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ABSTRACT One hundred and seventy-five isolates of the
pathogenic bacterium Listeria monocytogenes recovered from
human clinical (blood and cerebrospinal fluid), animal, and
environmental sources in Europe, North America, and else-
where were analyzed electrophoretically for allelic variation at
16 genetic loci encoding metabolic enzymes. Forty-five distinc-
tive allele profiles (electrophoretic types, ETs) were distin-
guished, among which mean genetic diversity per locus (H) was
0.424. Cluster analysis of a matrix of genetic distances between
paired ETs revealed two primary phylogenetic divisions of the
species separated at a distance of 0.54. ETs in division I were
presented by strains of serotypes 4b, 1/2b, and 4a, whereas
strains of ETs in division II were of serotypes 1/2a and 1/2c.
Human and animal isolates did not represent distinctive subsets
of ETs. The occurrence of linkage disequilibrium between
enzyme loci and the widespread distribution of certain ETs
indicate that the genetic structure ofL. monocytogenes is clonal.
One clone, marked by ET 1, caused major epidemics ofhuman
disease in western Switzerland in the period 1983-1987 and in
Los Angeles County, California, in 1985, both of which were
attributed to contamination of soft cheese. ET 1 is closely
related to the clone (ET 7) that caused two large outbreaks of
listeriosis in Massachusetts in 1979 and 1983.

Bacteria of the genus Listeria are widely distributed in the
environment and also occur in the intestinal tract of healthy
animals and humans (1). Among the several species of the
genus, only Listeria monocytogenes is commonly pathogenic
for humans (2, 3), in which it causes serious invasive disease
(septicemia, meningitis, and meningoencephalitis), primarily
in the immunologically compromised host, the neonate, and
the fetus (1, 2). Listeriosis in adults usually occurs after
consumption of contaminated food, and prenatal or perinatal
disease follows colonization or infection of the mother, who
may be an asymptomatic gastrointestinal carrier or may
experience acute listeriosis. The organism can multiply at
temperatures as low as 40C and survives within phagocytic
cells, two characteristics that assist transmission and patho-
genesis.

Epidemiological studies of several recent large outbreaks
of disease caused by L. monocytogenes have indicated that
commercial dairy products are important vehicles for the
transmission of human listeriosis (2, 4-6). This was clearly
demonstrated for two epidemics involving contaminated soft
cheese and a third large outbreak caused by contaminated
vegetable products, specifically coleslaw. In the course of an
epidemic in western Switzerland in the period 1983-1987,
more than 120 cases of invasive human disease were attrib-
uted to organisms cultured from "Vacherin," a regional soft

cheese (ref. 7; J.B., unpublished data). In a second epidemic,
which occurred in Los Angeles County, California, in 1985, 63
cases of invasive disease, predominantly in pregnant Hispanic
women and their offspring and in immunocompromised adults,
were traced to the consumption ofa Mexican-style soft cheese
that was contaminated with a strain of L. monocytogenes of
the same serotype and phage type as the clinical isolates (6).
Another large outbreak of listeriosis occurred in the Maritime
Provinces of Canada in 1981 as a result of contamination of
vegetables through the use of sheep manure as fertilizer (4).
Transmission of L. monocytogenes in milk products, vegeta-
bles, and seafood has been strongly suspected in other out-
breaks occurring in Massachusetts and elsewhere, but without
the conclusive evidence provided by isolation of the etiologic
agent from food and demonstration of its identity to clinical
isolates (2, 4, 6, 8).

Epidemiological research requires methods of analysis that
allow effective discrimination of strains and provide a basis
for determining degrees ofgenetic relatedness among strains.
A serotyping scheme developed for species of Listeria on the
basis of variation in the somatic (0) and flagellar (H) antigens
(9) is of limited use because most clinical isolates of L.
monocytogenes represent only three serotypes (4b, 1/2a, and
1/2b) (2, 10). A phage typing scheme is also available (11, 12),
but only 60 to 70% of isolates of L. monocytogenes are
typeable (2, 12); and phage typing does not provide estimates
of genetic relatedness among strains.

Multilocus enzyme electrophoresis has recently been em-
ployed to study the genetic structure and epidemiology of a
number of pathogenic bacteria of various genera (13-15). By
this method, bacterial isolates are differentiated according to
variation in the electrophoretic mobility of a large number of
metabolic enzymes. Electromorphs of each enzyme are
equated with alleles at the corresponding structural gene
locus, and electromorph profiles over a sample of enzymes
(electrophoretic types, ETs), which are interpreted as mul-
tilocus genetypes representative of the chromosomal ge-
nome, provide a basis for estimating levels of genetic diver-
sity and relatedness among isolates from natural populations.
We here report the results of the application of multilocus

enzyme electrophoresis to the analysis of the genetic struc-
ture of L. monocytogenes. We have been particularly inter-
ested in determining the genetic relationships among strains
recovered from humans, animals, and the environment and
from several large outbreaks of listeriosis in Europe and
North America. Our results demonstrate that recent epidem-
ics in Switzerland and California associated with contam-
inated soft cheese were caused by strains of the same
multilocus genotype and that two other recent large out-
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breaks were caused by organisms of a very closely related
clonal genotype.

MATERIALS AND METHODS
Bacterial Isolates. We analyzed 175 isolates of L. monocy-

togenes collected from natural populations in Switzerland
and several other European countries, the United States, and
New Zealand. They were cultured from humans (n = 114
isolates), animals (n = 17), the environment (n = 7), and dairy
products and equipment used in cheese production (n = 33).
The sample included 59 isolates recovered in the course ofan
epidemic of listeriosis in the Lausanne region of western
Switzerland (7): 41 isolates recovered from patients, 7 iso-
lates cultured from Vacherin cheese, and 11 isolates cultured
from cheese-making tools (brush, grate, board, and strainer)
in several cheese cellars near Lausanne.
The collection also included three patient isolates of the

phage type (340-2389-2425-2671-3552) that was responsible
for the epidemic of invasive disease in California in 1985 (6),
two patient isolates from a multiple-hospital outbreak of
listeriosis that occurred in Boston in 1979 (8), and a patient
isolate of the strain that caused a milk-borne outbreak in
Massachusetts in 1983 (5). (These isolates were provided by
W. F. Bibb, Centers for Disease Control, Atlanta.) Four
reference strains of L. monocytogenes from the Culture
Collection of the University of Lausanne were also included
in the analysis.

Electrophoresis of Enzymes. Methods of lysate preparation,
electrophoresis, and selective enzyme staining have been
described by Selander et al. (13). Sixteen enzymes encoded
by chromosomal genes were assayed (see Table 1).

Serotyping and Phage Typing. Serotyping was performed
by the method of Seeliger and Hohne (9); some of the strains
had been serotyped by H. P. R. Seeliger (Wurzburg,
F.R.G.). Phage types were determined with the test phages
and methods previously described (11).

Statistical Analysis. Genetic diversity for an enzyme locus
among ETs was calculated as h = (1 - Ix2) [n/(n-1)], where
xi is the frequency of the ith allele and n is the number of ETs
(13). Mean genetic diversity (H) is the arithmetic average of
h values for all 16 loci assayed. Genetic distance between
pairs of ETs was expressed as the proportion of loci at which
dissimilar alleles occurred (mismatches), with the contribu-
tion of each locus being weighted inversely by the genetic
diversity (h) at the locus among all ETs (13, 16). Clustering
of ETs from a matrix of coefficients of pairwise genetic
distances was performed by the average-linkage method.

RESULTS
Genic and Genotypic Diversity. Fourteen of the 16 enzyme

loci were polymorphic for from 2 to 6 alleles (mean number
per locus, 3.6) (Table 1). There were 45 distinctive allele
profiles or ETs, among which mean genetic diversity per
locus (H) was 0.424.

Genetic Relationships Among ETs. Clustering of the 45 ETs
revealed two primary divisions (I and II) separated at a
genetic distance of 0.54 (Fig. 1). Division I included ET 1-ET
22, and division II was composed of ET 23-ET 45. For the
ETs in divisions I and II, the mean genetic diversity per locus
(H) was 0.176 and 0.283, respectively. Notable differences
between the two divisions were a lack of sharing of alleles at
the L-phenylalanyl-L-leucine peptidase locus and markedly
different frequencies of alleles at seven other loci. The
coefficient of divergence, GST, which estimates the ratio of
the probability of a mismatch at a locus for 2 ETs chosen
randomly from different divisions to the average probability
ofa mismatch in the pooled sample of ETs (16, 17), was 0.459.

Table 1. Genetic diversity (h) at 16 enzyme loci among ETs of
L. monocytogenes

Enzyme No. of h in indicated group of ETs
locus alleles Total Div. I Div. II GST
6PG 3 0.603 0.000 0.466 0.613
ADK 2 0.510 0.000 0.087 0.915
PLP 3 0.534 0.091 0.000 0.915
ACP 5 0.676 0.468 0.300 0.432
PGI 3 0.127 0.000 0.245 0.032
MPI 6 0.714 0.177 0.664 0.411
GP1 3 0.527 0.091 0.312 0.618
CAT 5 0.612 0.260 0.755 0.171
FUM 5 0.643 0.255 0.423 0.472
ALD 3 0.394 0.567 0.000 0.280
NSP 1 0.000 0.000 0.000 0.000
LDH 6 0.213 0.260 0.170 -0.008
GD2 3 0.167 0.091 0.237 0.018
IPO 1 0.000 0.000 0.000 0.000
G6P 4 0.647 0.173 0.423 0.539
IDH 5 0.417 0.385 0.439 0.011

Mean 3.6 0.424 0.176 0.283 0.459*
Div., division; 6PG, 6-phosphogluconate dehydrogenase; ADK,

adenylate kinase; PLP, L-phenylalanyl-L-leucine peptidase; ACP,
acid phosphatase; PGI, phosphoglucose isomerase; MPI, mannose
phosphate isomerase; GP1, NAD-dependent glyceraldehyde-3-phos-
phate dehydrogenase; CAT, catalase; FUM, fumarase; ALD, ala-
nine dehydrogenase; NSP, nucleoside phosphorylase; LDH, lactate
dehydrogenase; GD2, NADP-dependent glutamate dehydrogenase;
IPO, indophenol oxidase; G6P, glucose-6-phosphate dehydrogenase;
IDH, isocitrate dehydrogenase.
*Calculated as GST = (HT - HS)/HT, where HT = 0.424 is the mean
genetic diversity per locus among all 45 ETs and Hs = 0.229 is the
mean diversity among ETs in divisions I and II.

Sources of Isolates. The sources of isolates of the various
ETs are indicated in Fig. 1. Six ETs (ETs 1, 3, 7, 31, 32, and
35) were represented by isolates from both humans and
animals. This observation and the widespread distribution in
the dendrogram of ETs represented by animal isolates indi-
cate that human and animal isolates do not belong to
distinctive subsets (lineages) of ETs.
Some ETs are represented by isolates from several coun-

tries in diverse parts of the world. Isolates of ET 1 were
recovered in Switzerland, France, the Federal Republic of
Germany, Italy, the United States, and New Zealand; and ET
7 was represented by isolates from seven European coun-
tries, the United States, and New Zealand.

Distribution of Serotypes. All isolates of serotypes 4a, 4b,
and 1/2b were of ETs in division I, whereas the isolates of all
ETs in division II were of serotypes 1/2a and 1/2c. In division
II, 1/2a was the common serotype, and strains ofthe minority
serotype 1/2c were not confined to ETs in one lineage or
cluster of lineages. Similarly, in division I, the minority
serotype 1/2b occurred in isolates of ETs belonging to
several lineages. ET 7 was represented by 21 isolates of
serotype 4b and 5 isolates of serotype 1/2b. Hence, there was
no indication that the distribution of serotypes within either
division reflects the overall genetic relationships of the ETs.

Distribution ofPhage Types. Phage type was determined for
109 of the 175 isolates examined. Phage type A is defined by
sensitivity to the test phages 30, 47, 108, 2389, 2425, 2671, and
3274; and phage type B includes strains lysed by phages 47,
108, 340, and 2389. Other phage types are considered deriv-
atives ofA or B if they do not differ from A by more than two
reactions and from B by more than one reaction (10).

Isolates of the same ET may be of different phage types.
For example, 36 (45%) and 28 (35%) of the 83 isolates of ET
1 were phage types A and B (or their derivatives), respec-
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FIG. 1. Genetic relationships among 45 ETs of L. monocyto-
genes. The dendrogram was generated by the average-linkage
method of clustering from a matrix of pairwise coefficients of
weighted genetic distance, based on electrophoretically demonstra-
ble allelic variation at 16 enzyme loci. n, number of isolates; H,
human; A, animal; D, dairy products or related sources; E, envi-
ronment; R, reference strain.

tively. The phage types of the remaining 20% of the ET 1
isolates assayed were distinctive.
ETs Responsible for Epidemics of Listeriosis. Both the strain

that caused an epidemic in western Switzerland in the period
1983-1987, through contamination of a regionally produced
soft cheese (Vacherin cheese), and the strain that was

responsible for an epidemic in Los Angeles County, Califor-
nia, in 1985, through contamination of a Mexican-style soft
cheese, are ET 1. Moreover, the dominant phage type
(47-108-340-2389-2425-2671-3274) of the 59 epidemic Swiss
isolates in our collection is similar to the phage type (340-
2389-2425-2671-3552) of isolates from the California epi-
demic.
We have examined a patient isolate of a strain that caused

an epidemic of listeriosis in Massachusetts, in 1983, that is
believed to have been propagated by contaminated milk (5)
and two patient isolates from a multiple-hospital outbreak
that occurred in Boston, in 1979 (8): these three isolates are

ET 7.

DISCUSSION

Genetic Structure of Populations. Our data are consistent
with the hypothesis that recombination of chromosomal
genes is an infrequent event in natural populations of L.

monocytogenes. Three lines of evidence may be cited. First

is the lack of sharing of serotypes between isolates of ETs

assigned to the two primary divisions (I and II) of the species

(Fig. 1). Second is the occurrence of linkage disequilibrium
(nonrandom association of alleles) among ETs for many pairs
of the enzyme loci assayed (data not shown). Third is the
finding that genetically indistinguishable (by our analysis)
isolates have been recovered in diverse parts ofthe world (for
example, isolates of ET 1).

In the following discussion, we have assumed that the
genetic structure of natural populations of L. monocytogenes
is basically clonal and that ETs mark clones.
Host Distribution of Clones. For Bordetella bronchiseptica

and several other species of pathogenic bacteria, host range
and other characteristics of natural history have been shown
to vary among clonal lineages (18-20). However, our analysis
of L. monocytogenes revealed no evidence of genetic differ-
entiation among strains infecting a variety of mammalian
hosts, including humans, sheep, rabbits, and horses. This
finding is consistent with other lines of evidence indicating
that strains causing listeriosis in humans are usually acquired
from animals or environmental sources, including foodstuffs
(1, 2, 4-8).

Genetic Diversity Within Serotypes. Strains of L. monocy-
togenes are presently classified by their antigenic properties
according to a serological scheme instituted by Paterson (21)
and modified by Donker-Voet (22) and Seeliger (23, 24). On
the basis of diversity in somatic (0) and flagellar protein (H)
antigens, 12 serotypes (antigenic profiles) have been distin-
guished (25), and this classification has been used to examine
possible associations ofphenotypic characters with virulence
(26). However, these serologic groups are only partially
cognate with the two major phylogenetic divisions of the
species and with the clonal lineages within divisions revealed
by our population genetic analysis (see Fig. 1). It is clear that
identity of serotype among isolates does not necessarily
indicate clonal identity.

Genetic Structure in Relation to Pathogenicity. In bacterial
species with clonal population structure, the nonrandom
associations of alleles at different genes (linkage disequilib-
rium) may result in certain clones or families of clones being
more highly pathogenic than others or preferentially associ-
ated with certain diseases and clinical syndromes (18-20, 27).
Although our analysis revealed that a large number of
multilocus genotypes of L. monocytogenes can cause inva-
sive disease in both humans arid animals, strains of only two
closely related genotypes, ET 1 and ET 7, accounted for
two-thirds of the cases of disease. This discovery may be
interpreted as evidence that the genes mediating virulence in
L. monocytogenes are in linkage disequilibrium with genes of
the multilocus enzyme genotypes we have identified.

Strains of the two clones marked by multilocus genotypes
ET 1 and ET 7 were responsible for four large and widely
publicized epidemics of listeriosis occurring in three widely
separated geographic regions (California, Massachusetts,
and Switzerland) in this decade. And either ET 1 or ET 7
probably also was responsible for an outbreak of 41 cases of
invasive disease in the Maritime Provinces of Canada in 1981
(F. Ashton, personal communication). Moreover, the asso-
ciation of strains of serotype 4b with several other outbreaks
(10) and their frequent recovery from endemic cases of
invasive disease, together with the restriction ofthis serotype
to isolates of ETs in primary division I, strongly suggest that
there are major ecological and epidemiological differences
between clones in division I and II.
An important question for research in epidemiology,

pathogenesis, and evolutionary genetics is why, given the
extensive clonal diversity of natural populations of L. mono-

cytogenes (our analysis identified 45 clones), the clone
marked by ET 1 was the etiological agent in epidemics in
California and Switzerland involving contamination of soft
cheese. There are several possibilities: (i) Clone ET 1 may be
particularly well adapted for growth and/or survival in
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Table 2. Numbers of clones of various bacterial species commonly causing disease
No. of clones

No. of commonly % disease
clones recovered from caused by

Species identified disease episodes common clones Ref.
Bordetella bronchiseptica 21 3 87 18
Bordetella pertussis 2 2 100 27
Bordetella parapertussis 1 1 100 27
Hemophilus pleuropneumoniae 32 2 47 28
Hemophilus influenzae serotype b 182 9 81 19*
Yersinia ruckeri 4 1 89 29
Legionella pneumophila 50 5 52 16
Neisseria meningitidis

Serogroups B and C 192t 7t 85 30
Serogroup A 50 7 31

Shigella sonnei 1 1 100 32
Escherichia coli (neonatal invasive) 18t 5t 63 33
Salmonella spp. (8 serotypes) 71 11 61-100 20
*And J.M.M. (unpublished data).
tClone families composed of several or many very

cheese. (ii) ET 1 may be relatively abundant everywhere in
the environment and, therefore, likely to be the agent in any
episode of disease involving contamination of foodstuffs. (iii)
ET 1 may have an unusually high level of pathogenicity. This
issue cannot be resolved until more information on variation
in the physiological properties (including virulence) of the
various clones and their geographic distributions and relative
abundances in the environment is available. But the data
suggest that there is something distinctive about the physi-
ology or ecology of the ET 1 clone that makes it likely to
occur as a contaminant of soft cheese and cause outbreaks of
serious human disease. The same may be true of ET 7 with
respect to milk, and it is perhaps significant that ET 7 is
closely related to ET 1.
The information available for outbreaks of listeriosis

caused by L. monocytogenes is consistent with a general
pattern that has recently emerged from studies of the genetic
structure and clonal composition of populations of several
other pathogenic bacteria [i.e., that most disease is caused by
a small fraction (often one or a few) of the existing clones
(Table 2)]. Although much work has been done to identify and
characterize virulence genes in L. monocytogenes (34-39),
these studies have concentrated on strains of serotype 1/2a
and 1/2c, which we have shown to be genetically quite
distinct from strains responsible for recent epidemic episodes
and, probably, in the aggregate, for most cases of human
listeriosis. Our findings suggest that the study of L. mono-
cytogenes pathogenesis would profit from comparative in-
vestigations of clones in divisions I and II.

We thank P. Andre (Brussels), W. F. Bibb (Atlanta), P. Cawley
(Porirua, New Zealand), E. P. Espaze (Nantes, France), E. Falsen
(Goteborg, Sweden), A. Luppi (Ferrara, Italy), J. McLauchlin
(London), J. Nicolet (Bern, Switzerland), and H. P. R. Seeliger
(Wurzburg, F.R.G.) for supplying strains and P. Silacci and H.
Fonjallaz for other contributions to our work. We also thank F.
Ashton for sharing unpublished data. This research was supported by
grant 3.410.0.86 from the Swiss National Science Foundation and a
grant from the Roche Research Foundation (to J.-C.P) and by Grant
A122144 from the National Institutes of Health (to R.K.S.).

1. Gray, M. L. & Killinger, A. H. (1966) Bacteriol. Rev. 30, 309-
382.

2. McLauchlin, J. (1987) J. Appl. Bacteriol. 63, 1-11.
3. Rocourt, J. & Seeliger, H. P. R. (1985) Zentralbl. Bakteriol.

Mikrobiol. Hyg. Ser. A 259, 317-330.
4. Schlech, W. F., III, Lavigne, P. M., Bortolussi, R. A., Allen,

A. C., Haldane, E. V., Wort, A. J., Hightower, A. W.,
Johnson, S. E., King, S. H., Nicholls, E. S. & Broome, C. V.
(1983) N. Engl. J. Med. 308, 203-206.

closely related clones.

5. Fleming, D. W., Cochi, S. L., MacDonald, K. L., Brondum,
J., Hayes, P. S., Plikaytis, B. D., Holmes, M. B., Audurier,
A., Broome, C. V. & Reingold, A. L. (1985) N. Engl. J. Med.
312, 404-407.

6. Linnan, M. J., Mascola, L., Lou, X. D., Goulet, V., May, S.,
Salminen, C., Hird, D. W., Yonekura, M. L., Hayes, P.,
Weaver, R., Audurier, A., Plikaytis, B. D., Fannin, S. L.,
Kleks, A. & Broome, C. V. (1988) N. Engl. J. Med. 319, 823-
828.

7. Malinverni, R., Bille, J., Perret, C., Regli, F., Tanner, F. &
Glauser, M. P. (1985) Schweiz. Med. Worchenschr. 115,
2-10.

8. Ho, J. L., Shands, K. N., Friedland, G., Eckind, P. & Fraser,
D. W. (1986) Arch. Intern. Med. 146, 520-524.

9. Seeliger, H. P. R. & Hohne, K. (1979) in Methods in Micro-
biology, eds. Bergan, T. & Norris, J. R. (Academic, New
York), Vol. 13, pp. 31-49.

10. McLauchlin, J., Audurier, A. & Taylor, A. G. (1986) J. Med.
Microbiol. 22, 367-377.

11. Rocourt, J., Audurier, A., Courtieu, A. L., Durst, J., Ortel, S.,
Schrettenbrunner, A. & Taylor, A. G. (1985) Zentralbl. Bak-
teriol. Mikrobiol. Hyg. Ser. A 259, 489-497.

12. McLauchlin, J., Audurier, A. & Taylor, A. G. (1986) J. Med.
Microbiol. 22, 357-365.

13. Selander, R. K., Caugant, D. A., Ochman, H., Musser, J. M.,
Gilmour, M. N. & Whittam, T. S. (1986) Appl. Environ. Mi-
crobiol. 51, 873-884.

14. Selander, R. K., Musser, J. M., Caugant, D. A., Gilmour,
M. N. & Whittam, T. S. (1987) Microb. Pathog. 3, 1-7.

15. Selander, R. K. & Musser, J. M. (1989) in Molecular Basis of
Bacterial Pathogenesis, eds. Iglewski, B. H. & Clark, V. L.
(Academic, Orlando, FL), in press.

16. Selander, R. K., McKinney, R. M., Whittam, T. S., Bibb,
W. F., Brenner, D. J., Nolte, F. S. & Pattison, P. E. (1985) J.
Bacteriol. 163, 1021-1037.

17. Nei, M. (1977) Ann. Hum. Genet. 41, 225-233.
18. Musser, J. M., Bemis, D. A., Ishikawa, H. & Selander, R. K.

(1987) J. Bacteriol. 169, 2793-2803.
19. Musser, J. M., Kroll, J. S., Moxon, E. R. & Selander, R. K.

(1988) Proc. Natl. Acad. Sci. USA 85, 7758-7762.
20. Beltran, P., Musser, J. M., Helmuth, R., Farmer, J. J., III,

Frerichs, W. M., Wachsmuth, I. K., Ferris, K., McWhorter,
A. C., Wells, J. G., Cravioto, A. & Selander, R. K. (1988)
Proc. Natl. Acad. Sci. USA 85, 7753-7757.

21. Paterson, J. S. (1940) J. Pathol. Bacteriol. 51, 427-440.
22. Donker-Voet, J. (1972) Acta Microbiol. Acad. Sci. Hung. 19,

287-291.
23. Seeliger, H. P. R. (1975) in Problems ofListeriosis, ed. Wood-

bine, M. (Leicester Univ., Leicester, England), pp. 27-29.
24. Seeliger, H. P. R. (1976) Med. Microbiol. Immunol. 6, 6-14.
25. Seeliger, H. P. R. & Jones, D. (1984) in Bergey's Manual of

Systematic Bacteriology, eds. Kreig, N. R. & Holt, J. G.
(Williams & Wilkins, Baltimore), Vol. 1, pp. 1235-1245.

Medical Sciences: Piffaretti et al.



3822 Medical Sciences: Piffaretti et al.

26. Seeliger, H. P. R. (1984) Clin. Invest. Med. 7, 217-221.
27. Musser, J. M., Hewlett, E. L., Peppler, M. S. & Selander,

R. K. (1986) J. Bacteriol. 166, 230-237.
28. Musser, J. M., Rapp, V. J. & Selander, R. K. (1987) Infect.

Immun. 55, 1207-1215.
29. Schill, W. B., Phelps, S. R. & Pyle, S. W. (1984) Appl. Envi-

ron. Microbiol. 48, 975-979.
30. Caugant, D. A., Froholm, L. O., Bovre, K., Holten, E.,

Frasch, C. E., Mocca, L. F., Zollinger, W. D. & Selander,
R. K. (1986) Proc. Nati. Acad. Sci. USA 83, 4927-4931.

31. Olyhoek, T., Crowe, B. A. & Achtman, M. (1987) Rev. Infect.
Dis. 9, 665-691.

32. Ochman, H., Whittam, T. S., Caugant, D. A. & Selander,
R. K. (1983) J. Gen. Microbiol. 129, 2715-2726.

Proc. Nat!. Acad. Sci. USA 86 (1989)

33. Selander, R. K., Korhonen, T. K., Vaisanen-Rhen, V., Wil-
liams, P. H., Pattison, P. E. & Caugant, D. A. (1986) Infect.
Immun. 52, 213-222.

34. Gaillard, J. L., Berche, P. & Sansonetti, P. (1987) Infect.
Immun. 52, 50-55.

35. Kathariou, S., Metz, P., Hof, H. & Goebel, W. (1987) J.
Bacteriol. 169, 1291-1297.

36. Portnoy, D. A., Jacks, P. S. & Hinrichs, D. J. (1988) J. Exp.
Med. 167, 1459-1471.

37. Kuhn, M., Kathariou, S. & Goebel, W. (1988) Infect. Immun.
56, 79-82.

38. Kathariou, S., Rocourt, J., Hof, H. & Goebel, W. (1988) Infect.
Immun. 56, 534-536.

39. Kuhn, M. & Goebel, W. (1989) Infect. Immun. 57, 55-61.


