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An investigation of the chemical environment and growth of Legionella pneumophila in plumbing systems
was conducted to gain a better understanding of its ecology in this habitat. Water samples were collected from
hospital and institutional hot-water tanks known to have supported L. pneumophila and were analyzed for 23
chemical parameters. The chemical environment of these tanks was found to vary extensively, with the
concentrations of certain metals reaching relatively high levels due to corrosion. The effect of various chemical
conditions on L. pneumophila growth was then examined by observing its multiplication in a series of tap water
samples artificially supplemented with various concentrations of metals. Additionally, growth of L. pneumo-

phila was examined in a more natural setting by monitoring its multiplication in the chemically analyzed
hot-water tank samples after sterilization and reinoculation with L. pneumophila. L. pneumophila and
associated microbiota used in these experiments were obtained from a hot-water tank. These strains were

maintained in tap water and had never been passaged on agar. The results of the growth studies indicate that
although elevated concentrations of a number of metals are toxic, lower levels of certain metals such as iron,
zinc, and potassium enhance growth of naturally occurring L. pneumophila. Parallel observations on

accompanying non-Legionellaceae bacteria failed to show the same relationship. These findings suggest that
metal plumbing components and associated corrosion products are important factors in the survival and
growth of L. pneumophila in plumbing systems and may also be important in related habitats such as cooling
towers and air-conditioning systems.

Legionella pneumophila is a common contaminant of
plumbing systems, especially hot-water systems, in hospi-
tals, hotels, and apartment buildings (3, 12, 13, 32, 35, 40). It
survives in these potable water systems despite the presence
of chlorine residuals typically found in municipal water
supplies (20). The high frequency of recovery of L. pneumo-
phila from hot-water systems in particular implicated hot-
water tanks as important propagating sites in these buildings
(40). In addition to surviving in plumbing systems, the
organism is capable of multiplying in tap water at tempera-
tures typical of those found at the bottom of large institu-
tional hot-water tanks (42).

L. pneumophila appears to have some special metal re-
quirements. Media used for isolation of legionellae are
routinely supplemented with iron to enhance recovery (15,
37). Furthermore, while developing chemically defined me-
dia for growth of L. pneumophila, several investigators have
identified additional metals that stimulate its growth in the
laboratory (28, 33). Given the metallic nature of plumbing
systems, a question arises concerning the effects of metals
leached from hot.water tanks and pipes on survival and
growth of L. pneumophila.
To obtain a better understanding of the ecology of L.

pneumophila in plumbing systems, we conducted a study to
investigate the chemical environment in this habitat and the
influence of this environment on the growth of L. pneumo-
phila populations. The chemical environment was investi-
gated by the analysis of samples obtained from hot-water
tanks for a number of metallic and nonmetallic parameters.
The influence of the chemical environment on the growth of
L. pneumophila and associated non-Legionellaceae bacteria

* Corresponding author.

was studied by the observation of the multiplication of L.
pneumophila derived from hot-water tanks and non-
Legionellaceae bacteria in tap water samples supplemented
with specific metals. In an attempt to simulate "real-life"
conditions, the L. pneumophila used had never been agar
passaged and was part of an inoculum that also contained the
non-Legionellaceae bacteria normally found living with L.
pneumophila in hot-water tanks. The effects of metals on L.
pneumophila multiplication were then examined in a more
natural setting by monitoring the growth of L. pneumophila
that had been derived from hot-water tanks and reinoculated
into 15 hot-water tank samples collected as part of the
chemical survey.

MATERIALS AND METHODS

Bacteria. A hot-water tank sample which contained 160 and
74,000 CFU of L. pneumophila and non-Legionellaceae
bacteria per ml, respectively, served as the initial source of
the naturally occurring bacteria used in the growth studies.
Direct immunofluorescence testing indicated that the ioslate
of L. pneumophila in this sample was serogroup 1. It was
assumed that the reactions of this isolate would be fairly
representative of the behavior of L. pneumophila in general.
The most prevalent non-Legionellaceae bacteria were
presumptively identified as a Flavobacterium sp. They
consisted of yellow-to orange-pigmented, smooth, entire,
slightly mucoid colonies on unsupplemented buffered
charcoal-yeast extract (UNBCYE) agar with no growth on
MacConkey agar. The bacterium was a gram-negative
bacillus, asporogenous, nonmotile, and oxidase and catalase
positive. Also recovered from the water stock culture were
three other unidentified non-Legionellaceae bacteria which
formed faint purple-, green-, and white-pigmented colonies
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TABLE 1. Chemical characteristics of 15 hot-water tank samples

Amt (mg/liter)a
Parameter

Avg Maximum Minimum

Hardness 97 130 72
Ca 22.6 32.0 12.0
Mg 9.9 19.4 5.4
Alkalinity 32 55 8
Cl 22.0 65.0 14.7
TOCb 7.97 86.3 1.42

a Average pH, 7.62; maximum pH, 7.76; minimum pH, 7.14.
bTOC, Total organic carbon content.

on UNBCYE agar. These naturally occurring L. pneumo-
phila and associated microbiota were maintained in the
laboratory as a water stock culture by periodic transfer into
membrane-filter-sterilized tap water collected from a tap in
the laboratory. A cellulosic nitrate membrane (Micro
Filtration System, Dublin, Calif.) having a pore size of 0.20
,um was used to sterilize the tap water samples which served
as growth media for the bacteria. Serial transfers of the
naturally occurring bacteria were made into sterile water
when the growth of L. pneumophila was in the late
exponential-to-early stationary phase. This typically oc-
curred between 18 and 21 days after inoculation. These
cultures were diluted 1:100 in the membrane-filter-sterilized
water and incubated in polypropylene bottles in a room-air
incubator at 35°C.

This system of maintaining water stock cultures of L.
pneumophila permits laboratory study of this bacterium
under conditions similar to those of the natural environment.
Other investigators have used cultures of L. pneumophila
that have been maintained on an artificial medium. How-
ever, artificial-medium-grown L. pneumophila may behave
differently from water-grown strains. Ormsbee et al. (23)
have shown that prolonged cultivation on an artificial me-
dium reduces virulence of L. pneumophila in guinea pigs.
Work with Pseudomonas aeruginosa indicates that growing
a single subculture of this bacterium on an artificial medium
reduces its resistance to disinfectants (10) and lessens its
ability to grow in distilled water (14). Similarly, tap-water-
adapted L. pneumophila have been shown to be more
resistant to chlorine than are agar-medium-passaged strains
(19).

In this study, L. pneumophila was enumerated by plating
dilutions of water cultures on differential glycine-
vancomycin-polymyxin B agar (37). Non-Legionellaceae
bacteria, which were present in the water stock culture,
were enumerated by plating dilutions of the culture on
UNBCYE agar (40). UNBCYE agar is prepared the same
way as buffered charcoal-yeast extract agar (24) except that
L-cysteine and ferric PPi are not added.
Chemical analysis. Fifteen 500-ml water and sediment

samples were collected from the bottom drain valves of
hot-water tanks located in hospitals, dormitories, and gym-
nasiums in Pittsburgh. Each sample was analyzed for or-
ganic carbon content with a DC54 total organic carbon
analyzer (Dohrmann Envirotech, Santa Clara, Calif.). Total
and dissolved concentrations of 16 metals (see Table 2) were
measured by flame or graphite furnace atomic absorption
spectrophotometry with a spectrophotometer (model 503;
Perkin-Elmer Corp., Norwalk, Conn.). For this study, dis-
solved metals were defined as those passing through a
0.45-p.m-pore membrane filter. Total metals were defined as
the concentration of metals in an unfiltered sample after

vigorous digestion. Alkalinity, pH, and hardness and chlo-
ride, sulfate, calcium, and magnesium contents were mea-
sured by mercuric nitrate, turbidimetric, sulfuric acid
titrimetric, electrometric, or EDTA titrimetric methods as
described by the American Public Health Association (2).

Multiplication studies. In the first set of experiments, the
hot-water-tank-derived water stock culture containing both
L. pneumophila and non-Legionellaceae bacteria was used
to inoculate metal-supplemented tap water samples. The tap
water was collected from a laboratory tap. Before inocula-
tion, the samples were amended with either 0.05, 0.5, 1, 10,
or 100 mg or one of the following metals per liter: Al, Ca, Cu,
Cd, Fe, K, Mg, Mn, Pb, or Zn. In certain cases, several of
these metals were combined in various samples. Metal stock
solutions were prepared from the following analytical rea-
gent-grade sulfate salts: A12(SO4)3 18H20, CaSO4 2H2O,
CuSo4. 5H20, 3CdSO4. 8H2O, FeSO4 7H2O, K2SO4,
MgSO4 .7H20, MnSO4. H20, PbSO4, and ZnSO4- 7H2O.
In the case of iron, solutions were prepared alternately from
both sulfate and chloride salts (FeCl2 4H20) to ensure that
observed growth effects were associated with the metal
cation rather than the anion. After pasteurization in a water
bath (30 min at 60°C), each 100-ml metal-amended sample
was inoculated with 1 ml of the water stock culture contain-
ing L. pneumophila in late exponential phase. Duplicate tap
water control samples containing no metal supplement were
also prepared. All samples were incubated in the dark in a
room-air incubator at 35°C. Samples were cultured weekly
on differential glycine-vancomycin-polymyxin B agar for a
5-week period, and population growth was noted. Plates
were incubated for 6 days at 35°C in sealed plastic bags to
prevent dehydration. Select samples were also cultured on
UNBCYE agar to monitor growth of non-Legionellaceae
bacteria. Each experiment was performed at least twice.

In the second growth study, the effects of metal on L.
pneumophila multiplication were examined in the hot-water-
tank samples themselves. Before use in the study, the
samples were stored in the dark at 4°C. At the beginning of
the experiment, 10-ml unfiltered aliquots of each of the
original 15 hot-water-tank samples were pasteurized and
reinoculated with 0.1 ml of the stock culture that had been
derived from hot-water tanks, yielding an initial population
density of 500 CFU of L. pneumophila per ml. These
cultures were incubated in the dark in a room-air incubator
at 35°C. As in the tap water growth study, all samples were
subsequently cultured weekly on differential glycine-
vancomycin-polymyxin B agar for a 5-week period.

RESULTS
Chemical survey. Table 1 shows the results of wet analysis

and organic carbon analysis of 15 hot-water tank samples.
Table 2 shows total and dissolved concentrations of 16
metals measured by atomic absorption spectrophotometry.
As the data indicate, chemical conditions varied widely in
these samples. In some cases, the concentrations of certain
metals reached relatively high levels. The highest concentra-
tions of Fe (69.9 mg/liter) and Zn (7.8 mg/liter) were substan-
tially greater than the typically low levels (< 0.025 mg/liter)
of these metals in finished water leaving the municipal water
treatment plant. Only a small fraction of the total metals
present in the hot-water tank samples was dissolved (Table
2). This was in part due to the relatively high pH values of
these waters.
Growth in metal-supplemented tap water. In studies of

metal-supplemented tap water, the unsupplemented tap wa-
ter control samples typically yielded a 2-log growth of L.
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TABLE 2. Metals in 15 hot-water tank samples
Total metal concn (mg/liter) Dissolved metal concn (mg/liter)

Metal
Avg Maximum Minimum Avg Maximum Minimum

Fe 12.412 69.970 0.275 0.190 1.346 0.010
Mn 0.646 6.300 0.026 0.078 0.480 0.002
Al 1.98 10.19 0.46 0.24 0.60 0.06
Zn 0.924 7.756 0.020 0.187 1.212 0.003
Cd 0.004 0.018 0.001 0.002 0.009 0.001
Cu 0.469 2.162 0.012 0.038 0.151 0.006
Cr 0.004 0.024 0.001 0.006 0.032 <0.001
Pb 0.047 0.178 0.006 0.007 0.023 0.005
Ag <0.001 0.002 <0.001 <0.001 0.001 0.001
Ba 0.082 0.222 0.018 0.048 0.132 0.029
Na 15.20 23.44 11.00 15.10 23.14 10.80
K 2.29 5.50 1.60 2.02 3.50 1.60
As 0.003 0.008 <0.001 0.002 0.005 0.001
Se 0.001 0.007 <0.001 0.001 0.006 <0.001
Ni 0.019 0.124 0.001 0.003 0.024 0.001
Co 0.008 0.060 0.001 0.002 0.009 0.001

pneumophila during the 5-week period. Of the 10 metals
studied in this experiment, higher concentrations (10 and 100
mg/liter) of aluminum, cadmium, copper, iron, lead, manga-
nese, and zinc apparently produced toxic effects on L.
pneumophila. The populations in these samples experienced
no growth and in most cases were actually reduced relatively
early during the 5-week period. Higher concentrations of
calcium, magnesium, and potassium did not appear to be
detrimental. Low concentrations of most of the metals
exerted no net influence on L. pneumophila populations.
However, low levels of "total" iron and zinc (0.5 and 1.0
mg/liter) and higher concentrations of potassium (1, 10, and
100 mg/liter) were associated with enhancement of L. pneu-
mophila growth which, in some cases, exceeded that ob-
served in the tap water control by as much as 1 log (Fig. 1).
Similar results were obtained when the combined effects of
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these elements were studied in samples containing all three
metals.

Additional trials were carried out to examine the individ-
ual and combined influence of iron, zinc, and potassium on
the growth of accompanying non-Legionellaceae bacteria.
While higher concentrations of iron and zinc (10 and 100
mg/liter) appeared to be toxic for these organisms, no
substantial growth enhancement could be associated with
lower levels of these metals. An increase of approximately
2.0 log CFU of the non-Legionellaceae bacteria occurred in
the unsupplemented control samples as well as in those
amended with 0.05, 0.5, or 1 mg of iron or zinc and 0.05, 0.5,
1, 10, and 100 mg of potassium per liter.
Growth in hot-water tanks. In the hot-water tank growth

experiment, the 15 samples differed substantially in terms of
L. pneumophila multiplication over the 5-week period.
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FIG. 1. L. pneumophila multiplication in tap water samples supplemented with various concentrations of metals.
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TABLE 3. Correlation coefficients for chemical parameters
correlated with greatest population size attained among 13
hot-water tank samples inoculated with L. pneumophila

Correlation Independent R Significance Significance
coefficient parameter of r of R

Simple Fe 0.919 0.001
Cl 0.499 0.1
Cr 0.494 0.1

Multiple Fe, Cl, Cr 0.860 0.001

While the above growth study with metal-amended tap water
involved variations in only one metal at a time, the hot-water
tank samples differed in a number of chemical properties. To
explain the observed differential growth, we preformed a
series of computer-assisted linear correlation analyses. A
simple correlation coefficient was calculated for the associ-
ation between each of the 23 chemical parameters originally
measured in the hot-water tank survey and the greatest
population size attained. Although chloride and chromium
showed a mild association with growth, iron was the only
parameter of the 23 that was significantly correlated (P =
0.001) (Table 3). Similarly, iron was the only one of these
three independent parameters to remain significant when the
effects of the other two independent parameters were statis-
tically held constant by using partial correlation techniques.
This procedure helps to control for the possibility that the
influence of Fe on growth is merely due to an indirect
association with another key chemical parameter. When the
effects of iron, chloride, and chromium were combined in a
multiple correlation analysis, the association with L. pneu-
mophila growth was again significant (P = 0.001).

It should be noted that the results of only 13 of the 15
samples were included in the correlation analysis. One
sample containing high concentrations of zinc (7 mg/liter)
and another containing high levels of iron (69 mg/liter) were
not included, since the apparent toxic effects induced by
these metals interfered with the interpretation of factors
influencing growth.

Figure 2 graphically depicts the association between total
iron and growth of L. pneumophila in the hot-water-tank
experiment. The sample containing apparently toxic levels
of zinc was again eliminated to permit better consideration of
iron effects. As the histogram indicates, increasing concen-
trations of iron were associated with enhanced L. pneumo-
phila growth until toxic levels were reached. That the
apparent toxic level of iron differed between the metal-
supplemented tap water growth study (Fig. 1) and the
hot-water-tank growth study (Fig. 2) may be attributed to
matrix differences between the two sets of samples. The
elevated total organic carbon levels and the relatively high
concentrations of metals in the hot-water-tank samples may
influence the effect of iron and bacteria.

DISCUSSION
Each of the hospitals included in the hot-water-tank chem-

ical survey had experienced sporadic cases of nosocomial
legionellosis during the previous year. All of the hot-water
tanks sampled, at one time or another, had been positive for
L. pneumophila. Each tank was heated by a centrally
located steam coil and was part of a recirculating hot-water
system. The tanks were constructed of copper-lined steel.
Associated plumbing and fixtures were constructed of a
variety of materials including copper, galvanized steel, and

aluminum. The high concentrations of metals detected in the
hot-water-tank water samples as part of the chemical survey
were most likely due to corrosion or leaching of the tanks,
associated plumbing, and solders. Metal levels were proba-
bly further increased by the tendency of water and sediment
in the bottom of the tank to become relatively stagnant.
Microorganisms inhabiting this part of the water system
would be exposed to this chemical environment. A question
posed by these data concerns the effects of the varied and, in
some cases, high concentrations of metals on L. pneumo-
phila growth.
The fact that most of the metals in these samples appeared

primarily in the "suspended" rather than the "dissolved"
phase does not preclude availability to microorganisms.
Although trace elements can exist as different physiochemi-
cal species in water, many factors can change the speciation
of a given element. In the case of iron, the dominant form in
the aquatic environment, ferric hydroxide, is relatively in-
soluble (pK,p = 38). This results in extremely low Fe(III) ion
activities [at a pH of 7, Fe(III) ions have a concentration of
only 10-18 M]. Iron siderophores are known to be produced
by L. pneumophila (W. J. Warren and R. D. Miller, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1980, D67, p. 49). As with
other siderophores, formation of these virtually ferric-
specific compounds is induced by growth in environments
low in either absolute or available iron. The siderophores in
turn solubilize and transport iron.

Toxicity effects were apparent in both of our growth
studies. In the experiment with supplemented tap water,
high concentrations of a number of metals (Al, Cd, Cu, Fe,
Pb, Mn, and Zn) appeared to be toxic to L. pneumophila.
Similarly, in the hot-water-tank study, 2 of the 15 samples,
containing high levels of iron or zinc, exhibited a complete
absence of growth or a diminshed survival rate, apparently
due to elevated concentrations of these metals. Toxic effects
of metals have been observed previously in many bacteria.
High concentrations of metals have been shown to affect
metabolic activity (1, 6, 16), survivability (1), diversity, and
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FIG. 2. L. pneumophila multiplication and Fe concentration in
hot-water tanks.
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stability of microbial communities (31). The influence of
metals can be attenuated or potentiated by a variety of
physiochemical characteristics of the environment (4, 5, 6).
Toxic effects result despite the existence of resistance mech-
anisms, which include selection for resistant strains (6, 29),
utilization of extracellular polysaccharides (7), plasmid-
specified resistance (8), and a variety of other energy-
dependent biochemical mechanisms (41). There is evidence
suggesting that bacteria undergo selection for increased
metal resistance as they pass through public drinking water
treatment and distribution systems (9). Additionally, it ap-
pears that L. pneumophila in hot-water plumbing systems
may generally be more tolerant of increased concentrations
of copper than are some other bacteria (17).

In addition of exerting toxic effects, metals also influenced
growth. Special metal and material requirements for growth
of L. pneumophila populations have been suggested by
earlier work. Investigators studying L. pneumophila multi-
plication in chemically defined media have shown that L.
pneumophila requires a greater variety of metals and is more
susceptible to the loss of metals by chelation than are P.
aeruginosa, Escherichia coli, or Salmonella typhimurium
(27, 28, 33). Colbourne et al. (11) demonstrated that certain
rubber components of water fittings support L. pneumophila
growth and may provide an ecological niche for the organism
within plumbing systems. Hoekstra et al. (17) observed that,
after pasteurization and reinoculation, L. pneumophila mul-
tiplied in a hospital hot-water system sample but not in a
freshly prepared drinking water sample, suggesting the pres-
ence of growth factors in hot-water systems not present in
other tap sources. The results of our growth studies indicate
that these factors may be metals leached from hot-water
tanks and associated plumbing. In our experiments, metals
significantly influenced the survival and growth of natural
populations of L. pneumophila derived from hot-water tanks
and maintained and studied only in tap and hot-water-tank
waters. Iron, zinc, and potassium each enhanced L. pneu-
mophila growth in the experiments with supplemented tap
water. Metals also stimulated multiplication in the hot-
water-tank experiment, thus further suggesting that these
effects occur in undisturbed plumbing systems. In the hot-
water-tank study, iron was the only metal that appeared to
affect growth. A lack of variation in the other metals among
the 15 samples may have obscured their potential growth-
supporting effects. The fact that metals added to the samples
either artificially or by corrosion substantially influenced L.
pneuomphila survival and growth relative to normal tap
water is not surprising considering the relatively low levels
of metals typically available in most tap waters after stan-
dard municipal water treatment.

Earlier work has suggested that L. pneumophila growth is
dependent on the support of algae (26, 34), amoebae (30, 36),
and non-Legionellaceae bacteria (38, 39). Although prelim-
inary studies of the water stock culture used in this study
have been unsuccessful in the detection of amoebae (39),
previous experiments with this series of isolates derived
from hot-water tanks have demonstrated satellitism between
L. pneumophila and several of the associated non-
Legionellaceae bacteria (38, 39). This indicates that these
bacteria may supply L. pneumophila with amino acids (e.g.,
L-cysteine) required by this bacterium and may thereby be
growth supporting. If this is true, the possibility exists that
metals indirectly enhance L. pneumophila growth by stimu-
lating the growth of these symbionts. However, analysis of
the influence of iron, zinc, and potassium on the growth of a
Flavobacterium sp. in our experiment indicates that the

influence of metal on L. pneumophila is greater than that on
the accompanying non-Legionellaceae bacteria. This sug-
gests that metal-induced growth enhancement of L. pneumo-
phila may not necessarily occur through non-Legionellaceae
bacteria.
The specific roles played by the influential metals in the

metabolism of L. pneumophila have not been determined. Of
the more than 100 elements in the periodic table, 30 have
been found to be required for microbial life in general.
However, not all of these elements are necessary for the
growth of each species (41). With the possible exception of
the lactic acid bacteria, iron is thought to be a universal
requirement for microbial cells whether they be procaryotes
or eucaryotes (22). Iron is an important component of
oxidation-reduction systems and a cofactor of some impor-
tant enzymes, as is zinc (18). The significance of potassium
for the growth and metabolism of bacteria has also been
demonstrated for a number of species (21, 25). However,
regardless of the exact biochemical function of these metals
in L. pneumophila metabolism, the results of this study
indicate that metal plumbing components and associated
corrosion products are important factors in the survival and
growth of L. pneumophila in drinking water plumbing sys-
tems. These results further suggest that metals may also be
important in related habitats such as cooling towers and
large air-conditioning systems.

ACKNOWLEDGMENTS
This work was supported in part by the City of Pittsburgh Water

Department. It was also sponsored by the Environmental Epidemi-
ology Center of the Graduate School of Public Health of the
Universtiy of Pittsburgh under the support of cooperative agreement
CR80681-01-2 with the U.S. Environmental Protection Agency.
We thank Monto Ho and John Kuchta for their advice, and Daryl

Smith, J. Thomas Bruecken, and Edward Blair for their encourage-
ment.

LITERATURE CITED
1. Albright, L. J., J. W. Wentworth, and E. M. Wilson. 1972.

Technique for measuring metallic salt effects upon the indige-
nous heterotrophic microflora of a natural water. Water Res.
6:1589-1596.

2. American Public Health Association. 1980. Standard methods for
the examination of water and wastewater, 15th ed. American
Public Health Association, Washington, D.C.

3. Arnow, P. M., and D. Weil. 1984. Legionella pneumophila
contamination of residential tap water, p. 240-241. In C.
Thornsberry, A. Balows, J. C. Feeley, and W. Jakubowski
(ed.), Legionella: proceedings of the 2nd international sympo-
sium. American Society for Microbiology, Washington, D.C.

4. Babich, H., and G. Stotzky. 1979. Physiochemical factors that
affect the toxicity of heavy metals to microbes in aquatic
habitats. In R. R. Colwell and J. Foster (ed.), Aquatic microbial
ecology. University of Maryland, College Park.

5. Babich, H., and G. Stotzky. 1982. Nickel toxicity to microbes:
effect of pH and implications for acid rain. Environ. Res.
29:335-350.

6. Barnhart, C. L., and J. R. Vestal. 1983. Effects of environmental
toxicants on metabolic activity of natural microbial communi-
ties. Appl. Environ. Microbiol. 46:970-977.

7. Bitton, G., and V. Freihofer. 1978. Influence of extracellular
polysaccharides on the toxicity of copper and cadmium toward
Klebsiella aerogenes. Microb. Ecol. 4:119-125.

8. Bopp, L. H., A. M. Chakrabarty, and H. L. Ehrlich. 1983.
Chromate resistance plasmid in Pseudomonas fluorescens. J.
Bacteriol. 155:1105-1109.

9. Calomiris, J. J., J. L. Armstrong, and R. J. Seidler. 1984.
Association of metal tolerance with multiple antibiotic resist-
ance of bacteria isolated from drinking water. Appl. Environ.

VOL. SO, 1985



APPL. ENVIRON. MICROBIOL.

Microbiol. 47:1238-1242.
10. Carson, L. A., M. S. Favero, W. W. Bond, and N. J. Petersen.

1972. Factors affecting comparative resistance of naturally
occurring and subcultured Pseiudoinoncias ireuginogsai to disin-
fectants. Appi. Environ. Microbiol. 23:863-869.

11. Colbourne, J. S., M. G. Smith, S. P. Fisher-Hoch, and D.
Harper. 1984. Source of Legionellai paeuintopliiia infection in a
hospital hot water system: materials used in water fittings
capable of supporting L. pneiuinophilat growth, p. 305-307. In C.
Thornsberry, A. Balows, J. C. Feeley, and W. Jakubowski
(ed.), Legionella: proceedings of the 2nd international sympo-
sium. American Society for Microbiology, Washington, D.C.

12. Cordes, L. G., A. M. Wisenthal, G. W. Gorman, J. P. Phair,
H. M. Sommers, A. Brown, V. L. Yu, M. H. Magnussen, R. D.
Meyer, J. S. Wolf, K. N. Shands, and D. W. Fraser. 1981.
Isolation of Legion(ellai pueimopliilai from shower heads. Ann.
Intern. Med. 94:195-197.

13. Dennis, P. J., J. A. Taylor, R. B. Fitzgeorge, C. L. R. Bartlett,
and G. I. Barrow. 1982. Legionelli pineuoplhili in water
plumbing systems. Lancet i:949-951.

14. Favero, M. S., L. A. Carson, W. W. Bond, and N. J. Petersen.
1971. Pseiudo1otnals aierulginosai: growth in distilled water from
hospitals. Science 173:836-838.

15. Feeley, J. C., G. W. Gorman, R. E. Weaver, D. C. Mackel, and
H. W. Smith. 1978. Primary isolation media for Legionnaires'
disease bacterium. J. Clin. Microbiol. 8:320-325.

16. Guthrie, R. K., F. L. Singleton, and D. S. Cherry. 1977. Aquatic
bacterial populations and heavy metals. 11. Influence of chemi-
cal content of aquatic environments on bacterial uptake of
chemical elements. Water Res. 11:643-646.

17. Hoekstra, A. C., D. van der Kooij, and W. A. M. Hijnen. 1984.
Bacteriological, chemical, and physical characteristics of sam-
ples from two hot water systems containing Legionella pnei-
n10op/Iil compared with drinking water from municipal water
works, p. 343-346. In C. Thornsberry, A. Balows, J. C. Feeley,
and W. Jakubowski (ed.), Legionella: proceedings of the 2nd
international symposium. American Society for Microbiology.
Washington, D.C.

18. Hutner, S. H. 1972. Inorganic nutrition. Annu. Rev. Microbiol.
26:313-346.

19. Kuchta, J. M., S. J. States, J. E. McGlaughlin, J. H. Overmeyer,
R. M. Wadowsky, A. M. McNamara, R. S. Wolford, and R. B.
Yee. 1985. Enhanced chlorine resistance of tap water-adapted
Legitionnellal pnieuinopliila as compared with agar-medium-
passaged strains. Appl. Environ. Microbiol. 50:21-26.

20. Kuchta, J. M., S. J. States, A. M. McNamara, R. M. Wadowsky,
and R. B. Yee. 1983. Susceptibility of LegionIella pieuln0ophilai
to chlorine in tap water. Appl. Environ. Microbiol. 46:
1134-1139.

21. Lester, G. 1958. Requirement for potassium by bacteria. J.
Bacteriol. 75:426-428.

22. National Research Council Committee on Medical and Biologic
Effects of Environmental Pollutants. 1979. Iron. University Park
Press, Baltimore.

23. Ormsbee, R. A., M. G. Peacock, W. D. Bickel, and P. Fiset.
1981. A comparison of some biologic characteristics of isolates
of the Legionnaires' disease bacterium. Ann. Clin. Lab. Sci.
11:53-62.

24. Pasculle, A. W., J. C. Feeley, R. J. Gibson, L. G. Cordes, R. L.
Myerowitz, C. M. Patton, G. W. Gorman, C. L. Carmack, J. W.
Ezzell, and J. N. Dowling. 1980. Pittsburgh pneumophila agent:
direct isolation from human lung tissue. J. Infect. Dis.

141:727-732.
25. Perry, J. J., and J. B. Evans. 1961. Role of potassium in the

oxidative metabolism of Micrococcus sodonensis. J. Bacteriol.
82:551-555.

26. Pope, D. H., R. J. Saracco, H. K. Gill, and C. B. Fliermans.
1982. Growth of Legiotnella pacumophila in two membered
cultures with green algae and cyanobacteria. Curr. Microbiol.
7:319-322.

27. Quinn, F. D., and E. D. Weinberg. 1984. Susceptibility of
Legionella pneuinoplhila to iron-binding agents, p. 77-79. In C.
Thornsberry, A. Balows, J. C. Feeley, and W. Jakubowski
(ed.), Legionella: proceedings of the 2nd international sympo-
sium. American Society for Microbiology, Washington, D.C.

28. Reeves, M. W., L. Pine, S. H. Hutner, J. R. George, and W. K.
Harrell. 1981. Metal requirements of Legionella pneiinophila.
J. Clin. Microbiol. 13:688-695.

29. Remacle, J. 1981. Cadmium uptake by freshwater bacterial
communities. Water Res. 15:67-71.

30. Rowbotham, J. J. 1981. Preliminary report on the pathogenicity
of Legionellai paeuitnoplhila for freshwater and soil amoebae. J.
Clin. Pathol. 33:1179-1183.

31. Singleton, F. L., and R. K. Guthrie. 1977. Aquatic bacterial
populations and heavy metals. I. Composition of aquatic bacte-
ria in the presence of copper and mercury salts. Water Res.
11:639-642.

32. Stout, J., V. L. Yu, R. M. Vickers, J. Zuravleff, M Best, A.
Brown, R. B. Yee, and R. Wadowsky. 1982. Ubiquitousness of
Legionella pcium0opliila in the water supply of a hospital with
endemic Legionnaires' disease. N. Engl. J. Med. 306:466-468.

33. Tesh, M. J., and R. D. Miller. 1982. Growth of Legionella
pneiumopihila in defined media: requirement for magnesium and
potassium. Can. J. Microbiol. 28:1055-1058.

34. Tison, D. L., D. H. Pope, W. B. Cherry, and C. B. Fliermans.
1980. Growth of Legionell(i pneiunophlila in assocation with
blue-green algae (cyanobacteria). Appl. Environ. Microbiol.
39:456-459.

35. Tobin, J. O., J. Beare, M. S. Dunnill, S. Fisher-Hoch, M.
French, R. G. Mitchell, P. J. Morris, and M. F. Muers. 1980.
Legionnaires' disease in a transplant unit: isolation of the
causative agent from shower baths. Lancet ii:118-121.

36. Tyndall, R. L., and E. L. Domingue. 1982. Cocultivation of
Legionella pneiunopliila and free-living amoebae. Appl.
Environ. Microbiol. 44:954-959.

37. Wadowsky, R. M., and R. B. Yee. 1981. Glycine-containing
selective medium for isolation of Legionellaceeae from environ-
mental specimens. Appl. Environ. Microbiol. 42:768-772.

38. Wadowsky, R. M., and R. B. Yee. 1983. Satellite growth of
Legionella peiuinophill with an environmental isolate of Fla-
v'obacterium breve. Appl. Environ. Microbiol. 46:1447-1449.

39. Wadowsky, R. M., and R. B. Yee. 1985. Effect of non-
Legionellaceace bacteria on the multiplication of Legionella
pneuinophila in potable water. Appl. Environ. Microbiol.
49:1206-1210.

40. Wadowsky, R. M., R. B. Yee, L. Mezmar, E. J. Wing, and J. N.
Dowling. 1982. Hot water systems as sources of Legionella
pnenauophila in hospital and nonhospital plumbing fixtures.
Appl. Environ. Microbiol. 43:1104-1110.

41. Wood, J. M., and H.-K. Wang. 1983. Microbial resistance to
heavy metals. Environ. Sci. Technol. 17:582-590.

42. Yee, R. B., and R. M. Wadowsky. 1982. Multiplication of
Legionella pneiinopIhila in unsterilized tap water. Appl.
Environ. Microbiol. 43:1330-1334.

1154 STATES ET AL.


