones identified 89 (92.7) 48 (96.0) 24 (45.3) 27 (51.9) 188 (74.9)
Total no. of OTUs 10 74 16 21

“ OTUs were defined as sequences with at least 97% similarity.

b Sequence types identified as Tang (treated anaerobic/anoxic groundwater), Tsw (treated surface water), and Sb (surface water basin) were isolated in a previous
study (40).

¢ See the supplemental material for details.

4 Sequence similarity of 98%.
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FIG. 2. Phylogenetic tree showing positions of the partial 16S rRNA gene sequences with =97% sequence similarities to described L.
pneumophila sequences. A de novo parsimony tree was calculated in ARB with 82 16S rRNA gene sequences from described Legionella spp.
(>1,400 bp) and three out-group sequences (Piscirickettsia salmonis, Wolbachia persica, and Coxiella burnetii). The clone sequences were added to
the tree using the “Quick add” tool. A number of reference sequences were removed from the final tree to reduce its size.

rRNA gene sequences of 46 described Legionella species (Fig.
2). Two clone sequences isolated from untreated groundwater
of supply A had similarities of 100% (La-RwB50) and 99%
(La-RwB51) to L. pneumophila sequences in the ARB data-
base. Clones La-BfA47 and La-BfA48 were positioned just
outside the L. pneumophila cluster, with a sequence similarity
of 98%, whereas all other L. pneumophila-related clone se-
quences were positioned outside the L. pneumophila cluster.
Legionella diversity and clustering. The libraries of clones
retrieved from supply A yielded a higher number of OTUs
than the libraries of clones retrieved from supply B (Table 4).

Also, the total richness of Legionella-related OTUs, estimated
with Chaol, is clearly higher in supply A than in supply B. The
clone sequences retrieved from supplies A and B included a
total of 130 different OTUs, with an estimated average total
richness of 198 OTUs.

The library of clones retrieved from treated water of supply
A included 25 OTUs; the highest contribution of a single OTU
(Tag 3-4) was 9.5% (Table 2). However, one specific OTU
(Tang 5-5) represented about 50% of the sequences retrieved
from treated water of supply B (Table 3). L. bozemanae com-
prised 20 to 27% of the sequences in the clone libraries of two

TABLE 4. Numbers of retrieved clones and OTUs and richness of Legionella-related sequences
with similarities of >97% in water supplies A and B

Total species richness”

Origin of sample No. of No. of
clones OTUs Avg Lower Upper
limit limit
Raw water supply A 94 33 42 35 71
Treated water supply A 94 25 30 26 52
Biofilm supply A 158 53 108 68 256
Total supply A 346 96 153 120 229
Treated water supply B 96 10 14 10 56
Biofilm supply B 155 36 42 38 74
Total supply B 251 43 58 47 98
Supply A + supply B 597 130 198 162 274
Supply A + supply B + treated water from 721 161 218 190 274

previous research®

“ See reference 40.
 Chaol estimation.
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FIG. 3. UPGMA clusters of Legionella populations in aerobic
groundwater, treated aerobic and anaerobic groundwater, and biofilm
samples from pipe segments of the distribution network. The number
of sequences that represents each environment is indicated next to the
name. Calculated jackknife values (percentages) are indicated in each
node. RW, raw water, TW, treated water; BF, biofilm from distribution
system.

biofilm samples of supply A but represented only a few percent
of the biofilms in supply B. Only a few sequences of clones
retrieved from biofilm samples of supply B showed >97%
sequence similarities to the clone sequences from supply A.
Calculation of the phylogenetic distances between the Legio-
nella populations in the phylogenetic tree as fractions of the
branch length resulted in two distinct clusters (Fig. 3). The
high jackknife value of the major nodes shows the robustness
of the presented topography of the cluster. The Legionella
populations in the raw groundwater of supply A subclustered
with the populations in treated water and the biofilms of supply
A. Clone sequences retrieved from the biofilms did not cluster
with those from treated water of supplies A and B, indicating
that the Legionella communities in the biofilms differ geneti-
cally from those in treated water. Hence, water treatment and
water composition affected both the concentration and the
genetic diversity of Legionella bacteria in treated water and in
distribution system biofilms. The lowest concentrations and the
greatest diversity were observed in the supply with the low
NOM concentration.

DISCUSSION

Genetic diversity of Legionella. L. pneumophila, the causative
organism of the large majority of LD cases, was not cultured
from the samples collected in our study, but sequences with
=97% similarities to this organism were observed in a few
samples from supplies A and B (cf. Tables 2 and 3). Moreover,
L. pneumophila was detected with Q-PCR in a number of
biofilm samples of supply B at concentrations below the de-
tection level of the culture method. The use of different targets
for these methods, viz., 16S rRNA gene sequencing and the
mip gene, confirms that sequences highly related to L. pneu-
mophila were present at low concentrations in water at a tem-
perature below 15°C. The retrieved sequences showed a high
level of diversity and differed from commonly observed L.
pneumophila sequences, which make laboratory contamination
highly unlikely. Clone sequences that are positioned outside
the L. pneumophila cluster exhibited sequence similarities of
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97 to 99% to published L. pneumophila sequences (Fig. 2).
Sequence-based typing (SBT) using seven genes shows that L.
pneumophila is a highly diverse species (15, 31). Certain se-
quence types (ST) include either environmental isolates, iso-
lates from patients, or both. Hence, differentiation based on
the sequence of the 16S rRNA fragment does not give infor-
mation about a possible health risk related to the presence of
L. pneumophila.

The observations of uncultured Legionella spp. in the two
groundwater supplies confirm that such organisms are a natu-
ral component of the microbial communities of treated water
at temperatures below 15°C (40). Uncultured, yet-unidentified
Legionella spp. have been observed in a variety of freshwater
environments, e.g., Antarctic lakes, treated water, and geother-
mal habitats (4, 5, 8, 9, 40). In the present study, Legionella spp.
were detected using the Legionella-specific primers LEG 225
and LEG 858, which target the 16S rRNA gene and are com-
monly used to study Legionella spp. in the environment (2, 4, 5,
32). We observed a greater diversity of Legionella spp. in all
water and biofilm samples (Table 4). Approximately 43% of
the clone sequences showed the highest levels of similarity
(>97%) to clone sequences obtained from samples of treated
water in the previous study (40). Still, a total of 33% of the
sequences retrieved from water and biofilm samples were not
related to previously retrieved sequences (5, 40). The Chaol
estimation yielded an average species richness of 198 OTUs for
supplies A and B. Combining the clone sequences of this study
with sequences of clones previously retrieved from samples of
treated water (40) resulted in an average species richness of
218 OTUs (Table 4). The small difference between the values
for estimated species richness suggests that most OTUs related
to Legionella spp. in drinking water at temperatures <18°C
have been obtained. However, observation of different se-
quences in other freshwater studies indicates that the total
diversity of Legionella spp. in fresh water environments is much
greater (35). Hence, classification of species of the genus Le-
gionella in the aquatic environment remains a challenge. Two
further main questions are (i) which conditions in the aquatic
environment determine the concentration of Legionella bacte-
ria, and (ii) which conditions determine the nature of the
predominant Legionella species.

Legionella concentrations in water and biofilm. Multiplica-
tion of L. pneumophila and other defined Legionella spp. de-
pends on protozoan hosts (21). The observation of a number of
Legionella-like amoebal pathogen (LLAP) types (cf. Table 2
and 3) indicates that the uncultured Legionella spp. also need
protozoan hosts for proliferation. In water supplies A and B, a
large variety of free-living protozoa, including species serving
as hosts for L. pneumophila, e.g., Hartmannella vermiformis,
was observed in a study conducted simultaneously with this
investigation (38). However, the identities of protozoa serving
as hosts for the observed Legionella spp. remain unknown. The
availability of host protozoa most likely depends on conditions
affecting bacterial growth, e.g., the presence of oxygen, the
concentration and nature of biodegradable compounds,
hydraulic conditions, and temperature.

Uncultured Legionella spp. were not observed in anaerobic
groundwater (supply B), confirming that these bacteria and
their protozoan hosts require oxygen for growth. Aeration of
the anaerobic groundwater at a temperature of about 10°C in
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the treatment facility of supply B did not lead to proliferation
of Legionella spp., but a strong increase was observed in water
after subsequent sand filtration (Figure 1). This increase may
be attributed to biofilm formation in the filter beds induced by
the presence of NOM, ammonia, and methane in the raw
water. Additional treatment steps for supply B did not clearly
affect the total Legionella concentration, which remained at a
level of about 10* cells liter *. The presence of Legionella spp.
in the aerobic groundwater of supply A suggests that biological
processes in the sand aquifer support the growth of these
bacteria, despite the high level of oligotrophic conditions
(NOM, <0.5 ppm of C). Legionella spp. have also been ob-
served in biofilms on surfaces exposed to water from surface
water embankment filtration (12). The elevated concentration
of Legionella spp. observed after limestone filtration may be
attributed to more intensive biofilm formation as a result of
a high level of hydraulic loading of the filter beds. Still, the
concentration of Legionella spp. in treated water of supply A
was about 1 log unit below the concentration in supply B,
which is consistent with the difference in the concentration of
ATP in treated water of these supplies. The large difference in
ATP concentrations between the two types of treated water
corresponds with the large difference in NOM concentrations.
Therefore, differences between the concentrations and levels
of diversity of Legionella spp. in these supplies may be related
to the difference in NOM concentrations.

Higher concentrations of uncultured Legionella spp. have
been reported for drinking water produced from treated sur-
face water, for lake water in the United States, and for treated
sewage (14, 28, 40). Concentrations of L. pneumophila in
warm-water installations generally range from 10° to 10’ CFU
liter ' (3, 16). The concentration of NOM is one of the water
quality parameters affecting the concentration of Legionella.
The concentrations of Legionella spp. observed at low temper-
atures in supplies A and B may be indicative of the growth
potential of culturable L. pneumophila and L. anisa in these
water types at elevated temperatures. However, quantitative
data are not available to demonstrate such a relationship.

Diversity of the Legionella community in relation to environ-
mental conditions. The temperature of water directly after
treatment of supplies A and B ranged from 9.5 to 13.5°C
throughout the year (Table 1). The increase in the concentra-
tion of Legionella spp. in water during treatment therefore
suggests that the identified OTUs represent organisms which
most likely had multiplied at these temperatures. L. pneumo-
phila or L. anisa was observed in these environments but have
been cultured from samples from installations for warm tap
water and natural warm-water habitats. Legionella spp., e.g., L.
birminghamensis, L. maceachernii, and L. parisiensis, and clone
sequences retrieved from slow sand filtrate at 20°C (5) differed
from those found in the present investigation and in treated
water at 10 to 15°C in an earlier study (40). Furthermore,
Legionella spp. observed in a geothermic habitat at 30°C, with
L. sainthelensi predominating, differed from the species ob-
served at 35 and 38°C (35). These observations indicate that
temperature differences of 5 to 10°C have a clear impact on the
Legionella species predominating in specific aquatic habitats.

A specific clone type (Tang 5-5), previously retrieved from
treated anaerobic groundwater (40), predominated in the
treated water of supply B. The clone library of treated water of

APPL. ENVIRON. MICROBIOL.

supply A is also dominated by certain sequence types previ-
ously obtained from treated aerobic groundwater (Tag se-
quences). Furthermore, a specific clone type that had been
retrieved from treated surface water (TSW 3-3) predominated
in two biofilm samples from the distribution system of supply
B. These results suggest that certain yet-unknown environmen-
tal conditions in different ecosystems support growth of the
same Legionella species, which have been described as
ecotypes (7).

All water and biofilm samples contained a great diversity of
Legionella spp. (Tables 2 to 4). UPGMA clustering of the
Legionella populations shows that different populations were
observed in different water types and biofilms, although pop-
ulations observed within a water supply clustered together
(Fig. 3). Environmental conditions in treated water differ from
those in biofilms in distribution systems and may be responsi-
ble for the observed differences in the community structures of
Legionella. Table 4 shows that the average total species rich-
ness in the biofilm of supply A is clearly higher than that in
the biofilm of supply B. This observation is consistent with the
difference in richness of OTUs of free-living protozoa in the
biofilms in these supplies (38). Apparently, a low concentration
of NOM corresponds with greater diversity of Legionella and
protozoa species compared to those in water with a high NOM
concentration. This inverse relationship between the availabil-
ity of food or energy sources and genetic diversity is consistent
with observations on the diversity of (micro)organisms in nat-
ural aquatic environments (18).

In conclusion, this study confirmed that a great diversity of
Legionella spp. is able to multiply at a low temperature in
biofilms on surfaces exposed to treated water, even at a low
NOM concentration.
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