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Earlier field and laboratory studies have shown that Legionella species survive and multiply in the pH range

5.5 to 9.2. Additionally, the technical feasibility of operating cooling towers at elevated alkalinities and pH has
previously been documented by published guidelines. The guidelines indicate that these conditions facilitate
corrosion control and favor chlorine persistence which enhances the effectiveness of continuous chlorination in
biofouling control. This information suggests that control of Legionella species in cooling towers can be
accomplished by operating the towers under alkaline conditions. To test this possibility, we collected water
samples over a period of months from a hospital cooling tower. The samples were analyzed for a variety of
chemical parameters. Subsamples were pasteurized and inoculated with non-agar-passaged Legionella
pneumophila which had been maintained in tap water. Correlation of subsequent Legionella growth with
corresponding pH and alkalinity values revealed statistically significant inverse associations. These data
support the hypothesis that operating cooling towers outside of the optimal conditions for Legionella growth
(e.g., at elevated alkalinities and a pH greater than 9) may be a useful approach to controlling growth in this
habitat.

Cooling towers and evaporative condensers have been
implicated in a number of outbreaks of Legionnaires disease
(4, 8, 9, 17, 19). Surveys of various heat rejection systems,
including well-maintained ones, have indicated that contam-
ination with Legionella species and other bacteria is rela-
tively common (1, 11, 14, 27, 28, 30, 40). A number of
biocides have been shown to be effective against legionellae
in the laboratory (20, 24, 28, 33, 39). Treatment with these
biocides has been generally unsuccessful under field condi-
tions since cooling towers typically contain organic matter
and are exposed to light and aeration and since legionellae in
this habitat may be protected from disinfectants by extracel-
lular products of other microflora (5, 11, 16, 21, 27, 28).
Chlorination appears to be the most reliable treatment to
date (13, 14). However, Legionella pneumophila has been
shown to be relatively resistant to disinfection with chlorine
(25, 26), and heavy chlorination can cause increased cooling
system corrosion. In light of these problems it has been
suggested that better methods are needed to control Legion-
ella contamination in cooling systems (4, 5, 8, 11, 31, 32).

Previous studies indicate that Legionella species are pH
sensitive. Surveys of natural habitats have detected this
organism in the pH range 5.5 to 8.1 (15). Similarly, labora-
tory studies have shown that L. pneumophila multiplies in
tap water only in the pH range 5.5 to 9.2 (36).
The pH of cooling water is also an important consideration

in the treatment programs of heat rejection systems. Corro-
sion, scaling, and biofouling are processes that can minimize
heat transfer, reduce flow rates, and cause premature equip-
ment failure in these systems. Recent guidelines for the
chemical treatment of cooling towers have encouraged main-
tenance at higher pH levels (23). A higher-pH environment
improves corrosion control. Additionally, owing to en-
hanced chlorine persistence, continuous chlorination at
higher pH has been demonstrated to be more effective for
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general biofouling control than intermittent chlorination at
low pH (7).
The documented pH limitations of Legionella species and

the feasibility of maintaining higher pH levels in cooling
systems suggest that operating under alkaline conditions can
be a suitable method for controlling legionellae in cooling
towers and evaporative condensers. To test this hypothesis,
we conducted a study in which water samples were collected
from the condenser and cooling tower basin of a hospital
cooling system over 5 months. Chemical analyses were
conducted on these samples. Subsamples were pasteurized
and inoculated with naturally occurring L. pneumophila.
Correlations were then calculated between Legionella
growth and chemical composition. The purpose was to
determine the extent to which pH, alkalinity, and other
chemical parameters affect Legionella growth in this envi-
ronment and to evaluate the potential utilization of these
factors for bacterial control.

MATERIALS AND METHODS

Bacteria. A water sample was collected from another
cooling tower located in the same hospital as the tower used
in this investigation. This sample served as the initial source
of the naturally occurring bacteria used in the growth stud-
ies. The sample contained 105 CFU of L. pneumophila per
ml and a substantial number of unidentified non-Legionel-
laceae bacteria. Direct immunofluorescence testing indi-
cated that the isolate of L. pneumophila belonged to
serogroup 1.
These naturally occurring L. pneumophila and associated

bacteria were maintained in the laboratory as a water stock
culture by periodic transfer into filter-sterilized tap water.
Details on the maintenance of the water stock culture have
been presented previously (34). Use of non-agar-passaged
legionellae from a water stock culture is advantageous in
light of the demonstrated changes in growth, virulence, and
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TABLE 1. Chemical characteristics of cooling tower samples

Basin Condenser Tap water
Parameter

Range" Avg SD Range' Avg SD (control) (avg)"

pH 6.83-8.63 7.83 0.53 6.98-8.46 7.82 0.44 7.88
Hardness 192-1,284 776 301 528-1,276 853 167 102
Ca 46-442 244 106 154-434 273 62 30
Mg 9.70-55.4 40.2 12.5 34.0-53.5 42.5 5.64 6.8
Alkalinity 36-208 131 56 84-210 143 39.2 30
Cl 80-340 196 68 160-310 219 43 20
Total organic carbon 3.76-18.1 11.0 3.84 7.61-18.5 11.9 3.58 1.66
Total dissolved solids 221-1,840 1,002 430 682-1,670 1,118 223 154
S04 363-1,088 747 201 450-1,075 819 141 105

aAll results expressed as milligrams per liter except pH.

resistance to disinfection exhibited by bacteria maintained
on artificial medium (6, 12, 25, 30).

L. pneumophila was enumerated by plating dilutions of
water cultures on differential glycine-vancomycin-poly-
myxin B (DGVP) agar (37). Non-Legionellaceae bacteria,
when counted, were enumerated by plating dilutions of the
culture on UNBCYE agar (38). Before counting, the plates
were incubated for 6 days at 35°C in sealed plastic bags to
prevent dehydration.
Chemical analyses. Thirteen sets of water samples were

collected at approximately 2-week intervals from the hospi-
tal cooling tower basin and condenser during July through
November 1984. A chemical analysis was conducted on each
sample. Chloride, sulfate, alkalinity, pH, dissolved solids,
hardness, calcium, and magnesium were measured by mer-

curic nitrate, turbidimetric, sulfuric acid titrimetric, electro-
metric, conductivity, and EDTA methods as described by
the American Public Health Association (2). Organic carbon
content was determined with a Dohrman Envirotech (Santa
Clara, Calif.) DC54 total organic carbon analyzer. The
concentrations of nine metals (see Table 2) were measured
by flame or graphite furnace techniques with an atomic
absorption spectrophotometer (model 503; The Perkin-
Elmer Corp., Norwalk, Conn.).

Multiplication studies. Each of the basin and condenser
samples collected from the cooling system was evaluated for
its ability to support Legionella growth. After collection, the
samples were stored in the dark at 4°C. At the beginning of
the experiment, 100-ml unfiltered portions of each of the
samples were pasteurized in a water bath by incubation for
30 min at 60°C. While this treatment eliminates legionellae
and associated bacteria, it does not remove the dead organ-

isms and may not eliminate certain microorganisms such as

amoebic cysts. Membrane filtration was not employed since

a portion of the metals in the samples was in suspended
rather than dissolved form and filtration would have altered
the chemical composition of the samples. After pasteuriza-
tion, each 100-ml sample was inoculated with 1.0 ml of the
water stock culture containing L. pneumophila in the late
exponential phase. The initial Legionella concentration in
the sample was approximately 103 CFU/ml. The inoculated
samples were then incubated in the dark in air at 35°C. Each
sample was cultured weekly on DGVP agar for a 5-week
period to monitor the growth of L. pneiumophila.

RESULTS
Chemical survey. The results of wet chemical and organic

carbon analysis of the 13 basin and condenser samples are

summarized in Table 1. The concentrations of nine metals in
these samples are described in Table 2. The chemical char-
acteristics of a tap water sample typical of that used for the
cooling system makeup water have been included for pur-
poses of comparison. As the data indicate, chemical condi-
tions varied widely for almost all parameters over the
5-month period (e.g., alkalinity varied from 36 to 210
mg/liter; Mo concentrations ranged from 0.53 to 45.5
mg/liter). Additionally, with the exception of pH, Mn, and
Cd, the values of all chemical factors in the samples differed
substantially from those in tap water.

Multiplication experiment. To investigate the effects of
various chemical conditions on Legionella growth, we inoc-

ulated the basin and condenser samples with water stock
culture. Over a 5-week period the observed growth varied
substantially from sample to sample. Multiplication ranged
from a low of 0.19 log CFU/ml to a high of 2.59 log CFU/ml.
Computer-assisted linear correlation analyses were per-
formed to examine the association between L. pneiumophila
growth and chemical characteristics. Simple correlation co-

TABLE 2. Metals in cooling tower samples

Concn (mg/liter)

Metal Basin Condenser Tap water

Range Avg SD Range Avg SD (control) (avg)

Fe 0.109-0.924 0.372 0.262 0.365-2.158 1.324 0.625 0.038
Mn 0.018-0.097 0.047 0.023 0.036-0.103 0.066 0.023 <0.010
Al 1.18-8.81 5.85 2.24 3.26-8.78 6.77 2.08 0.820
Na 14.60-32.44 29.93 5.71 31.54-32.40 32.15 0.24 8.60
K 2.50-15.46 10.79 3.98 8.60-15.38 12.35 1.60 1.50
Zn 0.472-2.368 1.156 0.746 0.680-2.829 1.343 0.744 <0.010
Cd 0.001-0.010 0.002 0.004 0.001-0.010 0.002 0.004 <0.001
Cu 0.145-2.670 0.713 0.866 0.261-2.807 1.031 0.982 <0.010
Mo 0.53-41.33 18.05 12.71 7.00-45.50 21.70 12.23 0.130
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TABLE 3. Correlation coefficients for chemical parameters correlated with multiplication of L. pneumophila
in inoculated cooling tower samples

Simple correlation coefficients Multiple correlation coefficients
Location of sample Independent Significance Independent Significance

parameter r of r parameter R of R

Basin (n = 13) --a

Condenser (n = 13) Alkalinity -0.806 0.001 Alkalinity, pH 0.691 0.005
pH -0.725 0.01

Basin and condenser combined Alkalinity -0.546 0.005 Alkalinity, pH, Mn 0.493 0.005
(n = 26) pH -0.542 0.005

Mn + 0.533 0.01
a_, None.

efficients were calculated for the association between each
chemical parameter measured in the samples and L. pneu-
mophila multiplication expressed as log CFU per milliliter.
All parameters which correlated with multiplication at the P
- 0.01 level of significance were combined, and a multiple
correlation coefficient was calculated for L. pneumophila
growth. Table 3 lists the significant correlation coefficients.
The multiple correlations suggest that the chemical environ-
ment, in general, significantly affected Legionella growth (P
= 0.005). The simple correlation coefficients indicate a
significant inverse relationship between Legionella multipli-
cation and alkalinity and pH (P = 0.01 to 0.001). Mn is
positively correlated with growth to a lesser extent (P =
0.01). The observed inverse relationships between alkalinity
and pH with growth are graphically depicted in Fig. 1 and 2,
respectively. L. pneumophila multiplication was least
(00.65 log CFU/ml) when pH exceeded 8.2 and alkalinity
exceeded 200 mg/liter. Growth was greatest (>2.0 log
CFU/ml) when pH levels were less than 7.3 and alkalinity
values were lower than 100 mg/liter.

DISCUSSION

Cooling towers provide an ideal ecological niche for the
amplification and dissemination of Legionella species and a
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FIG. 1. L. pneumophila multiplication and alkalinity in cooling

tower condenser samples.

variety of other bacteria, algae, and protozoa (13, 18). Not
all cooling towers or evaporative condensers have a regular
water treatment program. Of those that do, the primary
concern is usually with corrosion and scale. Only the larger
systems incorporate programs for the control of microorgan-
isms (29). The cooling tower utilized in this study is ldcated
in a hospital that has experienced sporadic cases of noso-
comial legionellosis during the past several years. This tower
and another in the same building have been positive for
Legionella species at various times in the past and continued
to be positive during the period of study at a level of 102
CFU/ml. This particular cooling system is constructed of a
variety of materials including galvanized steel and copper.
At the time of the study, treatment consisted of weekly
doses of a molybdate compound for corrosion inhibition and
polyacrylate and a dispersant for scale and fouling control.
Chlorine, in the form of liquid sodium hypochlorite, was
added intermittently for disinfection. The ineffectiveness of
the disinfection program led to consideration of an alternate
approach.
The levels of certain chemical factors in the cooling

system samples were elevated relative to those of the tap
water control (Tables 1 and 2). This resulted from a combi-
nation of concentration, treatment, and corrosion effects.
Dissolved solids, hardness, sulfate, alkalinity, Cl, Ca, Mg,
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FIG. 2. L. pneumophila multiplication and pH in cooling tower
condenser samples.
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Na, K, and Al levels increased a number of times owing to
cycles of concentration within the system. The increases in

Mo and total organic carbon are treatment effects resulting
from the use of molybdate and polyacrylate scale and
corrosion inhibitors. The increased concentrations of Fe,
Cu, and Zn are likely associated with corrosion and leaching
of metallic components of the system. Legionella species
and other organisms inhabiting the cooling system are ex-

posed to this chemical environment. The question posed by
the study is the extent to which they are affected and the
potential use of certain of the factors in controlling these
microorganisms.
Attempts have been made previously to elucidate environ-

mental and operating factors that influence Legionella
growth in cooling towers (21, 39). In the current investiga-
tion we found L. pneumophila multiplication to be inversely
correlated with pH and alkalinity and, to a lesser extent,
positively correlated with Mn concentrations (Table 3; Fig. 1
and 2). This observed inverse correlation with pH is consist-
ent with the field and laboratory observations of Fliermans et
al. (15) and Wadowsky et al. (36). The existence of a pH
tolerance range for Legionella species reflects the fact that
its natural habitat is the outdoor aquatic environment. The
observed tolerance range for legionellae is pH 5.5 to 9.2,
while the usual pH for open lakes varies between 6.0 and 9.0
(22). The inverse association with alkalinity appears to be
equally strong. This effect could be due to changes in the
availability of required or toxic metals and compounds as

alkalinity changes (3, 41). Additionally, since absorption of
microbial cells to solid surfaces in aquatic environments
affects microbial distribution and activity and since factors
such as electrolyte concentration influence absorption (18)
the alkalinity effect may be related to the absorption process.

The tendency for Mn to be positively associated with L.
pneumophila multiplication is similar to our earlier findings
on the effects of metals in hot water tanks and municipal
water systems on Legionella growth (34, 35). The intensity
of the relationship in this cooling system is less than that
observed in hospital hot water tanks. This difference may
reflect the relatively limited variation in metals concentra-
tion among samples in this study. Although added to the
cooling system in substantial concentrations as a treatment
agent (Table 1), the metal molybdenum did not appear to
affect Legionella growth.

While there are no clear-cut guidelines concerning the
extent to which cooling towers should be monitored or
treated for control of Legionella species, general approaches
have been recommended (5, 14). The results of the current
investigation suggest that elevated pH and alkalinity would
bring environmental conditions out of the tolerance range of
Legionella species and could be useful in controlling multi-
plication in cooling systems. Since current recommendations
encourage the use of higher pH for the control of corrosion
and fouling, the use of such an approach would be addition-
ally beneficial. On a practical basis, supplemental corrosion
inhibitors (e.g., zinc, chromate, orthophosphates, polyphos-
phates, or combinations of these) may be needed to supple-
ment this approach to control corrosion (23). Scaling, which
can result from higher pHs and alkalinities, can be inhibited
by the addition of organophosphorus compounds (10, 23).
Additionally, in some cases, commercially available biodis-
persants, along with low-level continuous chlorination, may

help to ensure that legionellae associated with a biofilm are

exposed to disinfectant and high pH-alkalinity conditions.
The optimal pH and alkalinity levels for control of Legion-

ella contamination must be determined in an operational

cooling tower. Our laboratory is presently pursuing these
studies.

LITERATURE CITED

1. Adams, A. P., M. Garbett, H. B. Rees, and B. G. Lewis. 1980.
Bacterial aerosols produced from a cooling tower using
wastewater effluent as makeup water. J. Water Pollut. Control
Fed. 52:498-501.

2. American Public Health Association. 1985. Standard methods for
the examination of water and wastewater, 16th ed. American
Public Health Association, Washington, D.C.

3. Babich, H., and G. Stotzky. 1979. Physiochemical factors that
affect the toxicity of heavy metals to microbes in aquatic
habitats, p. 119-132. In R. R. Colwell and J. Foster (ed.),
Aquatic microbial ecology. University of Maryland, College
Park.

4. Band, J. D., M. LaVenture, J. P. David, G. F. Mallison, P.
Skaliy, P. S. Hayes, W. L. Schell, H. Weiss, D. J. Greenberg, and
D. W. Fraser. 1981. Endemic Legionnaires' disease: airborne
transmission down a chimney. J. Am. Med. Assoc. 245:2404-
2407.

5. Broome, C. V. 1984. Current issues in epidemiology of legionel-
losis, 1983, p. 205-209. In C. Thornsberry, A. Balows, J. C.
Feeley, and W. Jakubowski (ed.), Legionella, Proceedings of
the 2nd International Symposium. American Society for Micro-
biology, Washington, D.C.

6. Carson, L. A., M. S. Favero, W. W. Bond, and N. J. Petersen.
1972. Factors affecting comparative resistance of naturally
occurring and subcultured Pseudomonas aeruginosa to disin-
fectants. Appl. Environ. Microbiol. 23:863-869.

7. Characklis, W. G., M. G. Trulear, N. Stathopoulos, and L. C.
Chang. 1980. Oxidation and destruction of microbial films, p.
349-368. In R. L. Jolly (ed.), Water chlorination: environmental
impact and health effects. Butterworth Publishers, Stoneham,
Mass.

8. Cordes, L. G., D. W. Fraser, P. Skaliy, C. A. Perlino, W. R.
Elsea, G. F. Mallison, and P. S. Hayes. 1980. Legionnaires'
disease outbreak at an Atlanta, Georgia, country club: evidence
for spread from an evaporative condenser. Am. J. Epidemiol.
111:425-431.

9. Dondero, T. J., R. C. Rendtorff, G. F. Mallison, R. M. Weeks,
J. S. Levy, E. W. Wong, and W. Schaffner. 1980. An outbreak of
Legionnaires' disease associated with a contaminated air-con-
ditioning cooling tower. N. Engl. J. Med. 302:362-370.

10. Elliott, T. C. 1985. Cooling towers. Power 129:1-16.
11. England, A. C., III, D. W. Fraser, G. F. Mallison, D. C. Mackel,

P. Skaliy, and G. W. Gorman. 1982. Failure of Legionella
pneumophila sensitivities to predict culture results from disin-
fectant-treated air-conditioning cooling towers. Appl. Environ.
Microbiol.43:240-244.

12. Favero, J. S., L. A. Carson, W. W. Bond, and N. J. Petersen.
1971. Pseudomonas aeruginosa: growth in distilled water from
hospitals. Science 173:836-838.

13. Fliermans, C. B. 1984. Philosophical ecology: Legionella in
historical perspective, p. 285-289. 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.

14. Fliermans, C. B., G. E. Bettinger, and A. W. Fynsk. 1982.
Treatment of cooling systems containing high levels of Legion-
ella pneumophila. Water Res. 16:903-909.

15. Fliermans, C. B., W. B. Cherry, L. H. Orrison, S. J. Smith,
D. L. Tison, and D. H. Pope. 1981. Ecological distribution of
Legionella pneumophila. Appl. Environ. Microbiol. 41:9-16.

16. Fliermans, C. B., and R. S. Harvey. 1984. Effectiveness of
1-bromo-3-chloro-5,5-dimethylhydantoin against Legionella
pneumophila in a cooling tower. Appl. Environ. Microbiol.
47:1307-1310.

17. Glick, T. H., M. B. Gregg, B. Berman, G. W. Mallison, W. W.
Rhodes, and I. Kassanoff. 1978. Pontiac fever: an epidemic of
unknown etiology in a health department. I. Clinical and epide-

APPL. ENVIRON. MICROBIOL.



ALKALINE TREATMENT FOR LEGIONELLAE IN COOLING TOWERS 1779

miological aspects. Am. J. Epidemiol. 107:149-160.
18. Gordon, A. S., and F. J. Millero. 1984. Electrolyte effects on

attachment of an estuarine bacterium. Appl. Environ. Micro-
biol. 47:495-499.

19. Gorman, G. W., J. C. Feeley, A. Steigerwalt, P. H. Edelstein,
C. W. Moss, and D. J. Brenner. 1985. Legionella anisa: a new
species of Legionella isolated from potable waters and a cooling
tower. Appl. Environ. Microbiol. 49:305-309.

20. Grace, R. D., N. E. Dewar, W. G. Barnes, and G. R. Hodges.
1981. Susceptibility of Legionella pneumophila to three cooling
tower microbicides. Appl. Environ. Microbiol. 41:233-236.

21. Grow, K. M., D. 0. Wood, J. H. Coggins, Jr., and E. D.
Leinbach. 1984. Environmental factors influencing growth of
Legionella pneumophila in operating, biocide-treated cooling
towers, p. 316-318. 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.

22. Hutchinson, D. E. 1957. A treatise on limnology. John Wiley &
Sons, Inc., New York.

23. Kemmer, F. N., and J. McCallion (ed.). 1979. The Nalco water
handbook. McGraw-Hill Book Co., New York.

24. Kobayashi, H., and M. Tsuzuki. 1984. Susceptibility of Legion-
ella pneumophila to cooling tower microbicides and hospital
disinfectants, p. 342-343. In C. Thornsberry, A. Balows, J. C.
Feeley, and W. Jakubowski (ed.), Legionella, Proceedings of
the 2nd International Symposium. American Society for Micro-
biology, Washington, D.C.

25. 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
Legionella pneuinophila as compared with agar-medium-
passaged strains. Appl. Environ. Microbiol. 50:21-26.

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

27. Kurtz, J. B., C. J. R. Bartlett, U. A. Newton, R. A. White, and
N. L. Jones. 1982. Legionella pneumophila in cooling water
systems: report of a survey of cooling towers in London and a
pilot trial of selected biocides. J. Hyg. 88:369-381.

28. Kurtz, J. B., C. Bartlett, H. Tillett, and U. Newton. 1984. Field
trial of biocides in control of Legionella pneumophila in cooling
water systems, p. 340-342. In C. Thornsberry, A. B3alows, J. C.
Feeley, and W. Jakubowski (ed.), Legionella, Proceedings of
the 2nd International Symposium. American Society for Micro-
biology, Washington, D.C.

29. Miller, R. P. 1979. Cooling towers and evaporative condensers.
Ann. Intern. Med. 90:667-670.

30. Morris, G. K., C. M. Patton, J. C. Feeley, S. E. Johnson, G.
Gorman, W. T. Martin, P. Skaliy, G. F. Mallison, B. D. Politi,
and D. C. Mackel. 1979. Isolation of the Legionnaires' disease
bacterium from environmental samples. Ann. Intern. Med. 90:
664-666.

31. Orrison, L. H., W. B. Cherry, and D. Milan. 1981. Isolation of
Legionella pneumophila from cooling tower by filtration. Appl.
Environ. Microbiol. 41:1202-1205.

32. Orrison, L. H., W. B. Cherry, R. L. Tyndall, C. B. Fliermans,
S. B. Gough, M. A. Lambert, L. K. McDougal, W. F. Bibb, and
D. J. Brenner. 1983. Legionella oakridgensis: unusual new
species isolated from cooling tower water. Appl. Environ.
Microbiol. 45:536-545.

33. Skaliy, P., T. A. Thompson, G. W. Gorman, G. K. Morris, H. V.
McEachern, and D. C. Mackel. 1980. Laboratory studies of
disinfectants against Legionella pneumophila. Appl. Environ.
Microbiol. 40:697-700.

34. States, S. J., L. F. Conley, M. Ceraso, T. E. Stephenson, R. S.
Wolford, R. M. Wadowsky, A. M. McNamara, and R. B. Yee.
1985. Effects of metals on Legionella pneumophila growth in
drinking water plumbing systems. Appl. Environ. Microbiol.
50:1149-1154.

35. States, S. J., L. F. Conley, J. M. Kuchta, B. M. Oleck, M. J.
Lipovich, R. S. Wolford, R. M. Wadowsky, A. M. McNamara,
J. L. Sykora, G. Keleti, and R. B. Yee. 1987. Survival and
multiplication of Legionella pneumophila in municipal drinking
water systems. Appl. Environ. Microbiol. 53:979-986.

36. Wadowsky, R. M., R. Wolford, A. M. McNamara, and R. B.
Yee. 1985. Effect of temperature, pH, and oxygen level on the
multiplication of naturally occurring Legionella pneumophila in
potable water. Appl. Environ. Microbiol. 49:1197-1205.

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

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

39. Wang, W. L., M. J. Blaser, J. Cravens, and M. A. Johnson.
1978. Growth, survival and resistance of the Legionnaires
disease bacterium. Ann. Intern. Med. 90:614-618.

40. Witherell, L. E., L. F. Novick, K. M. Stone, R. W. Duncan, L. A.
Orciari, D. A. Jillson, R. B. Myers, and R. L. Vogt. 1984.
Legionella pneumophila in Vermont cooling towers p. 315-316.
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.

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

VOL. 53, 1987


