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Sixteen strains from the six serogroups of Legionella pneumophila were ex-
amined for the presence of extrachromosomal genetic elements by a modified
cleared lysate procedure, dye-buoyant centrifugation, and agarose gel electropho-
resis. Two strains, Atlanta-1 and Atlanta-2 from serogroup II, each contained a
plasmid of cryptic function with a molecular weight of ca. 30 megadaltons.

Legionella pneumophila (2) is the etiological
agent of legionellosis, which has two markedly
different clinical presentations: Legionnaires dis-
ease, a pneumonic form with a significant case
fatality rate, and Pontiac fever, a nonpneumonic
form which is not fatal. During the July 1976
outbreak of legionellosis at the Bellevue-Strat-
ford Hotel in Philadelphia, 221 people became
ill, of whom 34 died from pneumonia or its
~omplications (6). More than 600 cases of le-
zionellosis have now been reported from more
:han 40 states of the United States, Australia,
Canada, Denmark, England, Greece, Israel, It-
aly, The Netherlands, Norway, Scotland, Spain,
Sweden, West Germany, and Yugoslavia. It has
been estimated that there are approximately
26,000 undiagnosed cases of legionellosis in the
United States per year (13).

The Legionnaires disease bacterium, L. pneu-
mophila, is a fastidious, aerobic, gram-negative
non-acid-fast, nonmotile, rod-shaped bacterium
ca. 0.3 to 0.5 um wide and 2 to 20 pm in length,
which can not be cultivated on most bacteriolog-
ical media (22). It can be grown on Mueller-
Hinton agar supplemented with 1% hemoglobin
and 1% IsoVitaleX (BBL Microbiology Systems,
Cockeysville, Md.) (7), on charcoal-yeast extract
(CYE) agar (12), or in yeast extract broth (27},
each of which is supplemented with cysteine and
iron. L. pneumophila has been isolated from soil
samples and from air-conditioning cooling water,
but its precise ecological niche and nutritional
supply have not been determined.

Although controlled human chemotherapeu-
tic trials on legionellosis have not been carried
out, in vitro studies have shown that the causa-
tive organism is susceptible to a number of an-
tibiotics (28, 30). Many of these antibiotics can
be rendered ineffective by naturally occurring
drug resistance plasmids, which are found in
strains of Escherichia coli (25). Transfer of these
resistance piasmids to L. pneumophila could
produce problems in antibiotic therapy. It is
known that L. pneumophila produces a f-lac-

tamase, which is more active on cephalosporin
than on penicillin (29, 31). Since B-lactamase-
specifying plasmids have been identified from a
broad taxonomic range of bacteria (11, 18) and
B-lactamase production in L. pneumophila
could be due to the presence of antibiotic resist-
ance plasmids, we have examined the deoxyri-
bonucleic acid (DNA) from a number of L. pneu-
mophila strains for the presence of plasmids.

MATERIALS AND METHODS

Bacterial strains. E. coli V517, kindly supplied by
the Plasmid Reference Center, Stanford University.
Stanford, Calif., contains eight plasmid species ranging
in size from 1.36 to 35.8 megadaltons (21).

There are six recognized serogroups of L. pneumo-
phila (10, 23). Strains are designated by the city in
which they were isolated and the number of the isolate
from that city. The following 16 representative strains
from the six serogroups were examined: serogroup I,
Philadelphia-1 through -4, Flint-1, Knoxville-1, Wash-
ington-1, Vermont-1, and Pontiac-1; serogroup II, At-
lanta-1 and -2 and Togas-1; serogroup III, Blooming-
ton-2; serogroup 1V, Los Angeles-1; serogroup V, Dal-
las-4; and serogroup VI, Chicago-2. These strains had
been isolated from patients with legionellosis or from
environmental samples (3), inoculated into guinea
pigs, and passed into the yolk sacs of embryonated
eggs. Atlanta-1 and -2 were initially isolated from
human lung specimens in 1978 and were preserved on
CYE slants. Isolates were obtained from the Center
for Disease Control, Atlanta, Ga. All manipulations
with these organisms were conducted in a maximum
containment facility.

Media and culture conditions. Stock cultures of
L. pneumophila were maintained in homogenated
yolk sacs of embryonated hen eggs stored at —70°C
Cultures were routinely grown at 37°C on CYE agar
(12) and in yeast extract broth (27). L. pneumophila
yeast extract broth cultures of 400 ml in 1-liter Erlen-
meyer flasks were incubated at 37°C on a New Bruns-
wick reciprocating incubator shaker (100 strokes per
min). The cultures were monitored for contamination
by plating on blood agar and by microscopic exami-
nation. Minimal medium M9 (1), supplemented with
0.2% glucose and 1% Casamino Acids, was used to grow
all E. coli cultures.
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Preparation of cleared lysates. Various methods
of preparing lysates were employed on strains of L.
pneumophila; the following optimized procedure was
established as a modification of the method of Clewell
and Helinski (8). Cells were harvested by scraping 10
CYE agar plates, which exhibited confluent growth,
using a bent glass rod and 3 ml per plate of saline
containing 0.1% tryptose, pH 7.0. Each strain was also
harvested from 400 ml of yeast extract broth culture
at ca. 2 X 10" cells/ml by centrifugation at 10,000 X g
for 10 min at 4°C. The pellet was resuspended in 25
ml of 25% sucrose solution made up in 0.05 M
tris(hydroxymethyl)aminomethane (Tris), pH 8.0, at
room temperature. Spheroplasts were generated by
the addition of 3.0 ml of freshly prepared lysozyme
solution (10 mg/ml in 0.25 M Tris, pH 8.0). The
suspension was mixed and placed on ice for 5 min. A
3.0-ml portion of 0.25 M ethylenediaminetetraacetate
(EDTA), pH 8.0, was then added, and the mixture was
chilled in an ice bath for an additional 5 min with
occasional swirling. Lysis was brought about by adding
.30 ml of 2.0% Triton X-100 made up in 0.025 M EDTA
and 0.05 M Tris, pH 8.0. The final mixture was incu-
bated at 37°C for 15 min and gently swirled until
clearing occwrred. The viscous lysate was centrifuged
at 4°C for 30 min at 48,000 X g to sediment most of
the chromosomal DNA and cellular debris. The plas-
mid DNA remained in the supernatant and is referred
to as a cleared lysate.

CsCl-EtBr-buoyant density gradient centrifu-
gation. The supercoiled plasmid DNA in the cleared
lysate was further purified by CsCl-ethidium bromide
(EtBr)-density gradient centrifugation (26). One gram
of solid CsCl and 0.1 ml of EtBr solution (5 mg of EtBr

" per ml in TE buffer; 10 mM Tris, | mM EDTA, pH

8.0) was added for each milliliter of lysate. The EtBr-
DNA complex was protected from light to prevent
light-activated dye nicking of the covalently closed
circular (CCC) DNA. The bands were located by using
long-wave ultraviolet illumination and were removed
through the side of the tube with an 18-gauge needle
and syringe. The dense satellite bands containing the
CCC plasmid DNA were then pooled, and the KtBr
was extracted three times with an equal volume of
isopropanol (presaturated with water and CsCl). The
samples were then dialvzed against three I-liter
changes of 15 mM NaCl and 1.5 mM sodium citrate
and stored at 4°C.

Agarose gel electrophoresis. Samples of 40 to
100 yl of crude plasmid preparation were mixed with
20 ul of tracing dye solution (0.7% bromophenol blue,
7% sodium dodecyl sulfate, and 16.5% glycerol in wa-
ter) and subjected to electrophoresis, similar to the
method described by Meyers et al. (24). Electropho-
resis was carried out in both 0.7 and 0.8% agarose
(Seakem, Marine Colloids, Inc., Portland, Maine) with
Tris-borate buffer (89 mM Tris base, 2.5 mM disodium
EDTA, and 8.9 mM boric acid), pH 8.3, on a vertical
slab gel (model 220, Bio-Rad Laboratories, Richmond,
Calif.). By using a Bio-Rad model 500 power source,
electrophoresis was carried out at 120 V and 20°C for
2.5 h, or until the dye reached ge! bottom. For com-
parative purposes, samples were also electrophoresed
at 30V for 16 h. The gels were stained for 30 min in an
aqueous EtBr solution (0.5 ug/mi) and then washed in
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water for 20 min. The DNA bands were visualized on
a Transilluminator C-63 (Ultraviolet Products, San
Gabriel, Calif). The gels were photographed with a
Polaroid MP-4 camera, by using Polaroid type 57 film
(1:35-mm lens, f-16, 10 s) through combined no. 9 and
no. 23A Wratten gelatin filters (Kodak).

RESULTS

Sixteen strains from the six serogroups of L.
pneumophila were screened for the presence of
plasmids. Standard methods (9, 14, 24) used for
isolating plasmid DNA from E. coli were not
effective when applied to strains of L. pneumo-
phila. Extrachromosomal DNA was isolated
from two strains, Atlanta-1 and -2, by using an
optimized lysing and plasmid purification pro-
cedure. The elevated Triton X-100 concentra-
tion was critical for proper cell lysis and proved
to be superior to Brij-58, Sarkosyl, or sodium
dodecyl sulfate. Cells harvested from plates and
liquid cultures gave identical results. The best
resolution was obtained with 0.7% agarose gels
electrophoresed at 120 V for 2.5 h at 20°C in
Tris-borate buffer, pH 8.3 (Fig. 1).

Plasmids of known molecular weights, isolated
from E. coli strain V517 were used as molecular
weight markers. Plasmid pKM&69 isolated from
the Atlanta-1 strain and plasmid pKM70 iso-
lated from Atlanta-2 strain both had molecular

F1i. 1. Agarose gel electrophoresis of CsCIlEtBr
gradient purified plasmid DNA isolated from L.
pneumophila. (a} Chromosomal DNA from Atlanta
1: (b) plasmid pKM69 from Atlanta-1; (¢) plasmid
pRKM70 from Atlanta-2, 80 pl: () plasmid pKM70
from Atlanta-2, 40 pl: () chromosomal DNA from
Atlanta-2. Electrophoresis was carried out at 120\
for 25 h at 2000 in .7% agarose, as described in the
text.
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weights of ca. 30 megadaltons, based on least-
squares regression plots. Spontaneous curing of
these cryptic plasmids was observed after re-
peated subcuituring on CYE agar. No significant
difference in the 50% lethal dose in mice or in
other phenotypic traits was detected after plas-
mid loss.

DISCUSSION

There are about 800,000 cases of pneumonia
in the United States each vear for which no
known viral or bacterial agent can be identified
(13). It is becoming apparent that L. pneumo-
phila, and other gram-negative, weakly acid-fast
bacteria (16, 17), which do not grow on com-
monly used media, are the etiological agents in
many of these cases. Although rapid progress
has been made in the diagnosis and treatment
of legionellosis, there is still much to be under-
stood concerning the genetics of L. pneumo-
phila: the reason for the difference between the
pneumonic and nonpneumonic forms, its precise
ecological niche, its nutritional supply, and its
phylogenetic relationship to other gram-nega-
tive bacteria.

This is the first report of plasmids in Legion-
ella. Since we have found naturally occurring
plasmids in two strains of L. pneumophila, it
appears reasonable that this organism could sup-
port the replication of other plasmids. It is pos-
sible that the other 14 strains ontain very large
plasmids which are not detectable by our modi-
fied cleared lysate method (15).

In recent years, there have been epidemics of
tvphoid fever in Vietnam and Mexico due to
Salmonella tvphi having plasmid-mediated re-
sistance to chloramphenicol (4), and the emer-
gence of Haemophilus influenzae resistant to
ampicillin and chloramphenicol (5, 20). Indige-
nous cryptic plasmids, such as those naturally
occurring in strains of L. pneumophila, may
acquire transposons which code for drug resist-
ance (19). The presence of an R-plasmid coding
for resistance to ervthromycin would severely
restrict the present treatment of legionellosis,

ACKNOWLEDGMENTS

We thank the Center for Dhsease Control for supplyving us
with the strainz of I preumophda. We are grateful to Esther
T ederberg from the Plasmid Reference Center, Stanford Uni-
versity, for Lhe aft of strans of £ coft containing piasmids of
known molecular weight 1 Wohlhieter made many helptul
suggestions durmng the course of this research We also thank
Farnest Cook, David Shapiro, Aprit Gunter, and Stephen
Little tor their excellent technical assistance

LITERATURE CITED

1 Adams, M. H. 1959 Hacteriophages, p 445-447 Intersci-
ence Pubhishers, New York
2 Brenner, Do), A, G. Steigerwalt, and J. K. McDade.

p N ”

w

x

©

10.

oy

16.

INFECT. IMMUN,

1979. Classific.tion of the Legionnaires’ disease bacte
rium: Legionella pneumaphila, genus novum, species
nova, of the family Legionellaceae, familia nova Ann.
Intern. Med. 80:656-658

Broome, C. V., and D. W. Fraser. 1979. Epidentologi
aspects of legionellosis. Epidemiologic Rev. 1:1-16

. Butler, T., N. N. Linh, K. Arnold, and M. Pollack.

1973. Chloramphenicol-re astant typhoid fever in Viet-
nam associated with R fadtor. Lancet ii:983-985.

. Center for Disease Control. 1976. Chloramphenicol-re-

sistant Haemophilus influenzae—Pennsylvania. Mor-
bid. Mortal. Weekly Rep. 25:385.

5. Center for Disease Control. 1976. Follow-up on resp-

ratory illness—Pennsylvania. Morbid. Mortal. Weeklv
Rep. 25:308.

. Center for Disease Control. 1977. Follow-up on respi-

ratory illness—Philudelphia. Morbid. Mortal. Weekly
Rep. 26:9-11.

. Clewell, D. B., and D. R. Helinski. 1970. Properties of

a supercoiled deoxyribonucleic acid-protein relaxation
complex and strand specificity of the relaxation event.
Biochemistry 9:4428-4440.

Currier, T. C., and E. W. Nester. 1976 Isolation of
covalently closed circular DNA of high molecalar
weight from bacteria. Anal. Biochem. 76:431-441.

Edeistein, P. H., R. D. Meyer, and 8. M. Finegold.
1978. Isolation of a new serotype of Legionnaires’ dis-
ease bacterium. Lancet ii:1172-1174,

. Elwell, L. P, J. De Graaff, D. Seibert, and §. Falkow.

1975. Plasmid-linked ampicillin resistance in Haemo
philus influenzae type b. Infect. Immun. 12:404-410,

. Feeley, J. C., G. W. Gorman, R. E. Weaver, D. C.

Mackel, and H. W. Smith. 1978 Primary isolation
media Legionnaires disease bacterium. J. Clin. Micro-
biol. 8:320-325.

3. Fraser, D. W,, and J. E. McDade. 1979, Legionellosis.

Sci. Am. 241:82-99.

. Guerry, P, D. J. LeBlanc, and S. Falkow. 1973. Gen-

eral method for the isolation of plasmid deoxyribonu-
cleic acid. J. Bacterial. 116:{064- 1066

. Hansen, J. B, and R. H. Olsen. 1978. lsolation of large

bacterial plasmids and characterization of the P2 incom-
patibility group plasmids mMG1 and pMG5. .1 Bacte-
riol. 135:227-238.

Hebert, G. A., C. W. Moss, L. K. McDougal, F. M.
Bozeman, R. M. McKinney, and D). J. Brenner.
1980. The rickettsia-like organisms TATLOCK (1941
and HEBA (1959): bacteria phenotypically similar 1o
but genetically distinet from Legronella pneumophila
and the WIGA bacterium. Ann, Intern. Med. 92:45-52.

7. Hebert, G. A., B. M. Thomason, P. P. Harris, M. I).

Hicklin, and R. M. McKinney. 1980. “Pittshurgh
pneumonia agent™ a bacterium phenotypically similar
to Legronella pneumaphida and identical to the TAT.
LOCK bacterium. Ann. Intern. Med. 92:53-54.

. Hedges, R. W., N. Datta, P. Kontomichalou, and J.

T. Smith. 1974, Molecular specificities of R factor
determined beta-lactamases: correlation with plasnnd
compatibility. J. Bacteriol. 117:56-62,

. Hedges, R. W., and A, E. Jacob. 1974, Transposition of

ampicillin resistance from RP4 to other replicons. Mol
Gen. Genet. 132:31-40.

. Jacobson, J. A, J. B. McCormick, P. Hayes, C.

Thornsherry, and L. Kirven. 1976. EFpidemiologic
characteristics of infections caused by ampicillin-resist -
ant Hemaphelus influcnzae. Pediatrics 58:388-341,
Macrina, F. L., D. J. Kopecko, K. R. Jones, D. J.
Ayers, and 8. M. McCowen. 1978. A multiple plasmid-
containing Kschertchia colt strain conventent source of
size reference plasmid molecules Plasmid 1:417-420
McDade, J). K., C. C. Shepard, ). W. Fraser, T. H.
Twai, M. A. Redus, W. R. Dowdle, and the Labo-

——— e g e r— ———— o W O oy -

-

Hn

LESN

., e —




1)
‘
!
|
\
)
1
.
i
!
.
L
]
..
T3a
.
[+
).
o2
-
¥
:-‘
.
syt .
I
A
0
e
A 1
."'-
i

Vou. 29, 1980

ratory Investigation Team. 1977, Legionnaires’ dis-
vase. Isolation of a bacterium and demonstration of its
role in other respiratory diseases. N. Engl. J. Med. 297:
PI9T-1203.

2 wkinney, R. M., L. Thacker, P. P. Harris, K. R.
Lewallen, G. A, Hebert, P. H. Edelstein, and B. M.
Thomason. 1479 Four serogroups of Legionnaires’ dis-
ease bactenia defined by immunofluorescence. Ann. [n-
tern. Med 90:621-624.

24. Meyers, J. A, I). Sanchez, L. P. Elwell, and S. Fal-
kow. 1976, Simple agarose gel electrophoretic method
for the identification and charactenization of plasmid
deoxyribonucleie acid. . Bacteriol. 127:1529-1537.

25 Novick, R. P, R. C. Clowes, 8. N. Cohen, R. Curtiss,
UL, N. Datta, and S. Falkow. 1976. Uniform nomen-
clature for bacterial plasmids: a proposal. Bacteriol.
Rev. 40: 168- 189,

26. Radloff, R., W. Bauer, and J. Vinograd. 1967. A dye-
buoyant-density method for the detection and isolation
of closed circular duplex DNA: the closed circular DNA

PLASMID IN L. PNEUMOPHILA 1095

in Hela cells. Proc. Natl. Acad. Sci. US.A. 57:1514-
1521,

. Ristroph, J. D,, K. W. Hedlund, and R. ;. Allen. 1980.

Liguid medium for growth of Legronella pneumophila.
J. Clin. Microbiol. 11:19-21,

8. Saravolatz, L. )., ). J. Pohled, and E. L. Quinn. 1474,
In vitro susceptibility of Legronella pneumaphila, se-
rogroups [-1V. 0. Infect. Dis. 140:251.

). Thornsberry, C. 1978, Chromagenic cephalosporin test
for f3-lactamase production, p. 177-181. In G. L. Jones
and G. A. Hebert (ed.}, "Legionnaires’ " the disease, the
bacterium and methodology. Center for Disease Con-
trol, Atlanta, Ga

30. Thornsberry, C., C. N. Baker, and L. A. Kirven. 1975

In vitro activity of antimicrobial agents on Legionnaire-
disease bacterium, Antimicrob. Agents Chemother 13:
TH-80.

31. Thornsberry, C., and L. A. Kirven. 1978 - Laciamase

of the Legionnaires” bacterium. Curr Microbio). 1:51-
54

"~
~1

i

[

. —

L.






