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Emerging Infectious Determinants
of Chronic Diseases

Siobhan M. O’Connor,* Christopher E. Taylor,T and James M. Hughes?

Evidence now confirms that noncommunicable chron-
ic diseases can stem from infectious agents. Furthermore,
at least 13 of 39 recently described infectious agents
induce chronic syndromes. Identifying the relationships can
affect health across populations, creating opportunities to
reduce the impact of chronic disease by preventing or treat-
ing infection. As the concept is progressively accepted,
advances in laboratory technology and epidemiology facili-
tate the detection of noncultivable, novel, and even recog-
nized microbial origins. A spectrum of diverse pathogens
and chronic syndromes emerges, with a range of pathways
from exposure to chronic iliness or disability. Complex sys-
tems of changing human behavioral traits superimposed on
human, microbial, and environmental factors often deter-
mine risk for exposure and chronic outcome. Yet the
strength of causal evidence varies widely, and detecting a
microbe does not prove causality. Nevertheless, infectious
agents likely determine more cancers, immune-mediated
syndromes, neurodevelopmental disorders, and other
chronic conditions than currently appreciated.

I nfectious agents have emerged as notable determinants,
not just complications, of chronic diseases. Not infre-
quently, infection may simply represent the first misstep
along a continuum from health to long-term illness and
disability. Preventing or treating infection or the immune
response to infection offers a chance to disrupt the contin-
uum, avoiding or minimizing a chronic outcome. To capi-
talize on these opportunities, clinicians, public health
practitioners, and policymakers must recognize that many
chronic diseases may indeed have infectious origins.

A diverse spectrum of agents, pathways, outcomes, and
co-factors characterize the already well-established causal
associations. Together, this group affects all populations
around the globe—regardless of country, region, race/eth-

*Centers for Disease Control and Prevention, Atlanta, Georgia,
USA; tNational Institutes of Health, Bethesda, Maryland, USA;
and fEmory University, Atlanta, Georgia, USA
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nicity, socioeconomic status, or culture. Expectations are
that additional etiologic relationships will emerge over the
coming decades, influenced by ever-evolving populations,
ecology, and economies as well as by advances in science
and technology (1,2). The true potential to avoid or mini-
mize chronic disease by preventing or treating infections
may yet be substantially underestimated.

Controlling infectious diseases remains paramount to
the health and well-being of persons and populations
worldwide. The breakdown of public health and preven-
tion measures leads to the resurgence of old and new
microbial threats. Nevertheless, implementing and main-
taining infection control measures is shifting disease pat-
terns, so that today chronic diseases represent the major
health burden of established economies (>90 million peo-
ple in the United States) and are a rapidly growing burden
in developing economies (http://www.cdc.gov/nccdphp/
overview.htm) (3). This fact implies that preventing or mit-
igating chronic diseases of infectious etiology could have
considerable positive impact on global and domestic
health. Add to this the potential benefits of minimizing
infections that influence the morbidity of preexisting
chronic conditions. The result is a tremendous opportunity
to reduce long-term illness and disability worldwide by
maximizing infection prevention and control.

In this perspective, we focus on (non-HIV) infectious
determinants of chronic diseases, in which >1 infectious
agent(s) causes, precipitates, or drives the chronic disease
or its long-term sequelae. Expanding on previously pub-
lished discussions (4-7), we outline the causal connections
and reasons for their emergence, describing the breadth of
the field and the diverse pathways from microbial expo-
sure to chronic disease. Lastly, we present a complex sys-
tems framework for the multifactorial interactions that
often lead to long-term sequelae, citing current and emerg-
ing opportunities for research to prevent chronic diseases
of infectious etiology and discussing the potential impact
of these benefits.

1051



PERSPECTIVE

Infectious Disease—Chronic Disease Connections

For centuries, physicians and scientists hypothesized
that infection might explain some chronic syndromes.
Proof, however, lagged behind speculation. A paucity of
tools to detect many agents and the challenges of linking
past infection—sometimes decades in the past—with pres-
ent chronic illness perpetuated the idea that most infectious
diseases are acute illnesses, and that chronic diseases have
noninfectious causes. By the latter third of the 20th centu-
ry, however, exceptions to this dogma began to emerge.
For example, hepatitis B virus (HBV) infection came to
explain a large proportion of chronic liver disease (CLD)
and hepatocellular carcinoma (HCC) in areas of endemic
infection (8) (http://www.cdc.gov/ncidod/diseases/hepati-
tis). However, it was the discovery that Helicobacter
pylori can induce gastric inflammation that truly trans-
formed conventional thinking about the noncommunicable
nature of many chronic conditions (9); in recognition of
this groundbreaking achievement, Marshall and Warren
were awarded the Nobel Prize in Physiology or Medicine
2005. Researchers have subsequently demonstrated that
eradication of H. pylori can cure most cases of peptic ulcer
disease, a chronic condition long attributed to noninfec-
tious factors such as stress, diet, smoking, and family his-
tory (7,9,10). Today, scientists and physicians widely
recognize the plausibility of infectious agent origins for
chronic diseases.

The causal relationships fall into 3 basic categories.
First, an infectious agent produces chronic illness or long-
term disability through progressive tissue pathology or
organ decompensation (e.g., HBV-associated CLD and
HCC), attributable to direct effects of past or persistent
infection (e.g., transformation of host cells, tissue inva-
sion); or immune response to the persistent infectious
agent; or ongoing immune response after the infectious
agent(s) is cleared. Second, the initial stages of infection
cause permanent, lifelong deficits or disability (e.g.,
poliovirus-induced permanent paralysis). Third, infection
indirectly predisposes a person to chronic sequelae (e.g.,
maternal infection during pregnancy leads to preterm
delivery that, with or without infection of the infant,
increases the child’s risk for chronic neurologic and pul-
monary deficits). Together, these diverse relationships cre-
ate a cascade of opportunities to reduce the impact of
chronic disease by interrupting infection before the out-
come is irreversible.

Stimulated by changing scientific perceptions, the
advent of polymerase chain reaction (PCR) and other
molecular techniques, and advances in immunology and
culture methods, a succession of discoveries from 1975 to
1995 greatly expanded the number of recognized infec-
tious determinants of chronic diseases (Figure 1). We now
know that HBV and hepatitis C virus (HCV) infections
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account for most CLD and HCC cases worldwide (8). In
fact, HCC was the first recognized vaccine-preventable
cancer (through HBV immunization). Blood donor screen-
ing, along with programs to prevent HBV and HCV trans-
mission, now further reduces the risk for CLD and HCC
(http://www.cdc.gov/ncidod/diseases/hepatitis) (11-13).

Today, immunization against human papillomavirus
(HPV) promises to make cervical cancer—the second
leading cause of cancer mortality in women worldwide—
the next vaccine-preventable malignancy (3). Until now,
cervical cancer prevention has hinged on early detection
and ablation of precancerous and malignant lesions
through lifelong Papanicolaou cervical smear screening of
all women. While successful where economically feasible,
this strategy does not address the infectious etiology of
cervical cancer; studies associate HPV with 90% to 99.7%
of malignant lesions (high-risk viral subtypes HPV-16 and
HPV-18 with 65% to 70% of lesions), and HPV-induced
oncoproteins are implicated in the pathway from infection
to malignancy (14,15).

Microbes also cause nonmalignant chronic diseases.
For example, Borrelia burgdorferi infections can result in
chronic Lyme arthritis. In the absence of that discovery, an
infectious portion of chronic inflammatory arthritis might
still be categorized as a noninfectious autoimmune syn-
drome; B. burgdorferi and B. garinii infections also induce
the chronic central nervous system manifestations of neu-
roborreliosis (16,17). These examples illustrate only a few
of the numerous causal associations identified over the
past 50 years; yet even they forecast the possibility that
many other chronic conditions await the identification of
infectious determinants.

Although the pace of discoveries has slowed over the
past decade, at least 13 of the =39 most recently described
infectious agents induce at least 1 distinct chronic syn-
drome (1,13,16,18-20). Most recently, a poliomyelitislike
paralysis following West Nile virus infection expanded the
list (20). With ample precedent, researchers, clinicians, and
veterinarians can anticipate that infectious determinants of
chronic diseases will continue to emerge.

Reasons for Emergence

Evolving ecology and changing human behavior, such
as migration, recreation, work, and culture, influence
human exposures to the infectious determinants of chronic
as well as acute illnesses (1,2). Microbial virulence factors,
wildlife behavioral traits, zoonotic infections, and the
environment all converge to determine both the infectious
capacity of potential pathogens and the likelihood of
human exposure. Superimposed on human genetics and
biology, the milieu shapes individual and population risk
profiles for the causal infections agents and their chronic
sequelae (7,14,21).
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Timeline Infectious agent*

Chronic disease

1950 Schistosoma spp.

Epstein-Barr virus
Hepatitis B virus

Human papillomavirus

Borrelia burgdorferi

Human T-lymphotropic virus type 1
Helicobacter pylori
Campylobacter jejuni

Human T-lymphotropic virus type 1
B. burgdorferi

Hepatitis C virus

Bartonella henselae

Hepatitis C virus

Tropheryma whipplei
KSHV/human herpesvirus 8

Bladder cancer

Burkitt lymphoma
Chronic liver disease, hepatocellular carcinoma

Cervical cancer

Chronic Lyme arthritis

Acute T-cell leukemiaflymphoma

Chronic gastritis, peptic ulcer disease
Guillain-Barré syndrome (persistent sequelae)
Tropical spastic paraparesis, chronic arthropathy
Neuroborreliosis

Chronic liver disease, hepatocellular carcinoma
Bacillary angiomatosis

Mixed cryoglobulinemia

Whipple disease

Kaposi sarcoma

Infectious Determinants of Chronic Diseases

Figure 1. Emergence timeline for infectious deter-
minants of chronic diseases. For references to
support this figure, see online version (available
from http://www.cdc.gov/ncidod/EID/vol12no07/06-
0037-G1.htm)

New variant CJD agent Variant CJD
2000

l West Nile virus

*KSHV, Kaposi sarcoma herpesvirus; CJD, Creutzfeldt-Jakob disease

Paralysis (persistent postpoliomyelitis)

Over recent years, the powerful tools of molecular biol-
ogy, particularly PCR, plus advances in immunologic and
other techniques, have exposed new causal links by detect-
ing difficult-to-culture and novel agents in chronic disease
settings. Microbes can now be irrefutably linked to pathol-
ogy without meeting Koch’s postulates, Hill’s epidemio-
logic criteria, or even the revised criteria of Hill and Evans
(22). For example, applying recombinant immunoscreen-
ing for the first time, investigators cloned the previously
undescribed agent of most transfusion-associated (hon-A,
non-B) hepatitis and the cause of a major portion of chron-
ic hepatitis, HCV (23). Innovative sequence-based analy-
sis (broad-range PCR) and phylogenetic relationships
finally identified Tropheryma whipplei as the elusive
microbial source of Whipple disease (19,22). Improved
culture techniques subsequently facilitated propagation of
the bacterium. Now evidence confirms neurologic and
ocular manifestations of this chronic gastrointestinal syn-
drome. Representational difference analysis identified the
viral cause of Kaposi sarcoma (KS) in HIV-positive gay
men (24). Later, researchers also linked the KS-associated
herpesvirus to endemic or classic KS in the absence of
HIV infection.

Today, technical advances boost the armory of detec-
tion tools available to uncover new infectious determinants
of chronic diseases, including the following: broad-range
amplification of bacterial ribosomal targets, gene expres-
sion arrays (microarrays) that detect microbes or charac-
terize host response to specific agents, degenerate probe
screens for families or groups of viruses, mass spectrome-
try, electron microscopy, enhanced antigen and antibody
detection techniques, and growth-promoting factors that

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006

improve microbe cultivation (1). The highly successful
sensitivity of these tools, however, can be a double-edged
sword. Detecting an infectious agent, its nucleic acid, or
other biomarkers of infection in the setting of chronic dis-
ease does not prove it caused disease. Neither does the
presence of antibodies to pathogens, for immunoglobulin
G signifies previous infection but not necessarily causation
(22). This fact is particularly true for ubiquitous infections.
For example, chronic Lyme disease, reactive arthritis,
CLD or HCC, peptic ulcer disease, cervical cancer, and
Chagas cardiomyopathy develop only in some of the many
people infected with B. burgdorferi, Chlamydia trachoma-
tis or Salmonella species, HBV or HCV, H. pylori, HPV,
and Trypanosoma cruzi, respectively. In contrast, the
inability to detect an agent in the setting of chronic disease
does not rule out infectious etiology. Existing tools and
methods may not be sensitive enough to link known agents
with chronic disease, or they may be unable to detect as yet
uncharacterized novel or emerging microbes. Diagnostic
assays might not access intracellular, sequestered, or non-
replicating agents. Testing may occur too long after the
exposure, particularly when years of pathology precede
diagnosis of the chronic condition, or persistent immune
response to an already cleared infectious agent accounts
for chronic disease. Studies that focus on the wrong group
of people or the wrong tissue cannot support or refute
causality. In all these circumstances, a true infectious
determinant might remain unidentified.

Breadth of the Field

A broad spectrum of infectious agents and their
chronic outcomes compose this evolving field. Every
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organ system or tissue has been a target. Bacteria, fungi,
parasites, viruses, and the recently discovered prions are
all implicated, and as yet unidentified etiologic agents will
likely be described over the coming years (Figure 2).

Already established causal associations prove that cer-
tain infectious agents evoke only 1 type of chronic pathol-
ogy (e.g., poliovirus-induced persistent flaccid paralysis).
Yet single agents can also produce multiple distinct syn-
dromes in different organ systems. HBV-associated CLD,
HCC, and polyarteritis nodosa, as well as HCV-associated
CLD, HCC, mixed cryoglobulinemia, and arthropathy
demonstrate this phenomenon (http://www.cdc.gov/nci-
dod/diseases/hepatitis) (13,23,25,26). So do 3 very differ-
ent outcomes of human T-lymphotropic virus type 1
(HTLV-1) infection: acute T-cell leukemia/lymphoma,
tropical spastic paraparesis/HTLV-1-associated myelopa-
thy, and chronic arthropathy (27,28). On the other hand,
disparate infections sometimes lead to 1 common chronic
clinical syndrome, likely through converging pathogenic
mechanisms (e.g., chronic HBV and HCV-related CLD or
HCC; reactive arthritis following Salmonella, Shigella,
Klebsiella, or Chlamydia trachomatis infections) (21,23,
25,26,29).

A person’s age at the time of infection—from intrauter-
ine or perinatal, through childhood and adolescence, to
adulthood and the elder years—may further influence the
risk for chronic outcome. For example, perinatal HBV
infection dramatically increases the risk of developing
adult or pediatric CLD with or without HCC (11-13,30)
(http://mwww.cdc.gov/ncidod/diseases/hepatitis). Recurrent
infections or perhaps serial infections with certain agents
might also determine a person’s risk for chronic outcome.

Currently, the strength of causal evidence ranges from
confirmed to speculative. Reproducible epidemiologic and
laboratory data unambiguously establish that certain infec-
tious agents directly lead to 1 or more distinct chronic out-
comes, globally or in unique populations. Animal models
often illustrate the plausibility of human pathogenesis.
Sometimes clinical trials and surveillance further demon-

strate that preventing or treating the culprit infection(s)
avoids or eliminates the long-term sequelae. Consider
HBV-associated CLD. Sound scientific evidence now con-
firms that immunization and behavioral interventions
prevent CLD and HCC by preventing infection and trans-
mission (http://www.cdc.gov/ncidod/diseases/hepatitis)
(11-13). Similarly, appropriate antimicrobial drug therapy
can eliminate group A Streptococcus infections before
rheumatic valvular disease develops and cure H.
pylori—associated chronic gastritis and peptic ulcer disease
(7,9,10). Unfortunately, the translation of infectious dis-
ease knowledge into programs that minimize pathology
and the human suffering produced by chronic disease often
lags, even when all evidence supports causality.

At the opposite end of the evidence spectrum, only pre-
liminary or inconclusive findings, conflicting or inconsis-
tent data, case series or small studies, anecdotal reports, or
unreproduced single-source data support certain hypothe-
ses. A lack of sensitive or specific detection assays, analy-
ses that target the wrong tissue, or investigations that seek
infectious agents too long after the initial infection might
explain such observations. Suboptimal study designs also
hamper the ability to reproduce or compare research
results and to correctly infer causality. For example, if
investigations examine only persons at low risk, only those
at high risk, too few exposed or at-risk persons, or too
many people not even at risk for the chronic outcome, then
positive or negative findings can produce faulty conclu-
sions. Studies lacking appropriate controls also convey
uninterpretable results. On the other hand, evidence for or
against an infectious etiology of chronic disease can
change over time, influenced by new and sometimes con-
tradictory findings, improved detection tools, and data
interpretation. Onchocerciasis is an intriguing example of
this fluidity. Infection with the filarial parasite Onchocerca
volvulus is the long-established cause of river blindness.
Recent evidence, however, suggests that the Onchocerca
endosymbiont bacterium, Wolbachia wuchereria, may
stimulate the pathogenic inflammation responsible for this

Syndromes and Triggers and Duration of Timing of Figure 2. Infectious determi-
Pathogens organ systems outcomes infection infection nants of chronic diseases.
Bacteria Cardiovascular 1 microbe — Acute Prenatal
Fungi Endocrine multiple syndromes | | Persistent active Infancy
Parasites Gastrointestinal Several microbes Persistent Childhood
Prions Immune — 1 outcome non-replicating Adolescence
Viruses Musculoskeletal Cleared Adulthood
Neurologic Enduring normal Recurrent or
Neuropsychiatric fiora coinfection
Ocular
Pulmonary
Renal
Respiratory
Skin
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tragic, preventable lifelong disability (31). If so, could
Wolbachia also influence in whom W. bancrofti—associat-
ed lymphatic filariasis develops, potentially opening new
therapeutic avenues to prevent this major cause of global
disability (32)?

Despite the challenges, researchers continue to pursue
elusive but plausible infectious agent origins of chronic
syndromes such as systemic lupus erythematosus, rheuma-
toid arthritis and other inflammatory arthritides, Crohn dis-
ease, type 1 diabetes, multiple sclerosis, neuropsychiatric
and developmental disorders, leukemias and lymphomas,
and other malignancies (33-44). In concert, previously
unrecognized long-term effects of known infectious agents
continue to emerge.

Range of Pathways

Directly or indirectly, infectious agents produce long-
term outcomes through pathways that include acute infec-
tion, persistent active infection, persistent nonreplicating
(latent) infection, immune response to an infectious agent
that may not commonly be pathogenic, and malignant
transformation. Direct tissue damage or genomic integra-
tion explain certain chronic sequelae, but an inflammatory
immune response—one of the body’s primary means to
protect against infection—defines multiple established
infectious causes of chronic diseases, including some can-
cers (1,5,7,14,15,17,21,23,28,29) (http://www.cdc.gov/
ncidod/diseases/hepatitis). Inflammation also drives many
chronic conditions that are still classified as (noninfec-
tious) autoimmune or immune-mediated (e.g., systemic
lupus erythematosus, rheumatoid arthritis, Crohn disease)
(33-35,38). Both innate and adaptive immunity play criti-
cal roles in the pathogenesis of these inflammatory syn-
dromes (34,35). Therefore, inflammation is a clear
potential link between infectious agents and chronic dis-
eases. Aberrant cellular and humoral responses to infec-
tions could launch the continuum from infection to
long-term sequelae, consistent with the proposed damage-
response framework (6).

Biofilms, or microbial communities that behave like
biofilms, also represent potential, unrecognized stages in
the pathways from infectious agent exposure to chronic
disease. In both situations, cultures and even PCR results
can be negative. For example, tympanic fluid cultures from
animal models of chronic Haemophilus influenzae otitis
media, associated with biofilms, are frequently negative
(45); uropathogenic Escherichia coli can invade bladder
epithelial cells to establish intracellular communities that
behave like biofilms, evade immune surveillance, and pro-
duce sterile urine cultures (46). Similarly, imbalances
within communities of normal gut flora or between com-
mensals and pathogens residing in the gut are proposed to
produce or exacerbate chronic syndromes such as Crohn
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Figure 3. Complex systems framework, showing interaction of
multiple factors leading to chronic sequelae of infections.

disease (35-37). These observations suggest that novel and
already characterized infectious agents are likely to deter-
mine a substantially greater—and potentially preventa-
ble—portion of chronic disease than yet realized. If so,
upstream (earlier) primary and secondary prevention of
infection will become opportunities to avoid irreversible or
severe chronic disease across large populations.
Frequently, the opportunity to identify new infectious
determinants of chronic diseases may lie in the study of
complex systems. Chronic diseases are often multifactori-
al, with established noninfectious risk factors. Yet infec-
tion actually defines more than a few of these conditions
(e.g., cervical cancer, reactive arthritis). In such settings,
complex systems, interactions between human, microbe,
and the environment, tempered by time, determine micro-
bial exposure, human infection, and the development of
chronic sequelae (Figure 3). Simulating the balance, flux,
and networks of multicomponent systems biology, many
factors can converge to produce chronic disease, among
them genetic susceptibility to infection or to adverse
chronic outcome, duration of infection, co-infections,
microbial factors, host microbial communities, age,
micronutrient status, sex hormones, behavior-dependent
exposures such as smoking and diet, chemical exposures,
zoonoses, and the strength of an exposed person’s immune
response to an infectious agent(s) (1,14,15,17,21,24,
25,47-49) (http://www.cdc.gov/ncidod/diseases/hepatitis).
Human migration or travel, human-human interactions,
evolving economies, political change, education, new
medical interventions, changes in climate and ecology, and
other factors further influence these complex systems.
Also diverging from the usual perceptions of causality,
some hypotheses propose that infections may actually pro-
tect against certain chronic conditions; some microbial
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exposures may be critical to normal human immune devel-
opment. Perhaps reduced or delayed exposure(s) to an
infectious agent(s), or alterations in the balance of normal
flora, increase a person’s susceptibility to inflammatory
conditions like asthma and Crohn disease (37,50).

Current and Emerging Discovery
and Prevention Opportunities

Chronic diseases do often stem from infections.
Numerous causal associations are established, and progress
in the field is certain to detect and confirm additional links.
These developments should lead to new treatment regimens
and public health programs that substantially reduce and
even prevent chronic diseases worldwide, intervening
before or during the early stages of disease to avoid or min-
imize the chronic sequelae of infections. If a mere 5% of
chronic disease is attributable to infectious agents, in the
United States alone 4.5 million of the 90 million people liv-
ing with chronic disease might benefit from strategies
designed to prevent or appropriately treat selected infec-
tions. Worldwide, the impact could be far greater. Avoiding
exposure, reducing transmission, vaccinating to avert infec-
tion, and treating infection early could realize this preven-
tion potential, dramatically reducing the global impact of
chronic disease measured by disability-adjusted life years
or other measures (51). The strategies must, however, build
on sound scientific evidence.

Continued pathogen discovery and improved detection
of infectious agents with sensitive, specific, reproducible
assays are crucial to these efforts. In many settings, the
systems biology approach will advance the timely recogni-
tion, characterization, and mitigation of infectious deter-
minants of chronic diseases (49). Combining proteomics,
genomics, microarrays, nanotechnology, and mass spec-
trometry with traditional detection tools such as
histopathology may better confirm or refute hypotheses of
causation, but only when applied to appropriate specimens
from well-designed epidemiologic studies in the appropri-
ate populations (1). Advances in information technology
will be key to these efforts. The nature of chronic disease
further demands longitudinal and prospective assessments
since the symptoms of chronic disease may not appear
until years after exposure to an infectious agent.

At present, cancers, autoimmune or immune-mediated
diseases, and neurodevelopmental disorders are leading
candidates for infectious agent origins. Yet other chronic
conditions must also remain under consideration. Together,
infectious determinants of chronic diseases offer a spec-
trum of research and prevention possibilities—opportuni-
ties that could substantially affect global health by
reducing chronic disease worldwide. Not all chronic con-
ditions will have infectious agent roots. Nevertheless, the
broad prevention potential presented by these causal
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relationships has emerged as an important, cross-cutting
clinical and public health issue, a result of the increased
risk posed by newly recognized agents and changing pop-
ulation exposures as well as an increased appreciation for
the causal links.

Dr Siobhan O’Connor has been assistant to the director of
the National Center for Infectious Diseases, Centers for Disease
Control and Prevention, for Infectious Causes of Chronic
Diseases, and is currently coordinator, Linking Infectious Agents
and Chronic Diseases, Coordinating Center for Infectious
Diseases. Her research interests focus on identifying and prevent-
ing recognized and potential infectious determinants of chronic
diseases, particularly cancers and immune-mediated syndromes.
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Global Public Health Surveillance
under New International Health
Regulations

Michael G. Baker* and David P. Fidlert

The new International Health Regulations adopted by
the World Health Assembly in May 2005 (IHR 2005) repre-
sents a major development in the use of international law
for public health purposes. One of the most important
aspects of IHR 2005 is the establishment of a global sur-
veillance system for public health emergencies of interna-
tional concern. This article assesses the surveillance
system in IHR 2005 by applying well-established frame-
works for evaluating public health surveillance. The
assessment shows that IHR 2005 constitutes a major
advance in global surveillance from what has prevailed in
the past. Effectively implementing the IHR 2005 surveil-
lance objectives requires surmounting technical, resource,
governance, legal, and political obstacles. Although IHR
2005 contains some provisions that directly address these
obstacles, active support by the World Health Organization
and its member states is required to strengthen national
and global surveillance capabilities.

n May 23, 2005, the World Health Assembly adopted

the new International Health Regulations (IHR 2005)
(1) as an international treaty. This step concluded the
decade-long effort led by the World Health Organization
(WHO) to revise the old regulations (IHR 1969) to make
them more effective against global disease threats.
Originally adopted in 1951 (2) and last substantially
changed in 1969 (3), IHR 1969 had lost its effectiveness
and relevance by the mid-1990s, if not earlier (4).

The resurgence of infectious diseases noted in the first
half of the 1990s showed IHR 1969’s limitations. For
example, after smallpox was eradicated in the late 1970s,
IHR 1969 only applied to the traditionally “quarantinable”
diseases of cholera, plague, and yellow fever. In addition,

*Wellington School of Medicine and Health Sciences, Wellington,
New Zealand; and TIndiana University School of Law,
Bloomington, Indiana, USA
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IHR 1969 restricted surveillance to information provided
only by governments, lacked mechanisms for swiftly
assessing and investigating public health risks, contained
no strategies for developing surveillance capacities and
infrastructure, and failed to generate compliance by WHO
member states. WHO began revising IHR 1969 in 1995
(5), and IHR 2005’s adoption completed the modernization
of this important body of international law on public
health.

IHR 2005 departs radically from IHR 1969 and repre-
sents a historic development in international law on public
health (6). IHR 2005 expands the scope of the regulations’
application, strengthens WHQ’s authority in surveillance
and response, contains more demanding surveillance and
response obligations, and applies human rights principles
to public health interventions. The most dramatic of these
changes involves a new surveillance system that far sur-
passes what the IHR 1969 contained. After reviewing key
surveillance concepts and frameworks, this article
describes IHR 2005’s surveillance regime and assesses its
likely performance. It concludes by discussing obstacles
that could prevent IHR 2005 from becoming an effective
global public health surveillance system and addressing
how these obstacles might be overcome.

Key Surveillance Concepts
and Evaluation Framework

Public health surveillance has been defined as “the
ongoing systematic collection, analysis, and interpretation
of outcome-specific data for use in the planning, imple-
mentation, and evaluation of public health practice” (7). A
surveillance system requires structures and processes to
support these ongoing functions (7).

The Centers for Disease Control and Prevention (CDC)
developed guidelines that identify the essential elements
and attributes for an effective public health surveillance
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system (8). According to these guidelines, evaluating sur-
veillance systems involves 2 main steps: 1) describing the
purpose, operation, and elements of the system and 2)
assessing its performance according to key attributes. This
article uses this 2-step approach to evaluate the global pub-
lic health surveillance system prescribed by IHR 2005.

Surveillance System Specified in IHR 2005

In the CDC framework, describing a surveillance sys-
tem includes 4 main elements: 1) health-related events
under surveillance and their public health importance, 2)
purpose and objectives of the system, 3) components and
processes of the system, and 4) resources needed to oper-
ate it (8).

Health-related Events under Surveillance

IHR 2005 identifies health-related events that each
country that agrees to be bound by the regulations (a “state
party”) must report to WHO. In terms of health-related
events that occur in its territory, a state party must notify
WHO of “all events which may constitute a public health
emergency of international concern” (article 6.1). These
events include any unexpected or unusual public health
event regardless of its origin or source (article 7). IHR
2005 also requires state parties, as far as is practicable, to
inform WHO of public health risks identified outside their
territories that may cause international disease spread, as
manifested by exported or imported human cases, vectors
that may carry infection or contamination, or contaminat-
ed goods (article 9.2).

IHR 2005 provides guidance to assist state parties’
compliance with these obligations in 4 ways. First, IHR
2005 defines a “public health emergency of international
concern” (PHEIC) as “an extraordinary event which is
determined [by the WHO Director-General]... (i) to con-
stitute a public health risk to other States through the inter-
national spread of disease and (ii) to potentially require a
coordinated international response” (article 1.1). Unlike
IHR 1969’s limited scope of application to just 3 commu-
nicable diseases (3), IHR 2005 defines disease as an illness
or medical condition that does or could threaten human
health regardless of its source or origin (article 1.1). This
scope therefore encompasses communicable and noncom-
municable disease events, whether naturally occurring,
accidentally caused, or intentionally created.

Second, IHR 2005 contains a “decision instrument”
(annex 2) that helps state parties identify whether a health-
related event may constitute a PHEIC and therefore
requires formal notification to WHO (Figure 1). The deci-
sion instrument focuses on risk assessment criteria of pub-
lic health importance, including the seriousness of the
public health impact and the likelihood of international
spread.
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[ Events detected by national surveillance system |

l l |

A case of the Any event of A case of the following

following diseases: potential diseases:

* Smallpox international * Cholera

+ Poliomyelitis public health « Pneumonic plague
due to wild-type concem, including « Yellow fever

those of unknown

poliovirus « Viral hemorrhagic fevers
+« Human causes or sources (Ebola, Lassa, Marburg)
influenza * West Nile fever
caused by a « Other diseases of
new subtype special national or
+ Severe acute regional concern, e.g.,
respiratory dengue fever, Rift Valley
syndrome fever, meningococcal

disease

| |

Apply criteria in decision algorithm
. Is the public health impact of the event serious?

1

2. Is the event unusual or unexpected?

3. Is there a significant risk for international spread?

4. s there a significant risk for international travel or
trade restrictions?

Yes to any 2 of the above criteria |

| l

| Event shall be notified to the World Health Organization under IHR 2005 |

Figure 1. International Health Regulations (IHR) 2005 decision
instrument (simplified from annex 2 of IHR).

Third, IHR 2005 includes a list of diseases for which a
single case may constitute a PHEIC and must be reported
to WHO immediately. This list consists of smallpox,
poliomyelitis, human influenza caused by new subtypes,
and severe acute respiratory syndrome (SARS). A second
list of diseases exists (Figure 1) for which a single case
requires the decision instrument to be used to assess the
event, but notification is determined by the assessment and
is not automatic. Finally, IHR 2005 also encourages state
parties to consult with WHO over events that do not meet
the criteria for formal notification but may still be of pub-
lic health relevance (article 8).

IHR 2005’s expansion of the range of public health
events under surveillance and the use of risk assessment
criteria in deciding what is reportable is possibly the single
most important surveillance advance in IHR 2005. This
change greatly enhances effective surveillance of emerg-
ing infectious diseases, which are “infections that have
newly appeared in a population or have existed but are rap-
idly increasing in incidence or geographic range” (9). IHR
2005’s surveillance strategy, especially the decision instru-
ment, has been specifically designed to make IHR 2005
directly applicable to emerging infectious disease events,
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which are usually unexpected and often threaten to spread
internationally.

In addition to events that may constitute a PHEIC, IHR
2005 also requires state parties to report the health meas-
ures (e.g., border screening, quarantine) that they imple-
ment in response to such events (article 6). State parties
are also specifically required to inform WHO within 48
hours of implementing additional health measures that
interfere with international trade and travel, unless the
WHO Director-General has recommended such measures
(article 43).

Purpose and Objectives of Surveillance
under IHR 2005

IHR 2005’s purpose is to prevent, protect against, con-
trol, and facilitate public health responses to the interna-
tional spread of disease (article 2), and IHR 2005 makes
surveillance central to guiding effective public health
action against cross-border disease threats. The regulations
define surveillance as “the systematic ongoing collection,
collation and analysis of data for public health purposes
and the timely dissemination of public health information
for assessment and public health response as necessary”
(article 1.1). Surveillance is central to IHR 2005°s public
health objectives, which explains why IHR 2005 requires
all state parties to develop, strengthen, and maintain core
surveillance capacities (article 5.1). This obligation goes
beyond anything concerning surveillance in IHR 1969,
which did not address surveillance infrastructure and capa-
bilities beyond a general requirement for a state party to
notify WHO of any outbreak of a disease subject to the
regulations.

Components and Processes of IHR 2005 Surveillance

IHR 2005 describes key aspects of the surveillance
process from the local to the global level. As part of IHR
2005’s core surveillance and response capacity require-
ments, each state party has to develop and maintain capa-
bilities to detect, assess, and report disease events at the
local, intermediate, and national levels (article 5.1, annex
1). Officials at the national level must be able to report
through the national IHR focal point to WHO when
required under IHR 2005 (articles 4.2 and 6). The regula-
tions also mandate that WHO establish IHR contact points
that are always accessible to state parties (article 4.3).
Connecting these levels produces the surveillance archi-
tecture illustrated in Figure 2.

Requiring that a national IHR focal point be established
is another surveillance initiative in IHR 2005. The focal
point is designed to facilitate rapid sharing of surveillance
information because it is responsible for communicating
with the WHO IHR contact points and disseminating infor-
mation within the state party (article 4.2). By linking
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Figure 2. Public health surveillance structures and processes
specified in International Health Regulations (IHR) 2005.

national IHR focal points through WHO, IHR 2005 estab-
lishes a global network that improves the real-time flow of
surveillance information from the local to the global level
and also between state parties (article 4.4).

Resources Needed to Operate IHR 2005’s
Surveillance System

Building and maintaining the surveillance system envi-
sioned in IHR 2005 will require substantial financial and
technical resources. State parties will be primarily respon-
sible for providing resources needed to develop their core
surveillance capacities. Each state party has to assess its
ability to meet the core surveillance requirements by June
2009. In addition, each state party has to develop and
implement a plan for ensuring compliance with core sur-
veillance obligations (articles 5.1 and 5.2, annex 1).

WHO is obliged to assist state parties in meeting their
surveillance system obligations (article 5.3), but this provi-
sion does not allocate any WHO funds for this purpose.
State parties are required to collaborate with each other in
providing technical cooperation and logistical support for
surveillance capabilities and in mobilizing financial
resources to facilitate implementation of IHR 2005 (article
44.1).

Evaluating the IHR 2005 Surveillance System’s
Attributes and Potential Performance

Key attributes of effective surveillance systems identi-
fied by CDC are usefulness, sensitivity, timeliness, stabil-
ity, simplicity, flexibility, acceptability, data quality,
positive predictive value, and representativeness. Of these
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attributes, usefulness, sensitivity, timeliness, and stability
will be most critical to the success of the IHR 2005 sur-
veillance system. Simplicity, acceptability, and flexibility
will affect the establishment and sustainability of the sur-
veillance system. Data quality, positive predictive value,
and representativeness are central to accurately character-
izing health-related events under surveillance. Table 1
summarizes these attributes, provides commentary on
their relevance to effective surveillance under IHR 2005,
and assesses the likely performance of the IHR 2005 sur-
veillance system for each attribute. The following para-
graphs concentrate on assessing IHR 2005 with respect to
the key attributes of usefulness, sensitivity, timeliness,
and stability.

Usefulness of the Surveillance System

The central premise of IHR 2005 is that rapidly detect-
ing PHEIC will support improved disease prevention and
control both within and between state parties. Ample evi-
dence shows that delayed recognition and response to
emerging diseases may result in adverse consequences in
terms of illness and death, spread to other countries, and
disruption of trade and travel (10). The usefulness of sur-
veillance under IHR 2005 represents the sum of all the crit-
ical system attributes and can only be assessed after the
system is in operation, so this attribute is not discussed
here. However, for the future sustainability and develop-
ment of IHR 2005, we must evaluate its overall usefulness

Surveillance under International Health Regulations

and document its contribution to prevention and control of
adverse health events. IHR includes mechanisms to review
and, if necessary, amend its provisions and in particular
requires periodic evaluation of the functioning of the deci-
sion instrument (article 54).

Sensitivity of the Surveillance System

The IHR 2005 surveillance provisions imply 100% sen-
sitivity as a standard, namely the reporting of all events
that meet notification requirements. The use of risk assess-
ment criteria (Figure 1) also allows for higher sensitivity
for PHEIC than would be possible with a list of predeter-
mined disease threats (as in IHR 1969). To test the poten-
tial sensitivity of the decision instrument proposed in
drafts of the revised IHR in 2004, investigators in the
United Kingdom applied the then-proposed decision
instrument to all events (N = 30) that were important
enough to have been published in the national surveillance
bulletin for England and Wales during 2003 (11).
According to this method, 12 of the 30 events would have
been reportable under the decision instrument. These
events included all those that were considered potential
PHEIC. Investigators concluded that the decision instru-
ment was highly sensitive for selecting outbreaks and inci-
dents that require reporting under the proposed IHR
revision.

The sensitivity of the IHR 2005 surveillance system
will probably be affected by 2 factors. First, in all likeli-

Table 1. International Health Regulations (IHR 2005) assessed according to attributes of public health surveillance systems (adapted

from [8] )
Attribute Attribute details Relevance to IHR 2005
Usefulness Contribution to prevention and control of Design and scope imply improved usefulness compared with
adverse health-related events IHR 1969, but attribute must be evaluated after IHR 2005
has operated for a period
Sensitivity Proportion of true events detected by system Specifies notification of all potential public health
and ability to detect outbreaks emergencies of international concern (PHEIC) and provides
multiple pathways to increase sensitivity
Timeliness Speed between steps particularly from event  Specifies assessment within 48 h and reporting within 24 h
onset to response by state parties and prescribes immediate reporting of
events at local and intermediate levels within state parties
Stability Reliability and availability of surveillance All state parties must notify all potential PHEIC from June
system 2007 and establish capacity to detect, assess, and report
events by 2012, with potential extensions to 2016
Simplicity Simplicity of structure and ease of operation  Architecture of surveillance system is streamlined and
transparent, especially at international level
Flexibility Ability to adapt to changing information Use of risk assessment criteria means that surveillance

needs and operating conditions
Acceptability
participate
Data quality

Positive predictive value
events

Representativeness
distribution by place and person

Willingness of persons and organizations to

Completeness and validity of recorded data

Proportion of reported events that are true

Ability to describe events over time and their

applies to new as well as established disease threats
Establishment of surveillance in international law represents
commitment by state parties to participate

Specifies information to be reported and includes provisions
for validation and assessment of all reports to separate
rumors from real events

Oriented toward high sensitivity with correspondingly low
specificity and positive predictive value, so WHO will not
declare most notified events to be PHEIC

Likely to be increased after validation and assessment, as
for data quality
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hood, inadequate capacities at the local and intermediate
levels within state parties will limit the system’s sensitivi-
ty more than capacities at the national level. Second, state
parties may not always be willing to comply with their
reporting obligations in the face of possible adverse polit-
ical and economic consequences that may result from
alerting the world to a disease event in their territories.
Fear of such adverse consequences undermined reporting
obligations in IHR 1969.

IHR 2005 incorporates strategies to address these
potential limitations. First, as noted above, IHR 2005
requires state parties to build and maintain core local,
intermediate, and national surveillance capabilities (article
5.1, annex 1). Fulfillment of this obligation will improve
surveillance capacity vertically, from local to national lev-
els, which should support higher sensitivity.

Second, IHR 2005 permits WHO to improve sensitivi-
ty by collecting and using information from multiple
sources. IHR 1969 only allowed WHO to use information
provided by state parties (3), and failure of state parties to
abide by their reporting obligations adversely affected
WHO surveillance activities (5). Under IHR 2005, WHO
can collect, analyze, and use information gathered from
governments, other intergovernmental organizations, and
nongovernmental organizations and actors (article 9.1). By
permitting WHO to cast its surveillance network beyond
information it receives from governments, IHR 2005 cre-
ates opportunities for WHO to improve the sensitivity of
the surveillance system and avoid being blocked by gov-
ernmental failure to comply with reporting requirements.

Timeliness of the Surveillance System

Public health practitioners understand how timely noti-
fication of public health risks is necessary for effective
intervention strategies (12,13), lessons reiterated in the
SARS pandemic (14). Timely surveillance is also stressed
in connection with strategies to deal with pandemic influen-
za (15,16). Timeliness may be the most important attribute
that IHR 2005 will have to demonstrate to be effective.

IHR 2005 contains several provisions that relate to time-
liness. National-level assessments with the decision instru-
ment must be completed within 48 hours (annex 1, part A,
6[a]). State parties must then notify WHO within 24 hours
of assessing any event that may constitute a PHEIC or that
is unexpected or unusual (articles 6.1 and 7). The same 24-
hour requirement applies to reporting public health risk out-
side a state party’s territory that may constitute a PHEIC
(article 9). State parties must also respond within 24 hours
to all requests that WHO makes for verification of health-
related events in their territories (article 10.2).

Timeliness of reporting is likely to be affected more by
actions taken at local and intermediate levels than national-
level provision of information to WHO. In this regard,
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IHR 2005 includes the core surveillance capacity that
local and intermediate public health entities must be able
to carry out their reporting responsibilities immediately
(annex 1).

WHO’s ability to draw on a wide array of sources of
information, including the Internet and nongovernmental
organizations and actors, may enhance the timeliness of
the IHR 2005 surveillance system (13,17). In countries that
have less well-developed local, intermediate, and national
surveillance systems, nongovernmental sources of infor-
mation can often provide information faster than govern-
ments. Accessing this type of information early and often
helps WHO contact countries sooner, which increases the
chances of more effective interventions.

Stability of the Surveillance System

The obligations each state party has to build and main-
tain core capacities in surveillance at the local, intermedi-
ary, and national levels, combined with the responsibilities
for surveillance WHO has globally, should construct a
global surveillance system that will be stable and reliable
over time. Recognizing that core capacities at the national
level and below will not develop overnight, IHR 2005
gives state parties until June 2012 to develop these capac-
ities (article 5.1). State parties can obtain a 2-year exten-
sion on this deadline by submitting a justified need and an
implementation plan and can request an additional 2-year
extension, which the WHO Director-General has the dis-
cretion to approve or deny (article 5.2).

The 5-year grace period, and the possibility of 2-year
extensions, was a necessary compromise and reflects the
difficulties many developing states will have in improving
their surveillance systems. The stability and reliability of
the IHR 2005 surveillance system are designed to increase
steadily as the grace period and any extensions come to an
end.

Potential Obstacles to Achieving IHR 2005
Surveillance System Objectives

Continued lamentations about the weaknesses of public
health surveillance nationally and globally (18) illustrate
that achieving useful, sensitive, timely, and stable surveil-
lance through IHR 2005 will be a challenge for states and
the international community. Several potential obstacles,
including technical, resource, governance, legal, and polit-
ical concerns, will complicate and frustrate efforts to
improve national and global surveillance capabilities.
Table 2 summarizes these potential barriers and possible
responses.

Technical Issues
Emerging infectious diseases often create technical
challenges for surveillance, even for the most technologi-

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006



Surveillance under International Health Regulations

Table 2. Barriers to International Health Regulations (IHR) 2005 surveillance effectiveness, and potential responses

Barrier Description Potential responses
Technical Difficulty detecting previously unrecognized Specialized surveillance approaches such as syndromic
pathogens, especially those with asymptomatic surveillance; improved diagnostic technologies; training and
transmission support for epidemiology, laboratory, and other staff
Resource Limited resources for public health surveillance, Systematic global strategy for assessment and development of
particularly in developing countries surveillance and response capacities, particularly in developing
countries
Governance Lack of awareness about limitations of existing Training and support for public health professionals and
surveillance and lack of governance capabilitiesto =~ managers; periodic surveillance system evaluations; performance
develop and manage sophisticated systems monitoring focusing on attributes such as sensitivity and
timeliness
Legal Potential for countries to make reservations to some Formulation of reservations to ensure minimal effects on public
obligations in IHR 2005 and concerns it may not be  health surveillance; development of “model” public health
consistent with domestic law in some countries legislation that can be adapted for use in many countries
Political Concern about potential negative effects on trade Strategies to limit excessive responses; fostering a collaborative,

and tourism from reporting disease events

measured response to public health emergencies of international
concern; awareness of self-defeating effects of withholding
information

cally advanced and well-resourced countries. The sensitiv-
ity of surveillance systems for new pathogens has histori-
cally been limited, particularly if such pathogens presented
themselves in unusual or unexpected ways. Recent model-
ing has shown that the ability to control the spread of a
new pathogen is influenced by the proportion of transmis-
sion that occurs before the onset of overt symptoms or
through asymptomatic infection (19). This property
explains why diseases such as influenza and HIV may be
more difficult to control than smallpox or SARS.

Consequently, surveillance needs to be sufficiently sen-
sitive to detect infectious agents that have not yet resulted
in large numbers of diagnosed cases. One approach to this
challenge is syndromic surveillance (20), but such surveil-
lance has not been effective in detecting emerging infec-
tious diseases early (21). In fact, WHO abandoned
syndromic surveillance as a strategy for the revised IHR
after pilot studies demonstrated that it was not effective
(22). Improved diagnostic technologies may also help pub-
lic health authorities identify new pathogenic threats (23).
Strategies for enhancing reporting processes have been
well described (24).

Resource Issues

The demands of IHR 2005 surveillance obligations will
confront many countries, particularly developing coun-
tries, with resource challenges. IHR 2005 does not include
financing mechanisms, which leaves each state party to
bear the financial costs of improving its own local, inter-
mediate, and national level surveillance capabilities. The
obligation on state parties and WHO to collaborate in
mobilizing financial resources (article 44) is a weak obli-
gation at best. The lack of economic resources will, if not
more vigorously addressed as recommended by the UN
Secretary-General (25), retard progress on all aspects of
the upgraded surveillance system. WHO, in conjunction
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with the United Nations and the World Bank, could consid-
er developing a global strategy to support the development
and maintenance of core surveillance capacities.

Governance Issues

Governance obstacles include managerial and adminis-
trative weaknesses in countries from the local to the
national level. Few countries have conducted a systematic
review of their surveillance systems, and thus most lack
detailed knowledge of gaps and limitations in their surveil-
lance infrastructures and how to address these problems
(26). Only a few states have assessed their ability to detect
and respond to emerging disease threats, such as those
posed by bioterrorism agents (27). The IHR 2005 require-
ment that each state party assess the condition of its public
health surveillance within 2 years of the regulations’ entry
into force should help countries improve their national
governance for surveillance purposes. Again, many states
will need external assistance with such work.

Legal Issues

State parties may face legal complications in imple-
menting IHR 2005 within their national legal and constitu-
tional systems. For example, the United States has
indicated that requirements of US federalism may affect its
compliance with IHR 2005 (28). The US position suggests
that other countries may also wish to formulate reserva-
tions to IHR 2005 to account for the demands of their
national constitutional structures and systems of law (29).
Whether such reservations will undermine the IHR 2005
surveillance system cannot be assessed, but this concern
has to be monitored closely as countries determine whether
reservations are required under their national constitution-
al systems. IHR 2005 also specifies that domestic legisla-
tion and administrative arrangements be adjusted fully
with IHR 2005 by June 2007, or by June 2008 after a
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suitable declaration to the WHO Director-General (article
59.3). Helping state parties update their public health law
may be technical assistance that industrialized countries
can provide.

Political Issues

Questions remain about the level of political commit-
ment countries will demonstrate in implementing IHR
2005. IHR 1969 suffered because state parties frequently
failed to report notifiable diseases and routinely applied
excessive trade and travel restrictions (4). The relevance of
such trade and travel concerns was most recently illustrat-
ed during the SARS pandemic through China’s initial fears
that disclosing the pandemic would harm its economy and
foreign trade (30,31). WHO’s access to nongovernmental
sources of surveillance information reduces the incentives
that state parties once had to hide disease events, as was
demonstrated during the SARS pandemic (32). In addition,
IHR 2005 includes provisions that require WHO to recom-
mend, and state parties to use, control measures that are no
more restrictive than necessary to achieve the desired level
of health protection (articles 17, 43). Uncertainty lingers,
however, as to whether these obligations will fare better in
terms of state party compliance than similar ones in IHR
19609.

Conclusion

Establishing effective global public health surveillance
is at the heart of IHR 2005. Evaluating the surveillance
system specified by IHR 2005 is necessary to understand
the potential for this new set of international legal rules to
contribute to global health governance. IHR 2005 pre-
scribes essential elements of a surveillance system and
seeks to achieve the critical attributes of usefulness, sensi-
tivity, timeliness, and stability. These features resonate
with other aspects of IHR 2005 that make it a seminal
development for global health governance. In May 2006,
the World Health Assembly adopted a resolution urging
WHO member states to comply immediately, on a volun-
tary basis, with IHR 2005 in light of the threat posed by
avian influenza (33).

The task of turning the IHR 2005 vision of an effective
global public health surveillance system into reality is
daunting. Of the obstacles complicating this challenge,
lack of financial resources to upgrade surveillance sys-
tems, especially in developing countries, will be the most
difficult to overcome. In IHR 2005, public health has been
given a governance regime unlike anything in the history
of international law on public health. Turning the blueprint
detailed in IHR 2005 into functional architecture that ben-
efits all is one of the great public health challenges of the
first decades of the 21st century.
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Neisseria meningitidis Sequence
Type and Risk for Death, Iceland
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Invasive meningococcal infections are hyperendemic
in Iceland, a relatively isolated country in the mid-Atlantic.
We performed a nationwide study on all viable meningo-
coccal strains (N = 362) from 1977 to 2004. We analyzed
the association of patient’'s age and sex, meningococcal
serogroups, and sequence types (STs) with outcomes.
Overall, 59 different STs were identified, 19 of which were
unique to Iceland. The most common STs were 32 (24.6%),
11 (19.9%), and 10 (10.2%). The unique ST-3492 ranked
fourth (7.7%). The most common serogroups were B
(56.4%), C (39.8%), and A (2.2%). Age (p<0.001) and infec-
tion with a unique ST (p = 0.011) were independently asso-
ciated with increased death rates, whereas isolation of
meningococci from cerebrospinal fluid only was associated
with lower death rates (p = 0.046). This study shows evolu-
tionary trends of meningococcal isolates in a relatively iso-
lated community and highlights an association between
unique STs and poor outcome.

nvasive infections caused by Neisseria meningitidis

(meningococci) cause high rates of illness and death
worldwide (1-3). Meningococci have frequently caused
epidemics in Iceland, a relatively isolated community in the
mid-Atlantic (4,5). To more fully understand the phylogeny
of meningococcal strains, various typing methods have
been used, including serogroup and serotype classifica-
tions. Epidemiologic studies have used more discriminating
methods, such as multilocus enzyme electrophoresis, based
on electrophoretic variation of several chromosomally
encoded cytoplasmic “housekeeping” enzymes (6). More
recently, sequence-based molecular methods have been

*Landspitali University Hospital, Reykjavik, Iceland; TUniversity of
Iceland, Reykjavik, Iceland; fScottish Meningococcus and
Pneumococcus Reference Laboratory, Glasgow, United Kingdom;
and 8University of Glasgow, Glasgow, United Kingdom
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used to type meningococci. Multilocus sequence typing
(MLST) uses neutrally selected housekeeping genes (7),
which are sequenced with automated equipment (8). This
method gives all the information obtained by multilocus
enzyme electrophoresis and improves on it in several ways
(7). MLST is not dependent on the researcher’s interpreta-
tion, and no reference standards are necessary. The data are
portable; they are easily stored and transmitted and can
therefore be easily compared.

We have generated a population-based registry of inva-
sive meningococcal infections in Iceland since 1975.
Iceland is well suited for studies of meningococcal infec-
tions, since the population is well defined, patient follow-
up information is relatively accessible, and meningococcal
isolates dating back to 1977 are stored centrally. We used
MLST to study the evolutionary dynamics of invasive
meningococcal infections in Iceland during a 28-year peri-
od, 1977-2004. The purpose of this long-term, nationwide
study was 2-fold: 1) compare Icelandic strains with those
circulating globally and 2) study the association between
patient demographics, sequence types (STs), serogroups,
and outcomes.

Materials and Methods

Setting

Iceland is a 103,000-km? island in the mid-Atlantic,
with a population of 220,918 at the beginning of the study
period and 293,577 at the end of 2004. Every citizen has
access to government-based health care. Currently, 2 uni-
versity hospitals and 14 community hospitals exist in the
country. Since 1975, blood cultures for the whole country
have been processed at only 3 sites. This study was
approved by the National Bioethics Committee of Iceland
and the Data Protection Authority of Iceland.
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Case Definitions and Collection of Data

A prospective registry of all invasive cases of meningo-
coccal disease since 1975 has been generated. This registry
includes all patients with a diagnosis of infection, con-
firmed by culture of blood, cerebrospinal fluid (CSF), or
joint fluid. It also includes patients with clinical illness
compatible with meningococcal disease and a positive cul-
ture from a throat specimen or a positive Gram-stain
smear, latex agglutination test, or polymerase chain reac-
tion (PCR) of CSF, blood, or joint fluid. The registry also
includes information regarding patient age, sex, and resi-
dence and location of hospital where treatment was admin-
istered. We calculated the death ratio for patients with
meningococcal disease during hospitalization or within 4
weeks of diagnosis by hospital records and the national
population registry of Iceland (http://www.statice.is/).
Imported cases were excluded.

Microbiology

All invasive meningococcal isolates are sent for
serogrouping and susceptibility testing at the Department
of Clinical Microbiology at Landspitali University
Hospital, the national reference laboratory for the country.
The oldest invasive isolates in the collection date from
1977. In total, 362 isolates from January 1, 1977, to
December 31, 2004, were viable and thus available for fur-
ther study. Serogrouping was performed by using standard
antisera (Difco Laboratories, Detroit, MI, USA). When an
unusual relationship was observed between serogroups
and STs, serogrouping was performed at least twice. MICs
for penicillin, sulfadiazine, and rifampin were measured
by using the Etest (AB Biodisk, Solna, Sweden) according
to Clinical Laboratory Standards Institute criteria (9).

MLST

MLST was performed by determining the nucleotide
sequences of 7 housekeeping genes (abcZ, adk, aroE,
fumC, gdh, pdhC, pgm) as previously described (8). Alleles
and sequences were assigned by using the MLST database
(http://neisseria.org/nm/typing/mlst/). Sequence typing
data were analyzed as described previously (10). Data were
submitted to the MLST database from January 30, 2004, to
August 10, 2004, and STs that had not been previously
described were assigned a new number. Strains with STs
that were found exclusively in Iceland were classified as
“unique” in the context of statistical analysis. The allelic
profiles were used to study the relatedness of the STs by
using the unweighted pair-group method with arithmetic
mean (UPGMA). Phylogenetic trees were constructed with
the Sequence Type Analysis and Recombinational Tests
(START) suite of programs (http://pubmlst.org/software/).

BURST (Based Upon Related Sequence Types,
http://pubmist.org/software/) was also used to examine the
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relationships within clonal complexes, while the relation-
ships between different clonal complexes were ignored.
BURST required allelic profile data only, and these also
contained their ST numbers. For MLST data based on 7
loci, a cutoff point of 5 identical loci allows inclusion of
strains that belong to a single clonal complex, while
excluding those that do not.

Statistical Analysis

The collective term “ST group” was used to differenti-
ate unique STs, defined as strains found exclusively in
Iceland, from other STs, which have been described else-
where. We used the Pearson 2 test and the Fisher exact
test as appropriate to assess the bivariate relationship
between categorical variables, in particular how death rate
was related to the other variables, including ST group.
Patient age, based on ST group of the isolate and patient
status, was compared by using the Mann-Whitney test. To
further assess factors associated with death, we performed
multivariable logistic regression analysis with death as the
dependent variable. Controlling for age, we tested each of
the following variables in separate models: sex of the
patients, serogroup (B, C, and others), ST group (unique
STs vs. other STs), residence (capitol area vs. rural), hos-
pital location (capitol area vs. rural), and finally, we exam-
ined the site of the positive bacterial culture in 2 different
ways, in 4 categories (blood, CSF only, both blood and
CSF, and other sites), and in 2 categories (CSF only vs. all
other sites). Variables that remained significant in the
model after controlling for age were evaluated in further
models to assess independent associations with death.
Level of significance was set at p<0.05. All tests were 2-
tailed. Statistical analysis was performed by using SPSS
version 10.5 (SPSS Inc., Chicago, IL, USA).

Results

Epidemiology of Invasive Meningococcal Disease

The number of registered cases in Iceland varied great-
ly from 1977 to 2004, ranging from 55 cases/year during
the epidemic of 1977 to 7-8 cases/year in 1988 and 2003.
The average incidence of invasive meningococcal disease
during this 28-year period was 7.1 cases/100,000 popula-
tion/year, but if the epidemic year of 1977 is excluded, it
drops to 6.4 cases/100,000 population/year. A detailed
description of the study cohort and serogroups of the
organisms is given in Table 1. Meningococci were most
commonly isolated from CSF only (39.7%). Serogroups
varied substantially within the study period (Figure 1).

Sequence Typing of Meningococcal Isolates

MLST was performed on all 362 viable strains, which
were responsible for 72.7% of all documented cases of
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Table 1. Description of the patient cohort

Parameter No. (%)
Patients 362
Male 185 (51.1)
Female 177 (48.9)
Children* 244 (67.4)
Adults 118 (32.6)
Strain isolated from cerebrospinal fluid only 144 (39.8)
Strain isolated from blood only 105 (29.0)
Strain isolated from cerebrospinal fluid and blood 78 (21.5)
Strain isolated from joint fluid 10 (2.8)
Strain grown from throat culturet 25 (6.9)
Serogroup A 8(2.2)
Serogroup B 204 (56.4)
Serogroup C 144 (39.8)
Serogroup Y 3(0.8)
Serogroup W135 3(0.8)

*<16 years of age at the time of diagnosis.
tPositive throat culture in the setting of invasive meningococcal disease,
diagnosed clinically.

invasive meningococcal disease in the country during the
study period. Overall, 59 STs were observed. A summary
of the MLST results is given in Table 2, and the associa-
tion between STs and serogroups is shown in Table 3.
Missing isolates were predominantly from the first 2 years
of the study. During the epidemic of 1977, pathogens were
genetically homogenous, however, as all strains were ST-
10 (Table 2).

Strains of 8 different STs caused 75% of all infections.
ST-32 was most common, causing 24.6% of all cases. It
was predominantly of serogroup B and endemic during
almost the entire period. ST-32 also caused a small epi-
demic in the country in 1993 and 1994. The second most
common ST was ST-11 (19.9% of all cases), which was
predominantly of serogroup C. It was first seen in Iceland
in 1989 and was the main culprit in invasive meningococ-
cal disease from 1999 to 2002. ST-10 caused 10.2% of all
infections and dominated during the first 3 years of the
study, but it has not been seen since 1983. In 1983, a new
type emerged, ST-3492 from the ST-41/44 complex; it was
the fourth most common ST in Iceland overall and caused
7.7% of all infections. ST-3492 was predominantly
serogroup C. This ST was the most common cause of inva-
sive disease in 1989 and 1990 but disappeared after 1996.

During the study, 19 STs that were unique to Iceland
were described, and these accounted for 14.6% of all inva-
sive infections. Most of these emerging STs (14 of 19)
caused only single infections (3.9% of all episodes). The
remaining 5 STs caused 10.8% of all invasive disease in
the country.

In general, good concordance was seen between STs
and serogroups. Nevertheless, isolates exhibiting both
serogroup B and C capsules were observed among the 4
most common STs (Table 3).
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Dendrogram and Clonal Complexes

The phylogenetic tree of isolates in this study is shown
in Figure 2. All STs that were encountered in >3 clinical
cases and all new STs are shown. ST-2148 was remarkably
similar to ST-32, differing only at 1 locus. This clone
emerged in 1999 and, like ST-32, was found in both
serogroups B and C. ST-11 was most closely related to ST-
8 and ST-10, which had 4 and 3 genes, respectively, in
common with ST-11. However the ST-8 and ST-10 clones
had different serogroups. The relationships within clonal
complexes and their association with death is shown in
Table 4. We identified 9 complexes and 17 singletons;
most isolates (26.5%) fell within group 2, in which ST-32
was the ancestral strain.

Routine vaccination was initiated among children and
young adults (<18 years of age) in late 2002 with a conju-
gated meningococcal vaccine against serogroup C
(NeisVac-C, Baxter, Orth/Donau, Austria); >90% of all
Icelanders <18 years of age were vaccinated. Three years
later, no evidence has been seen for capsule switching.

Antimicrobial Drug Susceptibility

All meningococcal isolates were susceptible to peni-
cillin (MIC 0.012-0.125 pg/mL). All strains were also sus-
ceptible to rifampin (MIC 0.008-0.19 pg/mL) (9). In
contrast, 148 isolates (40.9%) were resistant to sulfadi-
azine (MIC >8 pg/mL). Most commonly, these meningo-
cocci were ST-32, ST-1, and ST-11.

Patient Outcomes

During the 28-year study period, 31 (8.6%) of 362
patients died after the infection. Higher case-fatality ratios
were associated with higher age (p = 0.001), but no signif-
icant difference was seen between men and women (p =
0.953), residents in the capitol area and rural areas (p =
0.259), or patients who received treatment in hospitals in
the capitol area versus in rural hospitals (p = 0.239). When

30 -

B W-135/Y
25{ 0OC
B
w 204 OA
o
ks
2 15
S
=
10
5
0
1977 1980 1983 1986 1989 1992 1995 1998 2001 2004

Year of diagnosis

Figure 1. Annual number of invasive meningococcal isolates by
serogroup, Iceland, 1977-2004.
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Table 2. Epidemiology of invasive meningococcal disease in Iceland*

Year No. Sequence type (ST)

(no. cases) isolates 1 8 10 11 32 40 41 44 60 162 206 275 1314 1323 2148 2266 3435 3464 3492 Other STs

1977 (55) 9 9

1978 (21) 13 10 334, 2986, 3333

1979 (25) 18 13 1 2 13,1011

1980 (16) 6 3 1 3501, 4013

1981 (18) 11 4 2 2 1423, 2320, 3471

1982 (10) 7 1 1 2 1 1 1

1983 (19) 10 1 2 1 2 2 1 43

1984 (13) 8 6 1 1

1985 (13) 12 2 1 3 1 3 1328 (x2)

1986 (11) 10 1 2 1 2 3 23

1987 (9) 5 1 2 1 1

1988 (7) 6 1 2 1 2

1989 (14) 9 1 1 5 785, 3502

1990 (17) 10 2 1 1 4 2843, 3508

1991 (18) 17 1.5 1 2 1 3 1015, 1154,
3509, 5119

1992 (21) 19 4 4 3 1 1 3 34, 3710 (x2)

1993 (23) 22 5 13 21 1

1994 (30) 26 1 5 16 1 1 286, 3756

1995 (14) 10 2 5 1 1 46

1996 (17) 16 1 3 8 1 1 43,467

1997 (20) 18 6 2 5 11 22,944, 1671

1998 (16) 15 4 3 7 1

1999 (20) 20 1 10 4 1 1 352, 3757, 3758

2000 (18) 16 3 6 2 1 1 23,34,3759

2001 (19) 17 12 1 1 1 33,1943

2002 (16) 14 13 1

2003 (8) 8 2 1 3 1163, 3334

2004 (10) 10 3 2 3 1281, 4178

Total 362 81637728 3 3 4 7 3 9 4 11 9 3 5 3 3 28 45

*The total number of cases is shown with the number of ST isolates available for multilocus sequence typing. Unique STs, those found exclusively in
Iceland, are shown in jtalics. The most prevalent STs for each year are shown in shaded cells.

results were analyzed by source of culture, patients with a
positive culture from CSF only had significantly lower
death ratios than other patients in the cohort (4.2% vs
11.5%, p = 0.02). These patients were younger than the
remainder of the cohort, and as a result, this difference was
of borderline significance when age was corrected for (p =
0.059).

The association between the most common STs,
serogroups, and patient outcomes is summarized in Table
3. Unique STs were more frequently found in isolates with
serogroup C capsule (19 of 204 with B, 33 of 144 with C,
and 1 of 13 with other serogroups; p = 0.001). Death was
not associated with particular serogroups, however (14 of
204 with B, 14 of 144 with C, and 3 of 14 with other
serogroups, p = 0.138). The case-fatality ratio among
patients infected by meningococci with previously
described STs was 7.1% (22/309) compared to 17.0%
(9/53) of patients infected by unique STs (p = 0.03). No
significant difference was found between the age of
patients with unique and previously described STs (p =
0.686) and source of isolates among patients with unique
and previously described STs (p = 0.511).
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We then performed multivariable logistic regression
analysis to study the association of these parameters with
outcome, age and sex of the patient, residence, location of
hospital, source of positive culture, serogroup of the iso-
lates, and ST group (unique STs in comparison to other
STs). In the final model (Table 5) 3 parameters were inde-
pendently associated with outcomes. Higher age was high-
ly significantly associated with death, followed by
infection with a unique ST. Isolation of meningococci
from CSF only was associated with lower case-fatality
ratios. Age and ST group remained significant when epi-
demic cases from 1977 were excluded from the analysis
(data not shown).

Discussion

To our knowledge, this population-based, longitudinal
study is the first of its kind to examine the molecular epi-
demiology of all viable invasive meningococcal strains by
using MLST. The 28-year observation period started in
1977, during an epidemic of meningococcal disease in
Iceland. The well defined population of Iceland, with
excellent follow-up information on patients and its relative
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Table 3. Association between meningococcal sequence types (STs), serogroups, and death, Iceland, 1977-2004*

Serogroup A Serogroup B

Serogroup C Total

ST No. isolates No. deaths No. isolates

No. deaths

No. isolates No. deaths No. isolates  No. deaths (%)

32 86 7
11 5

10 36 1
3492 2

8

1314 11

206 1 1
1323

60
2266
44
275
40
4
162
2148
3435
3464
23
34 1
43 1
1328

3710 2

WNOWWWAPMNON

3 89

67 6 72
1 1 37

26 4 28
16 16
11

7(8)
6(8)
2(5)
4(14)

8
9

©0

1(11)

1(25)
1(33)

1(33)
2 (67)

WWWLWWWWwhNADIMNOIN©O©

N
—F

1 (50)
1
1

2 1 1 (50)

NN DNN

*All STs that were encountered more than once are shown. Blank cells indicate zero values. Unique STs are shown in italics; 19 unique STs were found.
Of 362 cases, 53 were caused by strains with unique STs and 309 by other STs.

1Both isolates were serogroup Y.

isolation make it an ideal setting for studies of this nature.

In the current study, the 362 isolates had 59 different
STs, and of those, 19 were exclusively found in Iceland.
These unique STs accounted for 14.4% of all infections
during the 28-year period, and ST-3492 was by far the
most common.

Although both long-term studies and population-based
studies are lacking, other investigators have used MLST to
study selected meningococcal strains from individual
countries (8,11-13). For example, Murphy et al. analyzed
56 Irish meningococcal strains by this method, collected
during a 4-year period. Of the invasive isolates, 26 differ-
ent STs were identified, including 5 new ones (12).
Takahasi et al. found 65 different STs among 182 isolates,
42 of which were unique to Japan, in a survey of Japanese
strains (13). The distribution of some STs therefore seems
to be fairly restricted geographically, which is also mani-
fested by the fact that 41.1% of the Icelandic isolates char-
acterized in this study are exclusively associated with
Scandinavia.

ST-32 was the most common type found in Iceland,
causing almost one fourth of all infections. It has been
reported to cause numerous outbreaks worldwide and has
a tendency to cause hyperendemic disease, particularly
septicemia with a high death rate (12). However, in our
study, the case-fatality ratio in patients infected by ST-32
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did not differ from that in patients infected by other STs.
The second most common type, ST-11, caused most cases
of serogroup C disease during the second half of the study.
This type has also been reported in several countries, with
a propensity to spread rapidly once introduced into the
population (8,12,14). The third most common type, ST-10,
was mostly serogroup B. It was the primary cause of the
meningococcal outbreak in 1977, but it disappeared after
1983. The most closely related type, ST-8, was first detect-
ed in the country more than a decade later, but this ST uni-
formly belonged to serogroup C. ST-3492 was the fourth
most common type; it had not been described previously.
It was almost uniformly serogroup C, with a tendency to
cause worse outcomes.

By comparing the 7 housekeeping genes used in MLST,
a close relationship between ST-11, ST-8, and ST-10 was
observed. However, ST-11 and ST-8 are primarily sero-
group C, whereas ST-10 is primarily serogroup B. These
results could indicate genetic transfer and possible capsu-
lar switch. Analysis of genetic relatedness also shows a
close relationship between ST-206 and ST-3492, which
were most commonly serogroup C. However, both ST-206
and ST-3492 are part of the ST41/44 complex, which is
predominantly associated with serogroup B meningococci,
thus highlighting genetic transfer between closely related
STs.

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006



[ ST-3501 (46,104,28.41,1)
STA1(2343845)
L seeaes
5T-10(234.2815.)
ST-3758(410.2938.11 1)
4[—: ST-275(4,102538.119)
ST-3335 (410,947,811 20)

[ ST-3435(4,214855,11,9)

ST.4013(46,10,198,205,6,3,12)
ST-2148(4,10,16 463
ST-32 (41054638

ST-3333 (46,527 5,20, 20)

ST-37S9(851547811.2)
ST-60(17,5,19,17,3.26,2)
ST-3334 (11,55,8,78,24 242)
[ ST3ITM0(1356438,18)
ST-34684 (13,56299818)
ST-1323 (1356293 8,18)
ST-162(151353,2641.3)
ST
STA178(7 £,10,26,10,22,16)
[ SLIST (828154573
e STAM4(82994577)
ST-3756 (1251715967
ST-3509(1283.17.96,10)

ST-3508 (128986889

ST-206 (1269,17.969)
4':% ST-44 (3599959)

ST-43(125699869)

ST-3502(1259868 651

ST-3452 (125,986 88.7)
| — 5T-40(38,959.228)

ST-2266 (36859,21.9)
| I 7+ (3535959)

T T T T T T T T T 1

1 [£] (2] or o8 08 04 [ = 02 01 o
Linkage distance

Figure 2. Phylogenetic relationships of invasive meningococcal
isolates in Iceland, 1977-2004. Unweighted pair-group method
with arithmetic mean (UPGMA) was used to construct the tree with
the Sequence Type Analysis and Recombinational Tests (START)
suite of programs. Sequence types (STs) and allelic profiles are
given on the right. All STs that were encountered in >3 clinical
cases and all new STs are shown.

All of our strains were susceptible to penicillin. This
contrasts with the situation in southern Europe, in particu-
lar, where resistance is increasingly reported (15-17).
Likewise, none of the isolates in our study exhibited resist-
ance to rifampin, which still seems to be rare (18).

To our knowledge, this is the first study to look at asso-
ciations between STs and patient outcomes. By multivari-
able analysis, age and infection by a unique ST were
independently associated with higher death rates. Lower
death rates were observed among patients with a positive
culture from CSF only than among other patients. Age has
previously been shown to be associated with worse out-
come in patients with meningitis (19), but infection with a
novel or unique ST has not. At least 2 potential explana-
tions could explain this difference. First, these strains like-
ly represent evolutionary changes within the
meningococcal population; therefore, a lower level of
immunity against the unique STs within the population
could translate into greater disease severity. In the case of
pneumococcal infections, for example, the spread of clon-
al types can be influenced by herd immunity (20). Second,
the difference in outcomes may indicate greater virulence
of unique STs. Although data on this topic are lacking for
meningococci, Sandgren et al. have shown that pneumo-
cocci with identical serotypes but different clonal types
can have different invasive potentials (21,22). We there-
fore propose that meningococcal expression of virulence
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traits, other than the capsule type, may be linked to certain
STs. Indeed, recent data suggest that serogroup C capsule
expression may contribute to the invasive character of ST-
11 meningococci (23). A more detailed analysis of viru-
lence properties of specific meningococcal STs, including
capsule expression, and their association with clinical char-
acteristics is warranted. Judging from clinical experience,
increased awareness during meningococcal epidemics may

Table 4. Association between Neisseria meningitidis CC, ST, and
patient deaths, Iceland, 1977-2004*t

cc ST Deaths (freq) ~ SLV. DLV SAT
1 10 2(37) 0 1 0
8 0(16) 0 1 0

2 32 7 (89) 3 1 0
34 0(2) 1 2 1

1015 0(1) 2 2 0
2148 1) 1 2 1

33 0(1) 3 1 0

3 3756 0(1) 0 1 14
3492 4 (28) 1 6 8

43 0(2) 3 5 7

44 0 (4) 1 5 9

46 0(1) 1 2 12

206 1(9) 4 4 7

3509 0(1) 1 4 10

4 1) 3 4 8

2266 0(5) 2 1 12

2320 0(1) 0 1 14

1423 0(1) 0 1 14

3502 1(1) 1 4 10

3508 0(1) 4 4 7

1328 0(2) 0 1 14

2843 0(1) 1 4 10

40 0(@3) 2 1 12

4 1314 0(11) 0 1 0
3757 0(1) 0 1 0

5 467 0(1) 0 1 0
13 0(1) 0 1 0
6 275 1(4) 3 1 1
1163 0(1) 2 1 2

1671 0(1) 1 2 2

3758 0(1) 0 1 4
352 0(1) 2 2 1

3435 2(3) 0 1 4

7 1154 0(1) 1 0 0
60 0(7) 1 0 0
8 3710 0(2) 0 2 1
1323 0(9) 1 2 0

3464 0(3) 1 0 2
334 0(1) 0 2 1

9 3501 0(1) 1 0 0
2986 0(1) 1 0 0

*CC, clonal complex; ST, sequence type; freq, frequency of isolates with
the ST; SLV, single locus variant; DLV, double locus variant; SAT,
satellite.

FWe identified 9 clonal complexes and 17 singletons (11, 286, 5719, 162,
1, 3759, 23,1943, 22, 944, 3471, 3333, 1011, 785, 3334, 4178, and
4013), defined as strains that do not fit in any group in the collection.
Some groups have an ST that is the ancestral strain for that group (shown
in boldface). Unique STs are shown in jtalics.
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Table 5. Multivariate analysis of death rate in patients with
invasive meningococcal disease, Iceland, 1977-2004*

Variable OR (95% Cl) p value
Age 1.031 (1.016-1.048) 0.0001
Unique STt 3.225 (1.311-7.934) 0.011

Positive CSF culturet 0.381 (0.147-0.984) 0.046

*OR, odds ratio; Cl, confidence interval; ST, sequence type; CSF,
cerebrospinal fluid.

tinfection with an isolate with an ST unique to the country, in comparison
to other, previously described STs.

FPositive CSF culture only, in comparison to all other sources of positive
culture, including blood only and blood and CSF.

speed diagnosis and improve prognosis, which could bias
our results since an epidemic of meningococcal infections
was ongoing in 1977, when this study began. The epidem-
ic was primarily caused by ST-10, an “old” ST, which
accordingly could be associated with lower death ratio.
However, the 2 risk factors for poor outcome remained sig-
nificant even when epidemic cases were excluded, which
argues against this hypothesis. When the outcomes were
analyzed by source of the isolate, having a positive culture
from CSF only was associated with lower risk for death.
Although patients with CSF isolates were younger, this
parameter remained significant when we corrected for age
and ST category of the isolate. We do not have detailed
information regarding patients’ clinical signs and symp-
toms. Nevertheless, this part of the cohort most likely rep-
resents patients with meningitis, who generally have lower
death ratios than do those with sepsis.

One limitation of the study is that submission date of
MLST data ultimately determined whether we classified
STs as old or new, which may bias the results. However,
most data were submitted within a relatively short period,
which should minimize this risk. As a result, more than a
year from the original submission of the data (December
2005), we checked whether subsequent isolates with these
novel STs had been identified, and none were found. Since
routine vaccination was implemented in Iceland, meningo-
coccal C disease has only been seen among unvaccinated
adults. The rise in serogroup B is of concern, but a longer
observation period is required before a conclusion can be
reached regarding the issue of serogroup replacement.

In summary, this long-term, nationwide study looked
at evolutionary trends of invasive meningococcal isolates
in a well-defined setting, where invasive meningococcal
disease has been hyperendemic. Although the most com-
mon STs have been described previously, we describe a
high number of emerging STs. In particular, one ST,
unique to Iceland, ranked fourth in prevalence. This study
highlights the interplay between epidemiologic and evolu-
tionary processes, which ultimately may produce unique
meningococcal strains that lead to worse outcomes. More
studies on virulence properties and host immunity are
warranted to advance preventive strategies against
meningococcal disease.
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Tickborne Arbovirus Surveillance In
Market Livestock, Nairobi, Kenya

Rosemary Sang,* Clayton Onyango,* John Gachoya,* Ernest Mabinda,* Samson Konongoi,*
Victor Ofula,* Lee Dunster,* Fred Okoth,* Rodney Coldren,t Robert Tesh,*
Amelia Travassos da Rosa,} Stacy Finkbeiner,§ David Wang,8 Mary Crabtree,{ and Barry Miller(

To identify tickborne viruses circulating in Kenya and
the surrounding region, we conducted surveillance at abat-
toirs in Nairobi, Kenya. Species of ticks collected included
Rhipicephalus pulchellus (56%), Amblyomma gemma
(14%), R. appendiculatus (8%), A. variegatum (6%), and
others. A total of 56 virus isolates were obtained, 26 from A.
gemma, 17 from R. pulchellus, 6 from A. variegatum, and 7
from other species. Virus isolates included Dugbe virus
(DUGV), an unknown virus related to DUGV, Thogoto,
Bhanja, Kadam, Dhori, Barur, and foot-and-mouth disease
(FMDV) viruses. This is the first report of Dhori virus isola-
tion in East Africa and the first known isolation of FMDV
associated with tick collection. Our results demonstrate the
potential for tickborne dissemination of endemic and emer-
gent viruses and the relevance of A. gemma in the mainte-
nance of tickborne viruses in this region.

iruses transmitted by blood-feeding arthropods

(arboviruses) are responsible for some of the most
serious emerging infectious disease problems facing the
world today. Arthropodborne viruses constitute the largest
biologic group of vertebrate viruses. Their considerable
number and diversity suggest that arthropod vector trans-
mission offers distinct survival benefits for the virus.
Approximately 50% of arbovirus isolations from field-col-
lected arthropods are from mosquitoes, and 25% are from
ticks; however, this difference may represent a sampling
bias, since many more mosquitoes are collected and tested
for virus than ticks. To investigate the abundance of tick-
borne arboviruses in Kenya and the surrounding region,

*Kenya Medical Research Institute, Nairobi, Kenya; fUnited
States Army Medical Research Unit, Nairobi, Kenya; FUniversity of
Texas Medical Branch, Galveston, Texas, USA; 8Washington
University School of Medicine, Saint Louis, Missouri, USA; and
fiCenters for Disease Control and Prevention, Fort Collins,
Colorado, USA
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we collected and tested ticks infesting livestock driven to
market at 2 major abattoirs in Nairobi, Kenya. These abat-
toirs receive the bulk of animals slaughtered for Nairobi
and its environs, which is the largest livestock market in
the country. Approximately 30% of animals slaughtered in
these abattoirs come from within Kenya; the rest are from
neighboring countries, including Ethiopia, Sudan,
Somalia, and Tanzania.

Among pastoral communities in this region, livestock
are frequently maintained in enclosures close to human
habitation, and small ruminants sometimes sleep inside
houses overnight for security reasons. Such practices
increase the potential for zoonotic virus transmission
between animals and humans. Poor hushandry and grazing
practices put great pressure on land resources, which
results in the need to continuously move large numbers of
animals, especially cattle, in search of pasture. In some
parts of East Africa, these pastoral communities exist near
wildlife parks, and wildlife and livestock sometimes mix,
which allows transfer of ticks and possibly viruses
between these animal groups. Additionally, livestock mar-
keting practices allow movement of animals across bor-
ders in the region, which allows ticks and tickborne viruses
to move between countries.

Previous surveillance reports based on virus isolations
or serologic studies in cattle from Kenya, the Central
African Republic, and South Africa have identified tick-
borne arboviruses from the Bunyaviridae, Flaviviridae,
Rhabdoviridae, Reoviridae, and Orthomyxoviridae (1-4).
The genus Nairovirus, family Bunyaviridae, includes 37
named viruses that are principally tickborne (5-7). The
most serious human pathogen among the tickborne viruses
in the African region is Crimean-Congo hemorrhagic fever
virus (CCHFV), a member of the Nairovirus genus that
can cause fatal hemorrhagic disease (8,9). Outbreaks of
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Crimean-Congo hemorrhagic fever have occurred in
People’s Republic of China, South Africa, Pakistan, and
Russia (10-12). The first reported human case of this dis-
ease in Kenya occurred recently at a farm that was heavily
infested by ticks (13). Nairobi sheep disease virus
(NSDV), also in the genus Nairovirus, causes fever, hem-
orrhagic gastroenteritis, and abortion in sheep and goats in
East Africa (14). Epizootics of NSDV have been reported
in parts of Africa where susceptible herds of sheep have
been moved to NSDV-endemic areas, resulting in decima-
tion of whole herds (14). Dugbe virus (DUGV), another
member of the Nairovirus genus, has been repeatedly con-
firmed in tickborne virus surveys in Africa and causes
febrile illness and thrombocytopenia in humans (2).
Bhanja virus (BHAV), an unassigned member of the
Bunyaviridae family, has also been isolated in this region
(1,2). Other tickborne viruses present in Africa include
Thogoto virus (THOV) (genus Thogotovirus, family
Orthomyxoviridae), isolated in Kenya; Barur virus (family
Rhabdoviridae), isolated in Somalia; and Kadam virus
(KADV) (genus Flavivirus, family Flaviviridae) and
Chenuda virus (genus Orbivirus, family Reoviridae), con-
firmed serologically in cattle in South Africa (1,2,4).

Our study isolated and identified 6 previously known
tickborne arboviruses, including DUGV, BHAV, THOV,
Dhori virus (DHOV), KADV, and Barur virus. In addition,
2 viruses related to DUGV were isolated. An unexpected
result of this study was the isolation of foot-and-mouth dis-
ease virus (FMDV) from tick pools.

Materials and Methods

Tick Collection and Processing

Ticks were collected from the hides of flayed animals
between September and November 1999 at the Njiru and
Dagoretti abattoirs, on the outskirts of Nairobi, Kenya.
Attached ticks were pulled off manually and placed in ster-
ile plastic vials, which were loosely capped and transport-
ed to the laboratory. The origin of individual sampled
animals could not be determined. All animals to be slaugh-
tered for the day were put in 1 enclosure, irrespective of
origin.

In the laboratory, ticks were washed twice with sterile
water to remove excess particulate contamination from
animal hides, rinsed once with 70% ethanol, and then
rinsed twice with minimum essential medium (MEM),
with antimicrobial agents (100 U/mL penicillin, 100
ug/mL streptomycin, and 1 uL/mL amphotericin B). Ticks
were identified by sex and species by using appropriate
identification keys (15,16), transferred to sterile vials, and
stored at —80°C until homogenized for virus isolation.
Voucher specimens were prepared in ethanol, and identifi-
cations were reviewed at the International Centre of Insect
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Physiology and Ecology, Nairobi. Ticks were later thawed
at room temperature, identifications were confirmed, and
ticks were pooled into groups of 2 to 50, depending on the
size of the ticks and according to species, collection dates,
and sites. Each pool was homogenized by using 90-mesh
alundum in a prechilled, sterile mortar and pestle with
1.6-2 mL ice-cold bovine albumin (BA)-1 medium (1x
medium 199 with Earle’s salts, 1% BA, 100 U/mL peni-
cillin, 100 pg/mL streptomycin, and 1 puL/mL ampho-
tericin B). The homogenates were clarified by low-speed
centrifugation at 1,500 rpm for 15 minutes at 4°C, and
supernatants were aliquoted and stored at —80°C. In the
case of Hyalomma species, the primary vectors of CCHFV,
each pool was screened by reverse transcription—poly-
merase chain reaction (RT-PCR) for CCHFV before tissue
culture injection was conducted (Table 1).

Virus Isolation

For virus isolation in cell culture, Vero cells were
grown in 25-cm2 cell culture flasks to 80% confluency in
MEM with 10% fetal bovine serum (FBS), 2% glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, and 1
uL/mL amphotericin B. Cells were rinsed with sterile
saline, and 0.2 mL clarified tick homogenate was added
followed by injection at 37°C for 45 minutes to allow virus
adsorption. After incubation, cells were rinsed with saline
and maintenance medium (MEM with Earle’s salts, with
5% FBS, 2% glutamine, 100 U/mL penicillin, 100 png/mL
streptomycin, and 1 plL/mL amphotericin B) was added.
Cells were incubated at 37°C and observed daily for signs
of cytopathic effects (CPE). The pooled infection rate pro-
gram (PooledInfRat, Centers for Disease Control and
Prevention, Fort Collins, CO, USA; http://wwwcdcgov/
ncidod/dvbid/westnile/softwarehtm) was used to compare
virus infection rates in the tick species collected and
processed in this study.

Virus Identification

Agents causing CPE in tissue culture were initially
identified to virus group by using the indirect fluorescent
antibody assay (IFA) on spot slides of infected \Vero cells
with polyvalent mouse hyperimmune ascitic fluids
obtained from the National Institutes of Health Reference
Reagents Program. Fluorescein isothiocyanate—conjugated
goat anti-mouse immunoglobulin G was the secondary
antibody.

RT-PCR was also used to identify most of the virus iso-
lates obtained from tissue culture. RNA was extracted
from cell culture supernatants with the QlAamp Viral
RNA kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s recommended protocol. RT-PCR was per-
formed with the Titan One Tube RT-PCR kit (Roche,
Indianapolis, IN, USA) with primers mainly targeting the
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Table 1. Reverse transcription—polymerase chain reaction primers used for arbovirus isolation, Nairobi, Kenya

Target Primer
Virus target gene designation Primer sequences*
Crimean-Congo N CCHF F2 TGGACACCTTCACAAACTC
hemorrhagic fever CCHF R3 GACAAATTCCCTGCACCA
Dugbe N DG $1 TCTCAAAGACAAACGTGCCGCAG
DG S5 TGCAACAACTGGATGTGTGA
Nairobi sheep N NSD 12f GAATGGTCGAACGTGGAC
disease NSD 16r TGCTGTCAGGACACCAGG
Thogoto N THO NF CCTGCAGGGGCGGAAGTTATG
THO NR AAAATCCTCGCAGTTGGCTATCA
Flaviviruses NS5 FLAVI fu2 GCTGATGACACCGCCGGCTGGGACAC
FLAVI cfd3 AGCATGTCTTCCGTGGTCATCCA
Bunyamwera and N BCS82C ATGACTGAGTTGGAGTTTCATGATGTCGC
California serogroups BCS332v TGTTCCTGTTGCCAGGAAAAT
Rift Valley fever G2 RVF-M-727f GGAACCCCTGCATGAAAGAGA
RVF-M-1565r CGATCCTGTGACGCAAACTC
Dhori N DHO NF2 TGGTACCCTTTTCTTGCTTCACTCC
DHO NR2 TGCTCTTCCTCGGCTCAAACACCA
Babanki C/E3 BAB 1007f TGGCCATGGAAGGTAAGGTAAT
BAB 1569r TATGGCGTTGAGCAGGGTATC
Hazara N HAZ 803f CTGGTTGAGCTAGAGGGGAAAGACG
HAZ 1304r GGGCGGCATCATCGGGACTG
Coxsackie B4 Pol COX 6749f ACTTTGTGAGAGGGGGTATGC
COX 7151r ACGTGGTATTGGGTGTTTTT
Koutango NS5 KOU 176f TCAGGGAGGTGGGAGGTAAAC
KOU 734r TCATGCCATCCAACAGAAGGT
Saboya NS5 SAB 226f GCAGGCTGGGACACAAAGAT
SAB 815r CTACAAGGGGCAATGATGGTTC
Ndelle A3 NDE 655f GGGGTTTTCTGGCTAATGTCAC
NDE 1238r GGGCCTGTCCAGTCTTTTTG
Middleburg E2 MID 1939f TACATGCCCCGAAGGTGACT
MID 2458r CGGGATGGTGTTCGGTAAAG

*Primer sequences 5'-3'.

known African tickborne viruses (Table 1). References are
available from the authors for previously published
primers. All other primers were designed for this study to
amplify a specific fragment from the virus listed and have
not been tested for cross-reactivity with other related or
unrelated viruses. RT-PCR was also performed on RNA
extracted from uninfected Vero cells as a negative control.
Amplified DNA fragments were visualized by elec-
trophoresis on 0.8%-1.0% agarose gels. DNA fragments
were extracted from gels with the QIlAquick Gel
Extraction Kit (Qiagen), and DNA was eluted in 20 uL 10
mmol/L Tris-HCI, pH 8.5, and stored at —20°C. RT-PCR
fragments were sequenced with the CEQ DCTS Quick
Start kit (Beckman Coulter, Inc., Fullerton, CA, USA) with
listed primers and analyzed with a CEQ 8000 automated
sequencer (Beckman Coulter, Inc.). Both strands of DNA
were sequenced. Nucleic acid sequences were compared
with the GenBank database by using the BLAST program
(http:www.nchi.nlm.nih.gov/BLAST).

Additional methods used to identify selected isolates
included complement fixation (CF) and hemagglutination-
inhibition tests (17) and panviral microarray-based geno-
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typing (18). Alignment of nucleic acid and deduced protein
sequences was conducted by using the MegAlign program
(Lasergene 6.1, DNASTAR, Inc., Madison, WI, USA);
phylogenetic and molecular evolutionary analyses were
conducted with MEGA version 3.0 (http://www.megasoft-
ware.net).

Results

Tick Collection

A total of 15,851 ticks were collected and processed in
1,071 pools for virus isolation. Species of ticks collected
and their proportions in the collection are shown in
Table 2. The predominant species collected was
Rhipicephalus pulchellus (56%), followed by Amblyomma
gemma, R. appendiculatus, and A. variegatum. Other
species were sampled in smaller numbers. However, the
calculated virus pooled infection rate was higher for A.
gemma than for R. pulchellus (Table 2). The number of
Hyalomma specimens collected was comparatively small
(3%). These species are the primary vectors of CCHFV,;
this agent was not among the viruses isolated.

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006



Table 2. Tick species collected and their virus yield, Kenya

No. Pooled

No. virus infection
Species collected isolates rate
Amblyomma 994 6 6.16
variegatum
A. gemma 2,160 26 11.05
A. lepidum 963 4 4.24
A. coharens 4 0 0
Boophilus 985 1 1.01
decoloratus
Hyalomma 270 0 0
truncatum
H. albiparmatum 112 0 0
H. rufipes 96 0 0
H. dromedarii 1 0 0
Rhipicephalus 1,228 2 1.63
appendiculatus
R. evertsi 146 0 0
R. pulchellus 8,892 17 2.48
Total 15,851 56

Virus Isolation and Identification

A total of 56 virus isolates were obtained from 51 tick
pools; 52 of the 56 viruses were identified (Table 3). Five
pools contained 2 different viruses. All of the isolated
viruses caused CPE in Vero cells. The observed onset of
CPE was 4-10 days postinfection. In the initial identifica-
tion by IFA, 6 isolates reacted positively with the Thogoto
group-specific antiserum (polyvalent 4), 33 isolates react-
ed with the Congo group-specific antiserum, 1 isolate
reacted with the flavivirus group-specific antiserum
(group B), and 1 isolate reacted with antiserum that includ-
ed specificity to DHOV (polyvalent 10).

Forty-five virus isolates were identified by using RT-
PCR and nucleic acid sequencing with primers specific to
known tickborne viruses or by CF assay or microarray-

Tickborne Arbovirus Surveillance, Kenya

based genotyping. The identified isolates included 26
DUGV, 6 THOV, 6 Barur virus, 3 FMDV, 2 BHAYV, 1
DHOQOV, and 1 KADV. DUGV was isolated most frequent-
ly (46%). Most DUGV isolates were recovered from A.
gemma (62%), whereas the most commonly sampled
tick, R. pulchellus, yielded only 2 DUGYV isolates (8%)
(Table 3).

Two of the virus isolates that were IFA-positive with
Congo group antiserum were RT-PCR negative when
primers specific for DUGV, CCHFV, Hazara virus, or
BHAV, all of which were represented in the antiserum,
were used. However, RT-PCR using NSDV nucleocap-
sid-specific primers and RNA extracted from these iso-
lates produced 3 major bands, including one =880 bp in
size; the expected band size for the NSDV-specific frag-
ment was 887 bp. The 880-bp fragment was sequenced,
and an alignment of 513 nt (nt) of this sequence with
nucleocapsid sequences from DUGV, CCHFV, and NSDV
showed 71%, 58%, and 60% homology, respectively,
which suggests that these isolates were most closely relat-
ed to DUGV. Alignment of sequences from the 2 isolates
showed them to be 95% homologous. Specific primers
were designed for this DUGV-like virus from sequence of
the fragment described above. RT-PCR conducted with
these primers produced bands of correct size and sequence
with RNA from the DUGV-like virus isolates, while RT-
PCR results using these primers with RNA from DUGV
and BHAV were negative. RT-PCR and sequencing of all
of the virus isolates using the primers designed from the
DUGV-like virus sequence showed 4 additional isolates of
this DUGV-like virus; 2 were from pools that also con-
tained DUGV. Sequence homology between all 6 DUGV-
like isolates was 95%-100%, based on a 508-nt alignment
of the S segment of the virus RNA. Of the 6 isolates of this

Table 3. Virus isolates obtained from ticks collected in Nairobi, Kenya

Species DUGV DUGV-like  BHAV THOV DHOV KADV BARV-like FMDV Unknown Total
Amblyomma 6 0 0 0 0 0 0 0 0 6
variegatum

A. gemma 16 5 0 4 0 0 0 0 1 26
A. lepidum 2 1 0 1 0 0 0 0 0 4
A. coharens 0 0 0 0 0 0 0 0 0 0
Boophilus 0 0 1 0 0 0 0 0 0 1
decoloratus

Hyalomma 0 0 0 0 0 0 0 0 0 0
truncatum

H. albiparmatum 0 0 0 0 0 0 0 0 0 0
H. rufipes 0 0 0 0 0 0 0 0 0 0
H. dromedarii 0 0 0 0 0 0 0 0 0 0
Rhipicephalus 0 0 1 0 0 1 0 0 0 2
appendiculatus

R. evertsi 0 0 0 0 0 0 0 0 0 0
R. pulchellus 2 1 0 1 1 0 6 3 3 17
Total 26 7 2 6 1 1 6 3 4 56

*DUGV, Dugbe virus; BHAV, Bhanja virus: THOV, Thogoto virus; DHOV, Dhori virus; KADV, Kadam virus; BARV, Barur virus; FMDV, foot-and-mouth

disease virus
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virus, 5 (83%) were from A. gemma pools, and 1 (17%)
was from a pool of R. pulchellus. One additional isolate,
obtained from a pool of A. lepidum, was identified as being
DUGV-like by CF test. RT-PCR conducted on RNA
extracted from this isolate with the primers designed for
the DUGV-like virus described above produced a weak
band. Sequence of this product was =80% homologous to
the other isolates of DUGV-like virus and 70%, 63%, 57%,
and 55% homologous to DUGV, NSDV, CCHFV, and
Hazara virus, respectively, which suggests that it may be a
different DUGV-like isolate.

Six isolates of THOV were obtained: 4 from pools of A.
gemma, | from A. lepidum, and 1 from R. pulchellus. Since
the THOV genome is segmented, a portion of each of the
6 genome segments from each isolate was sequenced and
compared with available sequence from other THOV iso-
lates to determine if reassortment of virus genome seg-
ments had occurred. No evidence was found for
reassortment of virus segments. Phylogenetic analysis
showed that the THOV isolates were most closely related
to other African isolates from Uganda (1996), Kenya
(1960), and Nigeria (1969) (data not shown).

The single isolate of DHOV, another member of the
tickborne orthomyxovirus group, was obtained from a pool
of R. pulchellus. A single isolate of KADYV, the only
African member of the tickborne flavivirus group, was
recovered from a pool of R. appendiculatus. Six isolates
were found by CF test to be indistinguishable from Barur
virus, a rhabdovirus. Further characterization of these iso-
lates was not conducted.

Three isolates of FMDV were identified by using pan-
viral microarray-based technology. RNA isolated from
viral culture of 1 isolate was reverse transcribed, random-
ly amplified, and hybridized to panviral DNA microarrays
as described (19). Analysis of the hybridization patterns
showed extensive hybridization to oligonucleotides
derived from FMDV. Based on this result, PCR primers
were designed from conserved regions of FMDV to con-
firm the identity of the virus. A PCR product of =600 bp
was generated; it possessed 97% nucleotide identity to
FMDV serotype SAT3. Two other isolates were identical
by CF test.

Four isolates remained unidentified. Three of these
were recovered from R. pulchellus and 1 from A. gemma.
All of these isolates failed to react with the hyperimmune
ascites grouping fluids used for the IFA identification pro-
cedure and produced negative results in RT-PCR tests
when primers specific to known African tickborne viruses
were used.

Discussion

In this study, A. gemma ticks were incriminated for the
first time as key vectors or reservoirs of tickborne viruses
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in the East African region; 46% of our virus isolates were
obtained from this species. Distribution limits of ticks are
variable and are influenced by several factors, including
climate, vegetation, host density, host susceptibility, and
host grazing habits. During previous studies conducted at
the Lake Victoria basin in Kenya (1), A. gemma was not
collected, most likely because this species is limited to
more arid zones. A. gemma is found only in the dry zones
of bushwillows (Combretum) and shrub steppe and is
much more restricted than A. lepidum to very dry areas.
DUGV and DUGV-like viruses were the most frequently
isolated viruses in this study (33/56, 59%), and 64% of
these isolates were from pools of A. gemma. Four of the 6
THOV isolates were obtained from pools of this species as
well. Our results suggest that viruses are being actively
transmitted in the drier parts of East Africa where A.
gemma is more common. The pastoral regions, which sup-
ply many of the animals slaughtered at abattoirs in
Nairobi, are predominantly dry and therefore likely to har-
bor this tick species in abundance.

The proportion of R. appendiculatus collected in this
study was small when one considers the distribution of this
tick in Kenya and its importance as a pest, a finding that
suggests that most sampled cattle came from climatic
zones where this species is not abundant. In Tanzania and
Kenya, R. appendiculatus is most abundant in areas receiv-
ing >1,000 mm mean annual rainfall. It is absent from
xerophytic and dry thicket zones with overgrazed pastures
and little grass cover (15). NSDV is mainly transmitted by
R. appendiculatus, and the virus is found only in areas
where this species is abundant (14); therefore, the relative-
ly low numbers of this species collected may explain why
NSDV was not isolated in this study. Pools of R. appendic-
ulatus, however, did yield single isolates of BHAV and
KADV. BHAV has been isolated previously in Kenya and
Nigeria (1,20). The medical implications of this virus for
humans and animals in this region have not been deter-
mined, although the virus has been associated with human
infection and illness in eastern Europe and West Africa
(21-23). KADV is the only known African tickborne fla-
vivirus. The virus was first isolated from R. pravus ticks
taken from a cow in Uganda (24,25) and later in Kenya
from A. variegatum and R. pulchellus (14). Although
KADV pathogenicity is not evident in humans, antibodies
against KADV were detected in human sera during a sero-
survey in Uganda (26).

DUGYV is commonly isolated in surveillance studies
conducted in Africa (1,2,27,28), and it appears to be
endemic in most of the drier parts of the continent. The
implications of DUGV for human health have not been
evaluated in Kenya, although reports from other regions in
Africa suggest that human infection and illness caused by
DUGYV infection occur (2,22,27). Johnson et al. (1), in an
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earlier study conducted around Lake Victoria, recovered
more DUGV isolates than any other virus and observed
that more tick pools from dry scrub land (away from the
lake) were infected with DUGV than pools from the
swamp edge. These researchers also observed that 12 of
the 39 DUGYV isolates recovered varied in their behavior in
cell culture and in suckling mice, which suggests that some
of the DUGV strains isolated were different. In our study,
in addition to the 26 isolates of DUGV, we identified 2
DUGV-like viruses (6 isolates of one, 1 isolate of another),
which were found to differ significantly in S segment
nucleotide sequence from previously published DUGV
sequences. Further investigation of these isolates is neces-
sary to determine their relatedness to DUGV.

THOV was first isolated in Kenya from Rhipicephalus
species and Boophilus decoloratus in the 1930s (29) and
has been isolated repeatedly from various tick species in
Kenya, West Africa, Europe, and Asia (30). Two THOV
infections have been reported in humans, with 1 fatality
(22). In our survey, THOV was isolated from pools of A.
gemma (4), A. lepidum (1), and R. pulchellus (1). DHOV,
also a member of the Thogotovirus genus in the
Orthomyxovirdae family, has been previously isolated in
Europe, Asia, and the Middle East (31-34). Human DHOV
infection has been evidenced by serologic survey results
and human illness (23,34,35). We report here the first iso-
lation of DHOV in East Africa. This finding suggests a
southward spread of the virus that is supported by the pres-
ence of competent tick vectors in the region and demon-
strates the potential for other tickborne viruses circulating
in Europe and Asia to spread to the African continent. Such
spread would have adverse consequences for large,
immunologically naive populations whose pastoral prac-
tices provide for closer human-animal contact.

An unexpected finding in this study was the isolation of
FMDV from 3 pools of R. pulchellus. FMDV is endemic
in many parts of Africa; however, it has not previously
been identified in association with tick surveillance or
transmission studies (36). This finding does not constitute
evidence that FMDV replicates in or can be transmitted by
ticks; in fact, previous reports indicate that the virus is not
transmissible by Rhipicephalus ticks or blood-feeding flies
(37,38). However, the virus has been demonstrated to per-
sist in ticks for up to several days after feeding on an
infected animal (37). The ticks in our study were not held
for any length of time to allow for blood in the ticks to be
digested before processing for virus isolation. Therefore,
FMDV may have been present in undigested blood in >1
ticks in each pool. FMDV is present in the blood of an
infected animal, skin lesions, and skin areas that do not
contain lesions (39). The virus persists in skin up to 4 days
beyond the period of viremia and for extended periods in
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preserved hides (40). Therefore, mouth parts of ticks feed-
ing on FMDV-infected cattle might have become contam-
inated with the virus, which was then not sufficiently
exposed to the external rinsing procedures to which the
ticks were subjected before processing. Further investiga-
tion is necessary to clarify the mechanism of these FMDV
isolations and the implications of these findings.

Our study illustrates the potential for tickborne dissem-
ination of endemic and emergent viruses, some of which
are human pathogens, among livestock as well as the
potential for transmission of these pathogens to humans.
Regular surveillance is warranted to monitor the presence
and spread of these and other viruses facilitated through
livestock rearing, marketing, and movement in Africa.
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Rodent-associated Bartonella

Febrile llIness,

Southwestern

United States

Jonathan Iralu,* Ying Bai,T Larry Crook,* Bruce Tempest,* Gary Simpson,f Taylor McKenzie,§
and Frederick Kosterf#

Serum specimens from 114 patients hospitalized with
a febrile illness were tested with an indirect immunofluores-
cence assay (IFA) using Bartonella antigens prepared from
6 species of sigmodontine rodents and 3 known human
Bartonella pathogens: B. henselae, B. quintana, and B.
elizabethae. Acute- and convalescent-phase serum sam-
ples from 5 of these patients showed seroconversion with
an IFA titer >512 to rodent-associated Bartonella antigens.
The highest titer was against antigen derived from the
white-throated woodrat (Neotoma albigula), although this
rodent is not necessarily implicated as the source of infec-
tion. Three of the 5 who seroconverted showed no cross-
reaction to the 3 Bartonella human pathogens. Common
clinical characteristics were fever, chills, myalgias, leukope-
nia, thrombocytopenia, and transaminasemia. Although
antibodies to Bartonella are cross-reactive, high-titer sero-
conversions to rodent-associated Bartonella antigens in
adults with common clinical characteristics should stimu-
late the search for additional Bartonella human pathogens.

he discovery of hantavirus pulmonary syndrome and

its high death rate in the southwestern United States
resulted in greater vigilance in evaluating patients with
acute febrile illness, particularly those with thrombocy-
topenia (1). Clinicians soon became aware of substantial
numbers of hospitalized patients with a severe flulike pro-
drome and thrombocytopenia. In spite of conventional cul-
ture and serologic analysis for known pathogens and

*US Public Health Service, Gallup, New Mexico, USA; tUniversity
of Colorado, Boulder, Colorado, USA; $New Mexico Department
of Health, Santa Fe, New Mexico, USA; 8The Navajo Nation,
Window Rock, Arizona, USA; fUniversity of New Mexico Health
Science Center, Albuguerque, New Mexico, USA; and #Lovelace
Respiratory Research Institute, Albuquerque, New Mexico, USA
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diseases, including hantaviruses, plague, tularemia, relaps-
ing fever, spotted fever, murine typhus, and Q fever, no
diagnosis could be made. To assist physicians in identify-
ing treatable pathogens, we submitted serum to reference
laboratories for diagnostic seroassays directed at known
pathogens and organisms not previously associated with
human disease. A concept of the role of rodent-associated
bartonellae as a cause of unexplained febrile illness in the
western United States has been recently developed (M.
Kosoy, pers. comm.). We considered the possibility that
some cases in our study were caused by Bartonella
species.

Among at least 20 known species and subspecies of
Bartonella, 5 have been identified as causes of human dis-
ease in North America (2,3). B. henselae causes cat-scratch
disease with regional lymphadenitis and occasionally
hepatosplenic disease in the immunocompetent host, and
bacillary angiomatosis, cerebritis, or peliosis hepatis in the
immunocompromised host (4-6). Louseborne B. quintana
causes trench fever, aseptic meningitis, bacteremia, endo-
carditis, or bacillary angiomatosis (4,7-9). Recently isolat-
ed cases of infection with B. elizabethae (10), B. vinsonii
subsp. arupensis (11), and B. washoensis (12) suggest that
the spectrum of Bartonella infections may continue to
expand.

Many mammals, including numerous species of
rodents, are commensally infected with Bartonella species
in North America (12-15). We sought serologic evidence
for human bartonellae infection in serious febrile illnesses
in the Four Corners region, using diverse Bartonella anti-
gens in an indirect immunofluorescence assay (IFA) (13).
We report 7 years’ cumulative experience in diagnostic
referrals, including 5 cases showing seroconversion, and
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4 cases with a single high titer, to Bartonella antigens
derived from strains isolated from rodents, particularly the
white-throated woodrat (Neotoma albigula) captured in
New Mexico.

Materials and Methods

Patients

From July 1993 to June 2001, 114 patients 1578 years
of age were referred by their physicians for assistance in
diagnosing a febrile illness with a duration <12 days at the
time of admission. One hundred patients were hospitalized
in New Mexico, 10 in Arizona, and 4 in Colorado. All
patients were hospitalized on the basis of the attending
physician’s decision concerning severity of illness, the
possibility of hantavirus infection in the prodrome phase,
and the need for diagnostic studies, supportive care, and
presumptive antimicrobial-drug therapy. At the time spec-
imens were collected, results of conventional microbiolog-
ic assays and diagnostic serologic analysis were negative
or unavailable.

Patients were divided into 4 clinical groups according
to conventional diagnostic results (Table 1). Seventy-six
patients (group A) had an acute undifferentiated febrile ill-
ness without pulmonary, cardiac, or renal manifestations.
Twelve patients (group B) had bacterial lobar pneumonia
(11 patients) or acute respiratory distress syndrome (1
patient) diagnosed by typical signs and symptoms, hypox-
emia, pulmonary infiltrates, and prompt clinical response
to B-lactam antimicrobial drugs (16,17). Twelve patients
(group C) had hantavirus cardiopulmonary syndrome diag-
nosed by strip immunoblot serology (18) and reverse tran-
scription—polymerase chain reaction (RT-PCR) of serum
(19). Fourteen patients (group D) had an acute febrile syn-
drome without pulmonary manifestations and with a diag-
nosis established by conventional blood culture, serology,
or PCR; this group included 3 patients with Escherichia
coli sepsis, 2 with E. coli pyelonephritis, 3 with Rocky
Mountain spotted fever, 1 with acute Staphylococcus
aureus aortic valve endocarditis, 1 with bubonic plague, 1
with acute Q fever, 1 with parvovirus infection, 1 with
acute rheumatic fever, and 1 with acute lupus erythemato-
sis. All patients (except those in group D) had at least 2
negative blood cultures, negative spinal fluid cultures and
cytometrics when appropriate, negative hantavirus sero-

logic results (except group C), and negative serologic
results for plague, tularemia, Q fever, spotted fever, and
Ehrlichia species ordered at the discretion of the attending
physician. Except for hypertension (5 patients) and chron-
ic alcoholism (12 patients), no patient had underlying dis-
ease such as diabetes, malignancy, or HIV infection. The
charts were reviewed retrospectively by the investigators.
The study was approved by the institutional review boards
of the University of New Mexico and the Navajo Nation.

Serologic Analysis

Citrated and clotted blood was collected within 24
hours of admission from 90 patients (acute-phase sample),
7-42 days after admission from 10 patients, and at admis-
sion and during convalescence from 14 patients (all in
group A). Plasma was immediately frozen at —-80°C. An
IFA was performed as previously described (13). All anti-
gens were prepared at the Bacterial Zoonoses Branch,
Centers for Disease Control and Prevention (CDC), Fort
Collins, Colorado.

Vero E6 monolayers were infected separately with 1 of
9 strains of Bartonella: 3 strains (B. quintana, B. henselae,
and B. elizabethae) were isolated from humans and 6
strains were isolated from the meadow vole (Microtus
pennsylvanicus), white-throated woodrat (N. albigula),
deer mouse (Peromyscus maniculatus), cotton rat
(Sigmodon hispidus), Ord kangaroo rat (Dipodomys ordi),
and rock squirrel (Spermophilus variegatus). Plasma was
diluted 1:32 in phosphate-buffered saline, placed in anti-
gen-containing wells, incubated at 37°C for 30 minutes,
washed, and incubated at 37°C for 30 minutes with rabbit
antihuman immunoglobulin (Ig) conjugated with fluores-
cein isothiocyanate. Positive samples were then tested in
serial 2-fold dilutions on monolayers infected with 1 of 9
Bartonella strains. Mouse hyperimmune sera were pro-
duced by injection of BALB/c mice with the same
Bartonella strains that were used for the antigen prepara-
tions. These sera were used as IFA-positive controls (titers
>1,000 in each assay). Results were tabulated without
knowledge of the patient’s clinical status.

Results

Serum samples from 114 patients with acute febrile ill-
ness, including 14 with both acute- and convalescent-
phase serum samples, were tested at a dilution of 1:32 by

Table 1. Rodent-associated Bartonelfa serologic results in 114 adults with acute febrile illness, southwestern United States

Titer to Neotoma albigula—associated

No. Bartonella antigen
Clinical diagnosis Total thrombocytopenic  No. leukopenic <64 128 256 512 >1,024
Undifferentiated fever 76 55 43 52 11 2 5 6
Bacterial pneumonia 12 4 4 12 0 0 0 0
Hantavirus pulmonary syndrome 12 12 0 11 1 0 0 0
Other febrile ilinesses 14 9 4 11 0 1 0 2
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IFA with a panel of 9 Bartonella antigens. All positive
samples were retested at a dilution of 1:32 and at doubling
dilutions to 1:4,096. In 12 of 13 cases with titers <512 to
any rodent-associated antigen, the titer to the N.
albigula—associated Bartonella antigens (NA-AB anti-
gens) were the highest measured. Therefore, only the titers
to NA-AB antigens are shown in Table 1. IFA titers to NA-
AB >128 were observed more often in undifferentiated
febrile illness (group A, 24 of 76) than in the 3 groups with
specific diagnoses (groups B-D, 4 of 38) (x2 = 4.98, p =
0.026, using Yates’ correction). Among 24 patients in
group A with titers >128, a total of 11 had convalescent-
phase titers >512. Clinical information was sufficient to
analyze for 9 of these 11 patients: 5 patients with both
acute- and convalescent-phase titers (Table 2) and 4
patients with only a convalescent-phase titer (Table 3).
Nine patients in group A with both acute- and convales-
cent-phase serum samples showed no increase in titer or a
titer >64.

Of 24 patients with pneumonic disease (groups B and
C), only 1 had a titer of 128 to NA-AB antigens. Of 14
patients with other diagnosed febrile illnesses (group D)
not listed in Tables 2 and 3, three had high titers to NA-AB
antigens (Table 1). A 35-year-old man with aortic valve
endocarditis and cultures of blood and valve positive for S.
aureus had an NA-AB titer of 1,024 on admission and the
following day. A 30-year-old man with fever, myalgias,
headache, thrombocytopenia, and leukopenia with admis-
sion serum positive by PCR for Borrelia hermsii (tick-
borne relapsing fever) had an acute-phase (day 1) titer of
256 and a convalescent-phase (day 24) titer of 1,024 to
NA-AB antigens. A 23-year-old woman with fever and
acute hepatic injury had positive convalescent-phase (day
28) IgM phase | (512) and 1gG phase 1l (1,024) titers for
Coxiella burnetii antigens and an NA-AB antigen titer of
256 in a convalescent-phase serum sample.

Rodent-associated Bartonella lliness

Five of the 14 patients with acute- and convalescent-
phase serum samples in group A showed a >4-fold increase
in titer to NA-AB antigens and convalescent-phase titers
>512 on days 14, 7, 7, 12, and 42, respectively, after
admission (Table 2). Each of the 5 who seroconverted had
a clinical syndrome characterized by fever (temperature
>39°C), chills, pronounced myalgias in the back and
thighs, nausea, and headache. Two who seroconverted had
a sore throat and 2 had diarrhea, but none had other upper
or lower respiratory symptoms, abnormal chest radiograph
results, lymphadenopathy, hepatosplenomegaly, bleeding,
rash, altered consciousness, or abnormal neurologic find-
ings. Thrombocytopenia and leukopenia were common
(Tables 2 and 3), but no patients had evidence of coagu-
lopathy, or cardiac, pulmonary, renal, or neurologic dis-
ease.

Four other patients in group A had a single titer >512 to
NA-AB antigens on days 21, 7, 20, and 23, respectively,
after admission (Table 3). This group had elevated levels
of serum transaminase, bilirubin, and alkaline phos-
phatase, which is indicative of active hepatitis. These 4
patients were treated with doxycycline, and all recovered
without sequelae. Of the 9 patients listed in Tables 2 and 3,
one had a diagnosis of chronic alcoholism (patient 6, Table
3). All 9 were negative for hepatitis A, B, and C; Q fever;
Rocky Mountain spotted fever; murine typhus; leptospiro-
sis; granulocytic or monocytic ehrlichiosis; plague; and
tularemia; they also had negative titers for HIV, hantavirus,
and antinuclear antibody. Patients 6, 8, and 9 were tested
for antibody to hepatitis E at the Hepatitis Branch of CDC
in Atlanta, Georgia, and were negative (M. Favorov, pers.
comm.). Patients 1, 4, and 6 had 6-, 3-, and 3-fold lower
titers, respectively, to the known Bartonella pathogen anti-
gens compared with the titer to NA-AB antigens (Tables 2
and 3).

Table 2. Clinical and laboratory data of 5 adults with undifferentiated fever and seroconversion to Neotoma albigula—derived Bartonella

antigens*

Doubling dilution end titer (acute/convalescent phases)§
B. vinsonii

Patient Leuko- PL'I;X BIL Bartonella from Microtus

no., age cytes 107 HCT AST (mg/ LDH from pennsyk B.

(y), sex DOl T(C)t x 103/p.|_t wt (@)t ULt dbt (ULt Neotoma vanicus B.quintana B.henselae elizabethae

1,55 F 5 39.7 27 147 44 183 15 167 256/ 64/64 <32/64 <32/<32 64/64
4,096

2,30, M 5 39.3 32 110 50 85 15 206 256/ 128/1,024 64/512 64/256 64/512
1,024

3,34, F 6 39.7 35 95 44 324 17 190 <32/ <32/256 <32/64 64/256 <32/64
1,024

4,29, M 2 39.2 179 226 48 ND ND ND  <32/512 32/64 <32/<32 <32/<32 32/32

5,23, F 2 38.8 5.0 125 40 ND ND 130  32/512 <32/64 <32/<32 <32/128 <32/64

*DOI, day of symptomatic illness at hospitalization; T, temperature; PLT, platelet count; HCT, hematocrit ; AST, aspartate aminotransferase; BIL, bilirubin;

LDH, lactate dehydrogenase; ND, not determined.

tHighest value during 26 d of hospitalization.

FMinimum value.

§Convalescent-phase titers 2—-6 wk after hospital admission.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006

1083



RESEARCH

Table 3. Clinical and laboratory data of 4 adults with undifferentiated fever and a single convalescent-phase titer to Neotoma albigula—

derived Bartonella antigens*

Doubling dilution end titer (convalescent phase)§

Leuko- B. vinsonii

Patient cyte  PLT x BIL Bartonella from Microtus

no., age x10% 10% HCT AST (mg/ LDH from pennsyk B.

(y), sex DOl T(C)t pLt ul (%)t (U/L)T du)t (UL)T Neotoma vanicus B. quintana B. henselae elizabethae
6,42, M 2 39.1 23.3 11 47 4580 43 16,000 2048 64 <32 <64 128
7,17, M 3 38.8 33 108 43 60 1.4 229 1,024 256 256 64 512
8,23 F 3 39.0 3.9 245 44 834 52 NA 512 256 256 64 64

9 32, M 7 39.0 2.9 35 4 1049 38 1,248 512 NA NA NA NA

*DOI, day of symptomatic illness at hospitalization; T, temperature; PLT, platelet count; HCT, hematocrit; AST, aspartate aminotransferase; BIL, bilirubin;

LDH, lactate dehydrogenase; NA, not available.

tHighest value during 26 d of hospitalization.

FMinimum value.

§Convalescent-phase titers 2—-6 wk after hospital admission.

Discussion

This study provides preliminary serologic evidence for
a Bartonella or Bartonella cross-reactive species that is
causing acute febrile illness in immunocompetent adults in
the rural southwestern United States. Five patients who
seroconverted to rodent-associated antigen had fever,
myalgias, headache, and chills with varying degrees of
leukopenia, mild hepatitis, and thrombocytopenia. Four
other patients with a single elevated titer 2-5 weeks into
their illness had more severe hepatic injury. In the absence
of culture- or PCR-positive evidence of Bartonella infec-
tion in any of these patients, the interpretation of these
serologic observations is related to the cross-reactivity
between Bartonella species as well as non-Bartonella
species, interpretation of the quantitative IFA titer, varia-
tions among pathogens to stimulate antibody responses,
timing of serum specimen collection, and the route of
exposure.

Although antigens derived from Bartonella isolated
from N. albigula were used, this process does not imply
that the human infection was caused by a Bartonella strain
that naturally infects N. albigula. Serologic cross-reactions
among Bartonella species are common (20), and the IFA is
unable to distinguish between infection with B. quintana
or B. henselae (21). The cross-reactivity between rodent-
associated and known Bartonella pathogen—associated
antigens was expected and found to some degree in nearly
all cases. We did not find clear evidence for infection with
Bartonella species known to cause disease in humans,
including B. henselae, B. quintana, B. vinsonii, and B. eliz-
abethae, in the sense that titers to rodent-associated, partic-
ularly NA-AB, antigens were always higher than those for
known human Bartonella species. The lack of cross-reac-
tivity in 3 patients is consistent with a rodent-associated
Bartonella infection, although infection with a Bartonella
associated with a nonrodent animal cannot be ruled out
(22).

Identification of Bartonella infections in humans in the
southwestern United States is important because cat-
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scratch disease is not common in this region, and cat fleas,
presumed vectors for B. henselae, do not naturally exist in
such arid environments (23). Cross-reactivity between
Bartonella antigens and antigens of C. burnetii and
Chlamydia species has been demonstrated (24,25). Except
for the woman in group D who had clear evidence of acute
Q fever hepatitis, significant Bartonella titers >128 were
not associated with detectable antibody to phase | or Il
Coxiella antigens in the complement fixation test in all 8
patients tested. None of the patients had a condition asso-
ciated with nonspecific immune stimulation such as HIV
infection, injection drug use, or collagen vascular disease
that could account for false-positive results.

The IFA was developed at CDC (21) and has been
assessed most extensively in the diagnosis of B. henselae
and B. quintana infection in the United States (20). At the
National Referral Center of CDC, a titer of 64 is considered
positive (20). When a strict case definition is used for cat-
scratch disease, this titer has a sensitivity of =80% and a
specificity of 93% to 96% (20,21,26). Other investigators
have found greater specificity when titers of 128 (27), 256
(25), or 512 (28) were used to diagnose cat-scratch disease.
An IFA titer of 512 to B. henselae in adults with no expo-
sure to cats or illness compatible with cat-scratch disease
was uncommon (<1%) in 1 study in Germany (27). We
used a conservative threshold IFA titer of 512 to present
clinical data on 9 patients based in part on this experience
with cat-scratch disease, recognizing that immunogenicity
to immunodominant antigens may vary among species of
the same genus. The usefulness of a single titer of 1:512 to
NA-AB antigens (Table 3) is unknown because IFA titers to
B. henselae persist during the first year after infection (20).

The clinical syndrome associated with seroconversion
to NA-AB antigens was characterized by either a brief
undifferentiated febrile illness or fever accompanied by
hepatic injury. Clinical evidence for inflammation in the
lung, heart, kidney, and nervous system was not apparent.
Infection with B. henselae, particularly in immunocom
promised hosts, has been documented to involve the liver
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(2). Moreover, thrombocytopenia and leukopenia, which
were common in our small sample of febrile patients, have
also been associated with B. quintana infection (29) in
immunocompetent adults and with B. henselae infection in
immunocompromised adults (2). No patient had intraery-
throcytic bacilli visible on Giemsa-stained blood smear
(30) (F. Koster, unpub. data). A clear definition of the syn-
drome awaits definitive identification based on culture of
the pathogenic species from patients. Thus, a concerted
effort to identify acute infections with rodent-associated
Bartonella should be undertaken with specific serologic
assays as well as intensive PCR-based diagnostics and cul-
ture techniques specific to the fastidious Bartonella genus.
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Migratory Passerine Birds as
Reservoirs of Lyme Borreliosis
In Europe
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To define the role of birds as reservoirs and dissemina-
tors of Borrelia spirochetes, we characterized tick infesta-
tion and reservoir competence of migratory passerine birds
in Sweden. A total of 1,120 immature Ixodes ricinus ticks
were removed from 13,260 birds and assayed by quantita-
tive polymerase chain reaction (PCR) for Borrelia, followed
by DNA sequencing for species and genotype identifica-
tion. Distributions of ticks on birds were aggregated, pre-
sumably because of varying encounters with ticks along
migratory routes. Lyme borreliosis spirochetes were detect-
ed in 160 (1.4%) ticks. Borrelia garinii was the most com-
mon species in PCR-positive samples and included
genotypes associated with human infections. Infestation
prevalence with infected ticks was 5 times greater among
ground-foraging birds than other bird species, but the 2
groups were equally competent in transmitting Borrelia.
Migratory passerine birds host epidemiologically important
vector ticks and Borrelia species and vary in effectiveness
as reservoirs on the basis of their feeding behavior.

Recent outbreaks of West Nile virus infection or avian
influenza indicate that birds participate in the ecology
of zoonotic infections, an important cause of illness and
death in humans and animals (1). The emergence of these
threats underscores the need for understanding the mainte-
nance of bird-associated infections in nature, which is pre-
requisite for disease prevention.

Migratory birds are known to carry several microbial
agents of human disease, including viruses, chlamydiae,
and enterobacteria (2,3). Evidence of the last 2 decades
indicates that birds in North America and Eurasia host

*Umed University, Umed, Sweden; tKalmar University, Kalmar,
Sweden; tKalmar Hospital, Kalmar, Sweden; §Uppsala University,
Uppsala, Sweden; and fUniversity of California, Irvine, California,
USA
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vectorborne pathogens, such as Anaplasma species and
Lyme borreliosis (LB) spirochetes (4-6). LB is the most
common vectorborne zoonosis in temperate regions of the
Northern Hemisphere and is transmitted to humans by
Ixodes ticks (7). Borrelia spirochetes infect naive Ixodes
larvae when they feed on a reservoir host and are transmit-
ted back to the reservoir population by infected nymphs.
Rodent species, such as the white-footed mouse
(Peromyscus leucopus) in the northeastern United States
and Apodemus and Clethrionomys species in continental
Europe, are common hosts of both immature ticks and LB
spirochetes (8,9). However, recent field vaccination and
biodiversity studies suggest that alternative hosts play a
greater role than expected in the natural cycle of LB
(10,11).

In comparison with studies of mammals as LB reser-
voirs, few studies have been conducted on the role of birds
as hosts of Borrelia. The natural cycle of LB spirochetes,
in particular Borrelia garinii, involves seabirds in northern
Europe and game birds in the United Kingdom, which are
the most studied models (12,13). However, the relationship
between migratory passerine birds and Borrelia is less
understood. Although experimental studies on avian infec-
tion have been conducted (14-17), less is known about
reservoir competence of natural bird populations, especial-
ly those that could transmit ticks that frequently bite
humans (5,18-20).

Information that would allow comparison of the reser-
voir importance of bird and other vertebrate populations is
not available or is controversial. Although 1 modeling
study found that the frequency of LB cases was positively
correlated with species diversity of ground-dwelling birds
(21), other studies have found the contribution of birds in
hosting and infecting ticks to be low (22,23). Another
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uncertainty is epidemiologic implications of LB group
spirochetes associated with birds. For example, birds in
Europe are reservoirs of B. valaisiana, which has not been
associated with disease (19).

In the present study, we characterized tick infestation
and Borrelia transmission from migratory passerine birds
captured in southern Sweden to further define their impor-
tance as reservoirs and disseminators of these spirochetes.
We found that these birds are hosts of epidemiologically
important vector ticks and Borrelia species. However,
exposure of birds to ticks, which depends on feeding habits,
determines their effectiveness as Borrelia reservoirs.

Materials and Methods

Bird Capture and Tick Collection

Birds were captured at Ottenby Bird Observatory
(www.sofnet.org/ofstn/Engelska) at the southern point of
Oland Island in the Baltic Sea (56°12’N, 16°24’E) southeast
of the Swedish mainland (Figure 1). Japanese mist nets and
Helgoland traps were used for capture as previously
described (5), and with the approval of the Swedish
Museum of Natural History, Stockholm. Birds were trapped
from March 17 to May 30, and from July 7 to November 13
of 2001, periods that are representative of spring and fall
migrations, respectively. Trapped birds were banded and
examined daily for ticks during these periods, except on
April 2, September 17, 18, 22, and 24, and November 14,
16, and 17. Recaptured birds were not studied. Ticks
attached to a bird’s head were removed and, after species
and stage identification, stored individually at —70°C.

DNA Extraction and Quantitative Real-Time PCR

Tick DNA was extracted by using the Puregene DNA
isolation protocol (Gentra Systems, Minneapolis, MN,
USA) and stored at —20°C. DNA extracts were assayed for
LB and relapsing fever (RF) group Borrelia by using a
quantitative real-time polymerase chain reaction (qPCR)
assay with probes and primers specific for the 16S rRNA
gene (11). Serially diluted B. burgdorferi B31 and B. herm-
sii HS1 DNA were used as standards (11).

Identifying and Genotyping Borrelia Species

Borrelia species were identified by direct sequencing of
the amplicons generated from the rrs (16S)-rrl (23S) inter-
genic spacer (IGS) or 16S gene PCRs (24,25). When nec-
essary, nested modification of these assays was used to
increase success of amplification. In addition, we obtained
rrs-rrl IGS sequences of B. garinii isolated from skin biop-
sy specimens of erythema migrans lesions from 11 LB
patients from southern Sweden (26). Positions with at least
2 different character states in >2 sequences each were con-
sidered polymorphic and included in the typing matrix.
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Figure 1. Scandinavian Peninsula in northern Europe. Location of
Ottenby Bird Observatory (solid circle) on the southern tip of Oland
Island in the Baltic Sea and nearby Blekinge County (shaded area)
in mainland southern Sweden are shown in the inset. Directions of
bird migration northward from outside northern Europe in the
spring and back from Scandinavia and western Russia in the fall
are shown by large arrows.

Sequences of new B. garinii IGS variants were deposited
in GenBank database under accession nos. DQ307372—
DQ307377.

Statistical Analyses

We used simple regression analysis, nonparametric
Mann-Whitney U test, and standard parametric statistics
giving the mean + 95% confidence intervals (Cls) for con-
tinuous variables. We also used Fisher exact test, %2 good-
ness of fit, and odds ratio (OR) procedures for proportions.
Statistical analyses were conducted with StatView version
5.0.1 (SAS Institute Inc., Cary, NC, USA) and StatXact
version 6 (Cytel Software, Cambridge, MA, USA).

Results

Tick Infestation of Birds

According to the Ornithological Council’s list of avian
orders (available at www.nmnh.si.edu/BIRDNET/
ORDERSY/), 13,123 birds captured in this study were
passerines (Passeriformes) (Table 1). In addition, there
were 83 great spotted woodpeckers (Piciformes) and 54
sparrowhawks (Falconiformes). All studied birds were
migratory. The 38 bird species studied comprised 6 ecolog-
ic guilds (27), each defined by a bird’s foraging behavior.
Three guilds comprised 19 species of ground-foraging
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birds and included 4,614 invertebrate feeders, 906 grani- included in this group. The remaining 3 guilds and 17
vores, and 125 insectivores. In addition, 500 wrens and 30  species, referred to as other birds, comprised 223 raptors,
marsh warblers, which are herbaceous plant-foraging 6,612 arboreal insectivores, and 250 other reed-foraging
insectivores that predominantly feed on the ground, were insectivores.

Table 1.Infestation of migratory birds by /xodes ricinus ticks and tick infection with Lyme borreliosis group spirochetes, Ottenby Bird
Observatory study, Sweden, 2001

Mean no.
No. (%) ticks/ No. (%) No. (%) No. (%)
birds infested birds with No. positive No. positive
Bird species* No. birds No. ticks infested bird infected ticks larvae larvae nymphs  nymphs
Ground foraging
Erithacus rubecula 3,939 446 185 (5) 24 20 (11) 296 6(2) 150 15 (10)
Luscina luscinia 32 9 4(13) 23 2 (50) 5 0 4 2 (50)
Luscina svecica 85 8 5(6) 1.6 1 (20) 0 0 8 1(13)
Turdus philomelus 261 141 24 (9) 59 10 (42) 88 14 (16) 53 17 (32)
Turdus iliacus 51 22 9(18) 24 2(22) 5 0 17 4 (24)
Turdus merula 193 170 44 (23) 3.9 15 (34) 36 11 (31) 134 28 (21)
Turdus pilaris 23 6 3(13) 2 1(33) 3 1(33) 3 1(33)
Sturnus vulgaris 30 18 9 (30) 2 2(22) 7 3(43) 11 4 (36)
Prunella modularis 64 9 4 (6) 23 1(25) 2 0 7 1(14)
Anthus trivialis 61 29 11 (18) 26 6 (55) 17 8 (47) 12 6 (50)
Aluada arvensis 1 6 1(100) 6 1(100) 6 1(17) 0 0
Fringilla coelebs 122 9 2(2) 45 1 (50) 8 8 (100) 1 0
Carduelis flammea 441 1 1(0.2) 1 0 1 0 0 0
Carduelis spinus 79 1 1(1) 1 0 0 0 1 0
Pyrrhula pyrrhula 55 8 5(9) 1.6 2 (40) 1 0 7 2(29)
Carduelis chloris 73 5 5() 1 0 1 0 4 0
Carduelis cannabina 26 1 1(4) 1 0 0 0 1 0
Carpodacus erythrinus 55 1 1(2) 1 0 0 0 1 0
Emberiza schoeniclus 54 1 1(2) 1 0 1 0 0 0
Troglodytes troglodytes 500 33 17 (3) 1.9 0 25 0 8 0
Acrocephalus palustris 30 1 1(3) 1 0 0 0 1 0
Other
Accipiter nisus 54 2 1(2) 2 0 0 0 2 0
Lanius collurio 169 7 2 35 0 4 0 3 0
Dendrocopus major 83 8 1(1) 8 1 (100) 2 0 6 4 (67)
Hippolais icterina 87 15 2(2) 75 0 15 0 0 0
Sylvia atricapilla 170 8 7(4) 11 0 4 0 4 0
Sylvia borin 194 1 1(0.5) 1 0 0 0 1 0
Sylvia curruca 621 11 8(1) 1.4 2(25) 4 0 7 2(29)
Sylvia nisoria 13 4 3(23) 1.3 0 1 0 3 0
Phylloscopus sibilatrix 65 1 1(2) 1 0 1 0 0 0
Phylloscopus trochilus 2116 21 19 (1) 11 1(5) 9 0 12 1(8)
Regulus regulus 2,212 1 1(0.1) 1 0 0 0 1 0
Parus major 132 35 19 (14) 1.8 9 (47) 22 6 (27) 13 5 (39)
Parus caeruleus 541 9 6(1) 1.5 0 1 0 8 0
Certhia familiaris 37 1 1(3) 1 0 0 0 1 0
Phoenicurus 341 23 12 (4) 1.9 2(17) 12 0 11 2(18)
phoenicurus
Sylvia communis 220 47 18 (8) 26 3(17) 29 3(10) 18 4(22)
Acrocephalus 30 1 1) 1 0 0 0 1 0
scirpaceus
Total 13,260 1,120 437 (3) 26 82 (19) 606 61 (10) 514 99 (19)

*Ground-foraging species include invertebrate feeders (Erithacus rubecula through Sturnus vulgaris), insectivores (Prunella modularis and Anthus
trivialis), granivores (Aluada arvensis through Emberiza schoeniclus), and herbaceous plant—foraging insectivores (Troglodytes troglodytes and
Acrocephalus palustris). Other species include raptors (Accipiter nisus and Lanius collurio), arboreal insectivores (Dendrocopus major through
Phoenicurus phoenicurus), and reed-foraging insectivores (Sylvia communis and Acrocephalus scirpaceus). The common names of the 38 bird species
listed (from top to bottom) are European robin, thrush nightingale, bluethroat, song thrush, redwing thrush, blackbird, fieldfare, starling, dunnock, tree pipit,
skylark, chaffinch, redpoll, siskin, bull finch, green finch, linnet, scarlet rosefinch, reed bunting, wren, marsh warbler, sparrow hawk, red-backed shrike,
great spotted woodpecker, icterine warbler, blackcap, garden warbler, lesser whitethroat, barred warbler, wood warbler, willow warbler, goldcrest, great tit,
blue tit, tree creeper, redstart, whitethroat, and reed warbler.
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We measured bird infestation with ticks and then com-
pared the occurrence of the ticks on the birds with differ-
ent foraging habits. Overall, 1,127 ticks were removed
from 437 (3.3%) of 13,260 birds (Table 1). Of these ticks,
606 (54%) were larvae, 514 (46%) were nymphs, and 7
(0.6%) were adults of Ixodes ricinus, confirming that
subadult ticks predominate on birds (5). (Because of their
low number, the adult ticks, as well as 4 I. lividus nymphs
removed from 1 bird, were excluded from further analy-
ses.). I. ricinus larvae and nymphs were found on 226
(52%) and 310 (71%) of 437 infested birds, respectively;
99 (23%) of these birds were infested with both stages. The
proportion of birds infested with larvae was higher in fall
than in spring: 188 (2.1%) of 9,145 birds versus 38 (0.9%)
of 4,115 birds (OR 2.3, 95% CI 1.6-3.2). In contrast, the
proportion of birds infested with nymphs was similar
between the 2 collection periods: 212 (2.3%) birds in fall
and 98 (2.4%) in spring (OR 1.0, Cl 0.8-1.2). The counts
of captured birds with no ticks or >1 subadult tick followed
a negative binomial distribution and are shown in Figure 2.
The counts of these ticks on infested birds more specifical-
ly corresponded to a Zipf distribution (Kolmogorov-
Smirnov statistic 0.05, p = 0.3; inset in Figure 2).
Aggregation of infestation risk was further indicated by the
finding that once a bird is infested with 1 subadult tick, the
likelihood of infestation with >2 such ticks was higher than
expected from a Poisson distribution (p<0.0001).

Among infested birds, no correlation was found (R =
0.01) between the number of larvae and nymphs on a given
bird, which is an indication that most larvae and nymphs
were not host-seeking at the same time and place. Further
support for this conclusion was an observed count of 99
birds co-infested with nymphs and larvae that was 38%
lower than expected, if larval and nymphal infestations
were fully covariant (z = 4.96, p<0.001). Co-infestation
was lower than expected among both spring and fall
migrants, especially in the latter group (z = 4.44, p<0.001).
With regard to risk for infestation among different types of
birds, prevalence was greater among ground foragers than
other birds by group (335 [5.4%] of 6,175 vs. 102 [1.4%]
of 7,085, OR 3.9; 95% CI 3.1-4.9). Infestation also dif-
fered by individual species (p<0.02, by Mann-Whitney U
test) (Table 1).

We then retrospectively analyzed data on infestations of
15,839 birds captured in Scandinavia in 1991 that matched
the species composition of this study (Table 2) (5). Similar
to findings in the present collection, infestations with
subadult stages were =3-fold more common among ground
foragers (297 [3.5%] of 8,388) than in other birds by group
(100 [1.3%] of 7,451, OR 2.7, 95% CIl 2.1-3.4) and by
individual species (p<0.02, by Mann-Whitney U test).
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Figure 2. Frequency distribution of subadult tick infestations of
migratory birds captured at Ottenby Bird Observatory, Sweden,
2001. Aggregation of risk of infestation is shown in the inset. Three
birds with 26, 33, or 40 ticks, most of which were larvae, are
excluded from the figure.

Borrelia Infection of Ticks

To characterize the role of birds in transmitting spiro-
chetes to ticks, we determined the prevalence of Borrelia
infection in larvae and nymphs by using multiplex qPCR,
which also differentiates between LB and RF group spiro-
chetes. LB spirochetes were found in 160 (1.4%) of 1,120
subadult 1. ricinus, and were more common among
nymphs than larvae (19.3% vs. 10.1%, OR 2.1, 95% CI
1.5-3.1) (Table 1), presumably a result of accumulation of
infection in the former stage during consecutive feedings.
Three samples (0.3%), 1 larva and 2 nymphs, were posi-
tive by qPCR for RF organisms.

LB spirochetes are rarely transmitted transovarially or
during co-feeding (28,29), and their detection in feeding
larvae is presumptive evidence of acquisition from the
larva’s host. To demonstrate that larvae in this study were
infected by the birds, we analyzed 226 larvae-infested
birds by comparing the proportion of the birds with infect-
ed larvae among the birds with a single larva (singly infest-
ed) and the proportion of the birds with >1 infected larva
among the birds infested with >2 larvae (multiply infest-
ed). If the spirochetes were acquired transovarially, these
indicators would not be expected to differ between the 2
groups. Conversely, a higher prevalence of infection in
ticks from multiply infested birds in comparison to ticks
from singly infested birds would be evidence of transmis-
sion from birds. Consistent with the latter hypothetical
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Table 2. Ixodes ricinus ticks on migratory birds at bird observatories in Sweden and Denmark, 1991

Bird species* No. birds examined

No. ticks collected

Mean no. ticks per

No. (%) birds infested infested bird

Ground foraging
Erithacus rubecula 3,345
Luscina luscinia 204
Luscina svecica 301

Turdus philomelus 610
Turdus iliacus 457
Turdus merula 264
Turdus pilaris 109
Sturnus vulgaris 18
Prunella modularis 68
Anthus trivialis 237
Fringilla coelebs 169
Carduelis flammea 1,300
Pyrrhula pyrrhula 196
Carduelis chloris 93
Emberiza schoeniclus 187
Troglodytes troglodytes 674
Acrocephalus palustris 156
Other
Accipiter nisus 93
Sylvia atricapilla 501
Sylvia borin 285
Sylvia curruca 450
Regulus regulus 2,566
Parus major 454
Phoenicurus phoenicurus 688
Sylvia communis 650
Acrocephalus scirpaceus 1,764
Total 15,839

145 72(2.2) 2.0
9 28 (13.7) 32
18 11 (3.7) 16
50 22 (3.6) 23
100 38(8.3) 26
121 44 (16.7) 2.8
5 4(3.7) 13
9 5(27.7) 18
7 4(5.8) 18
105 47 (19.8) 22
3 3(1.7) 1.0
5 2(0.2) 25
4 2(1.0) 2.0
1 1(1.1) 1.0
2 2(1.1) 1.0
12 6(0.9) 2.0
8 6(3.8) 13
2 2(2.2) 1.0
11 5(1.0) 22
1 1(0.3) 1.0
4 4(0.9) 1.0
5 5(0.2) 1.0
2 2(0.4) 1.0
70 44 (6.4) 16
38 22 (3.4) 17
15 15 (0.9) 1.0
833 397 (2.5) 2.1

*Ground-foraging species include invertebrate feeders (Erithacus rubecula through Sturnus vulgaris), insectivores (Prunella modularis and Anthus
trivialis), granivores (Fringilla coelebs through Emberiza schoeniclus), and herbaceous plant—foraging insectivores (Troglodytes troglodytes and
Acrocephalus palustris). Other species include raptors (Accipiter nisus), arboreal insectivores (Sylvia atricapilla through Phoenicurus phoenicurus), and
reed-foraging insectivores (Sylvia communis and Acrocephalus scirpaceus). The common names of the 26 species listed (from top to bottom) are
European robin, thrush nightingale, bluethroat, song thrush, redwing thrush, blackbird, fieldfare, starling, dunnock, tree pipit, chaffinch, redpoll, bull finch,
green finch, reed bunting, wren, marsh warbler, sparrow hawk, blackcap, garden warbler, lesser whitethroat, goldcrest, great tit, redstart, whitethroat, and

reed warbler.

outcome, the proportions in singly infested and multiply
infested birds were 7 (5.5%) of 128 and 21 (21.4%) of 98,
respectively (OR 4.7, 95% CI 1.9-11.6).

In another approach with multiply infested birds, we
compared the count of infected larvae expected at 5.5%
prevalence of infection (as found for the larvae of singly
infested birds) with that observed in the larvae after the
first positive larva has been identified. The observed and
expected count of positive larvae was 33 and 6, respective-
ly (p = 0.004), which is additional evidence of transmis-
sion of spirochetes from birds to larvae.

Excluding the 1 skylark in the study, infestation by
infected ticks was higher (3.0%) in 20 ground-foraging
species than in 17 other species (0.6%) (p<0.05, by t-test)
(Table 1). These rates correlated with the overall infesta-
tion rate of birds (R2= 0.77; p<0.001), which is another
indication that ticks were being infected by birds
(Figure 3). We also compared the frequency of infection
among birds in the 2 groups by measuring the ratio of birds
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with infected larvae to the number of larvae-infested birds.
Infection with LB spirochetes was more common in
ground-foraging birds than in other bird species: 17
(34.0%) of 50 birds of 12 species versus 5 (7.8%) of 64
birds of 13 species, respectively (p<0.001, OR 6.1, 95% CI
2.1-18.0). We excluded from this analysis 106 European
robins (Erithacus rubecula), which predominated among
ground foragers but were infested by larvae with an unusu-
ally low infection prevalence of 2%.

Borrelia Species Composition

Eighty-eight (55%) of 160 samples that were positive
by gPCR with LB probe produced amplicons in rrs-rrl IGS
or 16S PCR. The latter PCR was performed on 12 samples
that in gPCR with LB group-specific probe showed a dis-
tinct amplification pattern presumably attributable to B.
valaisiana DNA and were negative in the IGS PCR.
Sequence analysis of the amplicons showed B. garinii in
75 (85%) samples, B. valaisiana in 6 (7%) samples,
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Figure 3. Relationship between tick infestation of birds and infes-
tation with ticks infected with Lyme borreliosis group spirochetes.

B. afzelli in 4 (5%) samples, and B. burgdorferi in 3 (3%)
samples (Table 3). The 3 samples positive by gPCR with
the probe for RF spirochetes were identified by rrs-rrl IGS
sequencing as B. miyamotoi group spirochetes (30).

To determine epidemiologic importance of B. garinii
variants that are disseminated or maintained by migratory
birds, we typed and compared the rrs-rrl IGS region of 47
of 75 B. garinii samples from bird ticks and 11 erythema
migrans isolates of this species from LB patients from
nearby Blekinge County in mainland Sweden (Figure 1).
B. garinii PCR samples from ticks produced 11 variants; 6
of these variants, represented by 31 (66%) samples, were
also found in LB patients. Larvae were infected with 3 B.
garinii variants also found in biopsy specimens, which
indicates that migratory birds serve as hosts for B. garinii
strains that are pathogenic to humans.

Reservoir Competence of Migratory Birds

With the exception of pheasants in the United Kingdom
(13), the reservoir competence of other bird groups or
species, including migratory birds, is not fully understood
(31). The efficiency of transmission of spirochetes, as
measured by their prevalence in ticks, is 1 correlate of ver-
tebrate host competence in maintaining the natural cycle of
LB (17). To assess such competence of migratory birds, we
measured and compared the spirochete count and infection
prevalence in larvae and nymphs collected from these
birds. Inasmuch as birds migrate in regularly alternating
periods of 1 day resting and 6 days flying (32), we pre-
sumed that the ticks collected from the birds represent a
random collection with respect to the degree of their
engorgement. The frequency of spirochete counts in the
larvae followed a normal distribution (Figure 4). In con-
trast, it was bimodal for the nymphs, which suggests that 2
populations of this stage are present: 1 with low spirochete
counts and 1 with higher spirochete counts.
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To further distinguish between infections of larvae and
nymphs, we compared the 2 stages with respect to the cor-
relation between the spirochete load and infection preva-
lence among ticks collected from the same bird. These 2
variables showed a correlation for 56 larvae from 25 birds
(R2=0.39, p<0.01) but not for 95 nymphs collected from
63 birds (R2<0.01, p>0.5) (Figure 5).

We next evaluated ground-foraging birds and birds of
other species for efficiency of spirochete transmission to
larvae by comparing the infection prevalence of larvae
from individual birds. Twenty-three birds of 8 ground-for-
aging species and 5 birds of 2 other species were available
for this analysis. The mean infection prevalence of individ-
ual collections of larvae from ground foragers and other
birds was 61% (95% CIl 46%-77%) and 77% (50%-—
100%), respectively, (p>0.4). To validate this result, which
suggests that migratory passerines transmit LB spirochetes
to ticks with similar efficiency, we compared LB spiro-
chete counts in the larvae from the 2 bird groups. The cell
counts were available for 52 larvae from 25 ground for-
agers and 9 larvae from 5 birds of other species. Weighted
means of spirochetes per infected larvae from ground-for-
aging birds and other bird species were 135 (95% ClI
21-862) and 23 (95% CI 2-318), respectively (p = 0.4).
This was additional evidence that the 2 bird groups were
equally competent in transmitting infection to larvae.

Discussion

This was the first large-scale study to show that migra-
tory passerine birds participate in the enzootic maintenance
of Borrelia spirochetes, including species and genotypes
associated with LB in humans. By combining 2 approach-
es, quantification of infection in vector ticks and molecular
typing, we demonstrate that these birds constitute an epi-
demiologically important alternative reservoir of LB, as
well as a means for wide distribution of the pathogen.

This study’s approach of characterizing Borrelia infec-
tion of ticks engorged on birds is analogous to xenodiag-

Table 3. Borrelia species in Ixodes ricinus ticks from migratory
birds

Larvae Nymphs Total
No. ticks tested* 606 514 1,120
No. (%) positive
LB groupt 61 (10.1) 99 (19.3) 160 (14.3)
B. garinii 27 438 75
B. burgdorferi 1 2 3
B. afzelli 0 4 4
B. valaisiana 1 5 6
RF groupt 1(0.2) 2(0.4) 3(0.3)
B. miyamotoi 1 2 3

*Quantitative polymerase chain reaction for Lyme borreliosis (LB) and
relapsing fever (RF) including B. miyamotoi group spirochetes (77).
tBorrelia species was determined for 88 of 160 LB-positive samples and
all 3 RF-positive samples by sequencing a partial rrs-rrl intergenic spacer
region region (25) or, for B. valaisiana, a partial 16S rRNA gene (24).
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Figure 4. Frequency distribution of Lyme borreliosis group spiro-
chete load in larvae (A) and nymphs (B). Normal comparison for
the distribution of spirochete counts in larvae is shown. Values <1
cellftick found in 5 larvae and 4 nymphs are excluded from the
analysis.

nosis, which is commonly used in assessing reservoir com-
petence in the laboratory (17). A correlation between rate
of tick infestation and infestation with infected ticks is evi-
dence of a bird source of infection. Consistent with this
source, the proportion of birds infested with multiply
infected larvae and the observed counts of infected larvae
on individual birds exceeded the baseline values assumed
to represent a hypothetical transovarial transmission.
Furthermore, infection prevalence correlated with the
number of spirochetes in larvae, which suggests a new
variable for quantifying reservoir competence for Borrelia
transmission. Finally, Borrelia species composition in lar-
vae, namely, predominance of B. garinii and absence of B.
afzelii, indicates the bird source of infection (33).
However, inferring reservoir competence from measuring
infection of naturally infesting ticks has drawbacks.
Collection of only birds that had ticks on them at the time
of capture could lead to an underestimation of the preva-
lence of infection among the studied bird population. Also,
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in this study we could not follow-up and quantify the
infection of the nymphs that emerge from infected larvae,
a transition that determines the ability of the nymphs to
infect other hosts during subsequent feeding (17).

A negative binomial distribution of natural loads of
subadult I. ricinus on migratory birds is a common charac-
teristic of ectoparasitism (34,35), including infestation
with ticks (36). Similar to other hosts, infestation of migra-
tory birds is nonrandom, presumably due to different tick
densities at stopover sites along the migration routes.
These routes likely run in a south-north direction and
within boundaries of central and northeastern Europe. Two
indications of this are infestation of birds almost exclusive-
Iy with I. ricinus ticks, which prevail in these regions, and
the absence of I. persulcatus, a common bird parasite in
eastern Europe and Asia (37).

Different activation times of larvae and nymphs along
this geoclimatic axis also determine the dissociation
between infestations with the 2 stages, as indicated by
lack of correlation between their numbers on a given bird,
as well as relatively infrequent co-infestations. This disso-
ciation is further supported by the evidence of distinct
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Figure 5. Relationship between Lyme borreliosis spirochete load
and proportion of infected larvae (A) and nymphs (B). Values <1
cellftick were excluded from the analysis.

1093



RESEARCH

histories of infection with LB spirochetes of larvae and
nymphs: 1) greater prevalence of infection in nymphs than
in larvae; 2) correlation between prevalence of infection
and spirochete counts in larvae, but not nymphs; and 3)
bimodal distribution of spirochete counts in nymphs, but
not larvae, presumably due to residual infection in the
nymphs acquired during feeding at larval stage. Thus, the
2 subadult tick stages represent different aspects of migra-
tory birds’ involvement in the maintenance of Borrelia.
Whereas both stages contribute to the assessment of geo-
graphic dissemination and carrying capacity of infected
vector ticks by birds, larvae provide a direct measure of
birds’ competence in transmitting the spirochetes.

In comparison with other hosts, birds appear to be
infested with fewer ticks (19,22,38). For example, the
2.1-2.6 ticks per infested bird density found in this study
is =20-30 times less than that found on rodents in south-
central Sweden (39). Conversely, migratory bird popula-
tion estimates suggest that their actual contribution in
hosting, infecting, and disseminating ticks may be at least
as important as that of other hosts. For example, =150 mil-
lion migratory passerine birds come to their breeding
grounds in Sweden in the spring (40), and at least 2 times
that number migrate in the fall. Assuming that our findings
are representative of these bird populations and at
observed infestation and infection rates, =15 million
infested birds would disseminate 40 million ticks, of which
5.6 million would be infected with LB group spirochetes.
Five million of these ticks would carry B. garinii, and at
least one third would be infected by birds. The 16% extrap-
olated prevalence of B. garinii found in nymphs feeding on
migratory passerines in this study corresponds to =50% of
that found in pheasants in the United Kingdom, where
these birds are the major reservoir of this spirochete (13).
Thus, migratory passerines contribute to influx of B.
garinii into the natural circulation, where this species is
known to adapt to local enzootic transmission cycle
involving mammals.

Measuring the occurrence of ticks in 2 uniquely large
migratory bird collections in Scandinavia at a 10-year inter-
val provided consistent evidence of greater risk for expo-
sure to ticks among ground-foraging birds. As a result of
this increased risk, the infestation rate with infected ticks
and the proportion of presumably infected birds were
greater in ground feeders than in other birds. However, the
transmission of spirochetes from bird to tick, defined as the
amount and prevalence of infection in ticks, was similar
between the 2 migratory bird groups. Thus, a bird’s feeding
behavior, rather than other biologic differences, is a critical
determinant of its reservoir potential. Notwithstanding
exceptions and as a group, those birds that spend time on
the ground contribute most effectively to the maintenance
of both the vector ticks and the spirochetes.
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The agent of LB in North America, B. burgdorferi, is
associated with different vertebrate reservoirs, including
birds (4,31). The American robin, an abundant and com-
monly tick-infested passerine, is as effective as mice in
reservoir competence for this bacterium (17).
Understanding the contribution of this and other alterna-
tive reservoirs in enzootic maintenance of B. burgdorferi is
prerequisite for advancing prevention strategies for LB
(12).
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Reinfestation Sources for
Chagas Disease Vector,
Triatoma infestans, Argentina

Maria C. Cecere,* Gonzalo M. Vazquez-Prokopec,* Ricardo E. Gurtler,* and Uriel Kitront

Reinfestation by Triatoma infestans after insecticide
spraying has caused elimination efforts in the dry Chaco
region to fail repeatedly. The sources and spatial extent
that need to be considered to understand the reinfestation
pattern and to plan a comprehensive control program were
studied in 2 adjacent rural communities in northwestern
Argentina from 1993 to 1997. The effects of external, resid-
ual, and primary sources on the reinfestation pattern were
evaluated by using geographic information systems, satel-
lite imagery, spatial statistics, and 5-year retrospective data
for 1,881 sites. The reinfestation process depended on pri-
mary internal sources and on surrounding infested commu-
nities. In the dry Chaco, successfully reducing the risk for
reinfestation in a community depends on treating all com-
munities and isolated sites within 1,500 m of the target
community. In addition, during the surveillance phase,
spraying all sites within 500 m of new foci will delay reinfes-
tation.

riatoma infestans, the main domestic vector of Chagas

disease in Latin America, can disperse actively by fly-
ing or walking and passively through accidental carriage
on humans and their belongings (1,2). Based mostly on the
residual application of pyrethroid insecticides (3), an
ongoing regional T. infestans elimination program has
achieved only limited results in the dry Chaco region
because of repeated reinfestation. Sources for reinfestation
may be residual foci where triatomine bugs survived expo-
sure to insecticides, preexisting foci overlooked by vector
control staff, and adjacent infested communities left
untreated (4-7). In northwestern Argentina and Bolivia,
peridomestic foci of T. infestans detected just 1-3 months
after applying pyrethroids were most probably residual

*Universidad de Buenos Aires, Buenos Aires, Argentina; and
TUniversity of lllinois at Urbana-Champaign, Urbana, lllinois, USA
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foci (5,8-10). In the apparent absence of sylvatic foci of T.
infestans in northern Argentina (11), the appearance of
adult T. infestans can be explained by active dispersal from
foci located in its flight distance (12-14). This flight dis-
tance is well within the range of clustering detected around
external (up to 1,500 m) and internal sources (up to 400 m)
observed in an earlier study (7).

Using geographic information systems, satellite
imagery, spatial statistics, and retrospective data collected
over 5 years, we identified T. infestans sources after com-
munity-wide insecticide spraying in an isolated rural com-
munity, Amama4, in northwestern Argentina (7). One year
after spraying, an initial peridomestic focus was detected,
and subsequent infestations clustered around it. This clus-
tering suggested that residual spraying with insecticides in
the colonized site and all sites in a radius of 450 m is nec-
essary to prevent subsequent propagation of T. infestans.
However, because the communities under surveillance are
surrounded by other infested communities, preventing
reinfestation is more complex. As part of a larger project
on the ecoepidemiology and control of Chagas disease, we
applied spatial tools (7,15) to analyze spatiotemporal T.
infestans reinfestation patterns by following a blanket
insecticide spraying in 2 adjacent rural communities sur-
rounded by other communities with different histories of
infestation. We evaluated the role of various types of T.
infestans sources on the reinfestation pattern, with the
long-term goal of building a metapopulation model of rein-
festation.

Materials and Methods
Study Area

Field studies were conducted in the adjacent rural
villages of Trinidad and Mercedes (27°12'33”S,
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63° 02°10”W), Santiago del Estero Province, Argentina.
These communities were surrounded by other communi-
ties with diverse histories of infestation and insecticide
spraying. Villa Matilde, San Luis, and San Pablo were
close to Mercedes, and Pampa Pozo and a logging opera-
tion were close to Trinidad (Figure 1). All communities are
located in a semiarid plain where a hardwood forest has
been undergoing intensive exploitation. The area and his-
tory of infestation by T. infestans have been described pre-
viously (5,6,10). Communities consisted of 5 to 50
compounds. Most compounds include a domicile made of
adobe walls and thatched roofs and a peridomestic area
consisting of a patio and 3-8 structures (store rooms,
kitchen, corrals, etc.) (16) and vary greatly in size. All
domiciles were identified with a numbered plaque and
mapped in 1992; new and abandoned structures were con-
tinuously recorded.

Mapping and Geospatial Processing

An Ikonos satellite image (Space Imaging, Atlanta, GA,
USA) sharpened to 1-m spatial resolution was georefer-
enced by global positioning system (GPS) (Trimble
GeoExplorer 11, Trimble Navigation Ltd., Sunnyvale, CA,
USA) readings from landmarks in the field. The image and
sketch maps from each compound were used to digitize
structures that were not located originally with the GPS.
The exact location of all structures (sites) was overlaid on
the image by using sketch maps from each compound. The
entomologic database from Trinidad, Mercedes, and
neighboring communities was associated with geographic
coordinates (in Universal Transverse Mercator, Zone 20S,
WGS1984 datum) of each identified structure by using
ArcGIS version 8.1 (Environmental Systems Research
Institute, Redlands, CA, USA).

Field Surveys

In the baseline survey conducted in March 1992, T.
infestans infested 88% of domiciles and 50% of perido-
mestic structures and colonized 79% and 38% of them,
respectively (10). In October 1992, all compounds in
Trinidad and Mercedes were sprayed with the pyrethroid
deltamethrin (25 mg active ingredient/m2) (K-Othrina,
Agrevo, San Isidro, Argentina) by the Servicio Nacional de
Chagas (NCS). The effectiveness of spraying was then
assessed for each site by 2 technicians who spent 10 min-
utes per compound; all residual foci detected were imme-
diately sprayed in December 1992 (5). The surveillance
phase included community participation and selective
insecticide spraying by NCS in sites with >1 T. infestans
from 1993 to 1995 and by residents of compounds from
1996 to 2002 (10). The adjacent communities of Villa
Matilde and Pampa Pozo were sprayed by NCS between
October 1993 and May 1994; San Pablo was sprayed by
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Figure 1. Study area: Trinidad, Mercedes, and neighboring com-
munities, northwestern Argentina. Inset shows location of Moreno
Department in Santiago del Estero Province.

residents in late 1994. The study objectives were explained
to residents, and all participants signed an informed con-
sent form.

Each domestic and peridomestic site in Trinidad and
Mercedes was searched annually for triatomine insects
from October 1993 to November 1997 (17). Two skilled
insect collectors from NCS searched bedrooms, while
another person searched peridomestic structures, for 30
minutes (1 person-hour and 0.5 person-hours, respective-
ly) by using timed manual collections with 0.2% tetram-
ethrin (Icona, Buenos Aires, Argentina) as an irritant agent
(the flushing-out method). In peridomestic sites, addition-
al searches for bugs were conducted in May 1995, 1996,
and 1997 (0.5 person-hours per peridomestic compound).
In May 1993, householders’ collections in each compound
were initiated by providing a labeled, self-sealing, plastic
bag to each household. In addition, from May 1993 to
November 1997, domestic sensor boxes (Biosensor,
Biocientifica de Avanzada, Buenos Aires, Argentina)
placed in bedrooms were inspected semiannually for evi-
dence of infestation. In November 1995, intensive search-
es for insects by knock-down collections were done in a
few domiciles (17). All bugs were identified to species and
stage (18).

Statistical Analysis
We restricted the analysis of the reinfestation process to
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1993 through 1997, when the system was less perturbed by
selective insecticide spraying (the effects of which will be
presented elsewhere) than thereafter. Infestation and total
numbers of T. infestans in domestic sites were estimated on
the basis of insects collected by flushing out, in sensor
boxes, and by householders, and in peridomestic sites by
flushing out. Prevalence and abundance of infestations
were calculated for all types of peridomestic structures
with >1 infested site detected from 1993 to 1997. In this
study, cluster refers to an unusual aggregation of sites with
high abundance of insects that are grouped together in time
and space. Global (weighted K-function) and local (Gi[d])
spatial statistics were used to detect clustering of insects
within the study area and to identify epicenters of infesta-
tion. The weighted K-function was used to analyze the spa-
tial distribution patterns of abundance of T. infestans
among all sites in the study area (19). A local spatial statis-
tic, such as Gi[d] (20), can be used as a focal statistic when
the weight of the point being evaluated is not included in
the calculation (7,21,22). Gi[d] was used as a focal spatial
statistic to measure spatial clustering of T. infestans abun-
dance around known and suspected sources of T. infestans
reinfestation and to calculate the range of distances over
which such reinfestation occurred (7). Then, clustering
occurs as long as Gi[d] values remain significant with
increased distance, and peak clustering occurs when Gi[d]
is maximized (20). When considering >1 site as a potential
source, we corrected for multiple comparisons (23).
Spatial analyses were performed by Point Pattern Analysis
software (San Diego State University, San Diego, CA,
USA) (24).

All sites that were positive after spraying were consid-
ered reinfested, including those that were newly infested,
those where insects were discovered after intervention that
may have survived treatment, and those with insects that
had migrated into the trial site after intervention.
Reinfestation sources of T. infestans were classified as fol-
lows: a) within communities, sources were residual if T.
infestans colonies were detected in December 1992 imme-
diately after the spraying and new otherwise; b) sources
were primary if T. infestans colonies could not be attrib-
uted to other sources and secondary if they could be asso-
ciated with an earlier primary source; c) internal sources
occurred within the community, while external sources
were outside the specific community (though they may
have been internal to another community).

A compound was invaded when a single adult insect (or
very few insects) was found in >1 structure in a given sur-
vey. A structure was infested when >1 insect was found in
it, and a compound was infested when >1 structure in it
was infested. A site was colonized when >1 nymph was
found in it, and a compound was colonized when >1 struc-
ture in it was colonized.
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Results

The overall prevalence of infestation in Trinidad-
Mercedes was <3% through May 1995 and increased to
5%-8% thereafter (Figure 2). Colonization also increased
from =1% through May 1995 to =3% through May 1997
and to >5% in November 1997. The geometric mean num-
ber of T. infestans per positive site fluctuated from 1 to 4,
peaking in May 1996 and November 1997. Of 403 T. infes-
tans captured, 248 (62%) were collected from peridomes-
tic sites (Table). Goat corrals had more infested sites and
larger T. infestans populations than other peridomestic
structures.

The spatio-temporal reinfestation process varied
between Trinidad and Mercedes (Figure 3). In Trinidad,
=1.5 year after spraying (February 1994), the residents of 1
compound caught 25 bugs in a chicken coop. By November
1994, one domicile and 3 peridomestic sites (including a
small granary) around this chicken coop were infested, and
by May 1996, another colony was detected in a goat corral
at the same compound. In western Trinidad, in November
1995, one colony was detected east of Pampa Pozo and
south of the logging operation. Five years after spraying
(1997), the number of infested sites and insects peaked,;
infestation clustered up to 600 m around a goat corral that
hosted the largest colony detected after the 1992 spraying.

In Mercedes, in May 1995, only 2 adults (1 from each
of 2 domiciles) and 1 nymph in a storeroom were captured.
In November 1995, this storeroom was colonized, and
adult insects were captured in the corresponding domicile.
The infested site nearest to this storeroom was in the small
community of San Pablo. Three years after spraying, insect
populations were dispersed all over Mercedes, and by May
1996, the abundance of T. infestans per site was higher
than ever.

Residual Foci of T. infestans

In Trinidad, 2 residual foci were detected in December
1992, but significant (Gi[d] >2.94, p = 0.05) clustering was
detected only in May 1995 around 1 of them and only up
to 50 m. Since the effects of this focus overlapped with the
effects of the logging operation that was active from 1994
to 1996, this residual focus does not appear to be an inde-
pendent source of T. infestans.

In Mercedes, 2 residual foci were detected in December
1992. Only around 1 of them, a storeroom, did we detect
significant (Gi[d] >2.94, p = 0.05) clustering up to 100 m
in May 1996, increasing to 250 m in November 1996
(Figure 3). This residual focus was not a likely source of T.
infestans in 1996, given the time since this source was
sprayed in 1992. A primary source detected in 1995 (with
which the clustering effect of the residual focus over-
lapped) provided a more likely source for reinfestation in
1996.
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Figure 2. Percentage of infested and colonized sites and number
of Triatoma infestans per positive site from 1993 to 1997 in
Trinidad-Mercedes, Argentina.

Primary and Secondary Sources

In Trinidad, a chicken coop was a primary source of
reinfestation in May 1994, with substantial focal clustering
of insects up to 300 m around it in November 1994 and up
to 200 m in May 1997 (Figure 3). Clustering at 300 m was
also observed in May 1997 around a granary found to be
colonized in November 1994, only 13 m from this primary
source. In May 1997, several infested sites were detected
in the influence area of the primary and secondary sources;
the largest colony was associated with these sources, a goat
corral in the center of Trinidad.

In Mercedes, a storeroom was considered a primary
source of T. infestans in May 1995, when only 1 fifth-
instar nymph was collected from it, and in November 1995
when it was found to be colonized and immediately
sprayed. Significant focal clustering was registered up to
450 m around this storeroom in May 1996 and up to 500 m
in November 1996 (Gi[d] >2.88, p<0.05) (Figure 3). This
site was the nearest neighbor (900 m) to a compound in
San Pablo infested with T. infestans in May 1997 and was
believed to have been infested earlier. In February 1994,
San Pablo was sprayed with residual insecticides by resi-
dents. Since San Pablo was not treated by professional
spraying teams and because 1 of its compounds contained

Triatoma infestans Reinfestation, Argentina

a dense colony, we considered it a potential external source
of T. infestans for Mercedes until 1997.

External Sources

In Trinidad, 3 external sources of T. infestans were test-
ed as potential sources for reinfestation. A small logging
operation (Figures 1 and 3) in the northwestern extreme of
Trinidad, 1,400 m from the nearest compound in Trinidad
and overlooked during the 1992 spraying campaign, was
found to be infested 2 years after spraying (1994) and
remained infested until November 1996, when it was
sprayed. Significant (Gi[d] >2.94, p<0.05) clustering
around this site was registered at 1,450-1,700 m in May
1995 (Figure 3). The 5 compounds of the Pampa Pozo
community were sprayed 1 year after blanket spraying of
Trinidad and Mercedes. Three of the 5 compounds were
infested before spraying, and the closest to Trinidad (650
m) was found to be colonized before being sprayed in late
1993. This compound was tested as a potential source of
insects, and significant clustering (Gi[d] >2.94, p<0.05)
was registered around it from 700 to 1,500 m in May 1995.
Thus, the adult invasion registered from November 1994
to 1996 and several infestations in western Trinidad appear
to have occurred while a stable focus in the logging oper-
ation and the more temporary focus at Pampa Pozo were
present.

A compound in San Pablo that was infested in May
1997 and suspected of having been infested earlier was
analyzed as an external source of T. infestans to Mercedes.
A significant (Gi[d] >2.94) clustering at 950-1,450 m in
November 1995, and at 950-1,200 m in 1996, was regis-
tered around this site (Figure 3). The nearest infested com-
pound of Villa Matilde in October 1993, close to the
southeastern extreme of Mercedes, was infested with only
adults in November 1995 and May 1996 and was not a
likely source of reinfestation.

We also considered infested sites at each of the 2 com-
munities as potential sources for reinfestation in the neigh-
boring community. None of the infested sites in Trinidad
was found to have contributed to the reinfestation of

Table. Prevalence of infestation and number of Triatoma infestans insects by type of structure in Trinidad-Mercedes, Argentina,

October 1993 to November 1997

Geometric mean no. bugs

Structure No. sites inspected No. positive sites (%) per infested site No. T. infestans
Domicile 387 44 (11) 1.9 155

Goat corral 296 21 (7) 1.7 142
Kitchen or storeroom 248 15 (6) 2.4 78

Pig corral 239 3(1) 1.6 15
Chicken coop 43 1(2) 1 1

Tree (with or without chickens) 308 3(1) 1 3

Other* 360 1(0.3) 9 9

Total 1,881 88 (5) 22 403

*Included sheds with only a roof, bathrooms, cow and horse corrals, chicken roosts, wood piles, and small granaries. Of these, only 1 small granary was

infested.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 12, No. 7, July 2006

1099



RESEARCH

October 1993 N
A

May-November 1994

May 1995 November 1995

May 1997 November 1997

Figure 3. Abundance of Triatoma infestans in domestic and peridomestic sites: focal clustering distances of insect abundance around

residual foci, primary and secondary sources, and external sources from 1993 to 1997 in Trinidad-Mercedes, Argentina.

%, logging

operation; M, peridomestic structures in Pampa Pozo; A, peridomestic structures in San Pablo.

Mercedes, nor did the Mercedes sites appear to have con-
tributed to the reinfestation of Trinidad.

In addition to active dispersal, 2 large triatomine
colonies, which contained most instars, were detected in
domiciles in Mercedes. According to householders’
reports, we attribute these colonies to passive transport of
T. infestans in bags and furniture brought from another log-
ging operation =2,600 m away. A search of these belong-
ings turned up numerous nymphs and adult bugs.

Discussion

The reinfestation dynamics of T. infestans in rural areas
are heterogeneous in space and time and are a function of
processes operating both within and between communities.
Because control actions were not applied simultaneously
throughout the target area of Trinidad and Mercedes,
neighboring communities were external sources of reinfes-
tation, while several peridomestic sites within the 2 com-
munities became internal sources of reinfestation. In
Mercedes, reinfestation was driven by a residual focus in
1992 and by a suspected external source in 1993, from
which a primary internal source may have originated in
1995. In Trinidad, an internal source (a chicken coop in
1994) and 2 external sources (in 1993) were detected.

Residual foci were detected both in Trinidad and
Mercedes, even when the insecticide spraying was per-
formed by professional staff. Domestic residual foci were
rare because pyrethroid insecticides have long-lasting
residual effects indoors (25,26) but wane rapidly in perido-
mestic structures (27). Peridomestic residual foci are typi-
cally wooden structures with much of their surface
exposed to extreme weather conditions and are difficult to
spray adequately, as was also noted in the residual foci
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detected in Amama in 1992 (5,7). The residual foci in
Trinidad-Mercedes were not primary sources and acted
only at relatively short distances (<250 m) within a 30- to
48-month lag. Conversely, in the isolated Amam4, all rein-
festation was driven by a residual focus (a pig corral) that
became a primary source (7).

The effects of primary sources on reinfestation in
Trinidad and Mercedes were similar, acting within a 6- to
30-month time lag and within a spatial range of 500 m.
Primary sources that developed after blanket spraying pro-
duced more sites with high numbers of insects than did
residual foci. The spatial range of infestation was notably
similar to that registered previously in Amama (7). Thus,
primary sources appeared to act similarly in space and time
on different types of landscape and arrangements of com-
pounds and on areas with different histories of T. infestans
infestation. Primary sources also appeared to have origi-
nated from external sources or residual foci, at least in our
study area. In Mercedes, the primary source probably came
from an external source, and in Trinidad it might have been
a residual focus that was not detected by flushing-out
searches after spraying in 1992 and 1993.

The large insect abundance found in February 1994 in
a chicken coop, considered a primary source of reinfesta-
tion in Trinidad, indicated that the colony was founded >2
years previously (28). This source was probably originally
a residual focus that then became a primary source, as with
a pig corral in Amama (7). The closer an external source is
to the target community, the higher the risk that primary
sources will appear in the community. The suspected exter-
nal source in San Pablo, 600 m from Mercedes, apparent-
ly produced a primary focus, while the farthest source,
8 km away in Amama, was not associated with reinfesta-
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tion in Trinidad-Mercedes. Other external sources with
persistent infestations (the logging operation and Pampa
Pozo), located between 0.9 and 1.5 km away, did not pro-
duce any primary sources in Trinidad, but frequent find-
ings of adult insects and colonized sites in western
Trinidad can be attributed to them. The logging operation
was more distant but lasted longer as a source (until it was
sprayed in late 1996) and affected a wider area than the
Pampa Pozo source that was sprayed earlier (in 1993).
Thus, external sources had asynchronous dynamics with
respect to internal sources, and their effects varied accord-
ing to the distance from the target community and the his-
tory of infestation.

The primary sources for each community did not serve
as external sources for each other, although they were only
=500 m apart. In part, this lack of effect may be explained
by the proportion of suitable habitat surrounding each
source and the degree of spatial heterogeneity. Studies of
mosquito vectors showed less dispersal of Aedes aegypti in
areas where compounds were clustered than in areas where
they were farther apart, and mosquito vectors tended to be
spatially clustered at the household level in rural habitats
with abundant human hosts and oviposition sites (29,30).
In our study, internal sources were surrounded by more
suitable sites for T. infestans than external sources, and the
shorter distances between source and target increased the
probability that insects would establish a new colony.
Furthermore, the canal with running water between
Trinidad and Mercedes may have been a barrier to T. infes-
tans flight dispersal in each direction. A similar situation
was found in Amama where the northern infestation source
was considered independent of the southern source, and
the 2 were separated by a canal (7).

In addition to active dispersal, passive transport of T.
infestans in workers’ belongings provided an additional
means of introducing bugs into communities. The weak
local rural economy and unstable occupations of migrant
workers enhanced this phenomenon. Contiguity and com-
munication between more distant communities need to be
considered for vector control programs in light of passive
transport of T. infestans.

Our results suggest that control vector programs should
cover potential external sources around the target commu-
nity, at least up to 1,500 m, to reduce adult insect invasion;
define the minimum control unit of T. infestans to increase
cost-effectiveness of chemical control actions; and plan
surveillance on the basis of residual spraying of recolo-
nized sites and all sites within 450-500 m to prevent the
subsequent propagation of T. infestans. Future work will
aim to improve our understanding of the T. infestans rein-
festation process under different regional conditions.
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Rickettsia sibirica Isolation from
a Patient and Detection In
Ticks, Portugal

Rita de Sousa,* Concei¢do Barata,t Liliana Vitorino,¥ Margarida Santos-Silva,* Carlos Carrapato,§
Jorge Torgal,| David Walker,# and Fatima Bacellar*

We report the first isolation of Rickettsia sibirica (strain
mongolotimonae) from the blood of a patient and detection
by polymerase chain reaction (PCR) of the rickettsia in a
Rhipicephalus pusillus tick collected from a dead mon-
goose (Herpestes ichneumon) in the Alentejo region,
Portugal. We describe also the first PCR detection of a new
Rickettsia strain that is related to R. sibirica.

Rickettsia sibirica (strain mongolotimonae), initially
named strain HA-91, was originally isolated from a
Hyalomma asiaticum tick collected in the Alashian region
of Inner Mongolia in 1991 (1). Since then, this emerging
strain has been detected in other Hyalomma species, such
as H. truncatum and H. excavatum, and in different areas
of the world (2,3). In 1996, the first human case of infec-
tion caused by this rickettsia was described in France (4).
This new strain was isolated from the blood and the skin of
a patient admitted in March to the Hospital La Timone in
Marseille. The patient had a mild illness with an eschar,
rash, and fever. The unusual aspect of the case was its
occurrence in March, when Mediterranean spotted fever
(MSF) is rarely reported. Subsequently, other human cases
were described in France, and diagnosis was confirmed by
rickettsial isolation or polymerase chain reaction (PCR)
detection of the agent in eschar and serum specimens.
Cases outside of France have been reported in South Africa
and Greece (3-5).

*Instituto Nacional de Salde Dr Ricardo Jorge, Aguas de Moura,
Portugal; tHospital do Espirito Santo-Evora, Evora, Portugal;
fFaculdade de Ciéncias da Universidade de Lisboa, Lisbon,
Portugal; §Instituto da Conservagdo da Natureza, Mértola,
Portugal; flUniversidade Nova de Lisboa, Lisbon, Portugal; and
#University of Texas Medical Branch, Galveston, Texas, USA
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In Portugal, the only previously recognized rickettsios-
es were caused by strains of R. conorii complex and R.
typhi (6,7). However, R. slovaca, R. aeschlimannii, and R.
helvetica have been isolated and detected by PCR in
Portuguese ticks (8). We report the first isolation of R.
sibirica (mongolotimonae strain) in Portugal from the
blood of a patient with an initial clinical diagnosis of MSF
and the detection of this rickettsia by PCR in a tick from
the same region.

Case Report

A T73-year-old woman was admitted to Espirito do
Santo Hospital in Evora, Alentejo region, on August 18,
2004. No history of travel, tick exposure, or direct contact
with domestic animals was reported.

Before admission, the patient sought treatment from her
family physician with redness and swelling of the third
right toe. She was treated with 5 mg amlodipine. Three
days later, her clinical symptoms had progressed. She
exhibited fever, myalgia, prostration, and anorexia and was
admitted to the hospital. On physical examination, the
patient had a nonpuritic, generalized, erythematous, macu-
lopapular rash involving the entire body, including the
palms and soles. She was alert and oriented. Her mucous
membranes appeared normal, and she had no jaundice or
cyanosis. Physical examination found no difficulty in
breathing, and her vital signs included temperature 39.6°C,
respiratory rate 24 breaths/min, heart rate 81 beats/min,
and blood pressure 156/72 mm Hg. Her heart and lungs
were normal on examination. Her abdomen had normal
peristaltic sounds, and she had no pain on superficial or
deep palpation. The patient had a small, deep purple lesion
on the anterior aspect of her right third toe. A presumptive
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diagnosis of MSF was made, and treatment was initiated
with penicillin G and 110 mg doxycycline, twice a day for
7 days; 48 hours later the patient was afebrile, and the rash
had disappeared.

Laboratory evaluation showed a leukocyte count 7.8 x
103/uL with 86.4% neutrophils, hematocrit 42%, platelet
count 177,000/uL, serum creatinine 1.0 mg/dL, alanine
aminotransferase 93 IU/L, aspartate aminotransferase 116
IU/L, total bilirubin 0.8 mg/dL, creatine phosphokinase
267 IU/dL, lactate dehydrogenase 1,057 IU/L, and C-reac-
tive protein 18.23 mg/dL. The chest radiograph did not
show consolidation or other abnormality. Although the
patient’s condition gradually improved, her hepatic
enzymes remained elevated.

Materials and Methods
Human Study

Isolation of Rickettsiae

A blood sample (5 mL) was collected from the patient
in a sterile heparinized vacutainer (6 days after the onset of
illness). The blood was left to sediment for 1 h, and the
plasma, buffy coat, and erythrocytes were separated and
stored in 1.8-mL tubes (Nunc) at —80°C. The buffy coat
was added to a single shell vial seeded with Vero cells
(African green monkey fibroblast cells) and centrifuged at
700 x g for 1 h in Eagle’s minimal essential medium
(MEM) at 22°C by using the centrifugation-enhanced
shell-vial technique (9). After centrifugation, the super-
natant was discarded, and 1 mL MEM was added. The
shell vial was incubated at 32°C, and on day 6, the cell
monolayer from the shell vial was scraped with glass beads
and was transferred to a confluent monolayer of Vero cells
in a 25-cm2 culture flask, but no Gimenez staining or
immunofluorescence assay (IFA) was conducted. For a
period of 6 days, the monolayer was scraped daily, and a
slide was prepared for Gimenez staining as previously
described (10). At day 5, when microscopy showed rick-
ettsial growth by Gimenez staining, a new slide was pre-
pared to identify the bacterial growth by IFA, by using
polyclonal human sera (pool of positive sera from patients
containing immunoglobulin G (1gG) antibodies against R.
conorii) as previously described (11). The cells were
scraped with glass beads, 3 aliquots were stored in 1.8-mL
tubes (Nunc) at —80°C, and the fourth was used to propa-
gate the rickettsial isolate into a fresh confluent monolay-
er of Vero cells in a 25-cm2 culture flask. After 8 days, the
cells of the flask were scraped, and the cell suspension was
harvested, centrifuged at 5,000 rpm for 30 min, and resus-
pended in phosphate-buffered saline (PBS) for DNA
extraction.
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Serologic testing of the patient’s acute-phase serum
(i.e., collected 6 days after the onset of illness) was per-
formed by indirect IFA with antigens R. conorii Malish
strain and R. typhi prepared at the Instituto Nacional de
Saude Dr Ricardo Jorge as previously reported (11). IgM
titers >64 and 1gG titers >128 for R. conorii and R. typhi
were considered diagnostic of spotted fever or typhus rick-
ettsiosis, respectively. After the isolate was characterized,
the patient’s serum was tested again by using the new R.
sibirica (mongalotimonae strain) isolate as antigen.

DNA Extraction, PCR, and Sequencing

DNA was extracted from 200 pL of PBS cell suspen-
sion by using the DNeasy tissue Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s recommenda-
tions. PCR assays targeting the rickettsial genes for citrate
synthase (gltA) and outer membrane protein A (ompA)
were performed with specific primers. For citrate synthase
gene (gltA), novel primers were designed, RpCS.415 (for-
ward, 5 GCTATTATGCTTGCGGCTGT 3") and RpCS.
1220 (reverse, 5° TGCATTTCTTTCCATTGTGC 3),
which amplify a 806-bp fragment. For the ompA gene, the
primers Rr190.70p and Rr 190.602n, which amplify a 532-
bp fragment, were used as previously described by
Regnery et al. (12). Samples that yielded PCR products
were confirmed by using a PCR assay incorporating the
120-M59” and 120-807" primer pair, which amplifies a
833-bp fragment of the ompB gene of Rickettsia, as previ-
ously described by Roux and Raoult (13). PCR was per-
formed in a 50-uL reaction mixture containing 25 pL of
the High Fidelity PCR Master Kit buffer (Roche
Diagnostics, GmbH, Mannheim, Germany), 2 uL of each
primer at 0.2 umol/L, and 5 puL genomic DNA.
Amplification was performed in a DNA thermocycler (T-3
thermoblock 1, Biometra, Goettingen, Germany) under the
following conditions: 2 min of initial denaturation at 94°C,
then 35 cycles of 94°C for 30 s, 58°C (gltA) or 52°C
(ompA, ompB) for 30 s, and 72°C for 90 s. Amplification
was completed by holding the reaction mixture at 72°C for
7 min to allow complete extension of PCR products. For
each reaction, a negative control (water) was included, and
no positive control was used to avoid contamination. Five
microliters of the PCR products were resolved by elec-
trophoresis in 1.2% agarose gel, stained with ethidium bro-
mide, and examined by UV transillumination. PCR
products were purified by using the QlAquick Spin PCR
purification kit (Qiagen) as described by the manufacturer.
The purified PCR products were sequenced in an ABI
automated sequencer (Applied Biosystems, Foster City,
CA, USA) by using the ABI PRISM Big Dye Terminator
Cycle Sequencing Ready Reaction Kit (Applied
Biosystems), according to the protocols supplied by man-
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ufacturers. All sequences were determined by the consen-
sus of the forward and reverse sequence analysis. The
sequences of the gltA, ompA, and ompB amplicons were
aligned with the corresponding sequences of other
Rickettsia species available in GenBank/EMBL database,
by using BLASTN software (14).

Phylogenetic Analysis

Phylogenetic relationships were inferred by using
PAUP version 4b10 (15). For ompA gene analysis, a phy-
lodendrogram was constructed by the neighbor-joining
method, and distance matrixes were calculated by using
the Kimura 2-parameter model to correct for multiple sub-
stitutions (16,17). Bootstrap values for the trees were
obtained from 1,000 randomly generated trees.

Tick Study

Collection of Ticks

Atotal of 175 ticks were collected in different locations
in the Alentejo region, for example, Beja, Ourique,
Mourdo (Alqueva Dam), and Mértola (Natural Park of
Guadiana), during 2004. The species were identified on the
basis of morphometric characteristics by 1 author (M.
Santos-Silva), and ticks were kept in individual sterile
tubes without any additive at —-80°C until further
processed.

DNA Extraction, PCR, and Sequencing

Ticks were washed for 5 min in iodinated alcohol and
then in sterile distilled water for 5 min before being dried
on sterile filter paper. DNA was extracted from ticks by
using alkaline hydrolysis, as described previously (18).
DNA from each tick was used as template in PCR assays
targeting the rickettsial gene for citrate synthase (gltA) by
using the same primer set (RpCS.415 and RpCS.1220) that
was used for characterization of the human isolate.
Samples that yielded PCR products were subsequently
confirmed by another PCR by using primers Rr190.70p
and Rr 190.602n for ompA. In 2 of the PCR-positive ticks,
the presence of rickettsia was confirmed by using the
primers 120-M59’and 120-807 for ompB to generate addi-
tional sequence data (14). PCR amplification, sequencing,
and data analysis were performed as the protocol described
above for the characterization of the rickettsial isolate
obtained from the patient.

Nucleotide Sequence Accession Numbers

The GenBank nucleotide sequence accession numbers
for partial sequences of gltA, ompA, and ompB genes gen-
erated in this study as follows. For PoHu10991, they are
DQ423368, DQ423365, and DQ423364, respectively; for
PoTiRb169, they are DQ423369, DQ423366, and
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DQ423363, respectively; and for PoTiRp53, they are
DQ423370, DQ423367, and DQ423362, respectively.

Results

An isolate was obtained from the blood of the patient.
The rickettsia was first detected in culture by Gimenez
staining and IFA, and then the established isolate was char-
acterized by PCR assays and sequencing. By BLAST
analysis, the gltA sequence of the human isolate
(PoHu10991) was 99.8% (653/654 bp), similar to that of
R. sibirica (U59731). The ompA sequence was 99.8%
(480/481 bp), similar to that of Rickettsia sp. HA-91 strain
(U43796), and the ompB sequence was 100% (776/776),
similar to that of R. sibricia (mongolotimonae strain)
(AF123715). These data show that our isolate is definitive-
Iy R. sibirica mongolotimonae strain.

The patient’s acute-phase serum contained neither IgM
nor 1gG antibodies that reacted with R. conorii or R. typhi
antigen by IFA. A second serum sample was not available.

Of the 175 ticks collected in nonsystematic schedule
from March through August in different locations in the
Alentejo region (Figure 1), 5 were Rhipicephalus bursa, 12
R. turanicus, 20 R. pusillus, 68 R. sanguineus, 59
Hyalomma lusitanicum, and 11 Dermacentor marginatus.
The ticks were collected from different animals including
Egyptian mongoose (Herpestes ichneumon), sheep (Ovis
aries), cow (Bos tauros), dog (Canis familiaris), and veg-
etation (Tables 1 and 2). Rickettsial DNA was detected in
12 (6.9%) of the 175 ticks examined. Nine Rhipicephalus
spp. and 3 D. marginatus contained rickettsiae detected by
PCR (Table 2). All 59 H. lusitanicum were negative for
rickettsial DNA. DNA from 1 male tick, identified as R.
pusillus, collected in March from a dead Egyptian mon-
goose (Herpestes ichneumon) in the Alqueva Dam region
(Figure 1), contained a rickettsia exhibiting nucleotide
sequence of gItA 99.8% (654/655 bp) similar to Rickettsia
sp. HA-91 (U59731). For ompA the sequence was 100%
(484/484 bp) similar to Rickettsia sp. HA-91 (U43796),
and the ompB sequence was 100% (660/660 bp) similar to

Figure 1. Site of tick collection in the Alentejo region.
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Table 1. Number of Rhipicephalus spp. collected in the Alentejo region and identified rickettsiae

Month/site Origin Tick species (no., sex)* Identified rickettsia
March
Beja Egyptian mongoose Rhipicephalus turanicus (2M) 1 Rickettsia bar29
Mouré&o Vegetation R. turanicus (1M) 1 Rickettsia bar29
Egyptian mongoose R. pusillus (13F;7M) 1 R. sibirica
May
Meértola Dog R. sanguineus (8F; 22M) 2 Rickettsia bar29
Vegetation R. sanguineus (2F; 4M) -
R. turanicus (2F) -
Cow R. sanguineus (3F) -
R. bursa (2M) -
Sheep R. sanguineus (1F) -
R. bursa (1F; 2M) 1 Rickettsia sp.
R. turanicus (2F; 4M) 1 Rickettsia bar29
Ourique Dog R. turanicus (1M) 1 Rickettsia bar29
Beja Dog R. sanguineus (6 M) 1 Rickettsia bar29
R. sanguineus (1M) -
June -
Ourique Dog R. sanguineus (10F; 7M) -
August
Mértola Dog R. sanguineus (2F, 2M) -

*F, female; M, male.

R. sibirica mongolotimonae strain (AF123715). This
Portuguese strain was designated PoTiRp53.

A second rickettsia species designated PoTiRb169 was
identified in 1 R. bursa tick. The gltA sequence was 99.2%
(655/660) similar to that of R. sibirica (U59734). The
ompA was 97.5% (504/517) similar to that of Rickettsia
africae (U83436), and the ompB was 98.6% (789/800)
similar to that of R. africae (AF123706).

R. massiliae (bar 29 strain) was detected in 4 R. turan-
icus and 3 R. sanguineus ticks. Rickettsia sp. strain RpA4
was detected in 3 D. marginatus ticks. These data will be
presented in a separate report.

Phylogenetic analysis based on the ompA-encoding
gene showed that the human isolate PoHU10991 is most
closely related to R. sibirica monglotimonae strain
(GenBank accession no. U83439) as well as to the strain
PoTiRp53, which was detected in R. pusillus. This cluster
is supported by a high bootstrap value (>85%) (Figure 2).
Rickettsia sp. PoTiRb169 strain is related to the R. sibirica
cluster; however, the bootstrap value is low (52%), which
means that this genotype was not accurately identified.

Discussion

To our knowledge, this is the first reported isolation of
R. sibirica (strain mongolotimonae) from a patient’s blood
in Portugal. The patient, whose condition was originally
diagnosed as MSF, sought treatment with 1 lesion on her
toe that resembled a tick bite; fever; and maculopapular
rash; these signs occurred in the month with the highest
incidence of MSF. Therefore, no one suspected, on epi-
demiologic and clinical grounds, that she had a rickettsio-
sis that was different from MSF. The blood specimens
were sent to our laboratory for routine serodiagnosis and
blood culture. Our laboratory had long experience in isola-
tion of rickettsiae from the blood of patients (>80 strains
isolated) and performed the usual procedure for blood
samples (19). The blood isolation was a marked achieve-
ment in identifying R. sibirica (strain mongolotimonae)
because even if the patient had antibodies but no rickettsial
isolation, we would have problems differentiating the ill-
ness from other rickettsial infections, since the serum
cross-reacted with R. conorii antigen and in our laborato-
ry, IFA for this rickettsia was not available. Determining

Table 2. Number of Hyalomma lusitanicum and Dermacentor marginatus collected in the Alentejo region and identified rickettsiae

Month/site Origin Tick species (no., sex)* Identified rickettsia
March
Mouré&o Vegetation H. lusitanicum (10F; 6M) -
April
Mértola Vegetation D. marginatus (2F; 3M) -
May
Mértola Vegetation H. lusitanicum (23F; 15M) -
Cow H. lusitanicum (1F; 3M) -
Sheep H. lusitanicum (2M) -
Vegetation D. marginatus (6F) Rickettsia sp. RpA4

*F, female; M, male.
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Figure 2. Unrooted consensus tree inferred from 1,000 replicated
trees based on partial ompA gene sequence. Evolutionary dis-
tances were estimated by the Kimura 2-parameter model, and
phylogenetic relationships were assessed by neighbor-joining
method. Bootstrap values are indicated at the nodes. Branches
with bootstrap values <50% are collapsed. Portuguese Rickettsia
strains are indicated by boldface type. GenBank accession num-
bers are indicated for each rickettsia.

how many days were necessary for the patient’s serocon-
version would be useful, but a second serum sample was
not available.

This patient exhibited clinical signs and symptoms sim-
ilar to MSF, and she did not manifest lymphangitis or
enlarged lymph nodes, a clinical feature that has been pro-
posed as typical of R. sibirica (strain mongolotimonae)
infection because it occurred in 44% of French patients
with this infection (20). Characterizing and differentiating
rickettsioses only on the basis of clinical manifestations is
difficult since the same agent can exhibit different signs,
depending on the host. In fact, in Israeli spotted fever, a
study of Portuguese patients found no significant differ-
ences in the presence of eschars among patients infected
with different strains of R. conorii. In contrast, in most
cases reported from Israel, the eschar is rare or absent (19).
Furthermore, infections caused by different Rickettsia spp.
can cause the same sign, and not only the typical signs; for
example, lymphangitis has been reported in African tick
bite fever, R. heilongjiangensis infections, and as a reac-
tion to argasid tick bites (21-23). Among 12 patients with
R. sibirica mongolotimonae strain infection, 3 (25%), from
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Algeria, South Africa, and Portugal, were bitten by a tick
on the foot, and in the last 2 patients, the eschar was found
between the toes. Series of MSF cases have reported
eschars on the leg but not in the foot (6,19).

Most of the cases caused by R. sibirica (strain mon-
golotimonae) reported in France have occurred in the
spring, including only 1 case in early July, whereas the
patients from South Africa and Greece were ill in winter.
In contrast, our case occurred in August during the peak of
the MSF season. Probably the occurrence of these cases in
different months could be related to the differences in sea-
sonal activity and population dynamics of different vec-
tors. In countries such as Mongolia, Greece, Niger, and
South Africa, R. sibirica is likely transmitted by
Hyalomma ticks, but we report for the first time that a new
tick host, Rhipicephalus pusillus, might be also implicated
in the transmission of this rickettsia in Portugal. This find-
ing alerts us to the possibility that the number of tick gen-
era and species infected with R. sibirica (strain
mongolotimonae) may be larger than the originally
described Hyalomma spp. This fact is not surprising since
R. sibirica, the agent of North Asian tick typhus, has been
found in numerous different genera and species, including
Hyalomma spp., Dermacentor spp., and Haemaphysalis
concinna (20).

R. pusillus is present in all districts in the south of
Portugal throughout the year, with a higher density from
March to October (24). Also during this period, R. san-
guineus, the vector implicated in transmission of the
strains of R. conorii, exhibits higher density and activity.
Although R. sibirica has been detected in R. pusillus in
March, this species is also highly prevalent in August,
when the human case was described. The higher density of
other Rhipicephalus spp. such as R. turanicus, occurs in
April and May, and for R. bursa, from May to August. In
general, in Portugal, Rhipicephalus spp. are more preva-
lent in spring and summer. Hyalomma spp. are found in all
seasons but are more prevalent from the end of summer
through autumn and winter. D. marginatus prefers the
cooler months (24). That H. lusitanicum ticks were not
determined to be infected does not mean that they might
not also be vectors of rickettsiae. This species has previ-
ously been found to harbor rickettsialike organisms, and H.
marginatum has been found to be infected with R. aeschli-
mannii (8). All these ticks have been detected on humans
in Portugal (25).

The role of Rhipicephalus spp. in the transmission of
different rickettsiae in Portugal is corroborated by the find-
ing of a new rickettsial strain, named PoTiRb169, detected
in R. bursa. Although this strain differs from R. sibirica
(strain mongolotimonae), it is closely related to this group.

The ompA phylogenetic analysis confirmed that rick-
ettsial strain PoHu10991, isolated from a Portuguese
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patient, and PoTiRp53 strain, isolated from R. pusillus, are
similar to R. sibirica mongolotimonae strain HA-91. An
identical cluster is obtained when a phylogentic tree is
inferred from gltA gene sequences (data not shown). The
ompA phylogeny has a low bootstrap value for the branch-
ing of Rickettsia sp. PoTiRb169. To establish the correct
identification of this rickettsial strain according to genetic
guidelines published by Fournier et al., other gene
sequences (rrs and scad4 genes) must be obtained, and
more phylogenetic analysis must be performed (26).
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Orientia tsutsugamushi in Eschars
from Scrub Typhus Patients

Yun-Xi Liu,* Wu-Chun Cao,* Yuan Gao,t Jing-Lan Zhang,t Zhan-Qing Yang,T Zhong-Tang Zhao,t
and Janet E. Foley§

To verify the value of eschars for the diagnosis of scrub
typhus and to characterize genotypes of Orientia tsutsuga-
mushi in patients, we examined eschars and blood speci-
mens of 7 patients from Shandong Province, People’s
Republic of China, for O. tsutsugamushi by polymerase
chain reaction targeting the Sta56 gene. All 7 eschars and
acute-phase blood samples were positive, while no specif-
ic DNA amplicons were obtained from the 7 convalescent-
phase blood samples collected after antimicrobial drug
therapy. The findings indicate that patients’ eschars can be
used for detection and genetic characterization of O. tsut-
sugamushi during the convalescent phase.

Scrub typhus, a widely endemic disease in Asian Pacific
regions, is caused by Orientia tsutsugamushi, a gram-
negative obligate intracellular bacterium in the family
Rickettsiaceae. When the rickettsia is transmitted to a
human through the bite of an infected mite, it begins to
multiply at the bite site, and a characteristic skin lesion
known as an eschar is formed. The pathogen then spreads
systemically by the hematogenous and lymphogenous
routes. Various clinical manifestations develop, including
fever, rash, and lymphadenopathy (1).

Before 1986, scrub typhus was only found in southern
China (south of the Yangtze River) primarily in the sum-
mer. O. tsutsugamushi, which causes “summer-type scrub
typhus,” is highly virulent and usually transmitted by the
Leptotrombidium deliense mite. In 1986, scrub typhus was
first reported in Mengyin County, Shandong Province,
north of the Yangtze River. This newly recognized
“autumn-winter type scrub typhus” is caused by a less vir-

*Beijing Institute of Microbiology and Epidemiology, Beijing,
People’s Republic of China; tCenter for Disease Control and
Prevention of Jinan, Jinan, People’s Republic of China;
fShandong University, Jinan, People’s Republic of China; and
§University of California, Davis, Davis, California, USA
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ulent strain of O. tsutsugamushi and transmitted by the L.
scutellare mite (1,2). Since then, cases of autumn-winter
scrub typhus have been increasingly reported in many
northern areas of China; eschars developed in 82%-91%
of those infected (1,2).

Traditionally, the diagnosis of scrub typhus mainly
relied on serologic tests. The disease could be retrospec-
tively diagnosed in cases of seroconversion or a >4-fold
rise in antibody titers between acute-phase and convales-
cent-phase serum specimens. The requirement of double
serum specimens has limited its usage for diagnosis.
Recently a polymerase chain reaction (PCR) assay was
developed for detecting O. tsutsugamushi Sta56 gene in
blood samples or isolates from patients (3-8). However,
the test often gave a false-negative result because hemo-
globin and other components in blood may inhibit PCR
amplification (3,4,9). The commonly seen eschars in scrub
typhus patients were suggested as alternative specimens
for diagnosis (9). The objectives of this study were to ver-
ify the value of eschars for the diagnosis of scrub typhus
by PCR assay and to characterize the genotype of O. tsut-
sugamushi during the convalescent phase.

Materials and Methods

Sample Collection

Seven scrub typhus patients reported at Feixian County
(116°11"-118°18’E, 35°01’-35°33’N), Shandong Province,
China, in September, October, and November of
2003-2004 were included in the study. The identification
(ID) codes, age, sex, the locations of eschars, and other
clinical characteristics on admission were documented
(Table). The typical eschars of 2 patients (O3PEL1 and
04PE5) are shown in the Figure. After informed consent
was obtained, 5 mL acute-phase blood was collected from
each patient before treatment. Chloramphenicol was then
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Table. Clinical characteristics on admission and serologic results of 7 patients with scrub typhus*

Acute phase
Blood samples

Convalescent phase
Eschars and blood

Patient  Age,y Location of collected, lgG titers  samples collected,t  19G titers
ID (sex) Fever,°C Rash Lymphadenitis eschars d after onset of sera d after onset of sera
03PE1 35 (F) 38 + + Neck 3 N 9 320
03PE2 42 (M) 40 + + Umbilicus 7 80 8 320
03PE3 48 (M) 40 + + Right groin 5 N 10 320
03PE4 28 (F) 38 + + Left papilla 8 160 11 640
04PES 53 (M) 38 + + Waist 2 N 6 320
04PE6 36 (M) 40 + + Behind 10 80 15 1,280
right ear
04PE7 31 (F) 39 + + Left axilla 7 N 9 640

*F, female; M, male; Ig, immunoglobulin; N, negative.

FChloramphenicol was given to a patient immediately after the acute-phase blood was collected.

administered orally at a dosage of 1.5-2.5 g 4x/day for 4-5
days. Fever resolved for all 7 patients within 2 days of
treatment. Eschar specimens and 5-mL convalescent-phase
blood sample from each patient were collected at the time
that the eschar spontaneously desquamated (6-15 days
after treatment). Serum specimens were separated by cen-
trifugation at 2,500x g for 10 min. All specimens from
eschars, serum, and residual blood clots were kept at
—70°C until use.

Detection of IgG Antibodies against O. tsutsugamushi
An indirect immunofluorescent antibody assay (IFA)
was performed as described previously (10), by using
mixed Gilliam, Karp, and Kato strains of O. tsutsugamushi
as diagnostic antigen. Scrub typhus was diagnosed in the
case of seroconversion or a >4-fold rise in 1gG antibody
titers between acute-phase and convalescent-phase sera.

DNA Extraction

Complete eschars (30-60 mg in weight) or 0.3 mL
blood clot was homogenized with TE (10 mmol/L Tris ClI
[pH 8.0] and 1 mmol/L EDTA) buffer and centrifuged at
3,000x g for 5 min; the supernatant was discarded. For the
blood clot, the precipitate was resuspended and washed
with TE buffer 3 times to eliminate the residual inhibitors
in blood. Then 400 uL lysis buffer (10 mmol/L Tris [pH
8.0], 0.1 mol/L EDTA, 0.5% sodium dodecyl sulfate), 10
uL proteinase K (20 mg/mL; Promega Corp., Madison,
WI, USA), and 2 uL lysozyme (4 mg/mL; DingGuo
Biotech. Co. Ltd, Beijing, People’s Republic of China)
were added, and incubated at 50°C for 6 h. DNA was
extracted with phenol/chloroform/isoamylalcohol (25:
24:1) and precipitated in ethanol. Finally, the DNA was
washed with 75% ethanol and dissolved in 20 uL distilled
water.

PCR Amplification

PCR amplification of the Sta56 gene was performed by
using species-specific primers, Prl (5’-tac att agc tgc agg
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tat gac-3") and Pr2 (5-AAT TCT TCA ACC AAG CGA
TCC-3’) (3,4,10). The amplifications were performed in a
volume of 50 pL with a Perkin-Elmer model 2400 thermal
cycler (Perkin-Elmer, Norwalk, CT, USA). The amplifica-
tion program consisted of 1 cycle for 5 min at 94°C, 35
cycles of denaturation at 94°C for 30 s, annealing at 56°C
for 1 min, and extension at 72°C for 1 min. This process
was followed by a final extension at 72°C for 5 min. The
amplification products then underwent electrophoresis in a
2% agarose gel containing ethidium bromide and visual-
ized under UV light.

The acute- and convalescent-phase blood samples were
processed and run through the PCR instrument at the same
time as the eschar specimens. DNA from reference strains
of Gilliam, Karp, and Kato was used as positive controls,
and distilled water was used as a negative control in each
amplification. To avoid contamination, DNA extraction,
reagent setup, PCR, and electrophoresis were performed in
separate rooms.

Sequence Analysis

The purified PCR amplicons of all the positive samples
were sequenced by Shanghai Invitrogen Biotechnology
Co. Ltd (Shanghai, People’s Republic of China). The
sequences were compared with all available reported O.
tsutsugamushi Sta56 gene sequences in GenBank by using
BLAST (Basic Local Alignment Search Tool) program
(available from www.ncbi.nlm.nih.gov/BLAST). The
GenBank accession numbers of sequences obtained from
the 7 patients in this study are DQ188085, DQ188086,
DQ188087, DQ188088, DQ188089, DQ188090, and
DQ188091, respectively.

Results

Seroconversion or a >4-fold rise in titers of 1gG anti-
body to O. tsutsugamushi was observed in all 7 patients
(Table), thus confirming the diagnosis of scrub typhus.
Seven eschars and 7 acute-phase blood samples from the
patients were positive by PCR targeting the Sta56 gene,
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Figure. The locations of typical eschars in 2 representative
patients with scrub typhus. A) An eschar on the neck of a patient
(0O3PEL). B) An eschar on the waist of a patient (04PES5).

while 7 convalescent-phase blood samples collected after
antimicrobial drug treatment were all PCR-negative.

The 317-bp partial sequence of the O. tsutsugamushi
Sta56 gene amplified from each eschar was identical to
that of its corresponding acute-phase blood sample. The
sequences from the 7 patients differed from each other by
1 or 2 bp; two sequences were identical. The nucleotide
sequences were 95.6%-97.8% homologous with the corre-
sponding parts of Kawasaki strain Sta56 gene deposited in
GenBank (accession no. M63383), while the sequence
homologies with other strains such as Karp, Kato, Kuroki,
Shimokoshi, and Je-cheon were all <75.87%.

Discussion

Previous studies used spleen tissues of infected mam-
mals or acute-phase blood from patients to detect O. tsut-
sugamushi by PCR (3,4). However, PCR amplification of
O. tsutsugamushi DNA from blood often lacks sensitivity
because some hemoglobin, iron porphyrin, and other fac-
tors may inhibit the PCR, although obtaining and process-
ing the blood that avoids the inhibitors is possible (3,4,9).
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Orientia tsutsugamushi in Eschars

Ono et al. previously found O. tsutsugamushi DNA (iden-
tified as Kawasaki type) in only 1 patient’s eschar before
antimicrobial drug treatment but not in the acute-phase
blood sample (9). In the present study, 7 scrub typhus
patients were examined, and O. tsutsugamushi DNA was
successfully detected in their spontaneously desquamated
eschars and acute-phase blood samples. These findings
further proved that eschars could be used as an alternative,
easily acquired, and sensitive sample for the diagnosis of
O. tsutsugamushi infection, particularly when persons are
reluctant to provide a blood sample because of cultural or
other reasons.

We described a new simple confirmatory diagnostic
assay in which eschars are used as an alternative to sero-
logic tests such as IFA, which usually requires double
blood samples from acute and convalescent phases. In
addition, from the successful and efficient detection of the
O. tsutsugamushi DNA in naturally desquamated eschars,
we can infer the presence of the agent in eschars before
beginning antimicrobial drug therapy. If eschars had been
sampled during the acute phase by punch biopsy, this
method could be used for the early diagnosis of scrub
typhus.

A previous study carried out in Thailand detected O.
tsutsugamushi DNA in convalescent-phase blood of
patients after a single dose of doxycycline (10). However,
in the present study, O. tsutsugamushi DNA was not per-
sistent in the convalescent-phase blood of patients after
4-5 days of chloramphenicol treatment. Whether a lack of
PCR sensitivity or difference in the treatment regimens
explains the apparent lack of O. tsutsugamushi DNA in the
convalescent-phase blood samples is not known. A possi-
ble reason is that the patients