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ABSTRACT: Lyme borreliosis (Lyme disease) is the most often reported arthropod transmitted disease in humans in the U.S.A
Although it has been reported from 43 states. cases are especially abundant in the mid-Atlantic and northeastern regions. Borrelia
burgdorferi. the etiologic agent. is transmitted primarily by the western blacklegged tick (Zxodes pacificus) in tar western North
America. and by the blacklegged tick (Ixodes scapularis) in eastern North America. Although Lyme disease cases have been
reported from southern states. some researchers doubt the presence of B. burgdorferi or of human Lyme disease in the south.

However. new data show that B. burgdorferi is widely distributed in the south and that strains are genetically more varied than
in the north. Moreover. B. burgdorferi enzootic cycles appear to b

of the spirochete in the southern states.

Lyme borreliosis (LB) or Lyme disease (LD) is caused by
the spirochete Borrelia burgdorferi sensu lato and is transmitted
to humans and other animals primarily by ticks in the Ixodes
ricinus species complex. This borreliosis is known to occur in
endemic foci throughout the Northern Hemisphere (Lane et al.,
1991: Anderson and Magnarelli, 1993: Barbour and Fish, 1993)
and is the most frequently reported vector-borne disease in the
U.S.A. More than 13.000 human cases were reported from 43
states to the Centers for Disease Control and Prevention (CDC)
in 1994 (Herrington, 1995). Lyme borreliosis is probably the
most frequently reported tick-borne disease of humans in the
world. In the U.S.A. most of the human cases are reported from
the mid-Atlantic—northeastern area followed by cases in the
north central and northern California coastal areas.

Clinical symptoms of LD affect all age groups and may in-
volve the skin. joints. nervous system. and heart. Some of the
symptoms of the disease were described in Europe as early as
8 decades ago (Afzelius, 1910: Lipschutz, 1913). but it was not
recognized in North America until 1975 (Steere et al.. 1978).
There was an unusual cluster of childhood arthritis cases in
Lyme. Connecticut, which subsequently were shown to be re-
lated to prior episodes of the characteristic skin rash of LD.
erythema migrans (Mast and Burrows. 1976; Steere et al..
1977). Although clinical symptoms were described in Europe
and the U.S.A., the etiologic agent and its mode of transmission
were unknown. Epidemiologic evidence suggested that the dis-
ease was transmitted by a tick (Steere et al., 1978). but it was
not until later that the spirochete B. burgdorferi was isolated
from Ixodes scapularis (I. dammini) (Burgdorfer et al., 1982).
The antiquity of B. burgdorferi is unknown, but it is probably
ancient. It has been demonstrated in North America in archived
ticks collected in the 1940s (Persing et al., 1990) and in mu-
seum specimens of mice collected in 1894 (Marshall et al..
1994). It has also been documented in European ticks preserved
since 1884 (Matuschka ct al., 1995).

Lyme borreliosis exists as zoonoses among vertebrate hosts
and certain species of ticks. Rodents appear to be the principal
reservoir hosts, although other mammals and birds are known
to harbor B. burgdorferi (Anderson and Magnarelli, 1993). The
principal vectors of the spirochetes to humans in North America
are the ticks I scapularis and Ixodes pacificus in the eastern
and western parts, respectively; /. ricinus is the chief vector in
Europe and Ixodes persulcatus in Asia. These ticks feed on an
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e more complex and more tick species are identified as vectors

extremely wide variety of mammals. birds, and reptiles and may
become abundant if adequate vertebrate hosts and appropriate
climatic conditions exist (Lane et al.. 1991: Anderson and Mag-
narelli, 1993, 1994). Ecologic requirements for the ticks include
temperatures between — 10 and 35 C. with tolerance to the ex-
tremes for only brief periods. and a constant relative humidity
in the air of no lower than 80% and near saturation in the soil
(Burgdorfer. 1989). The typical enzootic cycle involves larval
or nymphal ticks becoming infected with B. burgdorferi while
feeding on infected reservoir hosts. The tick subsequently pass-
es the spirochetes transstadially to the next developmental
stage. whereupon they are transmitted to the next host during
feeding. Transovarial transmission from infected female ticks to
larvae sometimes occurs. but it is uncommon (Piesman. Don-
ahue et al.. 1986: Lane and Burgdorfer. 1987: Magnarelli et al.
1987: Schoeler and Lane. 1993).

Adult ticks in the L. ricinus species complex usually feed on
large mammals and to a lesser extent on medium-sized ones:
larvae and nymphs usually feed on small. medium-sized. and
Jarge mammals. birds. and reptiles (Balashov. 1972: Piesman
and Spielman. 1979: Piesman et al. 1979: Anderson et al..
1987). In the northeastern U.S.A.. mice. particularly the white-
footed mouse. Peromyscus leucopus, are the most frequently
parasitized hosts of larval and nymphal /. scapularis and are
also extremely competent reservoir hosts of B. burgdorferi. re-
maining infective throughout life (Levine et al.. 1985: Spielman
et al., 1985: Magnarelli et al.. 1988: Mather et al.. 1989: Lane
et al., 1991: Anderson and Magnarelli. 1993). White-tailed deer
(Odocoileus virginianus) serve as the principal hosts for adult
I scapularis, but appear to be incompetent (Telford et al.. 1988)
or perhaps marginally competent (Bosler et al.. 1983. 1984
Oliver et al.. 1992) as reservoir hosts for B. burgdorferi. The
enzootic cycle of the spirochete is extremely efficient in certain
foci in the northeastern U.S.A. where the spirochete overwin-
ters in vertcbrate reservoir hosts, and in fed larvae or unfed
nymphs. The peak of nymphal questing (host-seeking) is usu-
ally in May and June and precedes the peak of larval questing.
which occurs in August and September (Piesman and Spielman.
1979: Main et al.. 1982; Wilson and Spielman. 1985). The ear-
lier feeding of nymphs. some of which are infected. ensures
that many juvenile rodents will be infected prior to larval feed-
ing. Natural infection rates of questing nymphs are approxi-
mately 25% (Anderson et. al., 1983: Bosler et al.. 1983: Pies-
man. Mather et al.. 1986; Schulze et al.. 1986; Piesman et al..

1987: Falco and Fish, 1988: Magnarelli and Anderson. 1988):



in hyperendemic areas up to 100% of adults have been reported
to be infected (Burgdorfer, 1984). This allows for great effi-
ciency of the enzootic cycle and the perpetuation of the infec-
tion from year to year (Spielman et al.; 1985).

There have been several dominant tenets in the past con-
cerning Lyme borreliosis in the U.S.A. One of these was that
B. burgdorferi was endemic only in the northeastern, north cen-
tral, and northern Pacific coastal areas (Lane et al., 1991), and,
therefore, only those areas were potential risk sites for acquiring
infection with this spirochete. Another was that L. pacificus was
the main vector in the west and a relatively new species, L
dammini, was the vector in the north central and northeastern
areas (Lane et al., 1991). Moreover, I scapularis from the
southern U.S.A. was shown to be a competent laboratory vector
of the spirochete (Burgdorfer and Gage, 1986; Piesman and
Sinsky, 1988), but it was not thought to be commonly infected
in nature. A fourth tenet was that the white-footed mouse (P.
leucopus) and the white-tailed deer (O. virginianus) were the
only 2 hosts of real importance in maintaining the vector tick
populations in the north, and P. leucopus was the only signifi-
cant reservoir for the spirochete in the eastern half of the U.S.A.
(Lane et al., 1991). Finally, it was believed that B. burgdorferi
was quite homogeneous with little variation in North America
compared to significant variation among the spirochete popu-
lations in Europe (Barbour et al., 1984; Anderson et al., 1989;
LeFebvre et al., 1990; Anderson, 1991; Wilske et al., 1992).
Data obtained during the last few years provide evidence that
some of these presumptions must be altered and these are dis-
cussed below.

GEOGRAPHIC DISTRIBUTION OF
B. BURGDORFERI IN THE SOUTHERN U.S.A.

Contrary to dogma, B. burgdorferi is present and widely dis-
tributed in the south. It is cycling enzootically in foci located
in several southern states. Isolates of B. burgdorferi have been
obtained from mammals, birds, and ticks in Barbour-Stoenner—
Kelly (BSK) culture medium from Georgia (Oliver. Chandler
et al., 1993), Florida (Oliver, Chandler et al., 1995; Sanders and
Oliver, 1995), South Carolina (J. H. Oliver, Jr, K. L. Clark, A.
M. James, C. W. Banks, unpubl. obs.), North Carolina (Levine
et al., 1993; Ouellette et al., 1993), Virginia (Sonenshine et al.,
1993, 1995), Missouri (J. H. Oliver, Jr., T. M. Kollars, E W.
Chandler, Jr., A. M. James, unpubl. obs.), Oklahoma (Kocan et
al., 1992), and Texas (Teltow et al., 1991; Rawlings and Teltow,
1994). Serum antibodies to B. burgdorferi have been found in
deer from North Carolina (Magnarelli et al., 1986): in deer, or
raccoons, or both, from Maryland, North Carolina, Georgia, and
Florida (Magnarelli et al.. 1991); deer from Georgia (Mahnke
et al., 1993), Alabama (Luckhart et al., 1992, 1993), Oklahoma
(Barker and Kocan, 1993), Texas (Rawlings, 1986); and in ro-
dents from Virginia (Sonenshine et al., 1995), Kentucky (Duo-
binis-Gray et al., 1993), and several counties in North Carolina,
South Carolina, Georgia, Florida, Alabama, and Mississippi
(Magnarelli et al., 1992).

GENETIC DIVERSITY OF B. BURGDORFERI

As noted above, it is often reported that B. burgdorferi is
rather homogeneous in North America compared to much great-
er heterogeneity in Europe (Barbour et al., 1985; Wilske et al.,
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1988: Anderson et al., 1989; LeFebvre et al., 1990; Anderson.
1991; Wilske et al., 1992). That generalization must now be
modified. Discovery and analysis of new B. burgdorferi isolates
from the southern U.S.A. (Oliver, Chandler et al., 1993; Oliver,
1995, 1996; Oliver, Chandler et al., 1995; Sanders and Oliver,
1995: Mathiesen et al., 1996), Colorado (Craven and Dennis,
1993), and California (Lane and Pascocello, 1989; Brown and
Lane, 1992; Zingg et al., 1993) now indicate considerable ge-
netic heterogeneity among the isolates from North America. In
Europe, B. burgdorferi sensu lato has been separated into at
least 5 genospecies: B. burgdorferi sensu stricto. Borrelia gar-
inii, Borrelia afzelii, group VS116, and group PotiB2. In the
U.S.A., B. burgdorferi sensu stricto was thought to be the only
genospecies present. However, recently group DN 127 from Cal-
ifornia (Assous et al., 1993; Postic et al., 1994) and Borrelia
andersonii from New York (Marconi et al., 1995) have been
recognized as belonging to different genospecies. There is also
an unusual strain from a veery songbird (Barbour et al., 1985:
Anderson et al., 1986) and 1 (25015) from /. scapularis from
Millbrook, New York (Anderson et al., 1988; Fikrig et al..
1992). Even greater genetic heterogeneity is found among B.
burgdorferi sensu lato isolates from the southern U.S.A., most
of which have yet to be thoroughly analyzed. Currently. the
medical significance of the genetically diverse strains is unclear.
but information that is available will be discussed later in this
paper under the heading of human cases.

VECTORS AND RESERVOIRS OF
B. BURGDORFERI IN THE SOUTHERN U.S.A.

The earlier literature states that the main tick vector of B.
burgdorferi in the eastern half of North America is I. dammini
(Spielman et al., 1985; Lane et al., 1991). However, recent re-
sults based on hybridization, assortative mating, morphomet-
rics, chromosome analysis, isozymes. and life cycle data indi-
cate that /. dammini is not a separate species distinct from /.
scapularis. Because the name /. scapularis has priority, 1. dam-
mini has been relegated to a junior subjective synonym of /.
scapularis (Oliver, Owsley et al., 1993). Confirmatory evidence
based on rDNA (Wesson et al.,, 1993; McLain et al., 1995),
chromosomes (Chen et al., 1994), and multivariate morpho-
metric discrimination analysis (Hutcheson et al.. 1995) corrob-
orates that /. scapularis is a polytypic species with a widespread
geographic distribution throughout much of the eastern U.S.A.
The report dealing with multivariate morphometric analysis
sampled populations from Georgia, North Carolina, Maryland,
Massachusetts, Missouri, and Minnesota, and laboratory hy-
brids between ticks from Georgia and Massachusetts; analysis
of the morphometric data indicated north—south and east-west
morphologic clines (Hutcheson et al., 1995). Most medical en-
tomologists and LD researchers accept the species synonomy,
but a dwindling number of researchers still defend the sepa-
rateness of 1. dammini (Rich et al., 1995; Caporale et al., 1996).
The latter authors analyzed nucleotides from 16S mtDNA and
suggest that cross-contamination of laboratory colonies ac-
counts for the successful results on hybridization and the gen-
eral lack of assortative mating. Contamination seems unlikely
for several reasons. If it occurred in the laboratory colonies
from Massachusetts and Georgia that were used in hybridiza-
tion and other experiments (Oliver, Owsley et al., 1993). it
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would have been revealed as inconsistences in the Massachu-
setts and Georgia groups during the multivariate morphometric
analyses of nymphs and adults (Hutcheson et al., 1995) and
larvae (Hutcheson and Oliver, 1996) thai were conducted soon
after the hybridization and mating experiments. Instead, Mas-
sachusetts and Georgia morphotypes were recognized in the
respective laboratory colonies, and F, hybrids were morpholog-
ically intermediate. Analyses of ticks not maintained in labo-
ratory colonies, but from several geographic sites, revealed
gradual north—south and east—west morphologic clines. In the
paper devoted to discriminating between Ixodes ticks by means
of mtDNA sequences and in which the authors suggest possible
contamination of laboratory tick colonies (Caporale et al..
1996), the authors failed to mention that mtDNA is useful for
establishing phylogenetic history of maternal lineages, but not
for amounts of gene flow in the nuclear genome. Moreover, in
the abstract they incorrectly included Ixodes angustus, Ixodes
cookel, Ixodes hexagonus, and Ixodes muris, along with the
accurate inclusion of I pacificus, I. persulcatus, 1. ricinus, and
L scapularis in the I ricinus complex (Keirans, Needham et
al., 1996). Ixodes angustus, I. cookei, and 1. hexagonus are not
only nor in the I ricinus complex, they are not even in the
subgenus Ixodes (Clifford et al., 1973; Robbins and Keirans.
1992; Keirans, Hutcheson et al., 1996; Keirans, Needham et al.,
1996).

Interestingly, Rich and Caporale and their coworkers (Rich
et al., 1995; Caporale et al., 1996) also failed to acknowledge
that most of the confirmatory data indicating a single species
are not based on laboratory colonies, but on field-collected
ticks. Moreover, a much more extensive genetic investigation
than those of Rich et al. (1995) and Céporale et al. (1996),
which utilizes many more ticks (198 samples) from a greater
number of geographic sites, provides evidence for continuous
gene flow among the 2 mitochondrial clades that were described
among /. scapularis populations (Norris et al., 1996). Norris et
al. (1996) provided an analysis of 880 nucleotides of the same
region of the 16S mitochondrial rDNA gene studied by Rich et
al. (1995) and Caporale et al. (1996), plus an additional portion
of the 12S gene, and random amplified polymorphic DNA
(RAPD) markers in I scapularis from throughout the range of
the species and the results support conspecificity of northern
and southern populations. Furthermore, analysis suggests that
1. scapularis arose in the south and subsequently moved north-
ward, not the reverse that is sometimes stated. The genetically
more varied southern /. scapularis is also reflected in the mor-
phologically more variable southern specimens (Hutcheson et
al., 1995; Hutcheson and Oliver, 1996). Finally, the curators of
the U.S. National Tick Collection and other authors, after re-
viewing all the data available and extensive museum specimens,
have recently redescribed I scapularis to include populations
in the north (Keirans, Hutcheson et al. 1996).

Although I scapularis appears to be the main vector of B.
burgdorferi in the south as well as in the north, several other
tick species have been found to be infected naturally with the
spirochete. A closely related species in the I ricinus species
complex, I affinis, is naturally infected and can experimentally
transmit the spirochete (J. H. Oliver, Jr., A. M. James, C. W.
Banks, unpubl. obs.). This tick does not usually bite humans,
but it probably serves as a vector in the enzootic cycle of B.
burgdorferi in Georgia, South Carolina, and possibly other ar-

eas in which the tick is distributed. Thus far, all species in the
1. ricinus complex worldwide that have been tested under lab-
oratory conditions can transmit the spirochete.

There are other species of [xodes not included in the 7 ri-
cinus complex that are also vectors of B. burgdorferi in nature.
These include I hexagonus in Europe (Gern et al., 1991), Ixo-
des ovatus in Japan (Saito. 1977; Kawabata et al., 1993: Nakao
and Miyamoto, 1993), Ixodes uriae in Northern and Southern
Hemisphere seabird colonies (Olsén et al., 1995: Bunikis et al.,
1996), Ixodes neotomae and Ixodes spinipalpis in California
(Brown and Lane, 1992; R. S. Lane and J. E. Keirans. unpubl.
obs.) and Colorado (Craven and Dennis, 1993). Ixodes dentatus
in New York (Anderson et al., 1989), Nantucket (Telford and
Spielman, 1989), Missouri (J. H. Oliver, Jr., T. M. Kollars. E
W. Chandler, Jr., A. M. James, unpubl. obs.), and Georgia (Ol-
iver et al., 1996), and Ixodes minor in Georgia and South Car-
olina (J. H. Oliver, Jr., C. W. Banks. K. L. Clark. A. M. James.
unpubl. obs.).

Borrelia burgdorferi has also been detected and/or isolated
from several non-Ixodes tick species in the U.S.A. It was iso-
lated from Dermacentor variabilis (Anderson et al., 1985) and
detected in Dermacentor albipictus (Magnarelli et al.. 1986) in
Connecticut. It was also isolated from the latter species in Okla-
homa (Kocan et al., 1992). Evidence of Borrelia spirochetes in
Amblyomma americanum exists from New Jersey (Schulze et
al., 1984), North Carolina (Levine et al., 1989), Georgia (J. H.
Oliver, Jr., H. J. Hutcheson, A. M. James. J. E Anderson. un-
publ. obs.), Alabama (Luckhart et al., 1992), Missouri (Feir et
al., 1994), Oklahoma (Kocan et al., 1992), and Texas (Rawlings
and Teltow, 1994). Recently, we isolated B. burgdorferi sensu
lato from cultures of A. americanum from Missouri and we are
in the process of further characterizing them (J. H. Oliver. Jr.
T. M. Kollars, E W. Chandler, A. M. James. unpubl. obs.). In
spite of the association of B. burgdorferi with D. variabilis and
A. americanum, attempts to transmit the spirochete by these
species in the laboratory have failed (Piesman and Sinsky.
1988; Mather and Mather, 1990: Mukolwe et al.. 1992: Ryder
et al., 1992), even when 2 different B. burgdorferi strains from
the south were used (Oliver, Chandler et al., 1993: Sanders and
Oliver, 1995). The recent report of an uncultivable Borrelia
species different from B. burgdorferi and other described spe-
cies from approximately 2% of A. americanum ticks from Texas
and New Jersey further complicates an understanding of en-
zootic cycles of B. burgdorferi and Lyme disease in the south-
emm U.S.A. (Barbour et al., 1996).

There is a variety of vertebrate hosts of ticks that may serve
as reservoir hosts for B. burgdorferi sensu lato. In the U.S.A..
the white-footed mouse (P. leucopus) is best known and is the
chief reservoir in the hyperendemic northeastern region (Lane
et al., 1991; Barbour and Fish, 1993; Anderson and Magnarelli.
1993, 1994). Other species of Peromyscus are capable of serv-
ing as reservoirs if the spirochetes, vectors, and ecologic con-
ditions are conducive to enzootic cycles (Rand et al.. 1993). In
general, rodents appear to be the most common reservoir hosts,
but other small to medium-sized mammals and birds may also
function as reservoirs (Anderson and Magnarelli. 1993). In the
south, the cotton mouse (Peromyscus gossypinus) and cotion
rat (Sigmodon hispidus) appear to be 2 of the most common
reservoir hosts (Oliver, Chandler et al.. 1993, 1995). but the
eastern woodrat (Neoroma floridana) and cottontail rabbit (Sxi-



vilagus floridanus) are also naturally infected in some areas and
probably serve as reservoirs (J. H. Oliver, Jr.. C. W. Banks, T.
M. Kollars, A. M. James, unpubl. obs.). Several species of
birds, including the cardinal, Carolina wren, and rufous-sided
towhee in Georgia and South Carolina, are also naturally in-
fected with B. burgdorferi and may serve as reservoirs for the
spirochete (J. H. Oliver, Jr., R. G. McLean, L. A. Durden, A.
M. James, C. W. Banks, unpubl. obs.).

ENZOOTIC CYCLES OF B. BURGDORFERI
IN THE SOUTHERN U.S.A.

There appear to be several enzootic transmission cycles op-
erating for B. burgdorferi in the south and the interrelationships
among them are currently unknown. The typical I scapularis
vector and P. leucopus reservoir cycle that is most common in
the northeast appears to be modified by replacement of P. leu-
copus with P. gossypinus (cotton mouse) and S. hispidus (cotton
rat) as major reservoir hosts in some areas of the south. That
enzootic cycle is probably the dominant one in the south based
on the widespread distribution and large numbers of infected
scapularis, P. gossypinus, and S. hispidus (Oliver. Owlsey et
al., 1993; Oliver, Chandler et al., 1993, 1995; Sanders and Ol-
iver, 1995; Oliver, 1996; and J. H. Oliver, Jr., E W. Chandler.
A. M. James, C. W. Banks, E H. Sanders, G. N. Vogel, unpubl.
obs.). The cycle is probably enhanced by Ixodes affinis in areas
where that species also occurs (J. H. Oliver, Jr., unpubl. 0bs.).
The roles of I minor, the eastern woodrat (N. floridana), and
several species of birds in enzootic cycles have yet to be de-
termined. There may be several separate parallel cycles oper-
ating or there may be overlapping cycles. For example, there
might be a separate woodrat and /. minor cycle or a bird and
I minor cycle. Alternatively, because I minor feeds on birds.
woodrats, cotton mice, cotton rats, gray squirrels, spotted
skunks, and other small mammals, the 2 cycles might not be
separate and there might be a weblike overlap. Ixodes scapu-
laris also feeds on all of these hosts. Ixodes minor usually does
not bite humans; however, it probably functions as a mainte-
nance vector in the enzootic cycle (J. H. Oliver, Jr., unpubl.
obs.). Because I scapularis also feeds on these hosts and bites
humans, it could be a “bridge’ vector that infects humans. An
analogous example is seen in California where nonanthropo-
philic 1. neotomae ticks function as maintenance vectors of B.
burgdorferi among dusky-footed woodrats (Neotoma fuscipes).
When I. pacificus feeds on the woodrats it may subsequently
bite and transmit the spirochetes to humans (Brown and Lane,
1992; Clover and Lane, 1995).

Another enzootic cycle involving Ixodes denratus and the
cottontail rabbit (S. floridanus) operates in Georgia, Missouri
(J. H. Oliver, Jr., T. M. Kollars, E W. Chandler, Jr., A. M. James,
pers. obs_; Oliver et al.,, 1996), and perhaps other parts of the
south. in a manner similar to the /. dentarus and rabbit cycle in
New York (Anderson et al., 1989). Ixodes dentatus only occa-
sionally bites humans, but I scapularis feeds on rabbits and
also bites humans, so theoretically it might transmit the spiro-
chete to humans if the spirochetes are infective to humans. The
B. burgdorferi sensu lato isolates from /. denzatus are geneti-
cally different from other strains of southern and northern iso-
lates (Mathiesen et al., 1996; Oliver, 1996; Oliver et al., 1996)
and the ones from New York have recently been described as
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a new genospecies, B. andersonii (Marconi et al., 1995). It is
unknown whether the I. dentatus isolates can infect hosts other
than rabbits.

Enzootic cycles in the south are more complex and in some
respects less efficient than those in the north. In the south. the
life cycle of I scapularis is less regulated and synchronized
and does not ensure that infected overwintered nymphs feed
and infect hosts prior to larval feeding (Rogers, 1953; Durden
and Oliver, 1996; Lavender and Oliver, 1996). Moreover, ticks
in the south feed on a greater number of host species, some of
which may be reservoir incompetent. and there appears to be a
lower percentage of infected ticks and hosts.

Published data on prevalence of B. burgdorferi isolates in
ticks in the south are lacking, but unpublished data based on
spirochete isolates suggest approximately 2-8% of I. scapularis
and /. affinis adults are infected (J. H. Oliver, Jr.. E W. Chandler.
Jr., A. M. James, C. W. Banks, pers. obs.). It should be em-
phasized that prevalence data based on spirochete isolates in
laboratory culture is probably the most conservative measure
of prevalence; however, clearly the infection rate is much lower
than in the hyperendemic areas of the north. Prevalence rates
of B. burgdorferi based on spirochete isolates from tick hosts
in the south are unavailable, but prevalence data based on an-
tibodies to B. burgdorferi in animals from that region are
known. Serologic surveys of antibodies to B. burgdorferi in
mice indicate prevalence to be 35.7 and 27.3% in 56 P. leu-
copus and 535 P. gossypinus, respectively, collected in Con-
necticut, North Carolina, South Carolina, Georgia, Florida. Al-
abama, and Mississippi (Magnarelli et al., 1992). Percent pos-
itive prevalence varied from O to 90 depending on the particular
geographic site in Georgia and Florida. In raccoons the percent
positive sera was 15 for Connecticut, 79 for Maryland, 38 for
North Carolina, and 33 for Florida (Magnarelli et al., 1991).

HUMAN CASES OF LYME BORRELIOSIS

As noted in the introduction, most of the human cases of
Lyme disease in the U.S.A. are concentrated in the hyperen-
demic mid-Atlantic and northeastern regions. Cases reported
from New York and Connecticut increased 318% and 190%.
respectively, from 1985 to 1994 (Herrington, 1995). The num-
ber of reported cases in the U.S.A. declined slightly from 1994
(13,043) to 1995 (11,603), but still was the second highest an-
nual number reported since 1982 (Morbidity and Mortality
Weekly Report [MMWR)]; Centers for Disease Control and Pre-
vention, 1996). Eight states (Connecticut, Rhode Island. New
York, New Jersey, Pennsylvania, Maryland, Wisconsin. and
Minnesota) accounted for 92% of reported cases in 1995. Nev-
ertheless, illness due to B. burgdorferi is not confined to those
areas (Herrington, 1995). Zoonotic diseases such as LD exist
in foci in nature by cycling among wild animals and usually
only become of concern when they spill over into the human
population. Thus, B. burgdorferi could be cycling silently
among wild animals and might be endemic, yet not recognized,
unless humans become ill and are accurately diagnosed. Lyme
disease cases were reported to the CDC by 43 states and the
District of Columbia in 1995. Lyme disease is endemic in many
foci over large areas of the southern U.S.A., yet relatively small
numbers of human cases are reported. This apparent contradic-
tion is worthy of further discussion and investigation.
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Because competent tick vectors and the spirochete are pres-
ent in many areas of the south, why are more human cases not
reported? This enigma has yet to be solved; however, several
possible explanations can be offered. Thé true number of cases
in the south is really not known because surveillance for LD

in the southern U.S.A. is so poor that it is difficult to have
confidence in the statistics. The prevailing dogma about Lyme
disease has been that it does not occur, or rarely occurs there.
Also, although LD is a reportable disease, it seems likely that
many physicians probably do not report suspected cases. More-
over, diagnosis of LD is complicated and there is no single
“gold standard” diagnostic test yet available. Controversy sur-
rounds the reliability of tests and of patient symptoms, especial-
ly early in the disease; false negative and false positive results
from tests may be obtained. The single criterion that is irrefu-
table is the isolation of the spirochete in culture medium from
biopsy of the patient. Unfortunately, this is difficult. expensive,
impractical. and not attempted by most physicians. A charac-
teristic rash (erythema migrans) is present in most LD patients
(estimates vary from 60 to 90%) and is probably the single most
used diagnostic sign, especially if the patient has a history of
tick exposure in an endemic area. Unfortunately, many LD pa-
tients do not recognize the rash, or do not seek treatment for
it, or both, and not all physicians recognize it even if it is a
typical erythema migrans rash. These potential pitfalls are ex-
acerbated in regions where the public and physicians have been
told that LD does not occur.

Although the CDC reports LD cases in the Morbidiry and
Mortality Weekly Report (MMWR) that it receives from state
health departments, the editor of the MMWR states that LD is
not endemic in Georgia and Missouri (Centers for Disease Con-
trol and Prevention, 1996), and by implication other southern
states. Several CDC scientists concluded that 2 series of patients
with suspected LD in Missouri did not have LD, but instead a
Lymelike disease (Campbell et al., 1995). Two LD researchers
in Missouri, one of whom is the state epidemiologist, strongly
disagree with that conclusion and declined authorship of that
paper (Masters and Donnell, 1995). It seems prudent to main-
tain an open mind regarding this controversy. The working hy-
pothesis in my laboratory is that human infection with B. burg-
dorferi in the southern U.S.A. is significantly greater than re-
ported. However, many cases are probably mild and perhaps
some are asymptomatic. If this hypothesis is correct. it is easy
to understand that many patients do not seek medical attention,
and. when they do seek help, some physicians may misdiagnose
cases. It is known, even among the less genetically variable B.

burgdorferi strains from the northeastern U.S.A.. that some are
more infective than others and some appear to infect but cause

little pathogenesis to Lewis strain rats (Barthold et al., 1990).
Also, infectivity to laboratory mice varied significantly between
the MI-6 strain from Florida cotton rats and the SH2-82 strain
from New York L scapularis ticks (Sanders and Oliver, 1995).
Finally, some physicians may treat patients for erythema mig-
rans lesions and not report the disease to the state health de-
partments or the CDC. Clearly, there are fewer physicians and
the public is less concerned about LD in the largely rural south-
ern U.S.A. compared to the northeastern region.

Data indicate that typical northern strains of B. burgdorferi
sensu stricto plus other genetically variable strains occur in the
south (Oliver, Chandler et al., 1993, 1995; Sanders and Oliver,

1995; Mathiesen et al., 1996; Oliver, 1996). A continuation of
our working hypothesis is that the typical northern strains sim-
ilar to strain B-31 cause LD symptoms in the south similar to
those observed in the north, whereas some other strains may
be infective but produce low pathogenicity, and some may not

be infective to humans. For example, 3 strains from cottontail
rabbits in Missouri do not appear to be infective to laboratory
mice (J. H. Oliver, Jr., A. M. James. C. W. Banks. T. M. Kollars,
unpubl. obs.). Also, as noted above, Barthold et al. (1990) and
Sanders and Oliver (1995) indicated variation in strain patho-
genesis and infectivity. Thus, the role of B. burgdorferi in pro-
ducing human disease may be more varied in the south than in
the north.

In Europe, 3 of the 5 described genospecies of B. burgdorferi
sensu lato have been associated with Lyme borreliosis in hu-
mans. There are indications that the different genospecies are
associated with distinct clinical manifestations of Lyme borre-
liosis in Europe (Assous et al., 1993; van Dam et al.. 1993
Balmelli and Piffaretti, 1995). These authors indicated that the
genotypes have different pathogenic potentials. Other authors
have also suggested that variation in disease presentation may
be associated with variants of B. burgdorferi (Dressler et al.,
1994; Wienecke et al., 1994). Although not demonstrated. it
seems likely that differences in clinical symptoms may be cor-
related with spirochete strain differences in the south. This view
is consistent with the common theme demonstrated among
some other bacterial pathogens. in which analyses indicate that
distinct bacterial clones are responsible for disease outbreaks
and increases in infection frequency (Musser, 1996). Some of
the clones contain unique combinations of virulence genes or
alleles of virulence genes.

Even if there are more cases of human LD than are reported
in the southern U.S.A., clearly the disease is not of the mag-
nitude observed in the hyperendemic regions of the north.
There is a vastly different human population density between
the northeast and southeast and the ecologic conditions are dif-
ferent. For example, in Westchester County, New York (where
there is an extremely high prevalence of Lyme disease) people.
deer, and rodents are in much closer contact with each other
than in most areas. Lyme disease is often peridomestic in such
places as Westchester County. The area from Boston to Wash-
ington, D.C., is a megalopolis and that is where the highest
prevalence of Lyme disease is recorded.

There are also several other circumstances that perhaps ac-
count for the profound difference in the number of human cases
reported in the south as compared to the north. As noted in the
previous section on enzootic cycles, the less regulated and syn-
chronized life cycle of /. scapularis in the south does not ensure
that infected overwintered nymphs feed and infect a new cohort
of mice or other reservoir hosts prior to larvae feeding on them.
This does occur in the northeast. Moreover, immature /. sca-
pularis feed on a wider variety of hosts, especially lizards. in
the south and thus there is a reduced probability of feeding on
an infected host. The fact that immature I scapularis in the
northeast feed largely on P. leucopus and that a high percentage
of these mice are infected with B. burgdorferi compounds the
probability of high tick and reservoir infection rates. Lizards
are the most frequently and heavily parasitized hosts of im-
mature /. scapularis in the south (Rogers, 1953; Apperson et
al., 1993; Oliver, Cummins et al., 1993; Durden and Oliver.



1996). Based on data obtained from the field, one might pre-
sume that southern immature 1. scapularis prefer lizards to oth-
er hosts, but laboratory results dispute that presumption. Larval
and nymphal I scapularis (from Georgia and Massachusetts)
and I pacificus (from California) were exposed to laboratory
mice, lizards, and chickens to determine comparative feeding
success, molting success, and so on, and ticks from all 3 geo-
graphic origins generally responded similarly (James and Oli-
ver, 1990). When the ticks were allowed to choose among the
hosts, larvae of all 3 populations showed a preference for mice
and for mice or lizards compared to chickens. Nymphs dis-
played no preference between mice and lizards, but preferred
both host species over chickens. Nevertheless, many also readi-
ly fed on the birds. It appears that northern and southern I
scapularis and I pacificus immatures are opportunistic feeders,
and that climate, ecologic conditions, and potential host avail-
ability determine the “‘preferred” host species in nature. [xodes
scapularis has been recovered from 125 species of native hosts,
including immature ticks from 41 mammal species, 57 bird spe-
cies, and 14 lizard species, and adults from 27 mammal species
(Keirans, Hutcheson et al., 1996). :

The notion that lizards are incompetent reservoirs to B. burg-
dorferi, and indeed serve as a “‘sink” to reduce the number of
ticks that might otherwise feed on competent reservoirs,
seemed to fit the overall dogma advanced regarding the epi-
zootiology of this spirochete. This notion was based on sup-
position and also on some experimental data that indicated the
western fence lizard, Sceloporus occidentalis (Lane and Loye,
1989: Lane, 1990: Manweiler et al., 1992), and the European
sand lizard, Lacerta agilis (Matuschka et al., 1991), were res-
ervoir incompetent for B. burgdorferi. However, a recent paper
indicated that the southeastern five-lined skink, Eumeces inex-
pectatus, is reservoir competent and remains so for at least 5
wk (Levin et al., 1996). More than 20% of xenodiagnostic lar-
vae fed on infected skinks acquired spirochetes. A smaller pro-
portion of ticks feeding on infected green anoles, Anolis caro-
linensis, became infected. It seems prudent not to make a gen-
eralization regarding the role of all lizard species as being either
reservoir-competent or -incompetent; rather, the reservoir ca-
pacity of each species should be evaluated. Clearly, E. inex-
pectatus can maintain B. burgdorferi for 5 wk and remain in-
fective to ticks, is somewhat efficient at transmission, is abun-
dant in the coastal southeast, has an activity period that coin-
cides with that of larval and nymphal I scapularis, and is
heavily parasitized by them. Also, B. burgdorferi recovered
from infected E. inexpectatus retained infectivity for mamma-
lian hosts (Levin et al., 1996).

Another point that requires evaluation regarding B. burgdor-
feri transmission to humans in the south involves feeding be-
havior of nymphal I scapularis. The importance of nymphal
feeding in human LD cases has been documented for cases in
the north (Lane et al., 1991; Barbour and Fish, 1993) and in
the far west (Clover and Lane, 1995). It is claimed that nymphs
do not bite or rarely bite humans in the south and that this
characteristic is a biological difference between northern and
southern populations of I scapularis. That claim may be ac-
curate, but more data are needed to prove that assertion. It is
mentioned anecdotally that there are no data indicating nymphal
feeding on humans in the south. Clearly, the absence of data is
not negative data when experiments are not reported. The ar-
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gument that if the nymphs were biting humans they would be
reported and at least more anecdotal evidence would be avail-
able is flawed. Most LD patients in the hyperendemic areas of
the north, where the public and physicians are quite aware of
the dangers of contracting LD, do not recall tick bites (Barbour
and Fish. 1993). It is unreasonable to expect people in the
south, where the current information is that LD does not occur,
where fewer physicians per 100,000 people practice, and where
rural sociologic and economic conditions are less likely to result
in personal alarm about tick bites, to recognize a tiny tick at-
tached to them. Bites by adult I. scapularis are reported in the
south, especially if announcements are made warning of the
dangers associated with tick bites (Felz et al., 1996). On the
other hand, there may be real proportional differences between
the numbers of human attacks by nymphal I scapularis in the
north and south. In many localities in the north, Lyme disease
is peridomestic, whereas there is no such report in the south. If
differences do exist and human attack by nymphs is propor-
tionately greater in the north, data suggest that it is not due to
innate differences in host preferences between northern and
southern ticks based on experiments in which mice, lizards, and
chickens were offered to ticks (James and Oliver, 1990). Per-
haps it might be due to ecologic conditions that provide a great-
er variety of hosts in milder climates and somewhat different
sociological activities of the human populations.

Finally, some scientists are not convinced that true LD occurs
in the south. For instance, the LD cases reported in Missouri
involving appearance of characteristic erythema migrans rash
and other symptoms of LD (Masters et al., 1994) are rejected
by some researchers who claim that those cases are due to a
Lymelike disease (Campbell et al., 1995). The absence of hu-
man isolates of B. burgdorferi from patients in the south is cited
as 1 reason to reject LD as a diagnosis, although interpreting
absence of data as negative data is premature. As noted, the
report of an uncultivable Borrelia species in the tick A. amer-
icanum, which has not been demonstrated to transmit B. burg-
dorferi but has been epidemiologically associated with LD or
Lymelike disease, further complicates understanding of LD in
the south, at least temporarily (Barbour et al., 1996).

CONCLUSIONS

Lyme borreliosis or Lyme disease is a zoonotic infection that
occurs in enzootic cycles among wildlife and affects humans
when they are bitten by infected ticks. It is the most frequently
reported arthropod transmitted disease in humans in the U.S.A.
The primary tick vectors of the etiologic agent, B. burgdorferi,
to humans are the western blacklegged tick, I pacificus, in the
coastal northern Pacific region and the blacklegged tick. I. sca-
pularis, in the eastern half of the country. Until recently, the
prevailing dogma was that the deer tick, I. dammini, was the
vector of the spirochete in the north central and northeastern
U.S.A.; that B. burgdorferi was antigenically and genetically
uniform in North America compared to Europe: that B. burg-
dorferi did not occur in the southern part of the US.A.; and
thus, Lyme borreliosis did not occur in wildlife and humans did
not acquire Lyme disease in the south. Data generated during
the last 5 yr are causing a reevaluation of the previously held
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concepts about Lyme borreliosis in the U.S.A., particularly in
the southern U.S.A.

The blacklegged tick, /. scapularis, is the main vector of B.
burgdorferi in the eastern half of the U.S.A., both in the north-
ern and southern parts. Dammin’s northeastern deer ixodid, .
dammini, is not a separate species distinct from /. scapularis
and it has been relegated to a junior subjective synonym of /.
scapularis. A closely related tick, /. affinis, is also in the same
L ricinus species complex as /. scapularis and I. pacificus and
is naturally infected with B. burgdorferi in Georgia and South
Carolina. Although it rarely bites humans, it probably plays a
role in maintaining the enzootic cycle of the spirochete in the
southeastern U.S.A. Other species of Ixodes known to be nat-
urally infected and to transmit B. burgdorferi among wildlife
include I neotomae and I. spinipalpis in the western U.S.A.
and /. dentarus and I. minor in the eastern U.S.A. The 2 western
species serve as maintenance vectors and /. pacificus is the
““bridge™ vector to humans. Perhaps the 2 eastern species func-
tion similarly and /. scapularis is the “bridge” vector. Alter-
natively, I dentatus and 1. minor may operate in parallel and
nonoverlapping enzootic cycles and not play a role in human
Lyme borreliosis. Their role is yet to be determined.

It is now known that B. burgdorferi occurs in many parts of
the U.S.A. where it was not previously thought to occur. In the
south, isolates have been obtained from ticks, vertebrate hosts,
or both, from Virginia south to mid-coastal Florida, Missouri,
Oklahoma, and Texas; immunologic data exist that are based
on serum antibodies to B. burgdorferi from tick hosts in many
other southern states. Moreover, immunologic and genetic anal-
yses confirm a much greater degree of heterogeneity among B.
burgdorferi sensu lato isolates, particularly in the south, than
heretofore suspected for North America. It is hypothesized, but
not supported, that the diversity among B. burgdorferi sensu
lato strains might produce different levels of infectivity and
pathogenicity and produce a greater variety of clinical Symp-
toms in infected humans. A substantial amount of the new data
mentioned in this review is in the process of publication or is
recently published and, therefore, not widely known among par-
asitologists and biomedical scientists. The newly discovered
data raise many questions and likely will stimulate productive
research.
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