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Perspective

Molecular Population Genetic Analysis of Emerged
Bacterial Pathogens: Selected Insights

James M. Musser, M.D., Ph.D.
Department of Pathology, Baylor College of Medicine, Houston, Texas, USA

Research in bacterial population genetics has increased in the last 10 years. Population
genetic theory and tools and related strategies have been used to investigate bacterial
pathogens that have contributed to recent episodes of temporal variation in disease fre-
quency and severity. A common theme demonstrated by these analyses is that distinct
bacterial clones are responsible for disease outbreaks and increases in infection frequency.
Many of these clones are characterized by unique combinations of virulence genes or alleles
of virulence genes. Because substantial interclonal variance exists in relative virulence,
molecular population genetic studies have led to the concept that the unit of bacterial
pathogenicity is the clone or cell line. Continued new insights into host-parasite interactions
at the molecular level will be achieved by combining clonal analysis of bacterial pathogens
with large-scale comparative sequencing of virulence genes.

To avert the threat of resurgent and new micro-
bial diseases, it is critical to gain insight into the
molecular mechanisms contributing to temporal
variation in disease frequency and severity. Al-
though comprehensive, unambiguous under-
standing of the host and parasite factors
mediating these processes is not available for any
infectious agent, population genetic research in
the last 10 years has provided noteworthy new
information about the bacterial side of the equa-
tion. This review will summarize the insights ac-
crued from population genetic analysis of bacteria
responsible for disease outbreaks or increases in
infection frequency and severity. One of the pri-
mary themes emerging from this research is that
distinct bacterial clones have been responsible for
several infection outbreaks (Table 1). Moreover,
the distinct clones are frequently characterized by
unique combinations of virulence genes or alleles
of virulence genes. These observations have im-
portant implications for our understanding of in-
fectious diseases and the public health measures
required to reduce their detrimental and poten-
tially devastating effect on society.

Population Genetics and Clonal Analysis of
Bacterial Pathogens: Basic Concepts

Population genetic study of bacterial pathogens
arose largely as an offshoot of research designed
to address questions of longstanding interest to

Address for correspondence: James M. Musser, M.D., Ph.D.,
Department of Pathology, Baylor College of Medicine, One
Baylor Plaza, Houston, TX 77030 USA; fax 713-798-4595;
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students of the molecular evolutionary processes
in higher eukaryotic organisms. Bacteria were an
attractive group of experimental organisms be-
cause of their phenotypic diversity, short genera-
tion times, haploid chromosomal genomes, and
accessory genetic elements. Hence, bacterial
population genetic research was originated by
population geneticists interested in bacteria,
rather than bacterial geneticists or medical micro-
biologists interested in population genetics (1, 2).
In spite of its important implications for how the
field has developed over the last decade, this on-
togeny will not be discussed in detail here. How-
ever, the reader should recognize that bacterial
population genetics is a discipline separate and
distinct from the study of the molecular epidemiol-
ogy of infectious agents. The research tools, meth-
ods of data analysis, and general thought
processes are very different from the typological
thinking used by investigators of disease out-
breaks or microbial pathogenesis (3-6).

Early work on the clonal nature of bacterial
pathogens was conducted largely with Escherichia
coli, through a framework supplied by serotyping
of one or a few polymorphic surface antigens (7, 8).
Only a few of the many possible O and H antigen
serotypes were frequently associated with out-
breaks of infantile diarrhea in the United
Kingdom and other countries, which suggested
that isolates expressing these traits had special
virulence properties (7-9). Because serotype
analysis of relatively few surface structures does
not provide robust data for estimating overall

Emerging Infectious Diseases
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Table 1. Representative Emerged Bacterial Pathogens Investigated with Molecular Population

Genetic Strategies

and other microbial
pathogens provides a

Organism Disease

convenient strategy

Reference for indexing overall

Borrelia species
Escherichia coli 0157:H7

Lyme disease
hemorrhagic colitis;

hemolytic uremic syndrome

Haemophilus influenzae Invasive disease

H. influenzae

biogroup aegyptius
Listeria monocytogenes
Mycobacterium tuberculosis
Neisseria meningitidis
Salmonella species
Staphylococcus aureus

Tuberculosis
Sepsis, meningitis
Food-borne illness

Streptococcus pyogenes Invasive disease,

toxic-shock-like syndrome
Otitis, pneumonia, sepsis,

S.pneumoniae
meningitis

Vibrio cholerae Cholera

Brazilian purpuric fever
Food-borne invasive disease

Toxic shock syndrome;
methicillin resistant strains

levels of chromosomal
diversity in the sample
33-35 and for inferring ge-
156 netic relationships
among strains. Be-

146-149,150,151

25,26 cause of the strong cor-
157, 158 relation of chromo-
91,105 somal divergence in-
52-63,66,69-73 dexed by multilocus
159-161 enzyme electro-

phoretic data and
47,143,144 DNA-DNA hybridiza-

tion studies (15-18),
82,83,85 several cryptic species

have been identified
125-131,136 once their existence
153-155 was initially discov-

ered by population ge-

levels of chromosomal diversity and relationships
among strains, the primary research tool used to
examine the population genetics of emerging bac-
terial pathogens has been multilocus enzyme elec-
trophoresis (10, 11). This technique indexes allelic
variation in sets of randomly selected structural
genes located on the chromosome and provides a
basis for estimating overall levels of genotypic
variation in populations, i.e., the sample of bacte-
ria chosen for analysis. The key concept underly-
ing use of starch gel-based protein electrophoresis
in population genetics is that electromorphs (mo-
bility variants) of an enzyme can be directly
equated with alleles of the corresponding struc-
tural gene. Moreover, electromorph profiles over a
sample of different enzymes, therefore, correspond
to multilocus enzyme genotypes and are fre-
guently referred to as electrophoretic types or ETs.
The proteins analyzed are usually metabolic en-
zymes expressed by virtually all isolates of a spe-
cies under the growth conditions used. The allelic
variation detected is unaltered by environmental
conditions such as culture conditions, laboratory
storage, anatomic site of recovery, or specific clini-
cal disease. Allelic variation in these metabolic
enzymes is selectively neutral, or nearly so, which
means that convergence to the same allele through
adaptive evolution is unlikely (4, 12-14). As a con-
sequence, this approach to the study of bacterial

Emerging Infectious Diseases

netic analyses that
employed starch gel electrophoresis (16, 19-21). In
most bacterial species, the number of allelic vari-
ants is large, and it is unlikely that recombina-
tional processes would, by chance, frequently
generate strains with the identical electromorph
profile. Hence, organisms with the same electro-
morph profile are generally thought to be similar
by descent, rather than by convergence through
lateral gene flow.

Recently, convenient, rapid, and relatively inex-
pensive large-scale DNA sequencing techniques
have also been adopted by several laboratories.
Large-scale automated DNA sequencing has been
used to rapidly and unambiguously identify a
causative infectious agent and confirm or refute
the identity of isolates recovered from temporally-
linked patients thought to be involved in a disease
outbreak. In addition, sequence-based studies
have been employed to define the nature and
extent of allelic variation in toxin and other viru-
lence factor genes and to rapidly identify muta-
tions associated with antimicrobial agent
resistance (22).

Unless noted, data on the population genetic
analysis of emerging bacterial pathogens summa-
rized in this article were generated by multilocus
enzyme electrophoresis, sometimes performed in
concert with automated DNA sequencing.

Vol. 2, No. 1 — January-March 1996
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Representative Insights

Brazilian Purpuric Fever

Brazilian purpuric fever (BPF), a serious inva-
sive disease of children, was first characterized in
1984 after an outbreak in Promissao, Sao Paulo
State, Brazil. Children with BPF have acute onset
of fever and usually die within 48 h with dissemi-
nated purpura, vascular collapse, and hypotensive
shock (23). BPF is caused by Haemophilus influ-
enzae biogroup aegyptius, an organism associated
with sporadic or epidemic conjunctivitis (24). Mul-
tilocus enzyme electrophoresis and other molecu-
lar techniques have demonstrated that isolates
recovered from BPF patients represent a distinct
clone (25).

As a first step toward identifying the evolution-
ary origin of this pathogenic H. influenzae bi-
ogroup aegyptius clone, chromosomal variation
and genetic relationships were indexed among 17
biogroup aegyptius isolates, and 2,209 encapsu-
lated H. influenzae strains were recovered world-
wide (26). Biogroup aegyptius isolates form three
distinct evolutionary lineages of the species H.
influenzae. Isolates of the case clone are only very
distantly related to other isolates classified as
biogroup aegyptius; that is, the case clone was no
more related to other biogroup aegyptius isolates
than are (for example) two H. influenzae isolates
selected at random from the species. The BPF case
clone was genetically allied with H. influenzae
isolates expressing serotype c polysaccharide cap-
sule, a result that explains an earlier observation
(27) that BPF isolates, like serotype ¢ strains,
produce type 2 IgAl protease, whereas other iso-
lates of biogroup aegyptius express type 1 IgAl
protease. Thus, the population genetic evidence
showed that biogroup aegyptius is polyphyletic
and that the BPF organism is a genetically distinct
clone unrelated to other isolates with the pheno-
typic criteria of biogroup aegyptius.

The genetic diversity in the sample of all bi-
ogroup aegyptius strains was approximately equal
to that recorded for entire species of certain patho-
genic bacteria (16, 17). Therefore, the effective
population size of aegyptius must be large; how-
ever, this interpretation is difficult to reconcile
with the observation that strains in the biogroup
are rare pathogens associated only with human
disease. A possible explanation for the relatively
extensive genetic diversity among biogroup aegyp-
tius strains is that they represent cell lineages

Vol. 2, No. 1 — January-March 1996

spawned from a much larger base population of
diverse nonpathogenic precursor clones. Accord-
ing to this hypothesis, acquisition or loss of one or
more genes (or, perhaps, a shift in ecological niche)
may produce a pathogenic form with the charac-
teristic viscerotropism for human conjunctivae.

Although population genetic analysis did not
provide a simple reason for the BPF outbreak, the
demonstration that the causative clone of bi-
ogroup aegyptius was highly differentiated from
other phenotypically similar organisms provided
an explanation for the unique infection manifesta-
tions and the unique group of characters associ-
ated with the clone (28-30). Moreover, population
genetic analyses demonstrated distinct medical
correlates to isolates classified as biogroup aegyp-
tius. The results of numerous subsequent studies
have confirmed that, as a population, H. influen-
zae biogroup aegyptius strains vary in their behav-
ior, as one would expect of a genetically diverse set
of organisms.

Escherichia coli 0157:H7

Strains of E. coli expressing serotype O157:H7
were recognized in the early 1980s as important
causes of hemorrhagic colitis and hemolytic ure-
mic syndrome in North America (31). Disease usu-
ally occurs after consumption of contaminated
beef or other food. Several large outbreaks have
occurred, and more than 60 case clusters have
been reported in the United States (32). Because
several E. coli reference laboratories rarely iden-
tified organisms expressing this serotype before
the early 1980s, reporting of these isolates has
increased dramatically. Because of the medical
and economic importance of E. coli strains consid-
erable effort has been directed toward elucidating
genetic relationships among and between them as
well as between them and other members of the
species; as a result extensive information is now
available about clonal relationships among these
important bacteria (33-35).

The observation that O157:H7 strains synthe-
size one or more Shiga-like toxins and lack the
ability to rapidly ferment sorbitol initially sug-
gested that strains of this serotype had shared a
recent common ancestor. To directly test this idea,
multilocus enzyme electrophoresis was used to
assess genetic relatedness of 100 strains of E. coli
serotypes recovered from patients with hemor-
rhagic colitis or hemolytic uremic syndrome (33).
Although 25 distinct multilocus enzyme genotypes

Emerging Infectious Diseases



Perspective

were identified, cluster analysis found that
0157:H7 isolates are closely related organisms.
The results were interpreted to mean that
0157:H7 organisms recovered from epidemiologi-
cally unassociated North American outbreaks be-
long to a single geographically widespread
pathogenic clone with specific virulence properties
(33). Subsequent analysis of O157:H7 strains by
pulsed-field gel electrophoresis has supported this
idea (36).

To delineate clonal relationships among
0157:H7 organisms and other E. coli strains that
cause hemorrhagic colitis and infantile diarrhea,
1,300 isolates representing 16 serotypes from pa-
tients with these diseases were studied by multilo-
cus enzyme electrophoresis and probing for genes
encoding Shiga-like toxins (34). The O157:H7
clone was closely related to a clone of O55:H7
strains that has a long history of worldwide asso-
ciation with outbreaks of infantile diarrhea (34).
The data strongly suggested that the O157:H7 and
055:H7 clones have recently radiated from a com-
mon ancestral cell. The O157:H7 clone arose from
an O55:H7-like ancestor, perhaps through hori-
zontal transfer and recombination events adding
Shiga-like toxin genes and adhesion genes toanE.
coli genome preadapted for causing diarrheal dis-
ease (34, 35). If, as the multilocus enzyme electro-
phoretic data indicate, O157:H7 and O55:H7
organisms have shared a recent common ancestor,
it is likely that the close genetic affiliation would
be reflected at the nucleotide level. To test this
notion, the gene (eae) (34) encoding intimin, a
protein involved in bacterial attachment to entero-
cytes and subsequent effacement of the microvilli,
was sequenced from representative isolates of
these two serotypes. The resulting sequence data
were consistent with the hypothesis that 0157:H7
and O55:H7 organisms share a close genetic affin-
ity and thereby provide a plausible explanation for
the observation that these bacteria cause similar
attaching and effacing lesions in cells grown in
culture (38) and in animal models (39). Because
conventional serotyping of E. coli does not provide
a reliable basis for analyzing population structure
and can be grossly misleading as to genetic rela-
tionships among isolates (40-42), many important
medical correlates of the population structure will
not be recognized and understood fully until E. coli
isolates are sorted out along clonal lineages.

Emerging Infectious Diseases

Staphylococcus aureus Toxic Shock Syndrome

Toxic shock syndrome (TSS) was described in
1978 (43) as a severe acute illness (characterized
by high fever, erythematous rash, hypotension or
shock, multiorgan involvement, and desquama-
tion of the skin) of young children associated with
infection with Staphylococcus aureus. Two years
later, it was recognized that TSS is a geographi-
cally widespread disease affecting mainly young,
healthy, menstruating women, especially those us-
ing certain high absorbency tampons (44). Most
vaginal isolates of S. aureus recovered from pa-
tients with TSS produce a chromosomally encoded
toxin, designated as toxic shock syndrome toxin-1
(TSST-1) (45). Evidence implicating TSST-1 as a
major virulence factor in the pathogenesis of TSS
has accumulated (46). Almost all strains recovered
from patients with menstrual TSS, which account
for approximately 90% of TSS cases, synthesize
TSST-1, whereas only 50%-60% of isolates from
cases of nonmenstrual TSS and 5%-25% of strains
causing other diseases produce this protein.

Several questions of importance to both medical
bacteriology and evolutionary genetics were ad-
dressed in a study of 315 TSST-1-producing
strains of S. aureus (47). Itwas discovered that the
organisms responsible for most cases of TSS with
a female urogenital focus are members of a single
distinctive clone (designated as ET 41), a result
that explains the observation that isolates recov-
ered from patients with TSS share many traits
(48, 49). The investigation also showed that TSST-
1 is expressed by isolates of a great variety of
clones representing virtually the full breadth of
genotypic diversity in the species as a whole. In
addition, isolates of ET 41 represented 24% of a
sample of TSST-1-producing strains recovered be-
fore 1978, which meant that the tst gene encoding
the toxin neither evolved nor was acquired re-
cently by this species. The failure to recover iso-
lates of ET 41 from non-human hosts effectively
eliminated the likelihood that animals are impor-
tant in the transmission of this clone.

Twenty-eight percent of isolates of S. aureus
cultured from the introitus, vagina, or cervix of
unassociated healthy carriers or women with non-
TSS urogenital symptoms were ET 41 or closely
allied clones; no other single multilocus enzyme
genotype accounted for more than 12% of normal
vaginal isolates. These observations led to the
hypothesis that isolates of ET 41 are more readily
able to colonize the human vagina and, hence, are
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widely dispersed in an ecological niche of great
consequence in TSS. Under this “adapted clone”
hypothesis, isolates of ET 41 are responsible for
most vaginal cases because this clone has a special
affinity for the cervicovaginal milieu, perhaps (but
not necessarily) as a consequence of variation in
regulation of toxin- or other virulence-gene expres-
sion. In summary, data derived from clonal analy-
sis of TSST-1-producing S. aureus are consistent
with the notion that the “bloom” in TSS cases
happened because of a change in the character of
catemenial products (perhaps associated with de-
creasing levels of anti-TSST-1 antibody in human
populations), not because of a new S. aureus
strain.

Two additional points are noteworthy regarding
population genetic analysis of S. aureus strains
producing TSST-1. First, if the gene encoding
TSST-1 were evolutionarily old, allelic variants
differing in nucleotide and, perhaps, amino acid
sequence would exist in natural populations. This
prediction was borne out by the identification of a
variant of TSST-1 associated with goat, sheep, and
occasionally bovine mastitis that is encoded by a
gene which differs from the “human” form by 14
nucleotides, resulting in 9 amino acid changes.
The variant toxin retains mitogenic activity for
mouse splenocytes but differs significantly in
other functions ascribed to TSST-1, including abil-
ity to induce a TSS-like disease in rabbits (50).
Second, if the rapid increase in TSS cases were
caused by a change in host character rather than
by the rapid spread of a single, new, hypervirulent
clone, subclonal heterogeneity would be present
among isolates classified as ET 41. Examination
of RFLP patterns for the gene (coa) encoding co-
agulase has shown at least three distinct sub-
clones of ET 41 (51).

Neisseria meningitidis

Extensive work in the last 10 years has exam-
ined the molecular population genetics of Neisse-
ria meningitidis, predominantly by clonal
analysis, and more recently by DNA sequencing of
putative virulence genes. This work suggests that
temporal variation in disease frequency and sever-
ity is usually associated with clonal replacement
much like influenza epidemics are driven by anti-
genic shift.
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Serogroup B ET-5 Complex Organisms

Caugant et al. (52) demonstrated that an epi-
demic of serogroup B meningococcal disease that
began in the 1970s in Norway and subsequently
spread through much of Europe was caused by a
group of 22 very closely related clones, designated
as the ET-5 complex, that have no close genetic
relationship to other clone groups. Clones of this
complex were traced intercontinentally to Chile
and South Africa, where they also caused contem-
porary outbreaks of invasive disease. Clonal
analysis also showed that a severe epidemic of
meningococcal disease in Cuba (characterized by
a high attack rate and incidence of septicemia) was
due to ET-5 complex organisms. The recovery of
these same bacteria from outbreaks in Miami,
Florida, in 1980 and 1981, strongly suggested that
Cuban refugees imported the clones to Miami.
Members of the ET-5 complex have seldom been
recognized as important pathogens in the United
States. However, ET-5 complex organisms were
responsible for a recent increase in meningococcal
disease rates in Washington and Oregon (53). In
addition, a serogroup B epidemic in greater Sao
Paulo, Brazil, was also caused by ET-5 complex
members (54).

Recently, clonal analysis has been used to study
serogroup B meningococcal isolates that caused
invasive disease in The Netherlands between 1958
and 1986 (55). Significant temporal variation in
the clonal composition of meningococcal popula-
tions was identified. Recent disease episodes were
caused predominantly by isolates of three clonal
lineages (designated I, 111, and VI) that were not
represented in samples collected before 1975. In
addition, an epidemic in 1966-1967, and a hyper-
endemic disease wave in 1972 were caused mainly
by two closely related clones (ET-11 and ET-17)
expressing serotype 2b protein. Strong statistical
deviation in the sex ratio was recorded for disease
caused by clones of two lineages. Clones of lineage
V were cultured far more frequently from female
than for male patients; whereas, clones of lineage
IX were recovered from disease in male patients
approximately four times more often than aver-
age. The cause(s) of these differences are unknown
but warrant further investigation.

For most bacterial pathogens, few data are
available regarding the frequency with which dis-
tinctive clones are recovered in asymptomatic per-
sons. Caugant et al. (56) studied the clonal
composition of meningococcal isolates cultured
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from the nasopharnyx of healthy carriers in Nor-
way and discovered that the frequency of recovery
of clones (ET-5 complex and ET-37 complex) caus-
ing 80% of disease episodes were represented by
only 7% and 9%, respectively, of carrier isolates.
This same study demonstrated that the clones
most commonly represented among carrier iso-
lates (19%) have never been recovered from pa-
tients with invasive meningococcal infection. The
data reinforce the concept that bacterial clones
vary dramatically in virulence potential.

Serogroup C Disease

Anincrease of invasive disease due to serogroup
C N. meningitidis strains has been reported in
several countries in recent years (57-60). Study of
121 isolates recovered from patients in Greater
Sao Paulo, Brazil, between 1976 and 1990 identi-
fied a striking increase in isolates assigned to ET
11 complex (58). The percentage of invasive dis-
ease episodes caused by complex 11 organisms
increased from 8% in 1988 to 66% in 1990. Out-
breaks of serogroup C meningococci have also been
recently reported from distinct regions of the
United States (59) and Canada (57, 60). Analysis
of organisms collected from 13 U.S. outbreaks
identified five distinct multilocus enzyme types,
all very closely allied in overall chromosomal re-
latedness (59). Moreover, strains causing 4 of these
13 outbreaks were identical in multilocus enzyme
type (designated ET-15) to organisms responsible
for outbreaks in eastern Canada (60). Canadian
investigators have reported (60) that ET-15 organ-
isms had a significantly higher case-fatality ratio
than other invasive meningococcal disease iso-
lates, which may be due to a lower herd immunity
to the newly emerged clone.

Serogroup A Disease

Unlike other serogroups of Neisseria meningi-
tidis, which are usually associated with endemic
disease, isolates expressing serogroup A capsular
polysaccharide are unusual in that they may cause
large epidemics. For example, serogroup A organ-
isms have been responsible for epidemics of inva-
sive disease in Africa, China, Iran, Greece,
Finland, Brazil, and Nepal (61). Major epidemics
every 5-10 years in the Sahel region of sub-Saha-
ran Africa have led to the description of a “menin-
gitis belt” and to detailed studies by clonal analysis
of the molecular epidemiology of serogroup A or-
ganisms responsible for these and other outbreaks
(62, 63).
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A group led by M. Achtman assembled 423
serogroup A meningococcal isolates, recovered pri-
marily from invasive episodes, and representing
organisms responsible for 23 epidemics or out-
breaks between 1915 and 1983. Thirty-four dis-
tinctive clones were assigned to four complexes
representing groups of related clonal genotypes
(61). Most epidemics were caused by a single clone,
and the same clone often was responsible for con-
current epidemics in contiguous countries. For
example, serogroup A clone I-1 caused a pandemic
that began in North Africa and certain Mediterra-
nean countries in 1967 and spread throughout
West Africa in the subsequent 2 years; clone 111-1
has been responsible for disease outbreaks in Fin-
land, Brazil, Nepal, and China.

Recently Achtman’s group has extensively char-
acterized more than 300 serogroup Aisolates from
patients or carriers in one epidemic in The Gambia
in 1982-1983 and in 1984-1985 after an immuni-
zation program at the end of 1983. Analysis of a
representative subgroup of 64 isolates showed
that all were assigned to clone IV-1 (64, 65). Iso-
lates of this clone were examined for subclonal
variation with SDS-PAGE profiling, LPS profiling,
and genomic restriction endonuclease profiling,
and rare variants were detected. Two cell-surface
antigens (class 5 outer membrane protein and pili)
were unusually variable, and the hypothesis was
formulated that variation in the class 5 OMP
occurs as a consequence of recombinational events
affecting the translational reading frame. The
role, if any, of this subclonal microheterogeneity in
serogroup A meningococcal epidemics is being as-
sessed. Clonal analysis has provided a framework
that is being exploited to rationally select strains
for further characterization by molecular and se-
rologic techniques that may provide insight into
the forces driving a bacterial epidemic (66-68).

Clonal analysis also has demonstrated that se-
rogroup A isolates are a restricted phylogenetic
subpopulation of the species N. meningitidis (69).
This result may mean that the genotype bestowing
the epidemic phenotype has arisen a single time
and that it has not been successfully transferred
horizontally to unrelated phylogenetic lineages of
the species.

Moore et al. (70) employed clonal analysis to
document the intercontinental spread of an epi-
demic group A meningococcal clone complex by
Muslim hajis pilgrims in 1987. Apparently this
clone was carried from South Asia (Nepal and/or
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India) to Mecca, Saudi Arabia, where it was dis-
seminated in epidemic form to other hajis (pil-
grims) and to indigenous Saudis. The report of
invasive serogroup A meningococcal disease in
other Gulf nations and among hajis returning to
the United States, Europe (France and the United
Kingdom), and Africa (Ethiopia, Sudan, and Chad)
and the recovery of isolates of the same clone
complex (designated ET I11-1) from persons in
these diverse geographic localities strongly sug-
gested that an unusually virulent organism had
been rapidly dispersed intercontinentally. Spread
of clone I11-1 from Mecca to France by hajis was
independently confirmed by Riou et al. (71). This
meningococcal clone also caused recent episodes of
invasive disease in Sweden (72) and Kenya (73).

Streptococcus pyogenes Invasive Disease

Severe invasive infections caused by S. pyo-
genes have been reported with increased fre-
guency in recent years in the United States (74,
75), Europe (76-78), and elsewhere (79, 80). These
include both soft tissue infections, such as celluli-
tis, and deeper infections, including osteomyelitis,
necrotizing fasciitis, and sepsis, many of which
have occurred in previously healthy persons. The
observation that many patients have multiorgan
failure and other signs and symptoms mimicking
staphylococcal toxic shock syndrome led to the
characterization of a streptococcal “toxic-shock-
like syndrome” (TSLS) (81). Most S. pyogenes iso-
lates recovered from such patients produce one or
more pyrogenic exotoxins with significant amino
acid sequence homology and functional similarity
with several enterotoxins synthesized by S.
aureus (82).

To determine the genetic diversity and clonal
relationships among S. pyogenes isolates recov-
ered from patients with TSLS or other invasive
diseases in the United States, 108 organisms were
studied by multilocus enzyme electrophoresis and
analyzed for exotoxin A, B, and C synthesis (82).
The analysis showed that 33 distinctive clones
were present among isolates comprising the sam-
ple, but nearly half the disease episodes, including
more than two-thirds of the cases of TSLS, were
caused by strains of two related clones, designated
ET-1 and ET-2 (82). The production of pyrogenic
exotoxin A (scarlet fever toxin, which is bacterio-
phage-encoded), either alone or in combination
with other pyrogenic exotoxins, was associated
with recovery in patients with TSLS. This
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association was present with isolates of the same
clone, as well as those of distantly related phylo-
genetic lineages. The data were interpreted as
strong circumstantial evidence that scarlet fever
toxin A itself, or, possibly, the product of a gene
tightly linked to it, is a factor in the pathogenesis
of TSLS.

Because an increase in disease caused by
strains expressing the M1 serotype protein had
also been observed in England, Sweden, Norway,
Germany, other European countries, and else-
where, we sought to determine if strains recovered
from these diverse localities were genetically al-
lied. Chromosomal diversity and relationships
among 126 M1 strains from 13 countries on five
continents were analyzed by multilocus enzyme
electrophoresis and restriction fragment profiling
by pulsed-field gel electrophoresis (83). All isolates
were also examined for the speA gene by PCR, and
to increase the possibility of identifying inter-
strain variation, strain subsets were examined by
automated DNA sequencing for allelic polymor-
phism in genes encoding M protein (emm), strep-
tococcal pyrogenic exotoxin A (speA),
streptokinase (ska), pyrogenic exotoxin B (speB),
and Cba peptidase (scp). Seven distinct emml
alleles were identified that would express M pro-
teins differing at one or more amino acids in the
N-terminus variable region. Although substantial
levels of genetic diversity existed among M1 or-
ganisms, most invasive episodes were caused by
two subclones marked by distinctive multilocus
enzyme electrophoretic profile and PFGE restric-
tion fragment length polymorphism (RFLP) types.
One of these subclones (ET 1/RFLP pattern la)
has the speA gene, and was recovered worldwide.
Identity of speA, emm1, speB, and ska alleles in
virtually all isolates of ET 1/RFLP type 1la means
that these organisms have shared a common an-
cestor, and that global dispersion of this M1 sub-
clone has occurred very recently. The occurrence
of the same emm and ska allele in strains that are
well-differentiated in overall chromosomal char-
acter demonstrated that horizontal transfer and
recombination play a fundamental role in diversi-
fying natural populations of S. pyogenes.

The population genetic framework constructed
for S. pyogenes has been exploited to rationally
choose strains for comparative molecular charac-
terization of the gene (speA) encoding scarlet fever
toxin (84, 85). An analysis by Nelson et al. (84)
identified four alleles of speA in natural
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populations, one of which (speAl) occurs in many
distinct clonal lineages and is, therefore, probably
evolutionarily old. The presence of identical exo-
toxin A structural genes in diverse phylogenetic
lineages means that the gene has been horizon-
tally distributed among clones, presumably by
bacteriophage-mediated transfer. Two other al-
leles (speA2 and speA3), characterized solely by
single nucleotide changes resulting in single
amino acid substitutions, were each identified in
single clones (ET 1 and ET 2) that together have
caused most of TSLS episodes. The restriction of
speA2 and speA3 to single clonal lineages can be
interpreted as evidence that these two alleles are
evolutionarily younger than speAl. Afourth allele
(speAd) also is present in a single phylogenetic
lineage and is 9% divergent from the other three
toxin alleles. The absence of synonymous (silent)
nucleotide changes in speA2 and speA3 is unusual
and suggests that the allelic variation is not selec-
tively neutral, which implies that the toxins are
not functionally equivalent. Moreover, the muta-
tions occur in a segment consisting of five amino
acids that are highly conserved in the aligned
sequences of staphylococcal enterotoxin A (SEA),
staphylococcal enterotoxin B (SEB), SEC1, SEC3,
SED, SEE, and streptococcal pyrogenic exotoxin C
(86). The segment of SPE A containing these vari-
ations is immediately adjacent to a region contain-
ing cysteine residues involved in the formation of
a disulfide loop believed to be required for mito-
genicity of SPE A and other bacterial superan-
tigens. Population genetic analysis then suggests
that there are functional correlates of the allelic
variation and that the alleles have been subject to
natural selection. Recent studies have shown that
the ability of the SPEA2 and SPEA3 variants to
stimulate human peripheral blood mononuclear
cells exceeds that of SPEAL (87).

Mycobacterium tuberculosis

Perhaps no bacterial infection in recent years
has generated as much interest nationally as re-
surgent tuberculosis (TB) (88). Largely because of
the success of public health strategies, the inci-
dence of TB declined steadily in the United States
since the early 1950s, and the disease was thought
to be eradicable by the end of the first decade of
the 21st century (89). However, the yearly decline
in TB incidence ended in 1984, and after several
years of a plateau phase, resurged from 1988
through the present. An estimated 63,000 excess
cases occurred through 1993 (90). The HIV/AIDS
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epidemic, immigration from countries with high
TB prevalence, and outbreaks in correctional in-
stitutions, nursing homes, shelters for the home-
less, and other congregative environments have
contributed to the resurgence (88). On a global
scale, one-third of the world’s population is in-
fected with this pathogen, and 8 million new TB
cases occur each year. Moreover, nearly 3 million
people die annually of TB, making it the leading
cause of death due to an infectious agent world-
wide (88). Hence, there is a need to understand the
nature and extent of molecular variation in this
pathogen.

Although the population genetics of M. tubercu-
losis has not been examined by multilocus enzyme
electrophoresis, a recent study (91) analyzed DNA
sequence diversity in eight loci (192,875 nucleo-
tides) from unassociated isolates recovered in
North America and Europe. The data showed al-
most a complete absence of coding sequence nu-
cleotide variation. To rule out the possibility that
restricted geographic sampling biased the data
set, 350-bp fragments of genes encoding the beta
subunit of RNA polymerase (rpoB), a 65-kilodalton
heat shock protein (hsp65), the A subunit of DNA
gyrase (gyrA), an enzyme involved in aromatic
amino acid biosynthesis (aroA), RecA protein
(recA), and a 1435-bp region of the gene (katG)
encoding a catalase-peroxidase enzyme important
in isoniazid resistance (92-94) and host-parasite
interactions (95), were sequenced from one ran-
domly selected isolate from each of seven countries
with well-differentiated human populations
(Switzerland, Turkey, Algeria, Somalia, Papua
New Guinea, Vietnam, and Tibet). A virtual lack
of nucleotide variation was also found in these
seven isolates, and sequencing of several genes
from many additional TB isolates has reinforced
the concept of extremely restricted structural gene
polymorphism. The paucity of sequence variation
was surprising for several reasons. First, paleo-
pathologic evidence suggests that humans got TB
as early as 3700 BC in Egypt and 2500-1500 BC
in Europe and also pre-Columbian North and
South America (96). Moreover, M. tuberculosis
DNA recovered from lung lesions in a 1000-year-
old Peruvian mummy confirmed that the disease
existed in the pre-Columbian New World (97).
Second, as noted above, there is a very large global
pool of infected persons (88), and third, consider-
able chromosomal restriction fragment length
polymorphism has been identified by probing with
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mobile elements such as 1S6110 (98, 99). Based on
a population genetic interpretation of the data, it
was posited that M. tuberculosis may be only
15,000 to 20,000 years old, an age that dates
speciation and global dissemination to roughly the
same time as paleomigration into the New World.
The time frame is also consistent with speculation
(100) that the agent of human TB arose from the
very closely related cattle pathogen M. bovis by
host specialization occurring since the domestica-
tion of this animal some 8,000 - 10,000 years ago.
Recent large-scale DNA sequencing results are
also consistent with an interpretation that M.
tuberculosis and M. bovis have shared a recent
common ancestor.

These molecular population genetic findings
have considerable implications for M. tuberculosis
pathobiology research. First, the virtual absence
of naturally occurring nucleotide substitutions
greatly increases the likelihood that missense mu-
tations identified in genes associated with resis-
tance to antimicrobial agents actually confer
resistance rather than simply acting as conven-
ient surrogate markers of resistance (93, 94, 101,
102). Second, restricted allelic diversity means
that it is probable that only nominal amino acid
variation will occur in proteins of potential immu-
noprophylaxis, diagnostic, or virulence interest.

Clones W and Son of W

Commensurate with the rise of TB cases in the
United States was an increase in the number of
organisms resistant to one or more anti-TB medi-
cations (103). This trend has been viewed with
great concern by public health authorities and
clinicians, in part because no new first-line anti-
TB agents have been introduced in several dec-
ades. Certain communities have contributed
disproportionately to the documented increase is
resistant organisms, the most notable being New
York City (104), which has accounted for up to 60%
of all drug-resistant M. tuberculosis reported na-
tionally in some surveys. Although strains with
several antimicrobial agent susceptibility pat-
terns have been identified, approximately 300 or-
ganisms are invariably resistant to isoniazid,
streptomycin, rifampin, ethambutol, and variably
resistant to ethionamide, kanamycin, capreomy-
cin, and ciprofloxacin (105, 106). Early reports
based on 1S6110 restriction fragment length poly-
morphism typing (99), other molecular techniques
(98, 107), and classic epidemiologic investigations
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suggested that many of these organisms were
clonally related. More recent analysis using
1S6110 typing, several other molecular typing
strategies, and automated DNA sequencing to
identify the exact nucleotide changes responsible
for resistance to isoniazid, rifampin, and strepto-
mycin has unambiguously demonstrated the ex-
istence of two abundant closely related subclones
(arbitrarily named W and W1, son of W) that have
clearly shared a recent common origin (105). Mul-
tidrug resistance in these strains is due to sequen-
tial accumulation of amino acid substitutions
conferring resistance to each drug alone, rather
than a single-step molecular event, such as acqui-
sition of a multidrug-resistance-conferring plas-
mid. Progeny of these two subclones have now
spread well beyond the New York City borders.
The organisms have been isolated from patients
in other New York communities (108), Atlanta,
Miami, Denver, Las Vegas, and Paris, France
(109). Thus far, all patients documented to have
infection caused by W or W1 organisms can readily
be epidemiologically connected with New York
City, that is, secondary, tertiary, or quaternary
spread has not yet sufficiently obscured this im-
portant epidemiologic thread. Dissemination of
these difficult to treat W and W1 organisms
throughout New York City and other cities dem-
onstrates the devastating consequences of clonal
originand spread of a bacterial pathogen. Because
some persons now infected latently with W and
W1 will later experience reactivation disease, dis-
semination of W and W1 has adverse implications
for TB control in the 21st century.

Penicillin-Resistant Streptococcus pneumoniae

The Gram-positive bacterial pathogen S. pneu-
moniae is a major cause of illness and death world-
wide (110, 112). In the United States, the organism
is responsible for more than 500,000 cases of pneu-
monia, 55,000 episodes of bacteremia, 6,000 cases
of meningitis, and 40,000 deaths each year (113).
Until relatively recently, antibiotic resistance inS.
pneumoniae was rare, but it is now a global public
health problem (114-116).

Resistance to penicillin in many organisms is
due to the expression of altered high molecular-
weight penicillin-binding proteins (PBPs) that
have reduced antibiotic affinity (117). Among re-
sistant strains, alterations in four (1A, 2X, 2A, and
2B) of the five high molecular-weight PBPs ex-
pressed by isolates of the species have been
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identified in resistant patient isolates. Research
has shown that two processes have contributed to
the rise of these organisms. First, many distinct
susceptible strains are independently evolving to
the resistance phenotype. Acquisition of penicillin
binding protein gene segments from foreign do-
nors, such as oral streptococci, is apparently a
primary driving force (118). At the molecular level,
the result is generation of mosaic genes, and
thereby molecularly remodelled PBP proteins
with decreased affinity for penicillin (119-123).
Evidence shows that the Hex recombinational
pathway (124) participates. Once a distinct drug-
resistant cell has been generated, progeny can be
transmitted locally and over intercontinental dis-
tances by person-to-person spread (125-130). Mul-
tilocus enzyme electrophoresis has been applied to
analyze genetic relationships among penicillin-re-
sistant strains of S. pneumoniae from global
sources and to infer patterns of epidemiologic
spread of these resistant organisms (125-131).
The importance of rapid local clonal spread of
antibiotic-resistant S. pneumoniae is illustrated
by events in Iceland. Monitoring of antibiotic re-
sistance patterns of pneumococci in Iceland
showed no detectable penicillin-resistant organ-
isms in 1983 to 1988. The first penicillin-resistant
strain was recovered in December 1988 (132). The
frequency of penicillin-resistant organisms rose
sharply over the next 3 years from 2.3% to 17% of
all isolates in the first quarter of 1992 (132). Al-
most 70% of the resistant isolates expressed sero-
group 6 capsule polysaccharide and were also
resistant to tetracycline, chloramphenicol, eryth-
romycin, and trimethoprim-sulfamethoxazole. To
test the hypothesis that these Icelandic isolates
were clonally related, Soares et al. (128) examined
57 organisms for serotype, PBP pattern, pulsed-
field chromosomal restriction endonuclease diges-
tion pattern, and multilocus enzyme
electrophoretic genotype. All isolates were sero-
type 6B and had closely similar or identical pat-
terns for each of the molecular markers examined.
Surprisingly, the Icelandic organisms were indis-
tinguishable from a subgroup of multiresistant
serotype 6B pneumococci that occurs with high
incidence in Spain. The authors concluded that the
Spanish clone was imported to Iceland and noted
that in recent years a favored vacation locality for
Icelandic families with young children had been
Spain. The factors responsible for the precipitous
spread of the clone in Iceland are largely
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unknown. The frequency of use of beta-lactam
antibiotics in Iceland and Sweden (a country
where resistant pneumococci are rare) in 1989 was
similar (133), and low compared to other industri-
alized countries (134). However, Iceland has a very
high use of antimicrobial agents such as trimetho-
prim-sulfamethoxazole, metronidazol, and tetra-
cycline (133, 134), which means it is conceivable
that selection for the multiresistant clone oc-
curred. Asecond possible factor contributing to the
clonal spread of the organisms is that 57% of
Iceland’s population of about 250,000 live in
Reykjavik and its suburbs, where most of these
strains have been recovered. Moreover, almost
80% of Icelandic children 2 to 6 years of age in
Reykjavik attend day-care centers. Together these
factors may have provided a unique set of circum-
stances for introduction and rapid spread of the
multiresistant clone.

Investigating the molecular population genet-
ics of pneumococci has led to the realization that
horizontal transfer and recombinational processes
are also serving to generate variation in capsule
type and immunoglobulin Al (IgAl) protease gene
alleles (135, 136). Coffey et al. (135) analyzed
European resistant strains expressing serotype 9
or 19 through a combined approach employing
clonal analysis and RFLP profiling of genes encod-
ing PBP1A, PBP2B, and PBP2X. Analysis of a
resistant isolate synthesizing serotype 19 capsule
showed that it was identical in overall chromoso-
mal character to a clone of organisms resistant to
multiple antibiotics which expressed serotype
23F, aresult that was interpreted as evidence that
horizontal transfer of capsular biosynthesis genes
had occurred. More recently, Lomholt (136) has
shown that recombinational processes contribute
to allelic variation in the gene (iga) encoding 1gA1
protease.

Methicillin-Resistant Staphylococcus aureus

Very soon after methicillin entered clinical use
in the 1950s, strains of S. aureus resistant to this
antimicrobial agent were reported in the United
Kingdom (137). Within a few years, hospital out-
breaks caused by methicillin-resistant S. aureus
(MRSA) occurred in Europe. MRSA were recog-
nized as an important hospital infection control
problem in the United States in the mid-1970s,
and these organisms have now achieved global
distribution (138).
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Intrinsic methicillin resistance is due to the
expression of an altered penicillin-binding protein
(PBP) termed PBP 2a (139) that is encoded by the
chromosomal mec gene (140, 141). Evidence has
been presented that mec originated as a conse-
guence of a recombinational event fusing about
300 bp of a staphylococcal beta-lactamase gene
and a segment of a gene encoding a PBP from an
unknown donor bacterium, perhaps E. coli (142).

Multilocus enzyme electrophoresis and other
molecular population genetic techniques were
used to determine the extent of mec distribution
among phylogenetic lineages of the species and
genetic relationships among MRSA strains circu-
lating in various geographic regions at different
times (143, 144). The mec gene is harbored by
many divergent phylogenetic lineages repre-
senting a large portion of the breadth of chromo-
somal diversity in the species S. aureus. On the
basis of additional evidence, it was proposed that
multiple episodes of horizontal transfer and re-
combination have contributed to the spread of the
mec resistance determinant in natural popula-
tions. The identification of a single multilocus
enzyme genotype among MRSA organisms recov-
ered in the United Kingdom, Denmark, Switzer-
land, Egypt, and Uganda, soon after the
widespread introduction of methicillin into clini-
cal use in the 1960s, meant that MRSA isolates
recovered from those localities at that time were
progeny of asingle ancestral cell that had probably
acquired the mec determinant recently. The mul-
tilocus enzyme electrophoretic data demonstrat-
ing association of mec with highly divergent
members of the S. aureus species effectively ruled
out the idea (145) that all extant MRSA are lineal
descendants of a single clone, and that mec was
acquired just once by methicillin-sensitive clones
of this pathogen.

Borrelia Species Associated with Lyme Disease
Molecular population genetic strategies have
also been used to delineate accurate phylogenetic
relationships among emerging organisms. For ex-
ample, Boerlin et al. (146) studied 50 isolates
classified as Borrelia burgdorferi by multilocus
enzyme electrophoresis and identified three dis-
tinct genetic clusters that were well differentiated
from one another in overall chromosomal charac-
ter. The investigators proposed that each cluster
represented a genospecies, and this idea was sub-
sequently supported by DNA-DNA reassociation
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studies (147), 16S rRNA gene sequencing (148),
genomic fingerprinting by arbitrarily primed po-
lymerase chain reaction (149), and other
techniques (Valsangiacomo C, Balmelli T, Pif-
faretti J-C, pers. comm.). Moreover, differentgeno-
species of B. burgdorferi have been associated with
distinct clinical manifestations of Lyme borreliosis
(150-152).

Although population genetics has only been
applied to the study of pathogenic bacteria for
approximately a decade, considerable insight has
been gained into the molecular mechanisms of
temporal variation in disease frequency and sever-
ity, host adaptation of clonal lineages, and the
relationship of disease severity and naturally oc-
curring bacterial clones. The work cited in this
review represents only a small part of the contri-
bution of molecular population genetic investiga-
tions to an understanding of temporal variationin
disease frequency and severity, microbial patho-
genicity, and evolution of virulence genes. For
example, contributions have also been made from
studies of Vibrio cholerae (153-155), encapsulated
H. influenzae (156), L. monocytogenes (157-158),
Salmonella spp. (159-161), and other pathogens
(162).

Changes in human behavior, simple processes
of microbial evolution, and increasing resistance
to antimicrobial agents will continue to supply
mankind with new infectious disease challenges
and, therefore, motivation for molecular popula-
tion genetics studies. The genomes of two bacterial
pathogens have now been sequenced (163-164),
and it is likely that the genomes of most major
human and veterinary viral and bacterial patho-
gens will be sequenced in their entirety in the next
decade. Hence, the trend toward molecular dissec-
tion of microbial populations by large-scale DNA
sequencing will accelerate. DNA sequence-based
and conventional molecular population genetic
studies are cost-effective and should be encour-
aged in the fight to limit the detrimental impact
of infectious agents on human, animal, and plant
health.
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Emergence of the Ehrlichioses as Human Health Problems

David H. Walker, M.D.
Department of Pathology, University of Texas Medical Branch at Galveston
J. Stephen Dumler, M.D.
Department of Pathology, The Johns Hopkins Medical Institutions

Ehrlichiae are small, gram-negative, obligately intracellular bacteria that reside within a
phagosome. The first human ehrlichial infection was recognized in the United States in 1987.
It was later shown to be caused by a new species, Ehrlichia chaffeensis. In 1994, an
ehrlichial pathogen within neutrophils that is closely related to the known veterinary patho-
gens E. equi and E. phagocytophila was found to infect humans. Molecular methods were
required to detect, characterize, and identify these fastidious and uncultivated bacteria.
Subsequently, E. chaffeensis infection was documented in more than 400 patients in 30
states, Europe, and Africa. Likewise, approximately 170 cases of human granulocytic
ehrlichiosis have been diagnosed, most since 1994, predominantly in the upper midwestern
and northeastern states, but also in northern California. The disease caused by ehrlichiae
is generally undifferentiated but is often associated with leukopenia, thrombocytopenia, and
elevated serum hepatic transaminase levels in tick-exposed patients. Infection ranges from
subclinical to fatal; tetracycline appears to be an effective therapy. The emergence of these
two newly recognized tickborne infections as threats to human health is probably due to
increased clinical cognizance, but as in other emerging tickborne infections, it is likely that
the rapid increase in identified cases signals a true emergence of disease associated with

a changing vector-host ecology.

During the last decade, two previously un-
known human diseases caused by Ehrlichia spe-
cies have emerged as public health problems in the
United States. Each of these infectious diseases is
designated by the major target cell: human mono-
cytic ehrlichiosis is caused by Ehrlichia chaffeen-
sis, and human granulocytic ehrlichiosis by an E.
equi-like organism. The taxonomic positions of
these bacteria have been determined with much
greater scientific clarity by the recent application
of molecular methods, which were critical for the
identification of E. chaffeensis and essential for
that of human granulocytic ehrlichia (HGE) (1,2).
Extreme difficulty in developing methods for cul-
tivation of these ehrlichiae and, until recently, the
lack of molecular approaches to the study of un-
cultivated organisms partly explain why these far
from rare diseases were not detected sooner (3-5).
However, it was the observation of Romanowsky-
stained blood smears by classic microscopy that
actually opened the door to the discovery of both
diseases (6,7). This article reviews ehrlichiae and
describes their taxonomic and ecologic niches
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within the scheme of bacterial evolution and the
substantial knowledge, developed largely by the
veterinary sciences, that served as a foundation
for the discovery and elucidation of the human
ehrlichioses.

Evolution of Ehrlichiae in Unusual Ecologic Niches

Among the obligately intracellular gram-nega-
tive bacteria, a genetically related set is classified
among the Protobacteria of the a subgroup on the
basis of sequence analysis of the 16S rRNA gene
(1,2,8,9). The overview of the evolution of these
organisms provided by this approach lacks many
details essential to the understanding of human
disease; however, the evolution of these organisms
correlates well with the clonal divergence of many
species that do not have opportunities for genetic
recombination because of their intracellular isola-
tion from other organisms. These bacteria have
evolved in close association with ticks, mites, chig-
gers, fleas, other arthropods, and fish flukes into
six genetically defined clusters (1,2,8-11) (Table 1
and Figure 1). Future definition of the details
determined by many other important genes may
designate these six clusters as separate taxonomic
genera. Currently, however, the presence of organ-
isms named as Ehrlichia species within three of
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Table 1. Six related clusters of obligately intracellular
gram-negative bacteria determined by 16S rRNA
comparisons

Prototype species Other genera within Vector
of the cluster genetic confines relationship
1. Ehrlichia canis Cowdria Ticks
I1. E. phagocytophila  Anaplasma Ticks
I11. E. sennetsu Neorickettsia Fish flukes

IV. Wolbachia pipientis Rhinocyllus, Nasonia Insects
incompatibility intra-
cellular symbionts

V. Rickettsia rickettsii None Ticks, fleas,
Mites, lice
VI. Orientia tsutsuga-  None Chiggers

mushi * (R.
tsutsugamushii)

* Proposed new taxonomic designation (20).

these clusters is confusing, particularly since
other genus names also fall into each of the clus-
ters (Tables 1 and 2).

Historical Foundations for Recognizing the Human
Ehrlichioses in the United States

The current, albeit incomplete, knowledge of
the human ehrlichioses has a long history. The
emergence of ehrlichiae began in 1910, when
Theiler described Anaplasma marginale, the

etiologic agent of an economically important, se-
vere worldwide disease of cattle. The contribu-
tions of veterinary medical science to the
understanding of ehrlichiae have continued ever
since; they include the description of Cowdria
ruminantium by Cowdry in 1925, of E. canis by
Donatien and Lestoquard in 1935, and E. phago-
cytophila by Gordon in 1940. The genus Ehrlichia
was established in 1945 in honor of the German
microbiologist Paul Ehrlich, and the general sci-
entific distinction of rickettsiae and ehrlichiae
from viruses and protozoa followed soon thereaf-
ter, mainly as a result of the advent of antibiotics
and electron microscopy. Molecular methods are
now used to identify various species. Indeed, E.
sennetsu, the etiologic agent of a human infectious
mononucleosis-like illness described in Japan in
1954, was considered a Rickettsia for many years.
Numerous veterinary discoveries preceded the
recognition of human ehrlichial infections in the
United States: Neorickettsia helminthoeca in
1950, N. elokominica in 1964, E. equi in 1969, E.
ewingii in 1971, E. platys in 1978, and E. risticii
in 1984 (12). Substantial emphasis on the study of
ehrlichiae was stimulated by a disastrous epizo-
otic of canine ehrlichiosis that resulted in 200 to
300 deaths among military working dogs in Viet-
nam from 1968 until 1970. After the discovery, in
1984, that the etiologic agent of Potomac horse
fever was a novel species designated as E. risticii,

Figure 1. Dendrogram
representing the phylo-
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genic relationships of
ehrlichiae and other Pro-
tobacteria as determined
by 16S rDNA sequence
similarity. The three clus-
ters of bacteria enclosed
in rectangles include or-
ganisms designated as
Ehrlichia, although they
differ substantially.
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Table 2. Three related clusters of bacteria-containing species designated as Ehrlichia

Vertebrate host Transmission Major target cell
Genogroup |
Ehrlichia canis Canids Rhipicephalus sanguineus Monocyte/macrophage
tick bite
E. chaffeensis Humans, deer Amblyomma americanum  Monocyte/macrophage

E. ewingii

E. muris
Cowdria ruminantium

Genogroup 11

E. equi

E. phagocytophila

Human granulocytic
ehrlichia

E. platys

Anaplasma marginale

Genogroup I

E. sennetsu

E. risticii

Neorickettsia helminthoeca
N. elokominica
Stellantchasmus falcatus

Canids

Vole

Cattle, sheep, goats,
antelope,
African buffalo

Horses

Sheep, cattle, deer

Humans, deer,
rodents (?)

Canids

Cattle

Humans

Horses

Canids
Canids
None known

tick bite
A. americanum tick bite

Unknown
Amblyomma spp. tick bite

Ixodes spp. tick bite
Ixodes ricinus tick bite

I. scapularis (dammini)
tick bite

Unknown
Boophilus, Rhipicephalus,
and other tick bites

Possibly ingestion of raw
fish
Unknown

Salmon fluke ingestion
Salmon fluke ingestion
Grey mullet fluke

Polymorphonuclear
leukocytes

Monocyte/macrophage
Endothelium

Neutrophils
Neutrophils
Neutrophils

Platelets
Erythrocytes

Monocyte/macrophage

Monocytes, enterocytes,
mast cells

Macrophage
Macrophage
Unknown

(SF) agent

major advances in the scientific investigation of
ehrlichiae have been achieved, particularly in the
laboratory of Yasuko Rikihisa at the Ohio State
University College of Veterinary Medicine. In-
deed, blinded to the potential relevance of Ehr-
lichia ssp. to human medicine, we missed
numerous opportunities during the 1980s to in-
vestigate canine ehrlichiosis.

Emergence of Human Monocytic Ehrlichiosis
Asingle, somewhat unusual case in 1986 led to
the recognition of human ehrlichial infections in
the United States (6). A 51-year-old man who had
been bitten by a tick in Arkansas and had been
sick for 5 days was admitted to a hospital in
Detroit. He was critically ill with fever, headache,
myalgia, confusion, azotemia, hypoxemia, and
thrombocytopenia and had cytoplasmic inclusions
in his peripheral blood leukocytes. Peripheral

Emerging Infectious Diseases

blood smears and electron micrographs of the in-
clusion-bearing leukocytes examined at the Cen-
ters for Disease Control (CDC) suggested that the
organisms were an Ehrlichia sp. Serologic evalu-
ation showed a high titer of antibodies reactive
with E. canis that fell sharply during convales-
cence. The patient had a prolonged hospitalization
complicated by renal failure which required
hemodialysis; upper gastrointestinal hemor-
rhage; severe central nervous system involve-
ment; and systemic Candida infection.

State public health agencies and CDC demon-
strated that many patients originally suspected to
have Rocky Mountain spotted fever or another
rickettsiosis (13) produced antibody to E. canis, a
canine pathogen. In Oklahoma, the state with the
highest incidence of Rocky Mountain spotted fe-
ver, serologic evidence suggested that human
monocytic ehrlichiosis occurred at the same inci-
dence as Rocky Mountain spotted fever (14). In a
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prospective active surveillance study of febrile
hospitalized patients in southeastern Georgia,
ehrlichial disease was sixfold more prevalent than
Rocky Mountain spotted fever and was associated
with history of tick bite, anorexia, chills, weight
loss, sweating, headache, nausea, myalgia, throm-
bocytopenia, and elevated serum concentrations of
hepatic transaminases in 50% or more of the pa-
tients and by arthralgia, vomiting, diarrhea, ab-
dominal pain, cough, rash, and leukopenia in
fewer than half of the patients (15). Mild and
asymptomatic seroconversion to ehrlichial
antigens has also been associated with tick expo-
sure (16).

A practical method for the cultivation of E.
canis (the suspected cause of human ehrlichial
infections), developed at CDC, used the cultivated
organisms to establish a reliable indirect im-
munofluorescence assay (IFA) for the diagnostic
demonstration of antibodies in serum (17). In ret-
rospect, it is apparent that E. canis was a rela-
tively sensitive surrogate antigen because it
shares some, but by no means all, of the antigens
of the etiologic Ehrlichia. The method of ehrlichial
cultivation in a continuous canine histiocytoma
cell line (DH82) was also successfully applied to
the isolation of an Ehrlichia species from the blood
of a febrile soldier at Fort Chaffee, Arkansas (3).
Molecular methods were also applied to establish,
on the basis of the DNA sequence of the 16S rRNA
gene, that E. chaffeensis is a novel species (1).

Current Knowledge of E. chaffeensis and Human
Monocytic Ehrlichiosis

Microbiology of the Etiologic Agent

Ultrastructural investigation of E. chaffeensis
demonstrated that the inner and outer leaflets of
the cell wall were equal in thickness. Rickettsia
species have a thinner outer leaflet and thicker
inner leaflet, and Orientia (Rickettsia) tsutsuga-
mushi has a thicker outer leaflet and thinner inner
leaflet (18-20) (Figures 2 and 3). Two distinct
morphologic forms, larger reticulate cells with
uniformly dispersed nucleoid filaments and ribo-
somes and smaller cells with central condensation
of nucleoid filaments and ribosomes, were ob-
served undergoing binary fission, evidence
against a developmental cycle (Figure 3). Many
forms were observed, including numerous intra-
morular vesicles and tubules originating from the
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Figure 2. Human granulocytic ehrlichiae (BDS strain)
in an equine peripheral blood neutrophil are located
within four morulae. Reticulate (r) and dense-cored (d)
cells are surrounded by two membranes: cell wall mem-
brane and cytoplasmic membrane. Bar = 1 um; magni-
fication, x 27,000. (Courtesy of Vsevolod Popov,
University of Texas Medical Branch at Galveston.)

ehrlichial cell wall and fibrillar material
consisting of ehrlichial antigen. Abnormal forms
included giant and multilobar ehrlichiae.

Western immunoblot technique has detected
seven major proteins: 120, 66, 58, 44, 29, 28, and
22 kDa; the greatest number of antigens are
shared with E. canis (21). Monoclonal antibodies
and monospecific polyclonal antibodies demon-
strated that the major, immunodominant 120-,
29-, 28-, and 22-kDa proteins (as well as a minor
30-kDa protein) are surface-exposed and that the
28- and 22-kDa proteins are related antigenically.
Further human isolations of ehrlichiae have
shown antigenic and genetic diversity among
strains of E. chaffeensis (4).

DNA cloning has shown that 58- and 10-kDa
proteins are genetically homologous to the
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Escherichia coli GroEL and GroES heat shock
proteins (22). The 120-kDa protein includes a re-
gion of identical 80 amino acid tandem repeat
units, and preliminary evidence suggests that it
mediates adhesion to the host cell. Establishment
and study of tick isolates and identification of
virulence factors are clearly important aims for
future research.

Clinical Manifestations

Most cases of human ehrlichiosis have been
diagnosed after a moderate-to-severe illness (23).
Some patients have a life-threatening illness
resembling toxic shock syndrome (24). Deaths
have occurred in approximately 2% to 3% of pa-
tients, including previously healthy children
(13,23-28). Among 237 cases between 1985 and
1990 investigated by CDC, 62% of patients were
hospitalized (23). The median duration of illness,
including that for treated patients, was 23 days.
The signs and symptoms depict a systemic disease
that has no clinically diagnostic features: fever
(97%), headache (81%), myalgia (68%), anorexia
(66%), nausea (48%), vomiting (37%), rash (6% at
onset, 25% during the first week, and 36% overall),
cough (26%), pharyngitis (26%), diarrhea (25%),
lymphadenopathy (25%), abdominal pain (22%),
and confusion (20%). Severe complications include
respiratory and renal insufficiency and serious
neurologic involvement. Of patients with chest
radiographic examinations, nearly half have pul-
monary infiltrates (13). Clinical laboratory find-
ings include leukopenia (60%), thrombocytopenia
(68%), and elevated hepatic transaminases (86%).
Hepatic involvement has been described as severe
in individual cases (29). Central nervous system
involvement has been documented by the occur-
rence of seizures, coma, and cerebral lesions at
autopsy as well as by cerebrospinal fluid (CSF)
pleocytosis, increased CSF protein concentration,
and the presence of E. chaffeensis in CSF demon-
strated by immunocytology and polymerase chain
reaction (PCR) (24,30,31). Recognition of serious
myocardial involvement further emphasizes the
potential gravity of this disease and the incom-
pleteness of our knowledge of its clinical manifes-
tations (32). Seroconversion to E. chaffeensis
among 1.3% of 1,187 soldiers during training ex-
ercises with tick exposures suggests that human
risk for infection with it or an antigenically related
Ehrlichia is relatively high (16). However, the fact
that two-thirds of the seroconverters remained
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asymptomatic emphasizes that the relationship
between severity of illness and either host factors
or ehrlichial strain differences in virulence re-
mains unknown.

Epidemiology of Human Monocytic Ehrlichiosis and

Ecology of E. chaffeensis

More than 400 cases of serologically confirmed
E. chaffeensis infection have been documented at
CDC, which has one of the few laboratories capa-
ble of performing diagnostic ehrlichial serology.
That these cases most likely represent but the tip
of the iceberg was confirmed when inquiry at MRL
Diagnostics, a commercial reference laboratory
that offers IFAserology for E. chaffeensis, reported
722 positive specimens between September 1992

= R Tl

Figure 3. Human monocytic ehrlichiae (Ehrlichia
chaffeensis, Sapulpa strain) in host-cell mem-
brane-limited parasitophorous vacuoles (morulae)
of a DH82 cell (canine macrophage cell line). Ehr-
lichial reticulate cells (r) are limited by two mem-
branes. The outer one—the cell wall membrane—is
usually wavy (arrowheads). One Ehrlichia is divid-
ing by binary fission (arrow). Bar = 1 um; magnifi-
cation, x 18,000. (Courtesy of Vsevolod Popov,
University of Texas Medical Branch at Galveston.)
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and June 15, 1995. In fact, there is no system,
required or otherwise, for notifying public health
authorities of cases. Relatively few physicians
even know that these diseases exist and, thus,
most of them are not making the diagnosis. Even
highly knowledgeable physicians find ehrlichiosis
virtually impossible to diagnose on the basis of
clinical signs and symptoms. Most patients (83%)
report exposure to ticks or tick bite within the 3
weeks of onset of illness (13,23). Cases are pre-
dominantly rural (66%) and seasonal (68% during
May-July). The median age of patients is 44 years,
and three-quarters are male. Outbreaks of human
monocytic ehrlichiosis among groups of golfers
and campers emphasize the risk for infection dur-
ing outdoor activities with tick exposure (16,33).
Human monocytic ehrlichiosis occurs not only as
an acute illness of apparently immunocompetent
persons but also as an opportunistic infection of
patients with compromised host defenses, includ-
ing acquired immunodeficiency syndrome (AIDS)
patients (24,26). The report of a fatal E. chaffeensis
infection inan AIDS patient, in whom a diagnostic
antibody response to E. chaffeensis never devel-
oped, suggests that such cases would not usually
be diagnosed correctly.

E. chaffeensis has been detected in two tick
species, Amblyomma americanum (the lone star
tick) and Dermacentor variabilis (34,35) (the
American dog tick). Human monocytic ehrlichiosis
has been confirmed in 30 states. Most cases have
occurred within the range of A. americanum, and
a high proportion of the remainder have occurred
within the range of D. variabilis. Ehrlichiae have
been detected specifically by PCR in adult (but not
in nymphs) A. americanum ticks in Missouri,
North Carolina, Kentucky, and New Jersey; a sin-
gle E. chaffeensis PCR-positive D. variabilis tick
was found in Arkansas. On the other hand, cases
reported in Wyoming, Utah, Washington, Europe,
and Africa suggest the possibility of additional
vectors (23,36,37) or other antigenically related
ehrlichial organisms.

White-tailed deer (Odocoileus virginianus) in
Alabama, Arkansas, Florida, Georgia, lllinois,
Kentucky, Louisiana, Maryland, Mississippi, Mis-
souri, North Carolina, South Carolina, Tennessee,
Texas, and Virginia have antibodies reactive with
E. chaffeensis. These deer are susceptible to ex-
perimental infection with ehrlichiae that can cir-
culate for weeks (38,39). The close association
among E. chaffeensis, the lone star tick, and white-
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tailed deer was vividly illustrated by the
sequential appearance of A. americanum ticks and
antibodies to E. chaffeensis in a population of deer
in Georgia (40). The prevalence of lone star ticks
and seropositivity both rose from 1983 to 1990
when 100% of deer examined were infested with
A. americanum and had serum antibodies to E.
chaffeensis. The possibility that the immature
ticks acquired the ehrlichiae from another mam-
malian host, such as a small rodent, before it was
transmitted to deer cannot be excluded. Experi-
mentally infected dogs have ehrlichemia for at
least 26 days and, thus, could also serve as a
reservoir host (41). Related ehrlichioses for which
the ecology and transmission are known are main-
tained in a cycle involving a mammalian host and
a tick vector (12). For example, Rhipicephalus
sanguineus ticks acquire E. canis infection when
feeding on infected dogs as larvae or nymphs
(42,43). Although the ticks remain infected as they
molt from stage to stage, transovarian transmis-
sion does not occur. It seems likely that deer, dogs,
or small rodents serve as the reservoir hosts for E.
chaffeensis, and that A.americanum ticks serve as
the major vector. Indeed, larval and nymphal A.
americanum acquire E. chaffeensis by feeding on
infected deer, maintain the ehrlichiae trans-
stadially, and transmit E. chaffeensis while feed-
ing as nymphs and adults on naive deer (44).

Diagnosis and Treatment

The diagnosis of human monocytic ehrlichiosis
is usually difficult to establish during the acute
stage of the infection, even in severe cases.
Ehrlichiosis should be considered in any febrile
patient who has been exposed to ticks during the
previous 3 weeks, particularly if leukopenia and
thrombocytopenia are present.

Most cases have been confirmed by a humoral
immune response generating antibodies reactive
with E. chaffeensis or the surrogate antigen, E.
canis (17,23). Use of E. chaffeensis antigens for IFA
serology results in greater diagnostic sensitivity
than use of E. canis antigens (3). Diagnostic rises
in antibody titer usually occur by the third week
after onset, and a precipitous decline in antibody
occurs in most patients during the following year.
Afourfold rise or fall in IFA titer with a peak titer
of 64 or greater is considered diagnostic in a clini-
cally compatible case. Only two cases have been
documented by ehrlichial isolation (3,4), approxi-
mately 30 cases by E. chaffeensis-specific PCR
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(31,34,45), and even fewer cases by immuno-
histology or immunocytology (25-28,30,46). Fur-
thermore, antibodies to E. chaffeensis did not de-
velop in six PCR-confirmed patients during
convalescence, suggesting that serologic testing
may be less sensitive than generally assumed
(31,45). The sensitivity of PCR seems to be 80% to
87%); the specificity depends critically upon avoid-
ing contamination with ehrlichial DNA. Search for
morulae of E. chaffeensis in leukocytes is unre-
warding. Even an exhaustive search of buffy coat
smears seldom yields a diagnostic result.

Retrospective analysis showed that treatment
with tetracycline was associated with reduced
need for hospitalization of patients and with the
shortest median duration of treatment to effect
defervescence for hospitalized patients (2 days as
compared with 3 days for chloramphenicol and 7
days for all other antibiotics) (23). E. chaffeensis
is killed in cell culture in the presence of doxycy-
cline or rifampin but is resistant to chlorampheni-
col, ciprofloxacin, erythromycin, cotrimoxazole
gentamicin, and penicillin (47). E. chaffeensis can
establish persistent infection even after treatment
with tetracycline and chloramphenicol (25). Per-
sistent ehrlichial infection, in some instances even
after treatment, is a well-documented aspect of
the veterinary ehrlichioses, e.g., canine monocytic
ehrlichiosis (E. canis) and tick-borne fever (E.
phagocytophila). The long-term implications of
persistent ehrlichiosis in humans are unclear but
might include subsequent reactivation of infection
or altered host defenses.

Pathology, Pathogenesis, and Immunity

E. chaffeensis is introduced into the dermis by
the bite of an infected tick and spreads hemato-
genously throughout the body. Intracellular infec-
tion is established within phagosomes, most often
in macrophages in the spleen, liver, lymph nodes,
bone marrow, lung, kidney, and cerebrospinal fluid
(25-28,30,46). Lesions potentially attributable to
ehrlichial infection include focal necroses of the
liver, spleen, and lymph nodes; multiorgan peri-
vascular lymphohistocytic infiltrates; hemo-
phagocytosis in the spleen, liver, lymph nodes, and
bone marrow; interstitial pneumonitis; and pul-
monary hemorrhage. In bone marrow specimens
from 12 patients, the most important findings
related to the hematopoietic response were
myeloid hyperplasia (8 cases), myeloid hypoplasia
(1 case), pancellular hypoplasia (1 case), and
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megakaryocytosis (7 cases) (46). The most striking
discovery was the frequent occurrence of granu-
lomas (in 8 cases) and marrow histiocytosis (in 1
case) as manifestations of the reaction of macro-
phages to this organism.

The pathogenic mechanisms of ehrlichial dis-
ease are poorly understood. E. chaffeensis directly
causes necrosis of heavily infected cells in vitro
and in immunocompromised patients (7,26);
however; the role of host immune and inflamma-
tory responses as disease mechanisms has yet to
be determined. Observations of opportunistic fungal
and viral infections in severe and fatal cases sug-
gest the possibility of an ehrlichial role in the
suppression or dysregulation of the immune re-
sponse (6,25).

Itis quite likely that E. chaffeensis is controlled
by a combination of cell-mediated and humoral
immune mechanisms. Interferon-activated hu-
man monocytes kill E. chaffeensis in vitro. The
ehrlichicidal activity is reversed by holotransfer-
rin, suggesting that E. chaffeensis is inhibited by
intracellular iron depletion (48). The closely re-
lated E. canis organisms, which grow in canine
macrophages in the presence of normal canine
serum and cause macrophage necrosis, are Killed
by canine macrophages when the ehrlichiae are
opsonized by immune serum (49,50). Among pa-
tients who are treated successfully with an
anti-ehrlichial drug, the disease-associated lym-
phocytopenia is corrected and within 2 to 3 days
lymphocytosis develops (51). The predominant
(range, 41% to 97%) lymphocyte population
comprises y/0 T lymphocytes, cells that usually
constitute only 3% to 8% of peripheral lympho-
cytes at the institution where the patients were
studied. The function of these cells in this setting
is unclear as are the consequences of the low o/
T-lymphocyte concentration.

Emergence of Human Granulocytic Ehrlichiosis
Human granulocytic ehrlichiosis was recog-
nized originally in Duluth, Minnesota, by Johan
Bakken as a clinical syndrome of a potentially
fatal febrile illness in which the patient’s neutro-
phils contained cytoplasmic inclusions (7). Upon
reading an update on human ehrlichioses at the
time of the index case, which had a dramatic fatal
course, Bakken hypothesized that the infection
might have been ehrlichiosis. Collaboration with
the authors, who were working together at the
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University of Texas Medical Branch at Galveston,
resulted in the evaluation of a series of patients
who were suspected by Bakken to have the dis-
ease. Cytoplasmic inclusions were observed in
neutrophils, which differed from the findings in E.
chaffeensis infections, in which the mono-
cyte/macrophage is the principal target cell and
the detection of circulating leukocytes with inclu-
sions is a rare event. Moreover, IFA tests for
antibodies to E. chaffeensis performed in the
Texas laboratory and subsequently in Dumler’s
laboratory at the University of Maryland were
uniformly negative (4).

In retrospect, June 18, 1992, was a significant
day in the history of human granulocytic
ehrlichiosis. It was Dumler’s last day as a fellow
in Galveston before moving to Baltimore to be-
come an assistant professor and establish his own
independent ehrlichial research laboratory, and it
was Sheng-min Chen’s first day as a fellow. Mo-
mentously, the blood of a 78-year-old Wisconsin
man was collected and sent to Galveston by Bak-
ken on the same day. Culture for ehrlichiae and
acute- and convalescent-phase serologic assays for
E. chaffeensis, E. canis, E. sennetsu, and E. risticii
were all negative. PCR amplification of the 16S
rDNA, the approach developed by Wilson (52) and
applied by Relman and co-workers to identify the
etiologic agent of bacillary angiomatosis (53), was
performed successfully on the specimen by Chen
3 months later (2). Sequencing the gene was not a
high priority compared with pursuit of the re-
search aims of funded projects during the season
when the ticks were expected to be less active. By
April of 1993, DNA sequencing of half the 16S
rDNA had been accomplished, and it was recog-
nized that the organism was most closely related
to E. phagocytophila and E. equi, closely related to
E. platys, less closely related to E. chaffeensis, and
distantly related to E. sennetsu. Completion and
repeated confirmation of sequencing of both sense
and antisense strands enabled genogroup-specific
primers to be designed for nested PCR in July
1993.

What had progressed as a collaborative project
became the major project in Dumler’s laboratory
as Chen and Walker refocused their efforts on
funded E. chaffeensis research. The initial joint
publications with Bakken documented 12 cases
diagnosed by specific PCR and the identification
of morulae in circulating neutrophils (7). Two
patients had died. Necropsy performed on one
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patient showed ultrastructurally and
immunohistologically identified ehrlichiae in neu-
trophil phagosomes in the spleen. Convalescent-
phase IFA serology with surrogate antigens
harvested from the blood of an E. equi-infected
horse and E. phagocytophila-infected sheep dem-
onstrated antibodies in 9 of the 10 survivors (7).
The illness was characterized by chills, fever, my-
algias, and headache; some patients also had
nausea, confusion, cough, and arthralgias. Labo-
ratory data included leukopenia in 50%, neu-
tropenia in 17%, lymphopenia in 17%, anemia in
50%, thrombocytopenia in 92%, and elevated
aspartate aminotransferase in 91%. Patients were
predominantly older men (mean age, 68 years).
Clinical history showed strong association with
tick bite preceding the onset of illness.

Current Status of Human Granulocytic Ehrlichia
and Human Granulocytic Ehrlichiosis

Microbiology of Human Granulocytic Ehrlichia and

E. equi

Evidence is accumulating to support the prem-
ise that a single Ehrlichia species is the etiologic
agent of a granulocytotropic ehrlichiosis of hu-
mans, horses, and dogs. The DNA sequences of the
16S rDNA from the peripheral blood of naturally
infected horses and dogs in Sweden, dogs in Min-
nesota and Wisconsin, and horses in Connecticut
are identical with the HGE and differ slightly from
the published 16S rDNA sequence for E. equi
(2,54,55, and J. E. Madigan, J. E. Barlough, J. S.
Dumler, N. S. Schankman, E. DeRock, unpub-
lished observations). Moreover, when infected hu-
man blood from HGE patients is injected into
horses, HGE develops, can be serially transmitted
to other horses, and induces protection against
subsequent E. equi challenge (56). Also, naturally
occurring canine E. equi infections have been
transmitted to horses that had developed equine
granulocytic ehrlichiosis, and E. equi has been
transmitted experimentally by injecting equine
blood into susceptible dogs (57,58). Reproducible,
continuous in vitro cultivation of all species of
granulocytotropic ehrlichiae, including E. ewingii
and E. equi, is an achievable goal.

E. equi antigens harvested from the blood of
horses with high levels of parasitemia have been
examined for reactivity with convalescent-phase
human (HGE), equine (E. equi), canine (E. equi)
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and bovine (E. phagocytophila) sera by Western
immunoblotting (59). The antigens judged most
specific for E. equi were the 100-, 44-, 42-, and 25
kDa-bands. The most specific antigen, the 44-kDa
band, was strongly reactive with the convalescent-
phase human, equine, canine, and bovine sera,
suggesting a specific antigenic relationship among
these organisms from different animals and geo-
graphic origins. On the other hand, bio-
logic studies of E. phagocytophila in Finland
have shown apparent strain differences in viru-
lence and lack of immunity to heterologous chal-
lenge (60). The molecular basis for these
differences and the actual taxonomic re-
lationships of HGE, E. equi, and E. phagocy-
tophila remain to be determined.

Clinical Manifestations

A study of 41 cases of laboratory-confirmed
human granulocytic ehrlichiosis from Minnesota
and Wisconsin showed male predominance (78%),
a median age of 59 years (range 6 to 91 years),
median incubation period of 8 days, median period
of fever and other symptoms before initiation of
effective 5-day treatment, and year-round occur-
rence with a peak in June and July (61). Clinical
manifestations included fever (100%), chills
(98%), malaise (98%), myalgias (98%), headaches
(85%), nausea (39%), vomiting (34%), cough (29%),
confusion (17%), and rarely rash (2%). Four pa-
tients had pulmonary infiltrates visible on
roentgenograms. The severity of illness is re-
flected in the rates of hospitalization (56%), admis-
sion to an intensive care unit (7%), and death (5%).
The course of illness in patients who were not
treated and yet survived included a 10-day febrile
course in a child and 3- to 11-week remittent
febrile course in adults (61).

Diagnosis and Treatment

A clinical diagnosis of human granulocytic ehr-
lichiosis should be considered in patients exposed
to an Ixodes scapularis (dammini), I. pacificus or
I. ricinus tick-infested environment who have a
flulike febrile illness. Careful examination of a
peripheral blood smear may show neutrophils
that contain cytoplasmic vacuoles filled with ehr-
lichiae. Two different sets of PCR primers based
upon the 16S rDNA sequence of HGE have been
designed to amplify, detect, and identify HGE in
the patient’s blood during the acute stage of illness
(2,62). Continued improvements in the technology
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are expected to yield highly sensitive and specific
results in any well-managed clinical molecular
diagnostics laboratory. Serologic diagnosis by IFA
employing E. equi-infected neutrophils harvested
from the blood of infected horses detects antibod-
ies at a diagnostic titer of 80 or greater in the
convalescent-phase sera of 100% of patients, but
antibodies are usually not present in sera collected
early in the illness.

Among 34 patients treated with doxycycline,
97% defervesced within 2 days. One patient who
had not been treated with doxycycline had E. equi
detectable by PCR in the blood 28 days after onset
of symptoms.

Pathology, Pathogenesis, and Immunity

Following presumed injection of HGE into the
patient’s skin by the bite of Ixodes ssp. ticks,
virtually none of the subsequent events are
known. It is suspected that HGE infects a myeloid
precursor in the bone marrow rather than mature
neutrophils. Bone marrow examinations demon-
strated hypercellularity in two patients and nor-
mocellular marrow in another patient. Autopsies
of three patients who died of HGE showed oppor-
tunistic fungal pneumonia caused by a different
agent (Aspergillus fumigatus, Cryptococcus neo-
formans, and Candida albicans) in each patient,
suggesting altered host defenses (7,63). One of the
patients who died had severe herpes esophagitis.
Co-infection with HGE and B. burgdorferi is sus-
pected to result in more severe disease. Examples
from veterinary research indicating that E. phago-
cytophila and E. equi suppress the host defenses
include opportunistic viral and fungal infections,
decreased neutrophil adherence, emigration,
phagocytosis, and bacterial killing, decreased pro-
duction of antibodies, and decreased lymphocyte
mitogenesis (64,65). The mechanisms by which
ehrlichiae impair the host phagocytic and immune
responses are not known.

Epidemiology and Ecology

Human granulocytic ehrlichiosis has been diag-
nosed in patients in Minnesota, Wisconsin, Mas-
sachusetts, Connecticut, New York, Rhode Island,
Pennsylvania, Maryland, Florida, Arkansas, and
California (7,63,66,67). Serologic evidence sug-
gests that HGE or an antigenically related organ-
ism has also infected patients with Lyme
borreliosis in Switzerland (68). An organism
apparently identical to HGE is present in Sweden
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(54). There is compelling evidence that I. pacificus,
the vector of Lyme borreliosis in northern Califor-
nia, transmits E. equi to horses (69). Ten percent
of I. scapularis (dammini) ticks collected from
vegetation in northwestern Wisconsin in 1982
and 1991 were infected with HGE, including two
specimens containing both HGE and Borrelia
burgdorferi. An engorged I. scapularis (dammini)
tick was removed from a patient with human
granulocytic ehrlichiosis in the same geographic
area. PCR showed that the tick’s salivary glands
contained DNA of HGE (62). Similarly, PCR-am-
plified HGE DNA was detected in 50% of I. scapu-
laris (dammini) ticks collected in Connecticut; no
E. chaffeensis was detected in these ticks (70).
Although the demonstration by PCR that blood
from a high proportion of deer in a study in Wis-
consin contained HGE suggests that deer might
be an important reservoir, the possibility of a
rodent reservoir should also be investigated. In-
deed, the illustrations in a 1938 Tyzzer article
suggest that Microtus pennsylvanicus and
Peromyscus leucopus are naturally infected with a
granulocytotropic ehrlichia (71).
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Surveillance for Pneumonic Plague in the United States
During an International Emergency: A Model for Control of
Imported Emerging Diseases
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In September 1994, in response to a reported epidemic of plague in India, the Centers
for Disease Control and Prevention (CDC) enhanced surveillance in the United States for
imported pneumonic plague. Plague information materials were rapidly developed and
distributed to U.S. public health officials by electronic mail, facsimile, and expedited
publication. Information was also provided to medical practitioners and the public by
recorded telephone messages and facsimile transmission. Existing quarantine protocols
were modified to effect active surveillance forimported plague cases at U.S. airports. Private
physicians and state and local health departments were relied on in a passive surveillance
system to identify travelers with suspected plague not detected at airports. From September
27 to October 27, the surveillance system identified 13 persons with suspected plague; no
case was confirmed. This coordinated response to an international health emergency may
serve as a model for detecting other emerging diseases and preventing their importation.

In the past 50 years, the speed of international
travel, as well as the number of travelers, has
accelerated, providing a mechanism for the rapid
dissemination of disease agents from one country
to another. For this reason, vigilant surveillance
is needed to prevent the importation and spread
of emergent infections. The United States needs a
response plan that involves international and do-
mestic public health officials, physicians and hos-
pitals, and the public and can be implemented at
the first indication of an international health
threat.

In 1994, in response to an epidemic of pneu-
monic plague in India, the Centers for Disease
Control and Prevention (CDC) developed and im-
plemented an enhanced surveillance system to
supplement the existing regulations concerning
imported plague. The protocol described here may
serve as a model for detection and control of
emerging diseases imported into the United
States or other countries with frequent and di-
verse international traffic.

Background

In September 1994, India reported cases of
plague for the first time in 28 years. Plague is
caused by infection with the bacterium Yersinia
pestis. Bubonic plague is typically acquired by the
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bite of fleas from infected rodents and is char-
acterized by inguinal, axillary, and/or cervical
lymphadenitis. Pneumonic plague may occur
as a secondary development to